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Introduction

International symposium on the health

This international symposium was convened to assess the cur-
rent state of knowledge concerning the health hazards that might
be associated with the ingestion and inhalation of fibrous particles
produced from the processing of taconite ore.

Concern about fibrous particles in taconite arose from their simi-
larities to amphibole asbestos minerals that are known to be human
carcinogens. The mineralogical characteristics of asbestos fibers are
reviewed and compared with the fibrous particles known to be pre-
sent in taconite ore from the eastern end ofthe Iron Range. The epi-
demiological and experimental animal studies for asbestos-related
disease (including gastrointestinal cancer from asbestos in drinking
water) were critically evaluated and compared to those of the fibrous
minerals in the taconite. The focus was on the amphiboles in the
cummingtonite-grunerite and tremolite-ferroactinolite series and
other fibrous particles in both the Iron Range and the Duluth Com-
plex. This included examination of the reported occurrence of any
asbestiform ferroactinolite, crocidolite asbestos, chrysotile asbestos,
etc. Inaddition, an effort was made to provide a scientific framework
to address fibrous minerals, which may be associated with nonfer-
rous mineral deposits in the Duluth Complex.

State-of-the-art risk assessment models for asbestos were pre-
sented. Risk assessment scenarios were developed for taconite-de-
rived fibers at environmental exposure levels related to the
operation of the Silver Bay taconite processing facility. These calcu-
lated risks were found to be trivial even after it was assumed that
all mineral fibers were as carcinogenic as amphibole asbestos.

Questions addressed by the scientific program of the
Symposium

1. Concern about the fibrous particles in the taconite originated
from what observations? Are they still valid? What do we actu-
ally know about the health hazards of the fibrous particles,
including the cleavage fragments that result from the proces-
sing of taconite ore?

2. What are the physicochemical properties of the fibrous particles
in taconite ore, including crocidolite asbestos and asbestiform
ferroactinolite, which indicate a potential for health hazards?

3. How do typical concentrations of airborne and waterborne
fibrous particles, determined by state-of-the-art analytical trans-
mission electron microscopy methods, found in the area sur-
rounding the taconite processing plant in Silver Bay compare
with background levels reported for asbestos around the world?
What do we know about the importance of fiber length? Is there
any new evidence regarding the length of fibers and toxicity?

0273-2300/$ - see front matter © 2008 Published by Elsevier Inc.
doi: 10.1016/j.yrtph.2008.08.013
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What are the data required for determining iftaconite waste rock
and coarse tailings from the eastern end ofthe Iron Range can be
used off-site? What considerations about fibrous minerals, ifany,
should be taken into account in the development of nonferrous
mineral deposits in the Duluth Complex rock?

4. What do the experimental animal studies reveal about the dif-
ferences between the inhalation/injection/ingestion of ashestos
and other fibrous mineral particles?

5. Do studies in human populations tell us anything about the
potential health hazards that might occur from exposure to
fibers similar to those found in taconite?

6. What are the views held by the various federal regulatory agen-
cies (OSHA/JEPA/MSHA/CPSC) regarding the distinction between
asbestos and the fibrous particles associated with taconite?
What is the importance of asbestos fiber type (mineral species),
morphology, biopersistence, and surface properties?

7. Using the available risk assessment models for asbestos expo-
sure, what are the lung cancer and mesothelioma risks asso-
ciated with the environmental taconite exposures? What can
be said about noncancer risk of ashestos-related disease?

8. What is the scientific evidence that bears on the question that
amphibole-bearing taconite from the eastern most end of the
Biwabik Iron Formation if used as aggregate, would pose a pub-
lic health concern different from that of other widely used
aggregate sources? How would one go about doing a risk
assessment for the use of taconite waste rock as aggregate? Is
there sufficient information available to perform a risk assess-
ment for the use of this taconite waste rock as aggregate?

9. What science, if any, has been developed since 1976 that might
have influenced the outcome in the Reserve Mining case? Is it
consistent with the scientific information available earlier or
does it suggest that some changes should be made?

Two of the papers in Session 5, “An evaluation of the risk of lung
cancer and mesothelioma from exposure to amphibole cleavage
fragments” and “Assessment of the pathogenic potential of asbesti-
form vs. nonasbestiform particulates (cleavage fragments) in in vi-
tro (cell or organ culture) models and bioassays,” were not
presented at the Symposium. These papers were added after the
Symposium to further address the above questions.

Robert P. Nolan

International Environmental Research Foundation,
Grand Central Station, New York, NY 10163-3459, USA
Fax: +1 (800)927-0028

E-mail address: rnolan@ierfinc.org
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Abstract

The Biwabik Iron Formation is a ~1.9 billion year-old sequence of iron-rich sedimentary rocks that was metamorphosed at its east-
ern-most extent by ~ 1.1 billion year-old intrusions of the Duluth Complex. The metamorphic recrystallization of iron-formation locally
produced iron-rich amphiboles and other fibrous iron-silicate minerals. The presence of these minerals in iron-formation along the east-
ern part of what is known as the Mesabi Iron Range, and their potential liberation by iron mining has raised environmental health con-
cerns. We describe here the geologic setting and minéralogie composition of the Biwabik Iron Formation in and adjacent to the contact
metamorphic aureole of the Duluth Complex. The effects of metamorphism are most pronounced within a few kilometers of the contact,
and decrease progressively away from it. The contact aureole has been divided into four metamorphic zones—each characterized by the
composition and crystal structure of the metamorphic minerals it contains. The recrystallization of iron-formation to iron-rich amphi-
bole minerals (grunerite and cummingtonite) and iron-pyroxene minerals (hedenbergite and ferrohypersthene) is best developed in zones

that are most proximal to the Duluth Complex contact.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Iron-formation; Mining; Fibrous; Mineralogy; Metamorphism

1 Introduction

The Biwabik Iron Formation is a layered sequence of
iron rich sedimentary rocks that was metamorphosed by
intrusions of the Duluth Complex. The metamorphic
recrystallization of iron-formation locally produced iron-
rich amphiboles and other fibrous iron-silicate minerals,
Ib' presence of these minerals in iron-formation along
the eastern Mesabi Iron Range and their potential libera-
tion by iron mining has raised environmental health con-
cerns. As a background to discussion of those concerns,
we describe here the geologic setting of the Biwabik Iron
Formation and the Duluth Complex, the stratigraphy of
ple »on-formation, the nature of the contact between the
pvabik Iron Formation and the Duluth Complex, and

K “eneral mineralogic and textural changes within iron-

Corresponding author.
~mil “ddress: jirsa001@umn.edu (M.A. Jirsa).

0273-9300» r

doi in | ~see frent matter © 2007 Elsevier Inc. All rights reserved.
m()16/j.yrtph.2007.09.009

formation related to its progressive metamorphism by the
Duluth Complex.

2. Geologic setting

Taconite mines of the Mesabi Iron Range are developed
in the Biwabik Iron Formation, which is the type example
of Lake Superior-type banded iron-formation. Banded
iron-formations are a type of chemical sedimentary rock
composed of alternating granular (“cherty”) and laminated
(“slaty”) layers that were deposited in nearshore marine
environments. All global occurrences of Lake Superior-type
iron-formations were formed during the Paleoproterozoic
era—a unique time in earth history approximately 2.4-1.6
billion years ago when photosynthesizing organisms are
believed to have evolved and caused widespread oxygenation
of the world’s oceans and atmosphere. Along the 200-krn
extent of the Mesabi Iron Range, the Biwabik Iron Forma-
tion occurs as a thick (100-250 m), laterally extensive sheet
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Fig. 1. Simplified bedrock geologic map of the Mesabi Iron Range and adjacent Duluth Complex. The location of the cross-section depicted on Fig. 2 is

labeled.

NW ,Pokegama Quartzite

Cu-Ni-PGE Sulfide

Fig. 2. Schematic geologic section showing the basal contact of the Duluth Complex against older host rocks including the Biwabik Iron Formation, and

capped by volcanic rocks of the North Shore Volcanic Group.

that is slightly tilted to the south-southeast (Fig. 1). It con-
formably overlies the Pokegama Quartzite, a sandstone, silt-
stone, and conglomerate unit of variable thickness (0-100
meters), and is overlain by the Virginia Formation, a thick,
but poorly exposed sequence of shale and graywacke. Collec-
tively, this stratigraphic sequence (Pokegama Quartzite-
Biwabik Iron Formation-Virginia Formation) is called the
Animikie Group. A U-Pb zircon date from a tuffaceous unit
in the nearby Gunflint Iron Formation yielded an age of
1,878.3 £1.3 million years (Fralick et al., 2002). The Gun-
flint and Biwabik Iron Formations were continuous prior
to emplacement of the Duluth Complex, and thus the date
is an approximate age for deposition of the Biwabik Iron
Formation and associated Animikie strata. The Animikie
Group rests unconformably on granite, greenstone, and
other rocks of the Archean (greater than 2.4 billion years
old) Superior Province, which constitutes the bedrock in
most of northern Minnesota.

At the northeast terminus of the Mesabi Iron Range
near Babbitt, the Biwabik Iron Formation and other units

of the Animikie Group are abruptly truncated by gabbroic
rocks of the Duluth Complex (Fig. 1). The coarse-grained
igneous rocks of the Duluth Complex formed by the slow
cooling and crystallization of mafic (dark colored) magmas
that were intruded into subvolcanic chambers during a
phase of continental rifting and voluminous igneous activ-
ity centered on present-day Lake Superior during the Mes-
oproterozoic era, about 11 billion years ago. The magma
formed chambers several kilometers in thickness that were
emplaced between a floor (or footwall) of Paleoproterozoic
and Archean rocks, and a several-kilometers-thick cap of
lavas (Fig. 2). Regional tilting to the east and erosion has
removed the overlying volcanic rocks and exposed the
arcuate lower contact of the intrusions against older foot-
wall rocks.

3. Stratigraphy of the Biwabik Iron Formation

The Biwabik Iron Formation can be classified by texture
into two generalized types of iron-formation: cherty mate-
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Table 1 i i .
Minerals in the Biwabik Iron Formation
JrOn oxide minerals
Hematite
Magnetite

Fe20 3
Fed0 4

Carbonate minerals

Ankerite Ca(Mg, Fe)(C03)2

Siderite FeCOj

Dolomite CaMg(C03)2

Kutnohorite-

ferroan Ca(Mn, Mg, Fe)(C03)2
ICutnohorite

Calcite CaCo03

Silicate and iron silicate minerals

Quartz Si02
Chlorite group
Chamosite (Fe2+, Al, Mg)6(Si, Al)4010(OH)8

Minnesotaite Mg3(Si205)2(0H )2
Talc Mg3Si4010 (OH) 12

Brittle mica group

Stilpnomelane K(Fe2+, Fe3+, Al)10Si120 30(0, OH)i2

Mica group
Biotite K2(Fe2+, Mg)6.4(Fe3+, Al, Ti)0.2(Si6.5 Al23)
020-2(0OH, F)4.2
Muscovite K2AI4(Si6AI12)020(0H)4

Serpentine group

Greenalite (Fe2+, Fe3+, Mg)6Si40 1000H)8

Amphibole group

Grunerite (Fe2+, Mg, Mn)7Si8 22(0H)

Cummingtonite (Mg, Fe2+)7Si80 2(0H )2

Hornblende Ca2Na(Mg, Fe2+, Fe3+, Al)5Si6.7, A121)02(0H, F)2
Actinolite Ca2 (Mg, Fe2+)5[Si80 22](0H )2

Pyroxene group
Hedenbergite Ca(Mg,Fe)[Si20 6]
Enstatite-ferrosilite series (Mg,Fe2+)[Si03]
Diopside CaMgSi20 6 to Ca(Mg, Fe2+)Si20 6

Cordierite group

Cordierite (MgFe2+)2A14Si%0 18

Olivine group

Fayalite (Fe, Mg)2Si04 to Fe25i04

Garnet group (reported in McSwiggen and Morey, this volume)
Almandine Fe3Al2Si30n
Andradite Ca3Fe2Six0 12

uals, which are granular, massive, and typically but not
always rich in quartz and iron oxides; and slaty materials,
which are generally finely laminated, fine-grained, and
composed mostly of iron silicates and iron carbonates
5 ) Beds or groups of beds having granular or lam-
jnuito attributes are interlayered on all scales. Despite this
ogeneity, the formation was divided by Wolff (1917)

Int;" [0ur entities based on the ratio of “cherty” to “slaty”
nniteiial present. These informal lithostratigraphic mem-
®?s' “y from bottom to top: Lower Cherty, Lower Slaty,
j~1'  nerty, and Upper Slaty (Fig. 3). Within this classi-
V(*°n sc™eme, slaty members typically contain about 40
~cnt "aminated strata; whereas, the cherty members con-

tain 10 to 30 percent laminated material. Cherty members
contain, on average, slightly more silica than the slaty
members. Magnetite is the dominant iron mineral in cherty
strata (magnetite is 31 percent FeO and 69 percent Fe20 3
by weight). Slaty members contain significant A120 3
reflecting the presence of stilpnomelane—the only alumi-
num-bearing phase.

This stratigraphic scheme (Wolff, 1917) was designed to
aid in understanding how various kinds of hematite-rich
ores are distributed in the iron-formation. Except for the
Intermediate Slate—a tuffaceous unit at the Lower Cher-
ty-Lower Slaty boundary—the contacts between members
are gradational and somewhat arbitrary. Therefore, the
cherty-slaty nomenclature in itself was not a particularly
useful mapping tool. Consequently, Grout and Broderick
(1919) developed a modified scheme that created six strati-
graphic units that could be easily recognized and mapped
throughout the eastern Mesabi district, even where the
rocks were appreciably metamorphosed (Fig. 4). The
scheme was designed to estimate various resources and
support the development of taconite mining at Babbitt in
the early 1920 s, and therefore emphasized the distribution
of magnetite. Some 40 years later, Gundersen (1960) and
Gundersen and Schwartz (1962) re-evaluated the strati-
graphic setting in the eastern Mesabi district to further
refine estimates of recoverable magnetite. They subdivided
the iron-formation into 22 entities (units A-V on Fig. 4),
primarily on the basis of magnetite content and metamor-
phic mineralogy, and to a lesser extent on bedding charac-
teristics. Their classification scheme emphasized small bed-
to-bed differences, and consequently is best utilized to eval-
uate stratigraphy in drill cores. Although most of the 22
entities can be recognized in exposed bedrock, most are
too thin to be mapped at a scale of 1:24,000. Therefore,
other cartographic schemes, such as those of Griffin and
Morey (1969) and Bonnichsen (1975), were developed uti-
lizing bedding attributes as well as texture and mineralogy
(Fig. 4).

The demonstrated utility of several stratigraphic classifi-
cation schemes highlights the considerable heterogeneity
that exists in the iron-formation, particularly in the eastern
Mesabi district. That heterogeneity is further complicated
by metamorphic processes associated with the emplace-
ment of the Duluth Complex, which produced mineralogi-
cal changes within an aureole several miles wide.

Mining on the Mesabi Iron Range has been continuous
since 1892. The first deposits that were mined—the so-
called “natural ores”—consisted of material altered (oxi-
dized and leached) by aqueous solutions along major and
minor structures within the iron-formation, such as faults,
fractures, folds, and select bedding-planes. More than 500
natural ore mines existed. After about 1955, production
shifted to the use of taconite ores, composed of relatively
unaltered magnetite-rich iron-formation. Most taconite
ores have been and continue to be extracted from the
Lower Cherty member of the Biwabik Iron Formation,
with lesser amounts from the Upper Cherty and Slaty



M.A. Jirsa et al. / Regulatory Toxicology and Pharmacology 52 (2008) S5-S10

S8

Fig. 3. Simplified geologic map (a) showing locations of taconite mines, drill holes, and contact metamorphic zones from French (1968); and stratigraphic
section (b) showing subdivision of the Biwabik Iron Formation and approximate mined taconite intervals at each locality. Stratigraphic units are measured
from a horizontal line approximating the position of the Intermediate Slate at the Lower Cherty-Lower Slaty boundary. Modified from a compilation of
drill holes by H. Djerlev—Hibbing Taconite (Meineke, 1993); and from mine sections compiled by M. Severson (Zanko et al., 2003).
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-jembers (mined taconite intervals on Fig. 3b). Six taconite
“ines are currently operating.

Contact between the Biwabik Iron Formation and the
Duluth Complex

The nature of the intrusive contact between the gabbroic
rocks of the Duluth Complex and the Biwabik Iron Forma-
tion is fairly well known from exposures in the Dunka Pit
ind from hundreds of drill holes that penetrated the foot-
will of the Duluth Complex. The corresponding drill cores
nave been acquired over the past 50 years in support of
exploration for copper-nickel-platinum group element
(Cu-Ni-PGE) sulfide deposits in the basal part the com-
plex. Most of this core, which is stored at the Minnesota
Department of Natural Resources core repository in Hib-
bing, has been relogged and analyzed by geologists at the
University of Minnesota’s Natural Resources Research
Institute. These subsurface data indicate that the contact
between the gabbroic rocks of the Duluth Complex and
the Animikie Group sedimentary rocks has a southeasterly
dip that is steeper than the dip of bedding in the sedimen-
tary rocks. Thus, the gabbro has cut progressively down-
ward across the Virginia Formation, Biwabik Iron
Formation, and Pokegama Quartzite, and ultimately down
to Archean rocks (predominantly granite). This sequential
crosscutting is also evident at the surface along the north-
western basal contact of the gabbro (Fig. 1). In areas of
closely spaced drilling, it is clear that downcutting occurred
in a stair-step fashion, with some of the major declines cor-
responding to faults in the footwall rocks (Fig. 2).

On a more detailed scale, the nature of the contact is
locally complex. As observed in some surface exposures
and areas of detailed drilling, strongly recrystallized and
intensely deformed sedimentary rocks are complexly inter-
digitated with the gabbro. Some partial melting of the sed-
imentary rocks is also common. The complexities of the
contact likely resulted from the intense heating of the sed-
imentary rocks, which not only resulted in their recrystalli-
zation, but also caused the rocks to become ductile, and
thus easily deformed with minor magmatic and tectonic
stresses. In the basal zone of the gabbro, inclusions of sed-
imentary rocks are abundant and commonly so strongly
lecrystallized and partially melted that they are difficult
to distinguish from the host gabbro. Remnants of Biwabik
llon formation inclusions are recognized locally only by
the abundance of iron oxide in the gabbro. The assimila-

sulfide-bearing sedimentary rocks is thought to be
tte main process responsible for the Cu-Ni-PGE mineral-
ization locally within the basal gabbro.

5.1 regressive metamorphism of the Biwabik Iron Formation

th ~KUX'\We coo™n§ gabbroic magma resulted in
and ' metamorphism of the Biwabik Iron Formation
Th' S3Cated rocks underlying the Duluth Complex,

“fleets of this metamorphism are most pronounced

within a few kilometers of the contact zone, and progres-
sively decrease southwestward away from the contact.
Four generalized metamorphic zones can be delineated
west of the Duluth Complex (French, 1968). These are
shown on Fig. 3 and summarized below.

Zone 1 “Unaltered” taconite extends westward from the
first appearance of metamorphic minerals and tex-
tures. It is generally considered protolith to more
metamorphosed rocks to the east. The unaltered
rocks contain quartz, magnetite, hematite, sider-
Ite, ankente, talc, and iron-silicates (chamosite,
greenalite, minnesotaite, stilpnomelane, and talc).
The minerals quartz, hematite, siderite, chamosite,
greenalite, and some magnetite are considered pri-
mary minerals. Textures of the others—talc, min-
nesotaite, stilpnomelane, and most magnetite—
indicate crystallization from secondary diagenetic
processes or early metamorphism unrelated to
emplacement of the Duluth Complex.

Zone 2 Transitional taconite contains mineral assemblages
that are similar to unaltered taconite, but differs by
the extensive replacement of quartz and ankerite
and the reduction of hematite to magnetite in the
iron-formation, and the appearance of clinozoisite
in the subjacent Pokegama Quartzite.

Zone 3 Moderately metamorphosed taconite is character-
ized by the development of the iron-rich amphibo-
les grunerite and cummingtonite, at the expense of
original iron carbonates and silicates, and the
associated production of calcite.

Zone 4 FTighly metamorphosed taconite is completely
recrystallized to a metamorphic fabric composed
mainly of quartz, iron amphiboles (grunerite-cum-
mingtonite, hornblende), iron pyroxenes (heden-
bergite, ferrohypersthene), magnetite, and rare
fayalite and calcite.

Despite the heterogeneity of the iron-formation, some of
the stratigraphic framework established from exposures
and drilling in the relatively unaltered rocks of Zone 1
can be correlated with more metamorphosed equivalent
strata in zones closer to the Duluth Complex. Remarkably,
even in the highest metamorphic grade, the iron-formation
locally retains relics of original sedimentary textures. Small
intrusive dikes and veins in the contact zone may represent
introduction of magma and some volatiles from the adja-
cent Duluth Complex (Gundersen and Schwartz, 1962);
however, studies by French (1968), Morey et al. (1972),
and Bonnichsen (1975) indicate that metamorphism was
isochemical, involving the loss of HD and C02, but no sig-
nificant introduction of components from the adjacent gab-
bro. The loss of volatiles during late stages of
metamorphism produced minor and localized, hydrous,
retrograde minerals including cummingtonite.

It is generally assumed that the magma associated with
the Duluth Complex was approximately 1200 °C at the
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time of emplacement. However, the temperatures attained
by the Animikie Group during that event in the various
metamorphic zones are difficult to estimate. Diopside
occurs in some of the carbonate-rich rocks at the top of
the iron-formation just east of Mesaba (Griffin and Morey,
1969), and Gundersen and Schwartz (1962) reported wol-
lastonite near Babbitt, about 4 miles to the east. Experi-
mental work reported in French (1968) indicated that
these phases formed at 500-600 °C for diopside, and 600-
700 °C for wollastonite, in the pressure range of 1000-
3000 bars (Ph2o)- Non-calcareous rocks in the Virginia
Formation containing cordierite, biotite, muscovite, and
quartz also indicate a temperature in the range of 500-
700 °C at about 1000 bars (Pmoi Labotka et al., 1981).
Temperatures in this order of magnitude are further indi-
cated by the work of Perry and Bonnichsen (1966, p.
525), who suggested on the basis of oxygen-isotope frac-
tionation in magnetite-quartz pairs that the maximum tem-
perature attained by the iron-formation at the east end of
the district near Dunka River was about 700-750 °C. Min-
eralogie zoning described by French (1968) indicated that
metamorphic temperatures progressively decreased to the
west in a general direction away from the present location
of the contact with the Duluth Complex. He concluded
that grunerite formed at temperatures below 400 °C, prob-
ably in the range of 3007400 °C (French, 1968, p. 87).
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Abstract

The mineralogy of the Biwabik Iron Formation changes dramatically from west to east as the formation nears the basal contact of the
Duluth Complex. This reflects a contact metamorphism that took place with the emplacement of the igneous Duluth Complex at tem-
peratures as high as 1200 °C. However, the mineralogy of the Biwabik Iron Formation also varies vertically through the stratigraphy of
the unit. This variability in both the vertical and horizontal dimensions makes it difficult to predict exact horizons where specific minerals
will occur. The iron-formation has been subdivided into four broad stratigraphic units (lower cherty, lower slaty, upper cherty, and upper
slaty) and into four lateral mineralogical zones (1-4). Zone 1, the westernmost zone, is characterized by quartz, magnetite, hematite,
carbonates, talc, chamosite, greenalite, minnesotaite, and stilpnomelane. The silicate mineralogy in Zone 2 of the Biwabik Iron Forma-
tion changes very little. However, the minerals begin to change dramatically in Zone 3. Most significantly, Zone 3 is characterized by the
appearance of grunerite in both a tabular form and a fibrous form. In Zone 4, the original silicate minerals have completely reacted, and
a new suite of minerals occupies the iron-formation. These include grunerite, hornblende, hedenbergite, ferrohypersthene (ferrosilite),

and fayalite.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Biwabik Iron Formation; Duluth Complex; Mineralogy

I. Introduction

The Biwabik Iron Formation occurs as a northeast-
trending outcrop belt, 2.5-3.0 miles wide and 122 miles
long (Fig. la). The outcrop belt defines the “Mesabi Iron
Range”, a world-class iron-ore deposit. Over 3.5 billion
lons of ore have been shipped from the range. Much
has been written about the magnetite and its transforma-
hon into taconite ore, but less information is available
concerning other components in the iron-formation that
lypically end up in the over 7 billion tons of waste mate-
>ials commonly referred to as tailings. This report focuses

°n t'le mineralogy of those parts of the Biwabik Iron
formation.

Corresponding author. Fax: +1 612 781 7540.
n“iil address: pmcs@mcswiggenassoc.com (P.L. McSwiggen).
8%?3133‘?8(‘3 ~see Font matter © 2007 Elsevier Inc. All rights reserved.
mm i6/j.yrtph 2007.09.010

2. Regional setting

As described by Jirsa et al. (2008), the Biwabik Iron For-
mation is underlain by a thin basal quartz arenitic sequence
called the Pokegama Quartzite and overlain by a thick gray-
wacke-shale sequence named the Virginia Formation
(Fig. Ib). Contacts between the iron-formation and underly-
ing and overlying clastic strata are conformable and grada-
tional. Strata within the Biwabik have been classified by
texture into two fundamentally different kinds of iron-for-
mation; (1) cherty materials, which are seemingly coarse-
grained, thick bedded, and typically, but not always, rich
in quartz and iron oxides, and (2) slaty materials, which
are generally fine-grained, finely laminated to very thin bed-
ded, and composed mostly of iron silicates and iron carbon-
ates. Beds or groups of beds having cherty or slaty attributes
are interlayered on all scales. Despite the heterogeneity, the
Biwabik can be divided into four lithostratigraphic entities,
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Mesabi Iron Range
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Fig. 1 Simplified geologic map and stratigraphic section of the Mesabi Iron Range. The main geologic unit is the Biwabilc Iron Formation (shown in
gray). The stratigraphic section shows the lateral distribution of the units of the iron formation, the Upper Slaty, Upper Cherty, Lower Slaty, and Lower

Cherty [after Jirsa et al. (2008)].

which are from bottom to top, (1) Lower Cherty, (2) Lower
Slaty, (3) Upper Cherty, and (4) Upper Slaty. Wolff (1917)
originally defined these entities and coined them “divisions”,
and this usage is still adhered to by some of the mining com-
panies operating along the range. Subsequent studies by
White (1954) showed that the divisions were mappable enti-
ties and therefore have been considered as members.

Most of the Biwabik Iron Formation has not been meta-
morphosed to any extent and contains mineral assemblages
indicative of low-grade diagenetic processes (Morey, 2003).
However, on the east end of the range, a thermal metamor-
phic event associated with the emplacement of the Duluth
Complex produced a metamorphic aureole some 2-3 miles
wide. Although quartz- and magnetite-bearing assemblages
within the aureole were thoroughly recrystallized and
although a significant number of metamorphic silicates,
such as grunerite-cummingtonite, fayalite, ferro hyper-
sthene, hedenbergite, hornblende, and actinolite, were pro-
duced, the cherty and slaty members and their associated
attributes can still be recognized.

3. Petrographic overview

French (1968) provided a broad overview of the iron-
formation at the east end of the range. He distinguished

a broad zone of “unmetamorphosed” iron-formation, his
Zone 1, and three metamorphic zones marked by mineral-
ogic changes along the strike of the iron-formation toward
the contact with rocks of the Duluth Complex. Zone 2
includes transitional taconite, Zone 3, moderately meta-
morphosed taconite, and Zone 4, highly metamorphosed
taconite.

Comparatively, little information regarding mineralogic
aspects of the iron-formation in Zone 1has been published
since the work of Gruner (1946) and French (1968, 1973).
In contrast, various aspects of the metamorphic aureole
have been described extensively by Gundersen (1960),
Gundersen and Schwartz (1962), French (1968), Griffin
and Morey (1969), Bonnichsen (1969, 1975) and Morey
et al. (1972). According to Gundersen and Schwartz
(1962), the thermal metamorphic processes associated with
emplacement of the Duluth complex were manifested lar-
gely by simple recrystallization and the development of
fayalite-, magnetite-, and quartz-bearing assemblages.
Assemblages containing other metamorphic silicates
formed by metasomatic processes involving the injection
of magnesium- and calcium-bearing igneous solutions.
Subsequent workers, however, view mineralogic change
as being essentially isochemical except for the loss of water
and carbon dioxide.
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one 1. Unmetamorphosed iron formation

Unmetamorphosed iron-formation of Zone 1is charac-
tp.;7eqg by textural attributes strikingly similar to those

»Qciated with limestone of the Phanerozoic age. The
JA”1C distinction between cherty and slaty varieties of
iron-formation is one that has been recognized for a long
time by geologists studying the Biwabik Iron Formation
(Wolff, 1917). Mengel (1965) recognized that the cherty
varieties are marked by sand-size grains, locally called
or-'miles, but including pebbles of admixed chert and car-
bonates, angular fragments of algal structures, ooids, onc-
olites and detritial quartz and feldspar. The admixed
material commonly occurs in strata having graded bedding
or cross bedding showing that the clasts behaved as partic-
ulate detritus as in arenaceous clastic rocks. On the other
hand, LaBerge (1967) showed that the slaty varieties have
textural attributes similar in many respects to those in silt-
stone or shale.

Textural elements in cherty strata include; (1) granules,
(2) ooliths and pisoliths, (3) oncolites, and (4) cements.
Granules greatly predominate over the other kinds of clasts
that are generally associated with intergranular cement.
Most granules are internally structureless. They range in
length from about 0.5 mm to 1 mm and are irregularly
rounded or ovoid in shape. The granules typically consist
of extremely fine-grained monomineralic or polymineralic
aggregates. Boundaries between granules and cement are
typically sharp, but may be diffuse because of recrystalliza-
tion. Many granules commonly exhibit fractures that rep-
resent shrinkage or syneresis cracks presumably formed
by expulsion of water from a gel.

Although they differ in size, ooliths and pisoliths are
typically concentrically laminated. Some ooliths have only
a few concentric rims and are akin to structures in lime-
stone known as superficial ooliths. Other ooliths, grape-
stones, are formed from clusters or aggregates of smaller
ooliths or granules held together by concentric rims that
impart an overall botryoidal shape. Still other ooliths have
eccentric rims suggestive of an oncolitic origin. Regardless,
ooiths and pisoliths are formed in situ by a combination of
chemical and physical processes.

Distinctly different rim and pore cements are a marked
feature of the cherty rocks. Older rim cement generally
consists of fine-grained fibrous or bladed chert oriented
Perpendicular to the surfaces of the granules or ooliths.

Ils cement is paragenetically followed by pore-filling
dUdu-‘ Ihat typically is blocky and coarse-grained.

Textural relationships in slaty varieties of iron-forma-
10n are complex and difficult to interpret because of the
geuei ally fine grajn s(ze Of the constituent minerals. The
Principal textural elements include varying proportions of
less® ne~grained chert, carbonate or iron silicate. A few

s well defined textural elements may include possible vol-
can>¢ shards.
rJ ~ -es “h slaty rocks differ from cements in cherty

s Only in their presumed mode of origin. Matrices were

probably deposited in situ as ooze or muds whereas
cements were precipitated in interstitial voids after granules
and oolites were deposited. Consequently, matrices tend to
occur as thin, undisturbed laminae that have regular-sharp
contacts. However, isolated granules are not uncommon,
particularly in matrices dominated by chert.

4.1. Mineral associations

Particular stratigraphic units in the Longyear Drill Hole
1 (see location map, Fig. la) have distinct mineral associa-
tions that may in some cases approximate mineral assem-
blages (Fig. 2). Shaly rocks of the Virginia Formation are
dominated by a septechlorite (chamosite) + sericite = albitic
plagioclase + quartz. Slaty rocks in the uppermost part of
the Upper Slaty interval consist predominantly of calcite +
dolomite £ chamosite £ stilpnomelane £ quartz £ an iron
oxide, mainly magnetite. Iron-formation a few feet below
the transition contains siderite £ ankerite + chamosite +
stilpnomelane + quartz + an iron oxide, mainly hematite.
Magnetite appears to be confined to scattered beds or lam-
inae. Rocks assigned to the Upper Cherty member contain
chamosite + stilpnomelane + siderite + quartz + hematite,
along with scattered thin beds of monomineralic magnetite.
Lower Slaty beds also consist predominantly of chamo-
site + stilpnomelane + siderite £ quartz, but appear to
lack a discrete iron oxide phase. Chamosite disappears
from the upper part of the Lower Cherty interval and is
replaced by minnesotaite + talc. Other mineral phases
include stilpnomelane + siderite + ankerite + quartz £
iron oxide (hematite). Midway in the member, stilpnomel-
ane disappears and the strata are dominated by minnesota-
ite £ talc + siderite + ankerite + quartz. Ultimately talc
disappears and typical mineral associations contain greena-
lite £ minnesotaite + siderite + ankerite £ quartz + hema-
tite. The basal red taconite consists of chert + hematite +
chamosite + ankerite. Grains of detritial quartz and
potassium feldspar are scattered throughout the interval.
Quartz and potassium feldspar + greenalite + calcite
define mineral associations in quartz arenitic strata typical
of the Pokegama Quartzite.

4.2. Quartz and chert

The most abundant mineral in the iron-formation in
Drill Hole 1is quartz. It is by far the dominant constituent
of granules, ooliths, and pisoliths, cements, and matrices.
Morphological varieties include microcrystalline quartz
(micritic quartz), fibrous quartz (chalcedony), and coarse-
grained quartz (megaquartz). Some of the micritic quartz
has undergone considerable recrystallization.

Most granules consist entirely of micritic quartz or of
micritic quartz admixed with lesser amounts of silicates,
carbonates or iron oxides. Chalcedony, or less commonly,
megaquartz, fills internal shrinkage cracks and fractures.
Early chalcedonic cement typically forms a radial fringe
surrounding many of the intraclasts. Chalcedonic rim
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Stratigraphy and Mineralogy of E.J. Longyear Drill Hole #1
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Fig. 2. Stratigraphic section and mineralogy of the E.J Longyear Drill Hole #1. It was drilled as a long stratigraphic test hole and was finished in 1910. Its
location is shown in Fig. 1 The small squares on the right side of the stratigraphic column are the sampling intervals.

cement is followed paragenetically by pore-filling cement
consisting mostly of megaquartz.

In slaty iron-formation, micritic quartz occurs within
layers admixed with various proportions of iron silicates
or less commonly as monomineralic laminae. Many such
laminae are content graded and pass into silicate- and car-
bonate-rich layers as the proportions of these phases
increases.

4.3. Silicate minerals

4.3.1. Chamosite and greenalite

Because the silicates in unmetamorphosed iron-forma-
tion have not been described previously in any detail, their
morphological and chemical attributes are discussed in the
following sections. Fig. 3a-d shows that the compositions
of individual phases, measured in Drill Flole 1, deviate sub-
stantially from the ideal compositions reported in the
literature.

Pale-green chamosite is a widely distributed phase in
Drill Hole 1 It occurs within both granules and ooliths
as rim cement and matrix material between granules
(Fig. 4). Chamosite also pseudomorphically replaces
shard-like structures of possible volcanic origin found
within thinly layered packets of slaty iron-formation scat-
tered about within thicker intervals of cherty iron-forma-
tion. Similar shard-like structures, also involving
chamosite, occur within silicate-bearing carbonate laminae
in stratigraphic intersects dominated by slaty varieties of
iron-formation.

Ideal chamosite [Fe6(Al,Si)4010(OH)8] is an iron chlo-
rite. It differs mainly from greenalite in containing larger
amounts of alumina (Fig. 5). Although chamosite in Drill
Hole 1has a variety of habits, average microprobe analyses
are broadly similar and approximate the average composi-
tion of chamosite found in Phanerozoic ironstone (Klein,
1983). Chamosite in the Upper Slaty differs mainly in hav-
ing somewhat more A120 3 and MgO. However, in the
Upper Cherty, the chamosite composition has changed
considerably and the Mg/Fe ratio is now about 50:50. In
the Lower Slaty, chamosite contains more Fe than Mg
whereas in the Lower Cherty it is more Mg rich.

Greenalite is restricted to the Lower Cherty where it has
textural attributes similar to those of chamosite. Most
greenalite-bearing granules are aggregates of bright green,
pale green or pale brown material typically intergrown with
micritic quartz, stilpnomelane, and minor minnesotaite.
Many ooliths have cores that are composed primarily of
greenalite and rimmed by greenalite interlayered with chal-
cedonic quartz.

According to Gruner (1936), the structure of greenalite
[Fe6Si40 |0(OH)s] is the ferrous analog of antigorite
[Mg6Si40 1o(OH)8]. It always contains at least some magne-
sium. Variations in composition are illustrated graphically
in Fig. 6. Many of the analyzed samples lie close to the ideal
greenalite composition; substitutions are minor and typi-
cally involve replacement of FeO and Si02 by small quanti-
ties of MgO and Al120 3 respectively. However, some
samples contain almost 8 wt% Al120 3and tend to plot along
ajoin line that extends between an ideal greenalite compo
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Fig. 3. Compositional relationships between the main silicate minerals of Zone 1in the Biwabik Iron-Formation.
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Fig. 6. Variations in the compositions of clinochlore (chlorite), chamosite and greenalite as a function of stratigraphic division.

4.8-6.3 wt% A120 3 whereas dark brown granules contain
7.0-7.8 wt% A120 3 According to Klein (1974), typical
greenalite should contain no more than around 5wt%
A120 3. He suggests that some of the greenalite having 6 to
nearly 8 wt% A120 3may in fact be berthierine, a 7 A cham-
osite. Careful X-ray work will be needed to determine if the
alumina-rich phases reported here are indeed berthierine
(7 A), or chamosite (7 A), or an iron-rich chloride (14 A).
Because the chamosite analyzed in this study has a com-
position that lies along a join line between greenalite and
chamosite, these two phases may be structurally related,
or they may be intergrown on a submicron scale. Given
that the two have similar paragenetic histories, it is likely
that chamosite served as a sink for aluminia and the two
therefore reflect heterogeneities in bulk composition.

4.3.2. Minnesotaite

Minnesotaite is a minor constituent; mainly in granules
admixed with greenalite (Fig. 7), or with greenalite and stil-
pnomelane. It is somewhat more abundant in slaty varieties
where it is associated with stilpnomelane.

Pale brownish-green to colorless minnesotaite occurs as
felt-like masses or as fine- to medium-grained acicular crys-
tals arranged in sprays of acicular bundles (Fig. 7) or
“bowties”. Both habits are scattered haphazardly, but the

Fig. 7. Optical image of a greenalite granule surrounded by minnesotaite
matrix. Field of view is 900 pm across.

bowties especially occur along the greenalite granules
(Fig. 8). Felt-like, disseminated masses of greenalite and
minnesotaite also seem to replace micritic chert, both in
granules and in matrix material. Many granules of minne-
sotaite are fractured, and the fractures are filled with calce-
donic quartz (Fig. 9).
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Minnesotaite [Fe3Si40 1(OH)2] is the iron analog of talc
(MgaSiAo0iOHH although the two have different struc-
tures. It differs from greenalite in containing more silica,
but like greenalite and chamosite, it always contains some
magnesium. In Drill Hole 1, it differs from an ideal end-
member composition in containing almost 6 wt% MgO.

433. Talc o
Talc occurs in the Lower Cherty division, almost always

intergrown with minnesotaite. It has a habit similar to min-
nesotaite, but tends to be more sheaf-like. Microprobe
analyses (Fig. 10) yield compositions intermediate between
ideal talc [Mg3Si4010OH)2] and minnesotaite [Fe3Si4
Oio(OH)Z] implying either the presence of ferroan talc
(Miyano, 1987) or the presence of intimately admixed talc
and minnesotaite.

4.3.4. Stilpnomelane

Stilpnomelane is a typically cryptocrystalline, highly
pleocl iorlic (yellowish-brown to dark brown) sheaf-like sil-
icate found in a variety of textural settings. Commonly, it
has a pale brown or reddish brown color, but some varie-
ties have a greenish brown color. The range of colors
implies a range of Fe2+/(Fe2++ Fe3+) ratios on a micro-
scopic scale.

Although granules composed entirely of stilpnomelane
may occur (Fig. 11), stilpnomelane more commonly occurs
as individual laths (Fig. 12) or radiating sheaves (Fig. 13) in
subordinate amounts within granules of micritic chert or
carbonate (Fig. 14). Crosscutting relationships imply that
the stilpnomelane is the youngest phase. It is noteworthy
that many stilpnomelane-bearing granules are broken by

by*nij' ®"tkscattered electron image of a greenalite granule surrounded
"Wesotaite matrix. Field of view is about 240 pm across.

Fig. 9. Optical image of a minnesotaite granule in minnesotaite matrix.
The granule exhibits shrinkage cracks. Field of view is 400 pm across.
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Fig. 10. Compositional plot of minnesotaite and talc as a function of
depth.

shrinkage cracks that are filled with chalcedony. The stil-
pnomelane must be an early-formed diagenetic phase.
Rarely, stilpnomelane also may be found within the cores
of ooliths along with fine-grained chamosite and minneso-
taite. Monomineralic rims of stilpnomelane surround many
of these ooliths. The ooliths also are cut by chalcedony-
filled shrinkage cracks.

Lastly, granules of admixed stilpnomelane and micritic
chert may be found floating within siderite, either as matrix
or as cement. Margins of the granules have been partially
replaced by the siderite, implying that it is paragenetically
later than phases within the granules.

Stilpnomelane in slaty varieties of iron-formation is not
easily discernable because of a very fine grain size and a
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Fig. 11. Optical image showing granules of chamosite (on the left) and
stilpnomelane (on the right). Field of view is 1800 pm across.

Fig. 12. Optical image of stilpnomelane blades in a quartz matrix. Field of
view is 600 pm across.

semi-opaque nature of many of the individual layers. In
places, it occurs as circular grains (“microgranules™) set
within a felt-like matrix of admixed minnesotaite and
greenalite. Stilpnomelane also appears to replace elongate
shard-like structures of possible volcanic origin embedded
within a siderite matrix. There it generally forms crypto-
crystalline aggregates that have preferred orientations per-
pendicular to shard boundaries.

The composition of stilpnomelane is more complex than
that of greenalite or minnesotaite, mainly in containing
small and variable, but essential, amounts of K2 and
Na20, as well as larger amounts of A120 3 (Fig. 15).

Although the structure of stilpnomelane has not been
fully established, Gruner (1944) suggested that it is funda-
mentally talc-like. Similarly, a precise chemical formula
remains uncertain; nonetheless, a simplified formula is use-

Fig. 13. Backscattered electron image of stilpnomelane needles in a
carbonate matrix.

Fig. 14. Optical image of siderite with a stilpnomelane core. Field of view
is 500 pm across.

ful for comparative purposes [(Ca,Na,K) (Fe,Mg)3
Si40io0(OH)2]. Many of the analyzed samples have that
approximate composition (Fig. 15). However, some ana-
lyzed grains have compositions along a mixing line that
extends between stilpnomelane and chamosite. These two
phases are either structurally related or are finely inter-
grown. Similarly in one sample, a stilpnomelane-like phase
appears to be admixed with two other phases, an alumina-
poor chamosite, and an unidentified phase that is both sil-
ica-rich and alumina-rich. Although it is possible that the
analyzed silica values reflect the presence of very fine chert,
that alone would not explain the atypical alumina values.
Additional analyses did nothing to clarify this point.
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Fig. 15. Compositional plots of stilpnomelane and chamosite.

4.4. Carbonate minerals

Samples of both cherty and slaty varieties of iron-forma-
tion contain three or four carbonate species: calcite, sider-
ite, and members of the dolomite-ankerite and the
kutnahorite/ferroan kutnahorite series (Fig. 16).

44.1. Siderite

Siderite (FeC03) occurs in cherty varieties of iron-for-
mation in several ways. Primary siderite occurs in granules
as aggregates of rounded to anhedral grains cemented
together by rhombic overgrowths (Fig. 14). Many of the

rounded grains have spherulitic structures and are set in
coarsely crystalline siderite marked by interlocking
rounded and rhombic grains. Textural relationships imply
that the granules and the enclosing matrix are more-or-less
contemporaneous in origin.

Secondary siderite occurs as coarse, zoned and/or
twinned rhombohedra that replace granules composed of
micritic chert and their associated cements. Relict granules
form ghosts that are preserved within grains of rhombic
siderite. Secondary siderite also occurs in mottled areas
as aggregates of fine-grained anhedral grains. The mottles
enclose phases such as chert and the several iron silicates.

Carbonate System

rhodochrosite

MnCo03

calcite CaCC3
dolomite CaMg(C03)2
siderite FeCOj
magnesite MgCO03
rhodochrosite  MnCO03
kutnahorite CaMn(C03)2

FeCO-i M11CO3

MnCO 4

Fig. 16. Compositional relationships within the carbonate system CaC0 3MgC03-MnC03-FeCO0 3.
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Siderite in slaty varieties of iron-formation typically
occurs as small spheres cemented together by rhombic
overgrowths. The spheres have cryptocrystalline cores that
are turbid or semi-opaque. Individual carbonate-rich lam-
inae may consist entirely of spherical siderite or of spherical
siderite and associated rhombic overgrowths, or entirely of
interlocking rhombic grains. Rhombic siderite also occurs
as disseminated grains in calcite-rich laminae. The two
phases are more-or-less contemporaneous. Other carbon-
ate-rich laminae are typically interlayered with dark-col-
ored greenalite- or stilpnomelane-rich laminae that have
various proportions of admixed spherical siderite. Many
of these laminae are recrystallized as evidenced by patchy
mixtures of fine-grained silicates and granoblastic clusters
of rhombohedral or subhedral siderite.

The composition of siderite can be expressed in terms of
four components: FeC03 MnC03 MgCO03, and CaCO03
which are in solid solution. Some samples from the Lower
Cherty division contain as much as 20-25 mol% MnC03
(Fig. 17). Microprobe analyses from the Upper Slaty,
Upper Cherty, and Lower Slaty divisions (Fig. 17) are
broadly similar, and average around Fe.8,8/Mg.03 .n
Ca.02-.03 M n(2-.07CO3. Some substitution of Fe by Mg
occurs locally, and most samples contain <5 wt% MnCO03
but a few samples from the Upper Cherty division contain
as much as 10wt% MnCO03 generally at the expense of
MgCO03.

These measured compositions are considerably more
iron-rich than an average composition of 68-83 mol%
FeCO03 (French, 1968). In contrast, the average composi-
tion of siderite from the Lower Cherty (Fig. 17) differs con-
siderably from that of the remainder of the iron-formation.
There, both magnesium and manganese substitute for iron
yielding an average composition of (Fe.60-.78Mg.i5 .19Ca.02 .03
Mno4_.22)C03.
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4.4.2. Dolomite-ankerite series

Pure dolomite [CaMg(C032] has a restricted strati-
graphic distribution in the transitional interval between
the Biwabik and Virginia formations. Much of it has a
coarse replacement texture marked by euhedral rhombic
crystals that are considerably zoned. Microprobe analyses
show that the dolomite has a composition with little or
no substitution of FeO or MnO, and has an average com-
position of (Ca 54M g4iFe.04Mn 0i)CO03.

Ankerite [Ca(Mg,Fe)(C03)2], in contrast to dolomite, is
widely distributed and occurs in both cherty and slaty vari-
eties of iron-formation. It typically forms coarse-grained
rhombs that can be extensively zoned (Fig. 18). Replace-
ment by ankerite of earlier-formed phases commonly devel-
ops patches of aggregated grains, which give the rocks a
mottled appearance. In some samples, the mottles contain
remnants of earlier granules, which are outline by fine mats
of later growth (Fig. 19).

Ankerite rarely occurs in carbonate-rich slaty layers
where it forms irregular beds and patches of anhedra that
surround and apparently replace earlier siderite. Other
laminae consist entirely of very fine-grained ankerite. Tex-
tural relations are such that it cannot be determined if this
ankerite is a primary precipitate or a secondary replace-
ment mineral.

Microprobe analyses of ankerite (Fig. 20) in the Upper
Slaty member are quite consistent around (Ca.52.%
Mg.20Fe.25 _.26]VIn.oi_.02)C03. It is considerably more iron
rich in the Upper Cherty, (Ca.56Mg 10Fe.34Mn.0i)CO03.
Some ankerite from the Lower Cherty division contains
appreciable manganese that substitutes for iron,
(Ca.5iMg.2iFe.23Mn 05)CO3. As a general rule, samples that
have abundant manganese in ankerite also have abundant
manganese in siderite.

Calcite Ankerite Siderite
CaCo03 Ca(Fe, Mg)(C03)2 FeCO03
1200
1400 > Upper Siatv " e
1600 Ubper Cherty ..
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1800 v
1 e
-1
t -
Ljwer Ch ° ot «tom
2000 e ety —
M V --H I
2200 - g
0.1 0.2 0 0.1 0.2 03 0 01 0.2 03
mole % MnC03 mole % MnCO03 mole %MnC03

Fig. 17. Manganese-content as a function of depth of the carbonates in the Biwabik Iron Formation.
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Fig. 18. Backscattered electron image of a zoned ankerite crystal. The
dark bands are richer in magnesium and the lighter bands are richer in
iron.

ig. 19. Optical image of an ankerite granule surrounded by later ankerite
lowih. ,iianule is about 600 pm in diameter.

Kutnohorite-ferroan kutnohorite series
Members of the kutnohorite-ferroan kutnohorite series
( aMn)(C032Ca(Mn,Mg,Fe)(C032] occurs in the
°Wai "-herty member (Fig. 17). They have textural and
mit"8eil|,niC attr’butes broadly similar to those of the dolo-
series. However, the term dolomite is
lo Uete(l to phases that have compositions normally close
t'eih"6 an-S(C032 with only small amounts of Fe2+
n acin; Mg. in Drill Flole 1, there is continuous replace-
Mn'm'l ~ ~ Fe through ankerite towards CaFe(C03)2
80 leplaces Mg in the dolomite structure, leading to

the ideal kutnohorite composition [CaMn(C032]. Inas-
much as the kutnohorite in Drill Hole 1 contain consider-
able iron [(Ca.4gMg.19 .25Fe.io-.i5Mn.12 .23)C0 J)], it is the
ferroan variety.

4.4.4. Calcite

Finally, crystalline euhedral grains of calcite [CaC03]
are a major constituent in dolomitic limestone-bearing
intervals at the top of the Biwabik Iron Formation. There
it has a composition (Fig. 20) that deviates little from the
ideal end-member composition [(CaggMa”0iFe0'.Mn<oi)
co3d

Calcite also occurs in slaty varieties of iron-formation in
the uppermost part of the Upper Slaty member where it has
an average composition (Ca.97Mg.01Fe.01Mn 0i)CO3. Cal-
cite is typically found in cherty varieties, as sparry pore
cement that fills voids between silicate granules or within
shrinkage cracks that transect silicate granules. It also
occurs as mottles consisting of porphyroblasts that have
included and replaced micritic chert-rich ooliths, granules,
and cement. In both varieties the composition of the calcite
deviates little from (Ca.97Mg.oiFe.02Mn 0i)CO3.

Subhedral grains of calcite also occur as interstitial
cement in clastic strata interlayered within the basal red
taconite toward the bottom of the iron-formation. That
calcite is iron-rich and has an average composition
(Ca.85Mg.0iFe.i3Mn.oi)C03. Interstitial cement in the
underlying Pokegama Quartzite contains appreciable man-
ganese-rich calcite, (Ca.90Mg.oiFe.02Mn.o7)CO0 3.

5. Zone 2: Transitional iron-formation

Transitional iron-formation as defined by French (1968)
contains mineral assemblages similar to those observed in
unmetamorphosed iron-formation, but exhibits evidence
of extensive recrystallization of quartz and magnetite and
the widespread replacement of the iron silicates by quartz
and ankerite. Such features include granules of very fine-
grained acicular minnesotaite + trace amounts of micritic
chert and magnetite that are typically fractured. The frac-
tures are in turn filled with tabular grains of minnesota-
ite £ quartz and * ankerite. Although these replacement
features are quite pronounced, they in themselves are not
necessarily related to emplacement of the Duluth Complex.
Nonetheless, French (1968) placed the rocks of Zone 2
within the metamorphic aureole because of the partial
reduction of hematite to magnetite in the lower red taconite
and the appearance of clinozoisite in the underlying Poke-
gama Quartzite.

6. Zones 3 and 4: Moderately and highly metamorphosed
iron-formation

The boundary between Zone 2 and the moderately
metamorphosed iron-formation of Zone 3 occurs about
2.3 miles from the contact with the Duluth Complex. It is
marked by the appearance of a variety of amphibole phases
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and by the disappearance of original iron carbonates and
silicates (Fig. 21). The development of grunerite-cumming-
tonite is pervasive throughout the zone and appears to
have formed simultaneously in all rock types from both
earlier iron silicates and iron carbonates.

Textual aspects similar to those in Zones 1and 2 persist
into Zone 3. However, the iron-formation throughout
Zone 4 is completely recrystallized; most rock types are
finely granular or hornfelsic. Some specific layers, however,
are locally medium to very coarsely granular. These coar-
ser-grained rocks are not foliated or lineated but have been
described as granoblastic hornfels (Gundersen, 1960).
Despite the considerable recrystallization, the original lay-
ered and laminated fabric is preserved and emphasizes the
differences in the original bulk compositions.

6.1. Cummingtonite-grunerite series

Since the Reserve controversy of the 1970s, morpholog-
ical attributes of the cummingtonite-grunerite series have
attracted considerable attention, primarily because of their
general resemblance to some asbestos-like minerals. How-
ever, to our knowledge, no detailed studies regarding spe-
cific  stratigraphic, compositional, and structural
attributes of these phases in the Biwabik Iron Formation
have been completed. There is a general consensus, how-
ever, that these amphiboles formed under both prograde
conditions, or as metamorphic temperatures increased

and under retrograde conditions as
decreased, in the metamorphic aureole.

The ideal end-member composition of cummingtonite is
Mg7Sig8022(0 H)2 and for grunerite it is Fe7Si8 2(0OH)2.
However, French (1968), following the convention of Deer
et al. (1963), subdivided the series using the ratio,
R = Fe2+/(Fe2++ Fe3++ Mn + Mg). In that scheme,
amphiboles with an R-value of greater than 0.7 are termed
grunerite. The term cummingtonite is applied to those with
a more magnesium-rich ratio. Despite the data having con-
siderable scatter, French (1968) concluded that there is a
general increase in Mg content with proximity of the
Duluth Complex (Fig. 22). Values of R <0.7 (or cumming-
tonite) typically appear within one mile of the contact.
French, however, did not give enough textural information
to determine which of the amphiboles he analyzed were
prograde or retrograde. Nonetheless, these data agree with
the observations of Gundersen and Schwartz (1962) who
identified prograde cummingtonite near the gabbro, and
those of Morey et al. (1972) who established the presence
of prograde grunerite well away from the gabbro.

Prograde grunerite first occurs in Zone 3 as small, tab-
ular crystals surrounded by radiating fibrous sheaves
composed of fine needles (Fig. 23). Prograde grunerite
in Zone 4 forms well developed acicular grains
(Fig. 24), which gave way to the east to medium-size pris-
matic grains that are colorless and display evidence of
well developed polysynthetic twinning (Gundersen and
Schwartz, 1962).

temperatures
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I ie. 21. Mineral occurrences in the Biwabik Iron Formation as a function
of distance from the contact with the Duluth Complex.

Still farther to the east and immediately adjacent to the
Duluth Complex, paragenetic relationships are compli-
cated by the presence of retrograde cummingtonite that is
medium to coarse-grained and prismatic. For example, vir-
tually all of the prismatic cummingtonite at the Dunlca
River locality appears to be paragentically late, having
humed partly from fayalite, but mainly from ferrosilite/
ptgeonite (Bonnichsen, 1969). At somewhat lower temper-
atuies, prismatic cummingtonite may be replaced by more
magnesium rich phases that have an acicular habit. At still
mvei temperatures prograde acicular grunerite may be
KPaced cy acicular or fibrous cummingtonite. Many of

Composition of Grunerite Relative to Distance from Duluth Complex

Distance from Contact

Fig. 23. Optical image of fibrous grunerite in a matrix of quartz from the
metamorphic contact zone with the Duluth Complex. Field of view is
about 1000 pm across.

these retrograde reactions seem to involve the development
of secondary magnetite (Gundersen and Schwartz, 1962).

6.2. Other silicates

Zones 3 and 4 also contain a variety of other iron sili-
cates. The clinopyroxene, hedenbergite, first appears as a
prograde phase in the metamorphic aureole about 1.7 miles
from the contact with the Duluth Complex. It defines the
outer fringe of Zone 4. Other mineralogic changes that
occur as the contact with the Duluth Complex is
approached include the disappearance of hematite and its
replacement by magnetite and the appearance of fayalite,
and immediately adjacent to the contact, ferrosilite.

Fayalite is restricted to cherty divisions within Zone 4.
Typically, it occurs as small anhedral grains that contain
included grains of older-formed minerals (Fig. 25). The ori-
gin of the fayalite is somewhat equivocal. Textural features

Fig. 24. Optical image of acicular grunerite in a matrix of quartz from
Zone 4. Field of view is about 1000 pm across.
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imply that it formed by a reaction involving quartz and
magnetite (Gundersen and Schwartz, 1962). Other textural
evidence implies that it evolved from siderite like that seen
in Zone 1 (Morey et ah, 1972) or by a reaction involving
quartz and grunerite as in Zone 2 (French, 1968). Regard-
less of textural attributes, the fayalite occurs over a very
restricted iron-rich compositional range.

A calcium pyroxene, hedenbergite, is abundant through-
out the iron-formation in Zones 3 and 4. It is medium to
coarse-grained and generally forms interlocking aggre-
gates, layers, or mottles. Analyzed grains from Zone 3 dis-
play a wide range of compositions marked by substitution
of magnesium for iron (Morey et ah, 1972). Textural evi-
dence implies that hedenbergite takes the place of the
ankerite  found in unmetamorphosed iron-formation
(Morey et ah, 1972). The amphibole hornblende occurs
as both prograde and retrograde phases. Prograde horn-
blende occurs intergrown with hedenbergite in the lower
part of Zone 4 (Fig. 26). More commonly, however, very
fine acicular to fibrous hornblende is a retrograde phase
that replaces hedenbergite, mainly at grain margins. Retro-
grade, acicular grunerite is also commonly found sur-
rounding grains of hedenbergite (Fig. 27).

Phases of the enstatite-ferrosilite series (Deer et ah, 1992)
originally identified as ferrohypersthene (Gundersen and
Schwartz, 1962; Bonnichsen, 1975) are widespread and
abundant throughout Zone 4; they are the most abundant
silicate at the Dunka River locality (Bonnichsen, 1975) at
the far eastern end of the range. It occurs primarily as large,
tabular crystals that in part initially crystallized as pigeonite
and then inverted to ferrosilite during cooling. As previously
noted it has been extensively replaced by cummingtonite.

Two garnet varieties were identified in Zone 4 of the
Biwabik Iron Formation, almandine (Fe3Al2Si3 |2) and
andradite (Ca3Fe2Si30i2). The almandine is more abun-
dant and is found to be present in the lower part of the
Lower Slaty member and the lower part of the Lower
Cherty member (Morey et ah, 1972). The garnet occurs

Fig. 26. Optical image of hornblende (Hornb) and hedenbergite (Hedenb)
from Zone 4. Field of view is about 1000 pm across.

Fig. 27. Optical image of retrograde grunerite surrounding hedenbergite.
Field of view is about 550 pm across.

as euhedral grain typically with cores of earlier minerals
(Fig. 28).

7. Conclusions

Textures and mineral compositions associated with both
unmetamorphosed and metamorphosed Biwabik Iron For-
mation are complex. The iron-formation is heterogeneous
on a scale of a few inches to a few feet. Thus, any single
mineral or mineral assemblage is a function of the bulk
composition of the specific bed involved. At the east end
of the range, further complexities arise from superimposed
metamorphic conditions associated with the emplacement
of the Duluth Complex. New minerals formed both under
prograde conditions as metamorphic temperatures
increased and under retrograde conditions as temperatures
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) 28 Optical image of almandine garnet in a matrix of grunerite,
magnetite and carbonaceous materials. Field of view is about 600 pm

across.

decreased. Therefore, one cannot assume that the mineral-
ogy in one mine or part of the range will be identical in cor-
relative units in other mines or parts of the range.
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Abstract

Fibrous minerals are common in nature but asbestiform minerals are rare. The unique mineralogical characteristic common to all the
asbestos minerals is their morphologic form (or habit of crystallization) as polyfilamentous fiber bundles. The individual fibrils within the
bundles have a tendency to be very long with a narrow range of diameters and grow with their long fiber axis in parallel orientation to the
bundle length. The asbestiform habit imparts to the asbestos minerals sufficient flexibility and tensile strength so that most can be woven
into cloth. In the past application has focused on their ability to insulate against the transfer of heat. However, these minerals possess
other properties which make them useful in many industrial applications.
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The ancient world made use of the asbestos minerals,
invented the names amiantos and asbestos, and developed
practical uses for these minerals which continue to the pres-
ent. The enormous demand for asbestos, currently around
2,000,000 tons per year worldwide, developed over the last
120 years. The asbestiform minerals rarely occur in suffi-
cient abundance to be of commercial importance; only
one asbestiform serpentine mineral and five asbestiform
amphibole minerals occur in such abundance. These six
industrial minerals, known collectively as asbestos, share
a unique set of physicochemical properties, although each
can be distinguished from another by their chemical com-
positions and structure. The one serpentine asbestos min-
eral, chrysotile, crystallizes in the form of rolled up sheets
structurally unique in nature and different from the dou-
ble-chain structure that characterize the five amphibole
minerals. The amphibole minerals can occur in habits

Corresponding author.
E-mail address: rardrr@earthlink.net (M. Ross).

0273-2300/$ - see front matter © 2007 Elsevier Inc. All rights reserved,
doi: 10.1016/j.yrtph.2007.09.008

which are not polyfilamentous and therefore are not classi-
fied as asbestos. These non-asbestos amphiboles occur
commonly and represent 5% of the earth’s crust.

The various words used in antiquity to denote the asbes-
tos minerals, including asbestos, asbestus, asbestinon, asb-
est, asbeste, asbeston, abeston, amiantos, amiantus,
amianthus, amiant, and amiante, can be traced back to
the writings of the ancient Greek philosophers and their
use of two words—apiavxoq (amiantos) and acrPecrcoq
(asvestos). The Greek physician, Pedanius Dioscorides of
Cilicia (40-90 A.D.) describes an *“undefiled stone”,
aepiavToq XiOog—transliterated as amiantos lithos, which
occurs in Cyprus. In modern Greek usage, the noun kiOoq
(lithos) is omitted and replaced with ocpiavToq (amiantos).
Dioscorides and other ancient Greek writers used the noun
aPoeCTxoq (asvestos) to mean quicklime; a meaning
retained in Modern Greek. However, Pliny the Elder
apparently misunderstanding the use of this word by the
early Greeks and replaced the Greek noun for quicklime,
asvestos, with the Latin word asbestinon, or “asbestos.”
The familiar claim that the Romans knew the hazards of
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jas its likely origin in mistranslating asbestos for
aSheMO— “ich was used on occasion by the Romans in
dWCle ;0 choke the enemy (Browne and Murray, 1990).
bat]' ir;Pht word took on a new meaning with the devel-
, T tjje science of mineralogy and the commercial
Quif die asbestos in the 19th Century. The term was used
Bdescribe a group of six minerals in commerce having the
following desirable industrial properties:

« Long fibrous shape.
« Hj»h tensile strength and flexibility.

» Low thermal and electrical conductivity.
* High absorbency.

 High mechanical thermal stability.

* Resistance to acids and bases.

Fibrous crystals of minerals are fairly common in nature
but the formation of asbestiform minerals is rare; gener-
ally, minerals crystallize in more isometric shapes. The
term fibrous includes other terms such as filiform, acicular,
capillary, byssolitic, and asbestiform. Asbestiform fibers
are a particularly rare form of fibrous mineral. The unique
mineralogical characteristic common to all of the asbestos
minerals is that their morphologic form or habit of crystal-
lization as polyfilamentous fiber bundles (see Fig. 1). The
one serpentine and five amphibole minerals, which form
the various types of commercial asbestos, more commonly,
crystallize into other habits. The non-asbestos habits do
not possess the desirable industrial properties noted above
(see Fig. 2) (Tanger et ah, 1979; Ross et ah, 1984). Asbestos
forms in dilated rock either perpendicular (cross-fiber) or
parallel (slip-fiber) to the opening in the rock (see Fig. 3).
Slip-fiber commonly forms along the compressed limbs of
tight fold in the host rock. Minerals other than the com-
mercial asbestos minerals can, albeit rarely, crystallize in
the asbestiform habit. While the clay mineral palygorskite
occurs naturally, it almost exclusively forms with an asbes-
titorrn habit (Zoltai, 1981; Nolan et ah, 1991). For exam-
ple, other amphibole minerals, potassium winchite and
uchterite occur occasionally in asbestiform habit (Wylie
and Huggins, 1980; Verkouteren and Wylie, 2000; Wylie
and Verkoutern, 2000). Another amphibole, asbestiform
louro-edenite has been described from Biancavilla in Sicily
(Gianfagna and Oberti, 2001; Gianfagna et ah, 2003).

Although the amphibole mineral group accounts for
approximately 5% by volume of the earth’s crustal miner-
i a (Liebau, 1985), deposits of asbestos large enough
°. e commercially viable are rare. Small quantities of
of e§°Sllave been used since ancient times. With the needs

hitioi UStry In tlie laSt “ecac®s _ the 19th Century, exploi-
p ‘“n became important; the fibers have physicochemical

(Alb 165 dlat macle them useful in many applications
QSMofil antl “ossman, 1997). Since that time, more than
Were o fi It; commercially developed asbestos ore deposits
type °r cli<'s°tile asbestos, the geologically most abundant

file asbaS*eSt® S~ oss anc*Virta, 2001). Currently, chryso-
estos is mined in Russia, China, Kazakstan, Can-

Fig. 1. Light photomicrographs (using Hoffman Optics) of the tremolite
asbestos from Jamestown, California (a) and actinolite asbestos from
Devon, England (b) note the polyfilamentous nature of the asbestos
mineral. The fibers are bundles of much finer individual fibril that are
shown in (c) transmission electron photomicrograph of the Devon
actinolite asbestos.

ada, and Brazil. The remaining percentage was
amphibole asbestos, predominately crocidolite and amo-
site. Although anthophyllite asbestos and tremolite asbes-
tos have been mined to minor extents, a Finnish
anthophyllite asbestos mine at Paakkila operated from
1918 to 1977. Anthophyllite and tremolite have been exten-
sively mined from a number of small deposits across the
state of Rajastan in India (Mansinghka and Ranawat,
1996). Only these six commercial minerals are considered
asbestos and are regulated under the various asbestos expo-
sure standards (see Table 1).

With a few exceptions, commercially viable asbestos
deposits contain 2"1% asbestos in the ore body. All of
the major commercial asbestos fiber types have been mined
in the Republic of South Africa although mines operate
there today. Crocidolite mining also occurred in Australia
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Fig. 2. Transmission electron photomicrograph of the tremolite asbestos
from Metsovo, Greece associated with an increase risk of mesothelioma
from environmental exposure (a). Note the morphological similarity with
the tremolite asbestos found in a home in El Dorado, California (b).

and Bolivia. Current worldwide mining of amphibole
asbestos, if it occurs, is on a very limited basis while current
worldwide chrysotile asbestos production is approximately
2 X 106 tons per year.

The mention of asbestos in the ancient world most likely
referred to chrysotile asbestos and tremolite asbestos
(Browne and Murray, 1990; Ross and Nolan, 2003). Prior
to the modern scientific age, knowledge of the differences
between the various asbestos fiber types would not have
been understood in a meaningful way. Interest focused
on the remarkable properties of the mineral, the flexibility
and tensile strength which allowed it to be spun into cloth.
The high temperature stability allowing novel applications
such as cremation wrappings made by the Romans to col-
lect the ashes of the Emperors, external wicks for the lamps
of the Vestal Virgins and the legendary tablecloth of Char-
lemagne reportedly cleaned by being place in the fire after
dinner for the amusement of his guests.

Knowledge concerning the elemental compositions and
crystal structure of amphibole and serpentine minerals
developed in the 19th and 20th Century, respectively. It
was known to 19th Century mineralogists that minerals
crystallizing in the asbestiform habit had higher tensile
strength and flexibility than those crystallizing in the more
common acicular or prismatic form (Zoltai, 1978; Langer
et al., 1979). By the time of World War |, the elemental
composition of many amphiboles had been determined
and analysis of the morphology of large single crystals indi-
cated the amphibole crystal class was either monoclinic
or orthorhombic. By 1916, the chemical formula of trem-
olite, one of the simplest and most common of the
amphibole group minerals, was well known to be
[Ca2Mg5Sig022 (OH)Z and belonged to the monaoclinic
crystal class. With the development of X-ray diffraction
methods it was becoming possible to determine the
arrangements of the atoms in the cell and therefore the
number of chemical formula in the unit. Warren (1929)
reported the first crystal structure of an amphibole—
tremolite. The similarity of the amphibole structure
allowed Warren (1930) to report on four more mono-
clinic amphiboles—Kkupferite, actinolite, hornblende, and
grunerite. Further research would show that the various
amphiboles with the monoclinic structure type would
most commonly have C2/m space group symmetry
(Hawthorne, 1983). Also, Warren and Modell (1930)
would report the crystal structure of anthophyllite to
be orthorhombic. All naturally occurring orthorhombic
amphiboles so far identified belong to the space group
Pnma (Hawthorne, 1983). The polyfilamentous bundles
elongate along the c-axis with the fibrils parallel. The
unit fibrils are disorientated in the ae-plane; asbestiform
monoclinic amphiboles have parallel extinction in polar-
ized light rather than the inclined extinction expected
for monoclinic amphiboles (Wylie, 1979; Dorling and
Zussman, 1986; Langer et al., 1991).

The essential structural features of the amphibole group
are the following:

« Silica tetrahedral groups form a double chain with the
repeating single chain unit having the composition
Sid0u6- (see Fig. 1). All amphiboles are characterized
by double chains of linked silica tetrahedral that repeat
every 53 A and lie parallel to the c-axis, almost always
the direction of elongation in amphiboles. There are
eight silicon atoms in the tetrahedral site per chemical
formula unit. Aluminum can substitute for silicon in
up to two of eight tetrahedral. Aluminum is not nor-
mally found in the commercial asbestos amphiboles
but can be found in richterite, edenite, and winchite.

* The silica chain structure is four octahedra wide. These
octahedral sites form four crystallographically distinct
cation sites referred to as M(, M2, M3, and M4. These
four types of octahedral sites contain the seven cations
per formula unit: two in the M] sites, two in the M2
sites, one in the M3 site, and two in the M4 sites. Two
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Fig. 3. Chrysotile from the asbestos mine in Belvedere Mountain, Vermont. The seams of chrysotile in the dilated rock are indicated by arrows.

Table 1
Six commercial minerals regulated as asbestos in the United States

Name in Federal Asbestos Crystal Chemical Formula

Standards (Mineralogical Group

Nomenclature)

Actinolite (Actinolite Asbestos) Amphibole Ca2 Fes Sig02 (OH)2

Amosite (Grunerite Asbestos) Amphibole Fe 7 Si8 22 (OFT)2

Anthophyllite (Anthophyllite Amphibole Mg7 Sig02 (OH)2
Asbestos)

Chrysotile (Chrysotile) Serpentine  M@3Si20 5(OH¥

Crocidolite (Riebeckite Asbestos) Amphibole Na2 (Fe3+Fe)+) Sis0 2

(OH)2
frcmolite (Tremolite Asbestos) Amphibole Ca2 Mg5 Sis0 2 (OH)2

octahedral corners in each chemical formula are not
shared with the silica tetrahedral; generally these corners
ate occupied by hydroxyl groups.

* Between the double chains, within the 6-fold rings of
linked silica tetrahedral, there is an additional row of
sites referred to as the A sites. These can be occupied
7 #18e cations (e.g., sodium or potassium only). These
Y es:i never fully occupied in amphibole minerals, and
lajely occupied in the asbestiform amphiboles.

1 and M3 octahedral sites form a chain con-

betw" 0L ~\& cat®ons Per chemical formula, which are
fital t1' * °PPos'te facing 6-fold rings of silica tetrahe-
ions A,pi JQahedral chains are linked by the large M4 cat-

site Ti,\\CI1° na' lar§e i°ns can be found in the A structural
general formula for all amphibole composition is:

ﬁO Na+ (M2 (M2)2 (M3) Sig0 2(0H)2.

Or K+ in 10- or 12-fold coordination.

M4 = Ca2+, Na+, Mn2+, Fe2+, and Mg2+ in 6- or 8-fold
coordination.

Mi, M2, and M3 = Mg2+, Fe2+, Mn2+ Fe3+ in 6-fold
coordination. Si4+ in the tetrahedral sites forms the dou-
ble chains.

Complete substitutions can occur between Na+ and
Ca+ and between Mg2+ and Fe2+ or Mn2+.

These dissimilar octahedral sites can accommodate
seven atoms of different sizes and valences allowing the
amphibole group to have complex and far ranging element
compositions. The amphibole group of minerals is made up
of 27 separate mineral types with a large number of varietal
species based on 23 chemical species (Whittaker, 1979;
Veblen and Wylie, 1993; Leake et al., 1997). Those crystal-
lizing in the asbestiform habit have the designation “asbes-
tos” added after the mineral name.

Chrysotile asbestos is a serpentine mineral, the crystal
structure of which is formed by a double layer composed
of a tetrahedral and octahedral sheet: the tetrahedral and
octahedral sheets having the composition [«Si2CL- ]2, and
the other a nonsilicate sheet of [Mg30 20FI1)4J«2" , respec-
tively. The two other common serpentine minerals are liz-
arite and antigorite. Chrysotile asbestos is the only
member of the serpentine group of any importance as a
commercial mineral. It is the sixth mineral regulated under
the asbestos standards and currently the only asbestos min-
eral of commercial importance with worldwide production
of 2 million metric tons in 2001 (Virta, 2003).

The basic units of the tetrahedral sheets are six-mem-
bered rings, having pseudohexagonal or trigonal symme-
try. These rings are similar to those found in the
amphibole double chains. The amphibole chains differ in
that the growth is restricted to a single direction to form
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chains, whereas in chrysotile asbestos growth extends in
two directions to follow an effectively infinite sheet. The
octahedral sheet is formed by magnesium octahedrally
coordinated with oxygen and hydroxyl groups and is simi-
lar to that found in brucite. The dimensions of the two
sheets differ. Attention is generally focused on the b axis
of the octahedral sheet, which is larger than the same axial
direction in the tetrahedral sheet (9.45 A compared with
9.15 A). The dimensional mismatch of the octahedral and
tetrahedral sheets can cause the double sheets to roll up
into cylindrical tubes with the layer octahedral portion of
the double layer forming to exterior of the curved surface.
These fibrils are the ultimate minimum diameter that can
be found in chrysotile and generally have a diameter
around 25 nm. Usually, polygonal forms of chrysotile also
occur rarely. The outer octahedral layer of chrysotile is
readily leached of magnesium, even under mildly acid con-
ditions (Hume and Rimstidt, 1992), and indeed chrysotile
is now known to have a lower chemical durability than
the amphibole asbestos minerals for this reason.
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Abstract

Asbestos first became an issue to Minnesota’s iron industry when it was revealed that mineral fibers similar to those in Reserve Min-
ing’s tailings were being found in drinking water for several communities that used Lake Superior as their primary water source. This
discovery turned what had largely been an environmental court battle into a case concerning public health. The courts listened to much
conflicting and uncertain scientific testimony on the size and distribution of the mineral fibers and on the potential health effects imposed
by them. In April 1974, the plant was ordered to shut down by a federal judge but the company quickly appealed the decision. The
appeals court granted a stay and ultimately ruled that the plant’s closure could not be justified based on the unknown health effects
of the mineral fibers since the consequences of such an action would have immediate and severe social and economic impacts. The plant
was allowed to continue operation, but ordered to abate emissions to air around the plant and to switch to a land-based tailings disposal

system. Much of the scientific uncertainty and public concern over mineral fibers in Minnesota’s taconite industry remain today.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction
11. Legal history of the taconite problem

On April 20, 1974, Federal District Court Judge Miles
Lord ordered Reserve Mining to cease its waste taconite
tailings discharge into Lake Superior. The shut down order
sent shock waves throughout Minnesota and the nation.
The immediate question raised was how this extraordinary
decision was reached? It directly affected thousands of jobs
with a potential negative economic ripple impacting not
only Minnesota, but the nation. The cause for the order
revolved around micron-sized elongated mineral fragments
(hereafter referred to as “mineral fibers”) contained in
Reserve Mining’s waste tailings. Although the order for
an immediate shut down did not survive an appeal, and
Reserve Mining was given time to convert to an on-land
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disposal system, many of the scientific issues debated in
the trial hold relevance today.

In the 1950s and 60s, Reserve Mining represented the
emergence of a new technology that had revitalized the
economy of an iron mining region running out of high-
grade ore. To others however, Reserve Mining, with its
processing plant located on the lakeshore, was viewed as
causing pollution and unacceptable degradation to Lake
Superior. Thus, when environmental allegations and asbes-
tos concerns surfaced in state and federal courts, judges
were required to strike a balance between protecting public
and environmental health and preserving the economic
well-being of society. In the Federal district court case,
tried before Judge Miles Lord, the balancing struggle was
made even more difficult because the scientific and medical
evidence presented in the trial was strongly disputed and
consequently did not provide a clear answer to the immi-
nence and scale of the health threat provided by the min-
eral fibers (United States v. Reserve Mining Company,
1974). Historically speaking, the case illustrates the difficul-
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ties and uncertainties that are forever part of the mix of
environmental, health, and economic issues faced by gov-
ernmental decision-makers.

Following, we provide a brief background on Reserve
Mining and the taconite mining industry and provide
details of the trial that threatened the company’s existence.
Reserve Mining’s case files have been preserved in a large
restricted compendium at the Minnesota Flistorical Soci-
ety. In addition, numerous well-documented summaries
exist, as do the court summaries themselves (United States
v. Reserve Mining Company, 1974; Reserve Mining Com-
pany v. Environmental Protection Agency, 1974; Huffman,
2000; Schaumburg, 1976; Bartlett, 1980). For a more
detailed history of Reserve Mining and the court cases
against it, readers are encouraged to consult these sources.

1.2. Minnesota’s taconite industry

The iron mining industry in Minnesota began with dis-
covery of iron ore in 1865, initial production in 1885,
and rapid expansion through the 1890s. Initially, the tar-
geted ore on the Mesabi Range was high-grade hematite
(“natural ore”), which was the oxidized and purified sur-
face weathering product of the much more extensive but
lower grade taconite ore beneath. The natural ore could
be scooped from deposits and shipped directly through
the Great Lakes to steel mills in the eastern United States.
As is the case in many ore districts however, the high-grade
ore became less abundant with time and through the first
half of the 20th century beneficiation of the iron-oxides
from the much lighter silicate and carbonate gangue miner-
als became important. From 1906 to 1940, for example, the
percentage of ore beneficiated increased from approxi-
mately 0.6% to over 50%. Clearly, the direct shipping ore
was running out and survival through the end of the 20th
century would require finding a means to utilize the vast
reserves of low-grade “taconite” that surrounded or lay
beneath the enriched oxidized deposits.

In Minnesota, most of the high-grade ore, and virtually
all the taconite that has been mined has come from the
Biwabik Iron Formation, a 250-700 foot thick bedded fea-
ture that extends approximately 120 miles in a northeast-
ward direction from Grand Rapids to Babbitt,
Minnesota (Fig. 1). Deposited originally as a series of soft,
iron-rich sediments approximately 2 billion years ago, the
formation was subsequently buried and metamorphosed
to current form, which includes fine-grained magnetite as
the dominant iron-ore mineral. This mineral is interspersed
with significant amounts of other non-magnetic phases,
including carbonates (ankerite, siderite, etc.) and silicates
(quartz, stilpnomelane, minnesotaite, greenalite, etc.), and
other minerals that must be removed by ore refining pro-
cesses. The deposit is extensively metamorphosed on the
eastern side of the range to other assemblages including
among a variety of minerals, iron-rich amphiboles in the
grunerite-cummingtonite series, which in some geologic
settings can develop a fibrous or asbestiform habit.

Fig. 1. Map showing locations of Reserve Mining Company’s Peter
Mitchell Pit and E.W. Davis Works Mineral processing facility. The Peter
Mitchell Pit (now Northshore) was located at the eastern extreme of the
Biwabik Iron Formation where proximity to the Duluth Gabbro Igneous
Complex caused metamorphism of the formation to an assemblage
containing the fibrous amphibole cummingtonite-grunerite. Ore was
transported to Silver Bay and processed at Reserve’s E.W. Davis Works
mineral processing facility. Tailings were deposited into Lake Superior.
Mineral fibers were found in Silver Bay’s air, and in water supplies for
Duluth, Two Harbors, and Beaver Bay, MN, as well for Superior, WI.

The difficulties with utilizing taconite as an ore source
were many. The fine-grained taconite required extensive
grinding to separate the sought-after magnetite (Fed) 4)
grains from non-ore or “gangue” minerals. Furthermore,
the fine-grained magnetite concentrate that resulted after
separation was difficult to ship and use in blast furnaces.
Finally, 70% of taconite ore winds up as tailings and must
be disposed using environmentally sound methods, com-
pared with essentially no tailings for the direct shipping ore.

These issues were all apparently resolved in the 1940s by
a small group of mining engineers and investors, led pri-
marily by Dr. E.W. Davis, who was director of the Mines
Experiment Station at the University of Minnesota. By
their process, much of which has remained nearly the same
through today, magnetite grains were sorted from other
minerals using large magnetic separators and then com-
bined with other agents (binders and possible fluxing
agents) and heated to high temperatures in large furnaces
to create taconite pellets. These pellets are easier to ship
and to use in the steel making process than simple magne-
tite concentrate. The unwanted fine-grained gangue miner-
als, or “tailings”, which are composed of a variety of
silicate and carbonate minerals, are slurried with water
and transported to a disposal site.

Reserve Mining’s deposits were first investigated in 1871
by Peter Mitchell who described them as “an iron moun-
tain about twelve miles long and a mile and a half wide”.
However, composed essentially of taconite that could not
be mined as economically as the high-grade deposits in
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the western part of the iron range, the deposit laid in wait
until a time when mining taconite would become profitable.
That time came when Davis and his coworkers perfected
their processing techniques. In 1947 and 1948, at a time
when environmental laws were less stringent than today,
Reserve Mining obtained permits to open the Peter Mitch-
ell pit and to build a taconite processing facility on the
shore of Lake Superior. The lake provided a ready source
for clean water needed during taconite processing. Produc-
tion began in 1955. Ore from the Peter Mitchell pit was car-
ried by rail to Silver Bay, where it was processed at the
E.W. Davis Works (Fig. 1). Taconite pellets could be
loaded directly into ships, while the unused materials, or
tailings could be dumped into the lake. Having a bulk den-
sity much greater than that of lake water, it was expected
that the tailings/water mixture generated during mineral
processing would be conveyed along the lake bottom in
density currents and the tailings would settle into a nine
square mile area within a bathymetric feature known as
the Great Trough. According to the permit, discharge into
the lake was not to include material amounts of wastes
other than taconite, nor was it to have material effect on
fish populations, surface water appearance, or lake naviga-
tion outside the nine square mile area. The state reserved
the right to revoke the permit should conditions of the per-
mit be violated.

The venture appeared successful and other taconite
companies were built. All of the other companies built
on-land disposal systems for their taconite tailings. Taco-
nite mining (Fig. 2) as an industry flourished with total
production of pellets increasing to over 10 million tons/
year by 1960 (Skillings, 2002). Six companies were produc-
ing a total of 30 million tons of pellets per year by 1968.
Reserve Mining, which had expanded to over 5million
tons of pellet production by 1957 expanded again to over
10 million tons by 1965. When environmental concerns
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over Reserve Mining’s tailings began to emerge it had
already become clear that using magnetic separation to
beneficiate taconite had saved Minnesota’s mining
industry.

By 1979, taconite mining in Minnesota reached its peak,
with eight companies producing approximately 55 million
tons of pellets (Skillings, 2002). By 2001, a total of 4.3 bil-
lion tons of iron shipments had been made from Minnesota
since mining began in 1885, with total shipments in the
later half of the century eclipsing shipments in the first half
(Fig. 3). Through 2001, approximately 1.5 billion tons of
taconite pellets had been shipped, all since 1950. This rep-
resents only a fraction of the vast taconite ore reserves that,
by one estimate, could last at present rates of mining for
two centuries or more (Ojakangas and Matsch, 1982).
Today, greater than 99% of all iron ore shipments from
Minnesota are derived from taconite.

Commensurate with the expansion of taconite mining at
Reserve Mining were increased amounts of water used and
waste produced. At full capacity after 1963, Reserve Min-
ing was using over 500,000 gallons of Lake Superior water
per minute and disposing approximately 67,000 tons of
tailings per day. The company accounted for approxi-
mately 11% of the total US iron production and approxi-
mately 25% of Minnesota’s taconite pellet production.
Furthermore, the town of Silver Bay had grown up around
the E.W. Davis processing facility. In Silver Bay alone, and
not including the area around Babbitt (where the ore was
mined), the company employed over 1000 workers and
supported another 2000 others who provided services for
the processing plant or employees that worked there.

1.3. Environmental issues arise

Environmental complaints on Reserve’s tailing can be
traced back at least to 1963 when Senator Gaylord Nelson

Year

t'ig. 2. Pellet production by Minnesota taconite companies. Reserve Mining Company was one of the first large taconite mining companies in Minnesota
and the only to dispose tailings into Lake Superior. There are currently six taconite companies that annually produce 30M0 million tons of taconite pellets.
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Minnesota Iron Shipment (1000 tons)

Pre 1950 Post 1950

Fig. 3. Iron ore shipments from Minnesota before and after 1950. A total
of 4.3 billion tons of direct shipping ore, gravity separated concentrate,
and taconite pellets (magnetic separation process) have been shipped.
Most of this is in the form of natural ore. Reserve Mining Company
ushered in a new era in Minnesota mining as direct shipping and other ore
types of ore dwindled. Currently, virtually all of the ore shipped from
Minnesota is derived from taconite, but the total of 1.5 billion tons of
pellets shipped through 2001 represents only slightly more than 1/3 of the
total Minnesota shipments.

of Wisconsin began inquiring federal administrators about
possible actions against Reserve Mining concerning pollu-
tion control. More specific environmental allegations
against Reserve Mining were made in a 1968 U.S. Depart-
ment of Interior (USDI) study which became known as the
Stoddard Report, named after the environmental coordi-
nator for the Lake Superior region. Although never offi-
cially released by the USDI or any of its collaborators, it
was widely circulated and became the first major technical
report to openly attack in-lake disposal of taconite tailings.

Shortly after, in 1969, Reserve Mining found itself in
state courts fighting against new water standards and regu-
lations that, if strictly enforced, would cause the shut down
of the company. One concern expressed by the MPCA
(Minnesota Pollution Control Agency) and others was
related to the so called green water phenomena, which
was a change in the color of lake water as viewed from
the shoreline. The effect had been observed elsewhere in
the lake prior to mining, but appeared to increase following
Reserve Mining’s opening. Other concerns were related to
possible declining fish populations in and near the tailings
disposal regions. Indeed, the Lake County District Court
found on December 15, 1970 that Reserve Mining’s tailings
were causing an “increase of the ‘green water phenomena’
both within and without the zone of discharge” and also a
“decrease in the presence of Pnotoporeia, commonly know
as scud, in the vicinity of the zone of discharge... [with]
minimal and immaterial effect on the fish population of
the lake.” The court chose not to rule, however, on a claim
by the MPCA that Reserve Mining was polluting the lake,
but it did mandate that the company seek an alternative
disposal mechanism to insure that tailings were conveyed
to the bottom of the lake in a more efficient fashion.

Although these rulings were significant, more formal
and what turned out to be more serious allegations against
Reserve Mining were taking root in a series of three Fed-
eral Water Pollution Enforcement Conferences held in
Minnesota from 1969-1971. Directly following the enforce-
ment conferences, in April, 1971, Reserve Mining was noti-
fied by the EPA that they had 180 days to comply with
federal and state water quality standards or face a federal
law suit. Not satisfied with Reserve Mining’s response,
the EPA filed suit against the company in the US District
Court in Minnesota on February 2, 1972. Although the ini-
tial court claims did not even mention the word “asbestos”
in connection with Reserve Minings tailings discharge, they
alleged 48 violations of federal and state water quality stan-
dards, the Refuse Act of 1899, and federal common-law
nuisance standards. Perhaps more significant, is the fact
that the complaints and lawsuit fueled extensive research
into the nature and extent of tailings distribution in Lake
Superior’s waters.

1.4. Asbestos becomes an issue

The first appearance of asbestos as an issue for Reserve
Mining can be traced to December, 1972, when Arlene
Lehto, president of the Save Lake Superior Association,
announced in a scheduled hearing before the International
Joint Commission that taconite tailings contained a fibrous
amphibole that might be a cancer-producing agent and
indicated that people drinking water from Lake Superior
might be ingesting it. Although the IJC commissioners
and the press took no special notice of the announcement,
Phillip Cook, Duluth National Water Quality laboratories
technical case coordinator for the Reserve Mining case did.
In late December, he began filtering Duluth tap water and
subsequently discovered that mineral fibers were always
present in Duluth’s water. John Pegors, director of the
PCA regional office in Duluth also heard Arlene Lehto.
Subsequently, the PCA hired a geologist, Dr. Stephen Bur-
rell, who documented the occurrence of fibrous minerals in
Reserve’s ore and also found that fibers were escaping into
the air during mineral processing.

The concern was over fibrous minerals found in ore
coming from the Peter Mitchell Pit. This pit occurs at the
eastern most edge of the Biwabik Iron formation, where
the deposit is truncated by igneous intrusions from the
Duluth Complex. The high heat that accompanied intru-
sion of the igneous bodies resulted in intense metamor-
phism of the formation to an assemblage of minerals not
found elsewhere on the Mesabi Iron Range. In some parts
of Reserve Mining’s ore deposit, as the courts would later
hear in testimony, an average of approximately 26% and as
much as 60% ore from the Peter Mitchell Pit was composed
of cummingtonite-grunerite, a series of amphiboles with
the approximate formula (Fe,Mg)7Si80 2(OH)2 (United
States v. Reserve Mining Company, 1974). This series of
minerals can occur in a variety of crystal forms, depending
on the specific conditions of metamorphism. Amosite is the
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term used to describe an economically important and
known carcinogenic form of this mineral that is especially
iron-rich and exhibits asbestiform habit. Thus, cumming-
tonite-grunerite and amosite are chemically similar, but
may have different crystal forms. Specific concerns over a
potential cancer threat peaked when the National Water
Quality Laboratory in Duluth performed a literature
search and found articles pointing to a possible linkage
between ingested asbestos and cancer.

On June 15, 1973, after considerable debate in secret
meetings, the public was informed that asbestos-like fibers,
believed to be from Reserve Mining Company’s tailings,
had been found in the water supplies of many lake shore
communities, including Duluth and were also being emit-
ted into the air from the plant’s exhaust stacks. This was
a decided turning point in Reserve’s history, as a company
that had once been considered a technological marvel and
economic savior was not only being accused of polluting
Lake Superior water, but also threatened the health of
thousands of lakeshore residents.

2. Reserve Mining in federal court
2.1. Tailing toxicity

The central focus of the controversy was related to the
toxicity of the tailings. If the tailings were toxic and repre-
sented an immediate threat to human health and life then
the courts were obligated to stop the discharge as early
as possible. A lengthy trial ensued, during which the court
heard testimony from many of the world’s experts on var-
ious issues including asbestos and its possible health effects.
The first significant ruling in this regard came from the dis-
trict court on April 20, 1974, when Miles Lord ordered the
closing of Reserve Mining’s Silver Bay facility, based on
the “substantial” danger that tailings in the water pre-
sented to human health (United States v. Reserve Mining
Company, 1974). The Reserve Mining Company immedi-
ately filed an appeal and received a stay of that order on
April 22, 1974. In June, 1974, Reserve Mining was issued
a further stay, conditioned upon the company’s taking
prompt steps to abate air and water discharges. On April
8, 1975, the appeals court granted Reserve “a reasonable
time” to stop discharging into Lake Superior and to con-
vert to a land-based system (Reserve Mining Company V.
Environmental Protection Agency, 1974). Beneath this
brief timeline of court proceedings were hotly contested
issues relating to the health risks associated with asbestos.
While nobody challenged the fact that asbestos can cause
cancer if inhaled, there was much dispute over whether
the fibrous mineral mined from Reserve Mining’s deposit
(cummingtonite-grunerite) was asbestos. Also of concern,
was whether it was the source of the mineral fibers found
in Lake Superior. In any case, were the minerals in tailings
carcinogenic when ingested? The district court and appeals
court agreed for the most part on the scientific evidence
that there was a concern, but differed on their perceptions

of the degree of action required (United States v. Reserve
Mining Company, 1974; Reserve Mining Company V.
Environmental Protection Agency, 1974).

2.2. Cummingtonite-grunerite distribution

A crucial question of the enforcement conferences, upon
which federal authority partly depended, was whether tail-
ings were being transported across state lines. Although the
plaintiffs in the federal case did not initially consider cum-
mingtonite-grunerite to be hazardous, its distribution was
studied as a potential tool to detect the presence of Reserve
Mining’s tailings in Lake Superior’s water column. Since
other potential sources for this mineral did not drain
directly into Lake Superior and because significant cum-
mingtonite-grunerite was not found in rivers draining into
Lake Superior (except by one discredited witness) or in pre-
Reserve Mining lake sediments, and also because this min-
eral was known to be abundant in Reserve Mining’s tail-
ings, cummingtonite-grunerite proved to be an excellent
tracer. That cummingtonite-grunerite was detected in the
water column, well outside of the originally proposed nine
square mile tailings disposal site, was used as evidence that
some of the minerals present in Reserve Mining’s tailings
were not being deposited in the Great Trough, but rather
escaping the density current and migrating throughout
the lake. Later findings of cummingtonite-grunerite in
the drinking water supplies for Duluth and other lakeshore
communities provided evidence that people were ingesting
small quantities of minerals from Reserve Mining’s tailings
(United States v. Reserve Mining Company, 1974; Reserve
Mining Company v. Environmental Protection Agency,
1974).

After extensive testimony from witnesses on both sides
of the issue, the district court determined that “where cum-
mingtonite-grunerite is found in the western arm of Lake
Superior in detectable quantities, it can be traced to
Reserve’s discharge.” The appeals court agreed (United
States v. Reserve Mining Company, 1974; Reserve Mining
Company v. Environmental Protection Agency, 1974).

2.3. Asbestos or cleavage fragments?

On the issue of whether at least some of the cumming-
tonite-grunerite in tailings was amosite, the district court
struggled to determine if there was a reliable means to dis-
tinguish cummingtonite-grunerite from amosite. Reserve
witnesses contended that amosite had distinct optical prop-
erties and that amosite fibers were more likely to split into
longer and thinner fibers than cummingtonite-grunerite.
Indeed, government witnesses presented evidence that from
98% to 99.3% of amphibole fibers in Duluth’s water supply
were under 5 pm in length, and the average length was only
about 0.8 pm. Reserve argued that the mineral fibers in
tailings were cleavage fragments of cummingtonite-grune-
rite and not true asbestos fibers. Nevertheless, following
testimony from both sides, the court found that “amosite
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and cummingtonite-grunerite have in most instances simi-
lar morphology, crystallography, and chemistry and are
therefore, indistinguishable...No one, to the Court’s satis-
faction, could point out distinguishing characteristics.”
The appeals court did not argue with this interpretation
but noted that the “discharges of fibers dissimilar from
amosite adds further uncertainty to equating the likely
health consequences from Reserve’s discharge with that
found in certain other occupational situations” (United
States v. Reserve Mining Company, 1974; Reserve Mining
Company v. Environmental Protection Agency, 1974).

2.4. Are shortfibers dangerous?

On the issue of asbestos and harm to human health,
there was contention over both air-borne asbestos near
the Silver Bay processing plant and water-borne asbestos
in Lake Superior. The court recognized published reports
of high incidence of cancer and mesotheliomas for asbestos
factory workers and their families and also in residents liv-
ing close to the factories. A Department of Labor occupa-
tional safety standard of 2 fibers in excess of 5 microns per
cubic centimeter of air existed at the time for prevention of
asbestosis. Most fibers in Silver Bay and Lake Superior
were much less than 5 pm in length. Doctors with expertise
in this area testified, however, that the 5pm value was set
only because smaller fibers could not be easily detected
and counted using normal optical microscopic techniques.
The district and appeals courts, therefore, both ignored the
length standard: short fibers could not be assigned a lower
relative risk than long fibers, owing to “the uncertain state
of scientific knowledge” (United States v. Reserve Mining
Company, 1974; Reserve Mining Company v. Environ-
mental Protection Agency, 1974).

2.5. Fiber count difficulty

Both Courts also found that estimating exposure was
almost impossible due to the fact that “man’s ability to
quantify the amount of particles in the air and water is sub-
ject to substantial error.” Since this problem was faced not
only by the court, but also by existing studies on which the
standards were based, the district court concluded, “there
is no known safe level of exposure. Without knowing what
a safe level of exposure is, to permit the present exposure to
continue is nothing more than a gamble with hopes that the
threshold level, if there is one, has not been or will not be
reached.” The district court acknowledged problems with
obtaining reliable counts but concluded that whatever
amount there was, there was “a significant burden of
amphibole fibers from Reserve’s discharge in the air of Sil-
ver Bay.” Regarding amphibole fibers in water, the district
court concluded that whatever numbers they accepted, that
“at all times (of the year) Reserve adds millions of asbestos
fibers to every quart of water drunk by every citizen of
Duluth, Two Harbors, Beaver Bay, and Superior, Wiscon-
sin.” (United States of America et al., vs. Reserve Mining

Company, 1974). The appeals court largely agreed with
the assessment that the counts were unreliable and indi-
cated that this added more uncertainty to evaluation of risk
associated with Reserve’s disposal into Lake Superior
(United States v. Reserve Mining Company, 1974; Reserve
Mining Company v. Environmental Protection Agency,
1974).

2.6. Is ingestion of mineralfibers dangerous?

While little doubt existed that inhaled fibers were dan-
gerous to lungs, considerable more speculation was neces-
sary to evaluate risk associated with mineral fiber
ingestion. Three forms of evidence were considered by both
the district court, and later, the appeals court. First, asbes-
tos workers were known to have increased incidence of gas-
trointestinal cancer, presumably because some of the
asbestos inhaled is inevitably swallowed. The appeals court
noted, however, that many assumptions were needed to
compare exposure via this pathway compared to drinking
water derived from Lake Superior and that this created
more uncertainty. Additional evidence was provided that
many small particles, once swallowed by an animal, could
pass through the gut wall into the body. The appeals court
accepted this, but also noted that animal studies had, so
far, not been able to induce tumors by ingestion. Finally,
the district court and appeals court varied considerably in
their interpretation of results from a court-ordered tissue
study of recently deceased Duluth residents who had
ingested Duluth water for 15years. This study, commis-
sioned by the district court in the face of a lack of direct
evidence of a health effect concerning ingestion of drinking
water, found that the Duluth residents were virtually free
of any fibers. Both courts indicated that the negative result
did not necessarily exonerate ingestion of fibers in Lake
Superior as a hazard. In the district court, it was concluded
that “because the specimens examined represented only a
small microscopically minute body area, the actual pres-
ence of fibers may have been overlooked.” The appeals
court weighed more heavily on the negative result however,
and cited pre-study testimony from Dr. Selilcoff, a court
appointed specialist, that “if we do not find it [mineral
fibers] in the tissues, then | would risk a professional opin-
ion that there is no danger, at least up to this point, to the
population no matter what our samples show.” They con-
cluded that the results from the tissue study indicated that
“no emergency or imminent hazard to health exists” (Uni-
ted States v. Reserve Mining Company, 1974; Reserve
Mining Company v. Environmental Protection Agency,
1974). No evidence of an increase in gastrointestinal cancer
rates could be found for Duluth residents for the period
1950-1969 or from another study for residents from
1969-1972. The district court and appeals court determined
and both agreed however, that any studies conducted on
Duluth residents to evaluate cancer incidence from inges-
tion of mineral fibers would be premature owing to the
long latency period for asbestos related diseases (20 years
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or more) (United States v. Reserve Mining Company,
1974; Reserve Mining Company v. Environmental Protec-
tion Agency, 1974).

2.7. Court actions

Decisions by the district court on the dangers of ingest-
ing asbestos can probably best be summed up by the state-
ment: “The court is asked to permit the present discharge
until such a time as it can be established that it has actually
resulted in death to a statistically significant number of
people. The sanctity of life is of too great value to the court
to permit such a thing”. The appeals court concluded, sim-
ilarly, although in less dramatic terms, that the “the exis-
tence of this asbestos contaminant in air and water gives
rise to a reasonable medical concern for the public health.
The public’s exposure creates some health risk and there-
fore such a contaminant should be removed” (Reserve
Mining Company v. Environmental Protection Agency,
1974).

The difference in terms of required abatement of pollu-
tion was considerable. The district court considered the
risks of allowing tailings disposal into the lake to be too
great to allow it to continue for any length of time and
ordered an immediate shut down. The appeals court, as
stated above, overturned this decision finding that “an
immediate injunction [on Reserve’s operations] cannot be
justified in striking a balance between unpredictable health
effects and the clearly predictable social and economic con-
sequences that would follow the plant closing”. “A remedy
should be fashioned which will serve the ultimate public
well by insuring clean air, clean water, and continued jobs
in an industry vital to the nation’s welfare” (United States
v. Reserve Mining Company, 1974; Reserve Mining Com-
pany v. Environmental Protection Agency, 1974).

In terms of abatement, the appeals court considered the
air emissions in Silver Bay to be of much more concern than
the water discharges. Immediate action was required for the
air emissions in the Silver Bay processing plant. “Reserve
must use such available technology as will reduce the asbes-
tos fiber count in the ambient air at Silver Bay below a med-
ically significant level.” Since there was no known means to
define “medically significant” the court ruled that the “con-
trols may be deemed adequate which will reduce the fiber
count to the level ordinarily found in the ambient air of a
control city such as St. Paul” (Reserve Mining Company
v. Environmental Protection Agency, 1974).

Water discharge abatement was a much more difficult
and expensive proposition for the company. Accordingly,
Reserve Mining was given “a reasonable time to stop dis-
charging its wastes into Lake Superior. A reasonable time
includes the time necessary for Minnesota to act on
Reserve’s present application to dispose of its tailings at
Milepost 7 (Lax Lake site), or to come to agreement on
some other site acceptable to both Reserve and the state”
(Reserve Mining Company v. Environmental Protection
Agency, 1974).

3. Aftermath

Legal issues stemming from the case were not ended
until April, 1982, when in a settlement the company agreed
to pay $2 million to Duluth and surrounding communities
for water filtration systems, but not to admit any wrongdo-
ing or causing of harm to public health. Previous to the set-
tlement however, Reserve Mining fought vigorously with
the state over the site of a new land-based disposal system
for their tailings.

Several sites for tailings disposal were considered and
rejected (by either Reserve, the courts, or the state), before
the company proposed a facility located several miles inland
known as Mile Post 7. The topography was rugged how-
ever, and would required construction of five dams totaling
26,700 feet in length. The largest of these would eventually
reach 190 feet in height. Minnesota DNR and PCA officials
were concerned about the possibility that a dam could rup-
ture and threaten people living downstream and dump
many tons of fine tailings into Lake Superior. Furthermore,
there was concern over the levels of dust from the tailings
that might blow into Silver Bay. Reserve Mining argued
that these concerns could be addressed through facility
design, technical suppression, and continuous maintenance.
Furthermore, the company argued that all other alternative
sites proposed by the state were prohibitively expensive and
would force the Reserve Mining Company to shut down.
Reserve eventually prevailed and was granted a permit for
Mile Post 7, but not until April 1978, after a long struggle
that brought the case twice before Minnesota’s Supreme
Court. Some of the permitting issues the courts helped to
settle were the same as those faced in previous court deci-
sions and involved uncertainties and expense associated
with the continuous monitoring, measurement, and control
of mineral fibers in water discharges and air emissions from
the plant. Construction of the new tailings basin began
immediately, but was not completed until March, 1980 at
a cost of $375 million. In April, 1980, a full 6 years after
Judge Lord’s fateful decision, the last of more than 400 mil-
lion tons of tailings from Reserve’s processing plant was dis-
charged into Lake Superior.

Economic downturns for the mining industry and the
increased cost of mining took a toll on Reserve Mining
over the next years. Production never came close to pre-
trial levels and in 1986, one of Reserve Mining’s parent
companies, LTV Steel, declared bankruptcy and the facility
was closed. The company was sold to Cyprus Minerals,
Inc., in 1989 and reopened on a much smaller scale. The
company was later bought by Cleveland-Cliffs, and cur-
rently operates under the name “Northshore Mining Com-
pany”. Northshore Mining is testing a new process to
produce reduced-iron nuggets (The Mesabi Nugget Pro-
ject) that, if successful, might expand and change the nat-
ure of iron products from Minnesota. The iron-nugget
pilot plant will produce pig-iron nuggets for electric
furnace steel making and foundries. A time line for major
events discussed above is provided in Table 1
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Table 1
Timeline of significant events for Reserve Mining Company

1860s Iron deposits discovered and mapped in Minnesota

1880s First shipments of direct shipping ore from Minnesota

1900 Gravity separation becomes necessary for some ores

1940 50% of all ore shipped from Minnesota requires processing

1940s Taconite processing method developed (magnetic separation and shipping of taconite pellets)

1947-1948 Reserve Mining Taconite company receives permits to open taconite processing plant in Silver Bay, MN, and dispose tailings into Lake
Superior

1955 First ore processed by Reserve Mining

1968 Taconite pellet shipment rate exceeds all other iron ore shipments from Minnesota

Dec. 1968 Stoddard Report issued alleging that Reserve Mining is polluting Lake Superior

i969—970 Reserve in State Court

1969-1971 Enforcement conferences held

Feb. 1972 EPA files suit against Reserve Mining in US District Court

Dec. 1972 Asbestos issue begins to emerge in local meetings and studies of the issue quietly begin

June 1973 Press release: asbestos in Silver Bay air and in drinking water of lakeshore communities

Aug. 1973 Trial begins

Apr. 1974 Judge Lord issues injunction for immediate shut down of Reserve
Reserve obtains temporary stay while appeals court hears case

Oct. 1974 Reserve proposes Mile Post 7 site for disposal

Dec. 1974 State rejects Mile Post 7 as site for tailings disposal

March, Court of appeals: allows Reserve reasonable time to find alternative disposal site

1975

1977-1978 Minnesota Supreme Court orders state to issue permits for Milepost 7 Tailing Disposal facility

March 1980 Mile Post 7 tailings disposal facility completed at cost of $375 million. Lake Superior discharges end.

April 1982  Legal settlement reached: Reserve pays $2 million for lakeshore communities’ water filtration systems

1986 Reserve Mining doses

1989 Reserve sold to Cyprus Minerals, Inc. and reopens as Cyprus Northshore Mining

1995 Plant and mine begin operation as Northshore Mining, Cleveland-Cliffs

4. Conclusions

The Reserve Mining case set a legal precedent in that it
was the first legal opinion to deal with the important con-
cept of balancing scientific uncertainty with economic
impact. Despite testimony from essentially all of the world’s
leading experts in the field, no firm conclusions could be
made regarding the health effects of ingested tailings.

The Eighth Circuit Court foresaw the need to monitor
future developments when it suggested that the federal dis-
trict court’s appointed medical expert should advise the
court regarding “new scientific or medical studies which
may require a re-evaluation of the health hazard (either
as more or less serious than as comprehended during this
lawsuit) attributable to Reserve’s discharges.” The court
also suggested that any party could apply for a modifica-
tion to the injunctive relief granted by the court “should
significant new scientific information justify a reassessment
of the hazard to public health” (Reserve Mining Company
v. Environmental Protection Agency, 1975).

The Fiber Symposium presents an opportunity to deter-
mine whether we are now beyond the “frontiers of medical
and scientific knowledge”. Significantly, thirty years after
the Reserve mining case was in the national spotlight, suf-
ficient time has presumably passed to overcome study
problems associated with the long latency period for asbes-
tos related cancers (20 45 years).

Futhermore, there have been technological advances in
many fields of analytical chemistry and medical science.

Have these advances made it possible to better distinguish
Reserve’s mineral fibers from amosite or cleavage frag-
ments from asbestos in general and, if so, what do the dif-
ferences mean regarding a potential health threat of
ingested and/or inhaled minerals? Do we now know
whether fiber length makes a difference regarding its path-
ogenic qualities; what level of exposure is safe?; what path-
ogenic properties of asbestos fibers cause cancer? And if
these studies have not been performed, is there a need to
conduct a comprehensive epidemiological study of those
persons exposed to the fibers?

Answers to these questions and others are imperative for
state agency decision-makers to manage current permits
and to make future permitting decisions. Improved scien-
tific understanding of the health concerns associated with
taconite tailings can have wide ranging effects on the char-
acter, extent and frequency of required monitoring, opera-
tion efficiency of tailings disposal facilities, and may open
the possibility of alternative uses for tailings.
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Rapporteur’s Report Session 1 Origin of the problem:
Malcolm Ross

Introduction

The Reserve Mining Co., in the processing of taconite
iron ore quarried from the Peter Mitchell Pit, deposited
the finely crushed waste rock into Lake Superior near Sil-
ver Bay Minnesota. In the early 1970s The U.S. Environ-
mental Protection agency filed a lawsuit against Reserve
Mining Co., asking the court to force the company to
stop dumping into the lake. On April 20, 1974, after a
lengthy court battle, the U.S. District Court concluded
that the Reserve Mining discharge into Lake Superior
violated federal and state pollution laws and thus ordered
Reserve Mining Co., to halt the lake disposal of taconite
tailings. At the time many feared that some of the
mineral particles contained in the tailings (alleged to be
asbestos or asbestos-like) would cause human health pro-
blems. This Conference was thus convened to readdress
the problem of the mineral content of the Biwabik Iron
Formation and to whether any minerals contained in
the ore could cause human disease. The four papers given
in this session address the nature of the mineral particles
in the taconite rock, the definition of the term “asbestos”
and the history of the legal controversy over the possible
health effects of certain mineral particles contained in the
Biwabik iron range ores.

Paper 1—Geology of the Biwabik Iron Formation and
Duluth Complex
Mark A. Jirsa, James D. Miller, Jr., G.B. Morey

The Biwabik Iron Formation was a principal source of
ore for the American steel industry during the 20th Cen-
tury. The unaltered iron deposits, called taconite, contain
approximately 30% iron and 50% Si02. About 75% of
the iron in taconite resides in the mineral magnetite, the
remainder is largely in iron carbonate and several iron-sili-
cate minerals.

At the east end of the Mesabi range where the Reserve
Mining’s Peter Mitchell Pit is located, the Biwabik Iron
Formation has been metamorphosed by the intrusion of
the Duluth Igneous Complex, the Complex being charac-
terized by various combinations of olivine, pyroxene, and
a variety of amphibole minerals. The possible presence of

doi: 10.1016/j.yrtph.2007.09.017

fibrous minerals in Biwabik rocks of the east Mesabi range,
and their potential liberation by iron mining, has raised
environmental health concerns and litigation. The amphi-
bole minerals, some suspected to be fibrous, that have par-
ticularly come to the attention of the courts.

Biwabik Iron Formation is classified into four zones,
each with a distinctive mineralogy:

Zone 1 The unaltered rocks contain quartz, magnetite,
hematite, siderite, ankerite, talc, and the iron-silicate
minerals chamosite, greenalite, minnesotaite, stilpnome-
lane, and talc. The minerals quartz, hematite, siderite, cha-
mosite, greenalite, and some magnetites are considered
primary minerals.

Zone 2. Transitional taconite contains mineral assem-
blages that are similar to the unaltered taconite of zone
1, but differs by the extensive replacement of quartz, and
ankerite, the reduction of hematite to magnetite and the
appearance of clinozoisite.

Zone 3. Moderately metamorphosed taconite is charac-
terized by the development of the iron-rich amphiboles
grunerite and cummingtonite, at the expense of original
iron carbonates and silicates, and the associated produc-
tion of calcite.

Zone 4. Highly metamorphosed taconite is completely
recrystallized to a metamorphic fabric composed mainly
of quartz, iron-bearing amphiboles (the grunerite-cum-
mingtonite series and hornblende), iron-bearing pyroxenes
(hedenbergite, ferrohypersthene), magnetite, and rare faya-
lite and calcite.

Paper 2—Overview of the mineralogy of the Biwabik Iron
Formation, Mesabi iron range, northern Minnesota
Peter L. McSwiggen, G.B. Morey

The Biwabik Iron Formation is subdivided into four
stratigraphic units (lower cherty, lower slaty, upper cherty,
and upper slaty) and into four lateral mineralogical zones
(1~4).

Zone 1, the westernmost zone, is characterized by the
minerals quartz, magnetite, hematite, carbonates, talc, cha-
mosite, greenalite, minnesotaite and stilpnomelane. Cha-
mosite and greenalite are platy silicates, similar in
physical properties to the micas, belonging to the septe-
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chlorite mineral group. Minnesotaite is also a platy mineral
whose crystal structure is related but not identical to talc
and is sometimes intergrown with talc. Stilpnomelane is a
typically cryptocrystalline sheaf-like silicate found in a
variety of textural settings. Commonly it has a pale brown
or reddish brown color, but some varieties have a greenish
brown color. Although granules composed entirely of stilp-
nomelane may occur, this mineral more commonly occurs
as individual laths or radiating sheaves. Rarely, stilpnome-
lane also may be found within the cores of ooliths along
with fine-grained chamosite and minnesotaite.

Zone 2 contains mineral assemblages similar to those
observed in unmetamorphosed iron formation, but exhibits
evidence of extensive recrystallization of quartz and mag-
netite and the widespread replacement of the iron silicates
by quartz and ankerite. Such features include granules of
very fine-grained acicular minnesotaite and magnetite that
are typically fractured. The fractures are in turn filled with
tabular grains of minnesotaite.

Zone 3 is a moderately metamorphosed iron formation
and occurs about 2.3 miles from the contact with the
Duluth Complex. It is marked by the appearance of a vari-
ety of amphibole minerals and by the disappearance of ori-
ginal iron carbonates and silicates. The development of
grunerite-cummingtonite series amphiboles is pervasive
throughout the zone. Grunerite first occurs in Zone 3 as
small, tabular crystals surrounded by radiating fibrous
sheaves composed of fine needles.

Zone 4 contains minerals that are completely recrystal-
lized. The original silicate minerals have completely reacted
and a new suite of minerals forms within the iron forma-
tion. These include grunerite, hornblende, hedenbergite,
ferrohypersthene (ferrosilite), and fayalite. Grunerite in
Zone 4 forms well developed acicular grains which gave
way to the east to medium-size prismatic grains. The
amphibole hornblende occurs as both prograde and retro-
grade phases. Prograde hornblende occurs intergrown with
hedenbergite in the distal part of Zone 4. More commonly
however, very fine acicular to fibrous hornblende is a retro-
grade phase that replaces hedenbergite, mainly at grain
margins.

Since the Reserve controversy of the 1970s, morphologi-
cal attributes of the cummingtonite grunerite series have
attracted considerable attention, primarily because of their
general resemblance to some asbestos-like minerals,

iowever, there appear to be no detailed studies regarding
specific stratigraphic, compositional, and structural attri-
butes of these Biwabik Iron Formation minerals. There is
a general consensus, however, that these amphiboles
formed under both prograde conditions, as metamorphic
temperatures increased, and under retrograde conditions
as temperatures decreased. To the east and immediately
adjacent to the Duluth Complex, paragenetic relationships
are complicated by the presence of retrograde cummingto-
nite. For example, virtually all of the prismatic cummingto-
nite at the Dunka River locality appears to be
Paragenetically late, having formed partly from fayalite,

but mainly from ferrosilite and/or pigeonite. At somewhat
lower temperatures, prismatic cummingtonite may be
replaced by more magnesium-rich phases that have an aci-
cular habit. At still lower temperatures prograde acicular
grunerite may be replaced by acicular or fibrous
cummingtonite.

Paper 3—The mineral nature of asbestos
Malcolm Ross, Arthur M. Langer, Gordon L. Nord, R.P.
Nolan, R.J. Lee, D. Van Olden, John Addison

The various words used to denote the asbestos minerals,
including asbestos, asbestus, asbestinon, asbest, asbeste,
asbeston, abeston, amiantos, amiantus, amianthus, amiant,
and amiante, can be traced back to the writings of the
ancient Greek philosophers and their use of two words—
cquavxog and aapsaxog. The Greek word apiavxog (trans-
literated as “amiantos™), when used as a noun, is synon-
ymous with the English word asbestos, when used as an
adjective it can mean pure or undefiled. The ancient Greek
writers used the noun anPEntog (“asvestos”) to mean
quicklime; a meaning retained in modern Greek. However,
Pliny the Elder, apparently misunderstanding the use of
this word by the early Greek philosophers, replaced the
Greek noun for quicklime (anPEnxog) with the dubious
Greek word a<mpE<xxivov which he interpreted to mean a
non-combustible material. Pliny then transliterated
a<rPE<mvov into the Latin noun “asbestinon”, alluding to
an incombustible linen, cleansed by fire, and used as
shrouds for royalty during cremation.

The term asbestos is now used to describe a group of six
commercially important minerals having many desirable
industrial properties. Asbestos grows within shear planes,
faults and folds of deformed rock, either perpendicular
(cross-fiber) or parallel (slip-fiber) to the opening in the
rock, however, the formation of fibrous minerals in nature
is rare. The unique mineralogical characteristic common to
all of the asbestos minerals is that their morphologic form
or habit of crystallization is in the form of polyfilamentious
fiber bundles. Commercial asbestos includes one serpentine
mineral (chrysotile ashestos) and five amphibole minerals
(anthophyllite, tremoite, actinolite, crocidolite, and amo-
site asbestos). However, these five amphiboles usually crys-
tallize in non-asbestiform habits. These non-asbestos
habits, on a population basis, lack the morphological
appearance of asbestos and do not possess the desirable
industrial properties.

The amphibole mineral group accounts for approxi-
mately 5% by volume of earth’s crust. However, due to
the rarity of the asbestiform growth in rocks, commercially
viable deposits of asbestos are exceedingly rare. Limited
amounts of asbestos were used in ancient times, but with
the needs of modern industrial development in the last dec-
ades of the 19th Century, asbestos mining became commer-
cially important. Historically, more than 95% of the
commercially mined ashestos is chrysotile asbestos. The
remaining 5% is amphibole asbestos, predominately
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crocidolite and amosite, although anthophyllite asbestos
and tremolite asbestos have been mined to a very minor
extent.

Knowledge concerning the elemental compositions and
crystal structure of the amphibole and serpentine minerals
developed in the 19th and 20th Century, respectively. It
was known to 19th Century mineralogists that minerals
crystallizing in the asbestiform habit had higher tensile
strength and flexibility than those crystallizing in the more
common acicular or prismatic form. By the time of World
War | the elemental composition of many amphiboles had
been determined and analysis of the morphology of large
single crystals clearly delineated the amphibole mineral
class. By 1916, the chemical formula of tremolite amphi-
bole was described and in 1929 B.E. Warren first
described the crystal structure of a tremolite. By 1930
he reported on five more amphiboles crystal structures—
kupferite, actinolite, hornblende, grunerite, and antho-
phyllite. The amphibole group is made up of 27 separate
mineral types with a large number of varietal species
based on 23 chemical species. Amphiboles crystallizing
in the asbestiform habit has the designation asbestos
added after the mineral name.

The essential structural features of the amphibole group
are: linked silica tetrahedral forming a double silica chain.
Further, a double chain of octahedra is linked to this double
silica chain. There are four dissimilar octahedral sites which
accommodate several kinds atoms, including Mg, Fe, Al,
Mn, Ti, Na, and Ca. Varying amounts potassium and
sodium may also appear in the amphibole A-sites located
between the linked double tetrahedral-octahedral chains.

Chrysotile asbestos is a serpentine mineral and is one of
the six minerals regulated under the asbestos standard and
currently is only asbestos mineral of commercial impor-
tance. The crystal structure of chrysotile is composed of
linked double sheets, one sheet of linked Si04 tetrahedra
and the other of linked Mg02(OH)4 octahedral. The octa-
hedral portion of the double layer is similar to that of bru-
cite. The two sheets differ, particularly in their A-axis
dimensions, causing an internal distortion. To compensate
for the larger size of the octahedral sheet, the double sheets
roll up into long cylindrical tubes, the octahedral sheet
forming the exterior of the curved surface.

Paper 4—The origins of public concern with taconite and
human health: Reserve Mining and the asbestos case
Michael E. Berndt, William C. Brice

A review is given of the history of the Reserve Mining
taconite mining operations at the Peter Mitchell Pit and
of the lengthy court case that examined the possible human
health effects of certain mineral particles contained within
the taconite waste rock that was deposited into Lake
Superior. Mineral particles belonging to the amphibole
group were alluded by some to be asbestos or asbestos-like,
and when ingested by drinking Lake Superior water
thought to cause cancer.

Iron ore deposits were first discovered in Minnesota in
the 1860s and until the 1940s most of the ore was unmeta-
morphosed “soft ore” containing much hematite (Fe20 3).
In the 1940s techniques for processing taconite rock (“hard
ore”) was developed, removing the iron-bearing magnetite
by magnetic separation from the crushed rock that also con-
tained various silicate minerals including amphiboles.
Reserve Mining shipped its first taconite ore pellets in
1955. Allege polluting of Lake Superior by ore tailings
was reported in 1968 and State Court proceedings were
initiated soon afterward. In 1972 the U.S. EPA filed suit
against Reserve Mining in U.S. District Court and the trial
began in August of 1973. Phillip Cook reported in a June
1973 press release that the Lake Superior water contained
asbestos. In April 1974 Judge Miles Lord issued an injunc-
tion for the immediate closing of the Reserve Mine, but a
temporary stay was obtained by Reserve so the Company
could develop a landfill for waste rock disposal. The landfill
was finally approved by the Minnesota Supreme Court and
permits were sued for a Milepost 7 Tailing Disposal Facility.
This facility was completed in March of 1980 and discharge
of waste rock into Lake Superior ended. By 1986 Legal set-
tlement with Reserve was reached, but without a clear
mineralogical description of asbestos or asbestos-like miner-
als in the waste rock or on the health effects that might ensue
from drinking the Lake Superior waters. One of the Reserve
Mining parent companies, LTV Steel, declared bankruptcy
in 1989 and the mining facility was closed. The company was
sold to Cyprus Minerals, Inc. in 1989 and was later sold to
Cleveland-Cliffs; the mine currently operating as North-
shore Mining. The true nature of the minerals contained
in the taconite rock remains unresolved.
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Abstract

Asbestos crystallizes within rock formations undergoing intense deformation characterized by folding, faulting, shearing, and dila-
tion. Some of these conditions have prevailed during formation of the taconite iron ore deposits in the eastern Mesabi Iron Range of
Minnesota. This range includes the Peter Mitchell Taconite Mine at Babbitt, Minnesota. The mine pit is over 8 miles long, up to 1mile
wide. Fifty three samples were collected from 30 sites within areas of the pit where faulting, shearing and folding occur and where fibrous
minerals might occur. Eight samples from seven collecting sites contain significant amounts of ferroactinolite amphibole that is partially
to completely altered to fibrous ferroactinolite. Two samples from two other sites contain ferroactinolite degraded to ropy masses of
fibers consisting mostly of ferrian sepiolite as defined by X-ray diffraction and TEM and SEM X-ray spectral analysis. Samples from
five other sites contain unaltered amphiboles, however some of these samples also contain a very small number of fiber bundles composed
of mixtures of grunerite, ferroactinolite, and ferrian sepiolite. It is proposed that the alteration of the amphiboles was caused by reaction
with water-rich acidic fluids that moved through the mine faults and shear zones. The fibrous amphiboles and ferrian sepiolite collected
at the Peter Mitchell Mine composes a tiny fraction of one percent of the total rock mass of this taconite deposit; an even a smaller
amount of these mineral fragments enter the ambient air during mining and milling. These fibrous minerals thus do not present a sig-
nificant health hazard to the miners nor to those non-occupationally exposed. No asbestos of any type was found in the mine pit.
© 2007 Elsevier Inc. All rights reserved.
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can crystallize from solutions moving within the fault and
shear zones; the fibers being oriented parallel to the two

1. Introduction

1.1. Origin of the asbestos

Asbestos crystallizes under very special conditions that
occur within rock formations that are undergoing intense
deformation characterized by folding, faulting, shearing,
and dilation. Such deformations are often accompanied
by the intrusion of magmatic fluids that solidify to form
dikes and sills. The fibers crystallize in high strain environ-
ments, such as within folds, shear planes, faults, dilation
cavities, and at intrusion-host rock boundaries. Fibers
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rock faces that compose the shear or slip plane—thus the
term slipfiber. Slip fiber growth can also occur during fold-
ing of layered rocks for the folding process causes a shear-
ing between adjacent layers. Fibers can also crystallize
from a fluid phase within cracks formed when the rock
undergoes dilation due to tectonic stress, a process in which
parallel cracks and fissures form open spaces within the
rock. The process of folding in layered rocks can also pro-
duce openings or dilation cavities between adjacent layers.
Such fibers nucleate on a wall of the crack or cavity and
grow across to the opposite wall—thus the term crosses
fibers (Ross and Nolan, 2003).

Cross and slip fiber growth of crocidolite and amosite
asbestos occurs in the intensely folded Precambrian banded
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ironstones of the Transvaal and Cape Provinces of South
Africa. The asbestos deposits in the Cape Province are gen-
erally found within monoclinal folds. The crocidolite asbes-
tos deposits of Western Australia are also found
Precambrian banded ironstones, the deposits generally
confined to the northern limb of a broad syncline of the
Hamersley Range. Here, crocidolite asbestos grew within
dilation cavities between folded iron formation bands.
Asbestos-bearing serpentinites, such as those found in Que-
bec, Canada, commonly contain cross-fiber chrysotile
asbestos that crystallized within dilation cavities. Slip fiber
chrysotile asbestos is less common but is ubiquitous in the
serpentinite located in Eden Mills, Vermont (Ross, 1981;
Ross and Nolan, 2003).

In our examination of numerous mines and construction
sites within igneous and metamorphic terrain located in the
eastern United States, Arkansas, Michigan, California,
Cyprus, and Ontario and Quebec, Canada, we observe that
asbestos occurs within faults and shear zones, in folds, or at
contacts between igneous intrusions and the host rock. In
any of these geologic features it is possible that other
fibrous minerals can form as describe above. However, in
most rock formations, other than those exploited for asbes-
tos production, such non-asbestos fibers are restricted to a
very small volume of rock.

12. Survey of the Peter Mitchell Mine for fibrous minerals

With the above mentioned criteria in mind we made a
detailed survey of the rocks within the Peter Mitchell Mine
to see if any rocks contained asbestos or asbestos-like min-
erals; our results are reported below. The history of the
asbestos controversy over exposure to mineral particulates,
including those suspected to be asbestos, released during

the mining and milling of taconite iron ore is given by
Berndt and Brice (2008) and Wilson et al. (2008). This
asbestos controversy is particularly related to litigation
involving the Reserve Mining Company which previously
operated the Peter Mitchell Mine (Reserve Mining Com-
pany v USEPA, 514 F.2d 492, 8th Cir. 1975).

2. The Peter Mitchell Taconite Mine
2.1. Mine survey

The Peter Mitchell Taconite Mine is owned by the
Northshore Mining Corporation and is located approxi-
mately 3 miles south of Babbitt, Minnesota. The mine pit
is over 8 miles long, up to 1 mile wide, and one to two hun-
dred feet deep (Fig. 1). The mine is located within the Biwa-
bik iron formation. In Table 1 are listed the minerals
commonly found in this formation, especially important
are the amphibole minerals which can sometimes occur in
fibrous form. For detailed descriptions of the Minnesota
iron formations see Jirsa et al. (2008) and McSwiggen
and Morey (2008). Mark J. Severson (Technical Report
NRRI/TR-93/24) states the at least 17 faults, five basaltic
dikes, and several large-scale folds occur in the Peter
Mitchell Mine pit. Over a five day period we surveyed
and then collected samples from the areas within the pit
where fibrous minerals might occur. Geological maps and
structural analysis of the mine pit made by Mark J. Sever-
son, augmented by a detailed map of the current working
area, was used as a base to select and mark the sampling
sites. The absence of any fibrous mineral growth in un-
deformed rock permitted us to sample only in those zones
showing some form of rock deformation. As far as we
know, ours is the only publication to make a detailed min-

Fig. 1 View of a portion of the Peter Mitchell Taconite Mine, Babbitt, Minnesota.
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Names and composition of the major minerals and selected minor found
in the Biwabik iron formation

Mineral name

Chemical composition

Amphiboles

Cummingtonite (Mg,Fe2+)7Si80 2(0H )2

Grunerite (Fe2+,Mg)7Si80 22(0H )2

Actinolite Ca2(Mg, Fe2+)55i80 22(0H )2

Hornblende Ca2(Na,K)(Mg,Fe2+,Fe3+Al)5Si,Al)80 2(0H )2
Pyroxenes

Diopside CaMgSi206

Pigeonite (Mg,Fe2+,Ca)2Si20 6

Hedenbergite CaFe2+Si2 6

Ferrohypersthene (Fe2+,M@)2Si20 6

Other silicates

Quartz Si02

Wollastonite CaSioi

Vesuvianite CalqMg,Fe)2Al14[Si207]2[SiO4]5OH ,F)4
Andradite Ca3(Fe3+,Ti)2Si 12

Almandine (Fe2+)3AIZSi30 12

Fayalite (Fe2+,M@)2[Si04]

Olivine Mg2[Si04]

Biotite K2(Fe,Mg,Al)6[Si,Al]8020(OH,F)4
Plagioclase (Na,Ca)Al(Al,Si)Si20 8

Greenalite (Fe2+,Fe3+)2,35i20 5(OH)4

Chamosite (Fe2+,Mg,Fe3+)5AI(Si3A 1)0 b(OH9)s
Minnesotaite (Fe2+,Mg)3Si40 10O H)2

Talc Mg3SI4010(0OH)2

Stilpnomelane
Ferrian sepiolite

K(Fe2+,Mg,Fe3+)8(Si,Al)|2(0,0H )27
(Fe3+, Fe2+, Mg)g(Si, Fe3+)1A0H)4H20)n

Non-silcates
Calcite CaCo03
Siderite FeCO03
Ankerite Ca(Mg,Fe2+,Mn)(C03)2
Magnetite Fe2+(Fe3+)20 4
Hematite Fe20 3
Pyrite FeS2

eralogical survey of the mine and to discover the source of
the mineral particulates released from the Peter Mitchell
Mine ore that are suspected to be asbestos.

2-2. Sample descriptions

Fifty-three samples were collected at thirty sites from the

Peter Mitchell Mine. Sampling was made particularly in
fault and shear zones and within folds. In these areas the
amphibole minerals within the rock were particularly sus-
ceptible to low temperature alteration due to infusion of
ram water acidified by oxidation of sulfide minerals, these
chemical processes being contemporaneous with rock
shearing. We separated the 53 samples into four categories

or types:

H) Type 1 samples. Type 1 samples are represented by
10B, IOC, 20A, 20B, 21A, 24A, and 24B (from sites
10, 20, 21 and 24) and the U.S. EPA’s ferroactinolite
sample which was collected by 11T Research Institute
(for the EPA) from the eastern end of the mine in 1975

in the area of site 10 (personal communication, 1998,
Dennis Wagner Northshore’s environmental engineer
who was present at the time of collection). We were
able to obtained a portion of the original EPA sample
from Dr. P. Cook for our present study. Site 10 is a
particularly distinctive shear zone with much soft rock
gouge lying at the base of the cliff face (Fig. 2).

» Type 1samples contain three distinct stages of crystal
alteration. (1) Little altered composite ferroactinolite-
grunerite crystals (Fig. 3) contain (100) and (10 —)
exsolution lamellae of grunerite within the ferroactin-
olite portion of the crystal and (100) and (10- 1)
lamellae of ferroactinolite within the grunerite por-
tion. (2) Unmixing and alteration can produce crys-
tals in which the grunerite areas are relatively
unaltered whereas the ferroactinolite areas are very
fibrous in appearance (Figs. 4 and 5). (3) Ferroactin-
olite that is almost completely altered to a fibrous
habit is shown in Fig. 6.

(2) Type 2 samples. Type 2 samples, represented by 5C
and 13E, were collected from sites 5 and 13. In sam-
ple 5C the original amphibole, ferroactinolite, is
degraded to a ropy mass (Fig. 7), only small amounts
of the original amphibole are left. This ropy material
is a magnesium, iron and silica-rich mineral belong-
ing to the clay mineral group. The X-ray powder pat-
tern (Fig. 8) and transmission electron microscope
X-ray spectra showing major Mg, Fe and Si identify

Fig. 2. Site 10 shear zone within rock face of the Peter Mitchell pit. Soft
rock gouge from this shear zone lies at the base of the cliff face (dark area
upon which the mining geologist is standing). The gouge contains fibrous
ferroactinolite and ferrian sepiolite.
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Fig. 3. Sample IOB-left: thick pristine grunerite lamella (arrow) oriented on the (10-1) plane of a relatively non-fibrous ferroactinolite crystal host. Nearly
horizontal striations within the host ferroactinolite are due to (100) exsolution of grunerite. Sample 10B-right: Composite crystal of grunerite with (10-1)
ferroactinolite exsolution lamellae trending N-S (area Y) and ferroactinolite (area X).

Fig. 4. Sample 10B. Scanning electron microscope photomicrograph of a composite crystal of grunerite (area X at lower left) and fibrous ferroactinolite
(area Y at upper right). Note (10-1) exsolution lamellae of ferroactinolite within the grunerite area (arrows pointing to thin gray lines trending NW-SE).
SEM X-ray spectra from areas X and Y are shown in Fig. 5.

©)

this mineral as ferrian sepiolite (Fig. 11). The ropy
masses, when subjected to lengthy ultrasonic treat-
ment, are seen to be composed of a myriad of very
thin ferrian sepiolite fibers as demonstrated by the
TEM photomicrograph presented in Fig. 9. The
chemical composition and crystal structure of ferrian
sepiolite are not well understood, but an approximate
chemical formula is:

(Fe3+ Fe2+, Mg)g(Si, Fe3+)1(0OH)4(H20)n

Type 3 sample. The type 3 sample 30B from site 30
contains well crystallized ferroactinolite and grunerite
and but also contains small amounts of brownish
fibrous actinolite and brown mats of completely
decomposed amphibole.

(4) Type 4 samples. Type 4 samples include 13C, 13F,
21B, and 29 and were collected from sites 13, 21,
and 29. The amphiboles in these samples appear as
blocky prismatic crystals with no fibrous structure.
No fibers were detected in these samples. Table 2
gives a summary of these four sample types.

2.3. Geologic processes within the Peter Mitchell Mine

We propose that water-rich fluids, acidified by oxidation
of sulfide minerals, moved through the active mine faults
and shear zones. Flere chemical reactions, including oxida-
tion of ferrous to ferric iron, occurred between the fluids
and some of the constituent minerals, particularly with
the grunerite and ferroactinolite amphiboles. In rocks con-
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Fig. 5. SEM X-ray spectra analysis of grunerite taken in area X of Fig. 4 and of ferroactinolite taken in area Y of Fig. 4.
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Fig. 6. Two photomicrographs showing mats of fibrous ferroactinolite (sample 24A). Small amounts of ferrian sepiolite and grunerite may also be present

in these mats.
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Fig. 7. Two photomicrographs of sample 5C showing ropy masses resulting from the nearly complete alteration of primary grunerite and ferroactinolite
amphiboles to ferrian sepiolite. The X-ray powder diffraction pattern of this sample is shown in Fig. 8.

Fig. 8. X-ray diffraction powder pattern of sample 5C (Fig. 7) identifying the sample as ferrian sepiolite. Copper ?a radiation. Note the characteristic 12.3
(20 = 7.2 degrees) and 7.5 (29 =11.8 degrees) Angstrom lines of sepiolite. This X-ray pattern is a good match to that given by Brindley (1959, p. 498) for

sepiolite from four localities.

taining the two amphibole assemblage ferroactinolite-
grunerite, exsolution of grunerite on (10-%) and (100)
planes of host ferroactinolite and of ferroactinolite on
(10- 1) and (100) planes of host grunerite are commonly
observed. The very thick (10-1) lamellae of grunerite
within the host ferroactinolite crystals of sample 10B
(Fig. 3) indicates that this amphibole crystallized under
high temperature conditions near the top of the ferroactin-
olite-grunerite solvus and thus contained a large grunerite
component within the crystal structure (Ross et al., 1969, p.
291; Fig. 6). On slow cooling the ferroactinolite and grune-
rite components may segregate to form a crystal, such as
shown in Figs. 3 and 4, where one end of the crystal is
mostly grunerite, the other, mostly ferroactinolite. If the
amphiboles had originally crystallized as true asbestos, tex-
tures such as seen in Figs. 3 and 4 would not have devel-
oped. For a review of exsolution processes occurring in
amphiboles (see Ross et al., 1968, 1969).

The transmission electron microscope photomicrograph
presented in Fig. 10 reveals that (100) grunerite exsolution
lamellae (now partly to completely altered to ferrian sepio-

lite) are present within a single fiber of the host ferroactin-
olite, the fiber being derived from a composite
ferroactinolite-grunerite crystal such as that shown in area
Y of Fig. 4. The TEM X-ray spectra of the interleaved fer-
roactinolite host and (100) grunerite /ferrian sepiolite
lamellae (Fig. 10) are shown in Fig. 11. We suggest that
the interfaces between the ferroactinolite host and the
(100) exsolution lamellae of grunerite are places where
reaction with fluids within the fault or shear zone fluids
can readily occur. Decomposition of the grunerite lamellae
within the ferroactinolite host (area Y, Fig. 4) to ferrian
sepiolite could promote the formation of the fibrous tex-
tures seen in (Figs. 4 and 6). Where alteration is incomplete,
some of the pristine amphibole remains. It also appears that
some iron was removed from the amphibole grains during
this weathering process to recrystallize as iron oxide, prob-
ably in the form of goethite [FeO(OH)] and appearing as
brown masses within the ropy mats of ferrian sepiolite. A
complete alteration of both grunerite and ferroactinolite
could produce ferrian sepiolite and iron oxides such as
found in the Type 2 samples.
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Fig. 9. Transmission electron micrograph of sample 5C showing ferrian
sepiolite fibers that have formed from the alteration of primary amphi-
boles (width of field is 0.04 mm). The thinnest fibers are less than 0.1 pm in
width.

Table 2
Summary description of the samples collected from various sites within the
Peter Mitchell Taconite Mine

(1) Type 1 samples. Type 1samples are represented 10B, 10C, 20A, 20B,
21A, 24A, 24B and the EPA ferroactinolite. These samples contained
ferroactinolite amphibole and composite grunerite-ferroactinolite
amphibole that have partially or completely altered to very fibrous
crystallites

(2) Type 2 samples. Type 2 samples represented by 5C and 13E In sample
5C the original amphibole, ferroactinolite, is degraded to a ropy mass
composed mostly of the clay mineral ferrian sepiolite. TEM
examination of sample 5C shows to be composed of a myriad of very
thin fibers

(3) Type 3 sample. The type 3 sample 30B from site 30 contains well
crystallized ferroactinolite and grunerite and but also contain small
amounts of brownish fibrous actinolite and brown mats of completely
decomposed amphibole

(4) Type 4 samples. Type 4 samples include 13C, 13F, 21B, and 29. The
amphiboles in these samples appear as blocky prismatic crystals with
no fibrous structure

3. Conclusions

The fibrous amphiboles and ferrian sepiolite collected
in the Peter Mitchell pit composes a tiny fraction of
one percent of the total rock mass within the mine. This
fibrous ferroactinolite is a low temperature alteration
product of non-fibrous amphibole; it does not occur in
the manner of true asbestos which crystallizes as a pri-
mary mineral from hydrothermal solutions into open

Fig. 10. Transmission electron microscope photomicrograph of a single
fiber from a composite crystal of ferroactinolite and grunerite (sample
21A), This fiber is composed of alternating lamellae of ferroactinolite
(lamella at X) and grunerite/ferrian sepiolite (lamella at Y) as identified by
the respective TEM X-ray spectra. Lamellae within the fiber vary from 300
to 700 nm in thickness. Total thickness of the fiber is about 3000 nm.
Width of field is about 6500 nm. TEM X-ray spectra collected from areas
X and Y are shown in Fig. 11.

veins within deformed rock. The ropy mats of ferrian
sepiolite are composed of inter-woven sub-micrometer
sepiolite fibers. Due to inter-weaving of the fibers within
the mats, individual fibers will be released only with
great difficulty. Ultrasound was used to disperse the
fibers for TEM analysis. Ferrian sepiolite has not
appeared in the air samples collected in the taconite mill
area and in the nearby town of Silver Bay (Wilson et ah,
2008).

The fibers collected during ambient air sampling at the
taconite mill where the Northshore iron ore is processed
and at the town of Silver Bay are not asbestos, but rather
are non-asbestiform ferroactinolite and grunerite. The
mean air concentration in Silver Bay is less than 0.00036
fibers per milliliter, a value within the expected background
for airborne asbestos reported by the World Health Orga-
nization and the U.S. Environmental Protection Agency.
The risk-related cancer to such an exposure is less than
0.77 excess cancer cases in 1,000,000 lifetimes (Wilson
et ah, 2008).
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Fig. 11. SEM X-ray spectra analysis of ferroactinolite taken in area X of Fig. 10 and of grunerite/ferrian sepiolite taken in area Y of Fig. 10.
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Abstract

Eighteen coarse taconite tailings samples were collected in 2000-2001 from five western Mesabi Range taconite (iron ore) operations
located in northern Minnesota, i.e., EVTAC, Hibbing Taconite (Hibtac), USX Minntac, Ispat Inland (Minorca), and National Steel Pellet
Company (NSPC), to test their physical, geological, chemical, and mineralogical properties [Zanko, L.M., Niles, EI.B., Oreskovich, J.A.,
2003. Properties and aggregate potential of coarse taconite tailings from five Minnesota taconite operations, Minnesota Department of
Transportation, Local Road Research Board, St. Paul, MN, Report No. 2004-06 (also as Natural Resources Research Institute technical
report, NRRI/TR-2003/44)]. The goal was to assemble a body of technical data that could be used to better assess the potential of using a
crushed taconite mining byproduct like coarse tailings for more widespread construction aggregate purposes, primarily in roads and high-
ways. An important part of the mineralogical assessment included X-ray diffraction (XRD) analyses and microscopic (polarized light
microscopy, scanning electron microscopy, and transmission electron microscopy, i.e., PLM, SEM, and TEM, respectively) evaluation
of the size and shape (morphological) characteristics of potentially respirable microscopic mineral particles and fragments.

Quantitative mineralogy, based on XRD analyses, showed that the dominant mineral in all samples was quartz (55-60%), followed by
much smaller amounts of iron oxides, carbonates, and silicates. Specialized microscopic analyses and testing performed by the RJ Lee
Group, Monroeville, PA, on both pulverized (-200 mesh, or 0.075 mm) and as-is sample composites showed that no regulated asbestos
minerals or amphibole minerals were detected in the western Mesabi Range samples. A small number (26) of non-asbestos and non-
arnphibole mineral cleavage fragments/mineral fibers were detected by SEM out of 1000 fields analyzed, but most were identified as min-
nesotaite and talc, silicate minerals common to the Biwabik Iron Formation. Amphibole minerals, absent in coarse tailings samples from
the five western Mesabi Range taconite operations, were present in a single eastern Biwabik Iron Formation sample collected in 2003 for
Lake County from the Cliffs Northshore operation in Silver Bay, MN.

Importantly, the Superfund Methodfor the Determination of Releasable Asbestos in Soils and Bulk Materials [United States Environ-
mental Protection Agency (USEPA), 1997. Superfund method for the determination of releasable asbestos in soils and bulk materials,
EPA 540-R-97-028, U.S. Environmental Protection Agency, Washington], as modified by Berman and Kolk [Berman, D.W., Kolk, A.J.,
2000. Modified elutriator method for the determination of asbestos in soils and bulk materials, Revision 1 Submitted to the U.S. Envi-
ronmental Protection Agency, Region 8, May 23, 2000] failed to generate any protocol fibers, i.e., fibers longer than 5pm and thinner
than 0.5 pm, from either the western coarse tailings samples or the single eastern Biwabik Iron Formation sample. The combined findings
suggest coarse tailings and other taconite mining byproducts should be treated with the same common sense safety and industrial hygiene
approach practiced for all mineral-based materials that have the potential to generate respirable dust.
© 2007 Elsevier Inc. All rights reserved.

Changes of ownership have occurred at three of the taconite operations. First, National Steel was purchased by U.S. Steel, and National Steel Pellet
Company (NSPC) has been re-named; it is now called U.S. Steel Keewatin Taconite (Keetac). Second, EVTAC Mining Co. was purchased by Cleveland-
C,i*. Inc. and China’s Laiwu Steel Group, and is now called United Taconite LLC (UTAC). Third, Ispat Inland (Minorca) Mining is now called
ArcelorMittal Steel Minorca Mine Inc. (Minorca). However, this paper uses the company names in effect when the original sampling and analytical work
w?s performed, unless otherwise noted.
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1. Aggregate potential of taconite mining byproducts

Over 50 million short tons of aggregate are used annu-
ally in Minnesota, with 75% coming from sand and gravel
sources, and the remaining 25% from crushed stone
sources. Recent studies by Southwick et al. (2000) and
the Aggregate Resources Task Force (1998, 2000), have
addressed the growing pressure on aggregate resources in
the State of Minnesota, particularly in the seven-county
Twin Cities (Minneapolis and Saint Paul) Metro Area.
There, aggregate shortages have been predicted within
the next 10-15 years, as currently permitted reserves near
exhaustion, and as residential and commercial develop-
ments expand and encroach on remaining aggregate
resources. Other areas of the state, like the Highway 61 cor-
ridor along the north shore of Lake Superior, have also
had difficulty supplying new sources of high quality
crushed aggregate for local construction jobs. Southeastern
Minnesota carbonate (limestone and dolomite) quarries
have experienced similar pressures for providing quality
construction aggregates that meet Superpave (Superior
Performing asphalt Pavement) specifications. Compound-
ing these resource pressures, the permitting of pit and
quarry expansions and new aggregate mines has become
more complex and difficult, environmentally and socially,
given the growing “not in my back yard” (NIMBY) reac-
tion to such projects.

Millions of tons of taconite mining byproducts are gen-
erated annually by Minnesota’s taconite mining opera-
tions, and coarse tailings are one of the largest
components. Because these byproducts represent a poten-
tially huge alternative to conventional crushed stone aggre-
gates, a project was funded by the Minnesota Local Road
Research Board (LRRB) to conduct a more detailed eval-
uation of coarse taconite tailings (Zanko et al., 2003).
Despite being used extensively for road and other construc-
tion applications at the mines, coarse tailings usage beyond
the confines of the mining properties has generally been
limited to local projects. This is unfortunate, because
byproducts like coarse tailings are the end result of tremen-
dous expenditures of energy and capital used in mining and
processing taconite. If one or more taconite mining
byproduct like coarse tailings are found to be suitable for
uses in large-scale road and construction aggregate applica-
tions, and are demonstrably superior to other types of
aggregate, then the economic and environmental benefit
to the taconite companies and the State of Minnesota could
be significant, given their potential to offset some of the
impending aggregate shortages just discussed.

The project’s main goal, therefore, was to generate and
document, following a 1-year sampling program, the tech-
nical data needed for making such determinations, i.e.,
relating geological, mineralogical, and chemical properties

to potential aggregate performance, and to address some
of the important economic issues like transportation. It
was also believed that the lack of well-documented techni-
cal information on several fronts, such as the potential
health risk posed by inhalation of taconite dust, may have
been contributing to perceptions about taconite mining
byproducts like coarse tailings that were needlessly limiting
their use potential. With respect to this latter point, a more
detailed mineralogical evaluation of the samples was con-
ducted during the project. The evaluation consisted of
qualitative and quantitative mineralogy, plus specialized
microscopic analyses and testing. The findings are summa-
rized and discussed in this paper.

2. Taconite mine locations

Fig. 1shows the relative location of each taconite oper-
ation on Minnesota’s Mesabi Range. The Biwabik Iron
Formation (BIF), which runs diagonally from southwest
to northeast on the map, is the source of ore for the mines.
Coarse tailings generated at the five westernmost opera-
tions, i.e., Ispat Inland (Minorca), EVTAC (now United
Taconite), Minntac, Hibbing Taconite (Hibtac), and
National Steel Pellet Company (NSPC; now Keewatin
Taconite), were the focus of the study. The two eastern-
most taconite facilities, i.e., Northshore Mining Company
in Babbitt and Silver Bay, and the now closed Cliffs Erie
(LTV Steel) operation in Hoyt Lakes, were not part of
the study.

3. Taconite tailings

Davis (1964) describes taconite as a hard, dense rock,
composed largely of an intimate mixture of silicates and
very fine magnetite (Fe304) crystals. Because magnetite
constitutes less than one-third of the weight of crude taco-
nite ore, large amounts of tailings are generated during the
taconite process. Taconite tailings range in size from clay
(less than 2 microns) to coarse sand (3/8 in., or about
10 mm), and are produced during various stages of crude
taconite ore beneficiation. They are highly siliceous and
contain a low percentage (3-5%) of iron in the magnetic
form, i.e., magnetite.

Tailings are typically described as being fine or coarse.
Fine tailings are composed of extremely fine rock particles,
more than 90% of which are smaller than 0.003 in.
(0.075 mm, or -200 mesh); they have little practical use
at the mines, and end up in tailings basins. Coarse tailings,
conversely, contain less than 10% fines, i.e., particles smal-
ler than 0.003 in. (0.075 mm, or -200 mesh), and their top
size is about 3/8 in. (10 mm, or -4 mesh). Coarse tailings
are used for mine-site projects like tailings basin contain-
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Location of Mesabi Range Taconite Operations
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Fig. 1 Taconite mine location map and coarse tailings sources in boxed area, with names updated to reflect ownership as of 2007 (modified from Zanko

et al., 2003).

ment cells, dikes, dams, as construction fill material, and
for building and maintaining haul roads and shovel pads.
Coarse tailings generally meet the construction indus-
try’s definition of fine aggregate, i.e., aggregate particles
less than 3/8 in. As a byproduct of crushing and grinding,
they are angular (100% fractured faces) and comparable to
manufactured fine aggregates used widely in construction
(N. Whiting, Pers. Comm., 2002). Consequently, the phys-
ical properties that make coarse taconite tailings suitable
for heavy-duty applications at the mines suggest expanded
use in local, state, and federal highway construction pro-
jects. That is why coarse tailings from taconite mining
operations were the focus of the research project.
EVTAC, Ispat Inland, and Minntac have separate
coarse and fine tailings circuits in their plants, whereas
no separation of coarse and fine tailings occurs at the
Hibtac and NSPC plants. At EVTAC, Ispat Inland, and
Minntac, coarse tailings are produced from cobber tailings
(non-magnetics) and are separated from the fine fraction
with spiral classifiers.
Coarse tailings are not separated from fine tailings in the
flotac and NSPC concentrators. Combined fine and
coarse tailings flow as slurry to the tailings basin in two
flumes at Hibtac, and through a pipe at NSPC. However,
some size separation is achieved as the larger particles settle
out of the slurries near the points of entry to the basins.
Over time, the tailings build up, much like sediments in a
river delta, and periodically this buildup of coarser tailings
Is excavated and placed in piles. At Hibtac, a dragline
removes and stockpiles these coarse tailings when they tend
to dam the entry to the basin; at NSPC, a bulldozer pushes

the built-up of coarse tailings out of the channel that leads
into the basin.

4. Sample collection

Coarse tailing samples from the five western taconite
operations were acquired on a quarterly basis over a 1-year
period, beginning in the Fall of 2000. Following their
acquisition, samples were prepared by the NRRI’s Cole-
raine Minerals Research Laboratory (CMRL) for all sub-
sequent project testing. Tailings from EVTAC, Ispat
Inland, and Hibtac were sampled by CMRL research tech-
nicians; at Minntac and NSPC, the samples were collected
by plant personnel. Sufficient sample was collected at each
operation to fill one plastic-lined 55-gallon drum. Each
drum contained about 450 Ibs (200 kg) of sample.

Samples were typically collected during an 8-h shift; at
Minntac, samples were collected over several days and
shifts. The goal was to collect samples that were reason-
ably representative not only of the tailings, but of por-
tions of the iron-formation from which the ore
originated, i.e., multiple shovel positions located through-
out each mine. Admittedly, characterizing coarse tailings
from all five taconite operations was a compromise in
sampling practicality, given that about 30 million long
tons of coarse tailings would be generated during the sam-
ple collection year, which translates into over 80,000 long
tons per day. However, it is believed that the project’s
sampling strategy not only provided materials that
reflected the typical range of taconite ore blends processed
by each company during a production year, it provided
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Table 1
Sampling dates and sample numbers
Event EVTAC Hibtac Minntac Ispat Inland (Minorca) NSPC
Date Sample No.  Date Sample No.  Date Sample No.  Date Sample No.  Date Sample No.
Sampling 1 12/13/2000 NRRI-40-00 11/16/2000 NRRI-36-00 11/22/2000 NRRI-37-00 12/8/2000 NRRI-39-00
Sampling 2 3/6/2001 NRRI-10-01  3/9/2001 NRRI1-11-01  2/15/2001 NRRI1-08-01  3/1/2001 NRRI-09-01
Sampling 3  6/13/2001 NRRI-31-01  7/24/2001 NRRI-42-01  5/7/2001 NRRI-17-01  6/11/2001 NRRI-30-01  7/9/2001 NRRI-37-01
Sampling 4 9/11/2001 NRRI-49-01  9/12/2001 NRRI-50-01  8/8/2001 NRRI-46-01 9/18/2001 NRRI-52-01 10/ 1/2001 NRRI-62-01

materials that could be used by potential aggregate con-
sumers. Table 1 shows the sample collection dates, and
the corresponding sample numbers used throughout the
project.

The 18 samples were collected at the following mine
locations:

« EVTAC: at the conveyor discharge above the truck
pocket.

 Hibtac: from the tailings basin at recently deposited
dragline stockpiles.

» Minntac: directly from spiral classifier discharge points.

* Ispat Inland (Minorca): at a conveyor discharge point
inside the concentrator building.

* NSPC: from piles excavated from of the channel that
leads into the tailings basin.

5. Sample preparation

At CMRL each sample was dumped into a rotating hop-
per that fed an eight-way rotary splitter. The eight splits
were dumped back into the drum twice to blend each sam-
ple before representative portions were removed for testing
and analyses.

After another pass through the rotary splitter, the one-
eighth portions were adjusted using a Jones riffle. This step
provided two 50-pound samples for testing by Mn/DOT,
one 50-pound and six 25-pound samples for aggregate test-
ing by Braun Intertec Engineering, Inc., and a 25-pound
head sample for processing at CMRL. All sample pails
were tagged with sample identification and all drums and
pails were tightly closed with lids to retain the moisture
that was present when sampled at each taconite facility.
Mn/DOT samples were delivered to the District 1 facility
in Duluth. Braun Intertec, having a facility relatively
nearby in Hibbing, picked up their samples at CMRL.

CMRL head samples were weighed, dried at 110 °C, and
weighed to determine moisture percentages. After the dried
samples were mixed, approximately 1000 g were split out
(riffled) for size analyses, and approximately 2000 g were
split out for chemical analyses and X-ray diffraction
(XRD). The latter were further prepared by standard
CMRL procedures, i.e., they were stage crushed in a roll
crusher to pass 20 mesh, and 150-200 g portions were split
out and stage pulverized in a Braun pulverizer to pass a 200
mesh screen. About 20 g were split and bagged for XRD,
and the balance of pulverized samples were submitted for

chemical analyses. Samples were similarly prepared and
composited for specialized microscopy.

6. Size analyses

CMRL conducted particle size (sieve) analyses on each
coarse tails sample. The data, composited for each mine,
are presented in Lig. 2. The analyses show that a minimal
amount of fines (—200 mesh material) is present in most
of the coarse tailings samples. This is especially true for
EVTAC, Minntac, and Ispat Inland, where coarse and fine
tailings are separated. In fact, their size distribution plots
are very similar. Overall, samples from Hibtac and NSPC
contain a larger percentage of particles finer than
0.5 mm, while EVTAC and Minntac samples contain a
smaller percentage.

Note how similarly the gradations plot for EVTAC,
Minntac, and lIspat Inland (Minorca), and the minimal
amount (about 2.5%) of -200 mesh material that is present
in their samples. The Hibtac and NSPC plots reflect the
more variable composition of their coarse tails, and the
higher percentage of -200 mesh material. The difference
between the size distribution of samples collected at Hibtac
and NSPC and those collected from the other three opera-
tions (at which coarse and fine tailings are separated) simply
reflects the basic differences in each company’s process flow-
sheet. The plots also show that EVTAC and Minntac coarse
tailings contain a smaller percentage of particles finer than
1mm than do coarse tailings from the other companies.

AVERAGE SIZE DISTRIBUTION BY COMPANY
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7. Mineralogy

Taconite ore from the Biwabik Iron Formation is com-
posed primarily of quartz and magnetite, plus varying
amounts of iron oxides, carbonates, and silicates. To deter-
mine the mineralogy of the coarse taconite tailings samples,
X-ray diffraction and geochemistry were used.

X-ray diffraction (XRD) is an analytical method that
can be used for identifying specific minerals in a rock or
soil sample. Minerals will refract X-rays in diagnostic ways,
depending on their crystal/molecular structure, and gener-
ate X-ray peaks that enable both qualitative and quantita-
tive mineral identification to be performed. In qualitative
XRD, the resultant peaks are used to identify the major,

a

X'Pert Graphic«. & Identify
Graph; NRRS-40-00
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minor, and trace minerals present in a sample. Quantitative
XRD combines peak intensity interpretation with whole
rock chemistry or comparison to pure minerals (Chung,
1975) to determine the relative percentages (quantities) of
the minerals present within a sample.

X-ray diffraction patterns for the first nine tailing sam-
ples were generated by NRRI Economic Geology Group
(EGG) personnel on the Philips XRD machine in the Uni-
versity of Minnesota, Duluth (UMD), Department of Geo-
sciences. The last nine samples were run at the University of
Minnesota Characterization Facility at the Shepherd Labo-
ratories in Minneapolis. Fig. 3a and b are examples of the
XRD patterns produced at UMD and Shepherd Laborato-
ries, respectively. The peaks in the patterns showed the
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presence of various combinations of minerals. Again, this is
the qualitative aspect of the technique. However, when the
patterns were used with reference to major oxide chemical
analyses performed by CMRL (Table 2), and total oxides
were normalized to 100%, the percentage of each mineral
in the sample could be calculated. This is the quantitative
aspect of the technique. Total iron, or TFe20 3 as reported
in Table 2, is based on the CMRL Fe% assay, multiplied
by 1.42972. Percent sulfur (S%) is also reported, but it is
not included in the major oxide total. The sulfur assay is
used for determining the sulfide mineral content of the tail-
ings. Finally, the H20 and C02 values, when combined,
give the equivalent of loss on ignition (LOI).

A spreadsheet routine developed by one of the authors
was used to calculate mineral percentages, based on the
XRD patterns and chemical analyses. As each mineral
was calculated, its chemical constituents were subtracted
from the original analysis or from the residual percentage,
so that: (1) the latter was as near zero as possible; and (2)
the total of the mineral percentages was at least within
0.5% of the total chemical percent, i.e., total oxides. Miner-
als were calculated as follows:

» Magnetite was determined by the Satmagan magnetic
iron measurement.

» Stilpnomelane was calculated assuming all K2 was
present in this mineral.

» Apatite was assumed to be the only P20s-bearing
mineral.

» Ankerite and/or other Ca-bearing carbonates used all
CaO.

» Siderite (and/or Rhodochrosite) used the remaining
C02and MnO.

» Minnesotaite, Talc, and Greenalite used the remaining
MgO and FeO.

» Chamosite was calculated if A120 3 residual was greater
than 0.05%.

» Hematite (and Goethite) used remaining Fe20 3.

» Quartz was equal to the remaining Si02

* Rutile equivalent equaled Ti02 percent.

* Pyrite was calculated using all S.

 Carbon was total C minus carbon as C02

The chemical compositions of the various minerals
(Table 3) were determined from the following reference
sources: Deer et al. (1962), Blake (1965), Klein (1974) and
Floran and Papike (1975, 1978). The composite quantitative
mineralogy for all 18 samples is illustrated in Fig. 4, showing
that quartz is by far the dominant mineral, followed by lesser
amounts of iron oxides, carbonates, and silicates.

8. Specialized microscopy

Specialized microscopic work was subcontracted to a
National Institute of Standards and Technology (NIST)
accredited laboratory, the RJ Lee Group of Monroeville,
PA. This work was done, in part, to address concerns
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Table 3

Mineral chemistries used for qualitative mineralogy calculations (see note below)

L.M. Zanko et al. / Regulatory Toxicology and Pharmacology 52 (2008) S51-S65
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Mineral Assumed chemical compositions of minerals
Chemistry (%)
Tot. Fe FeO Fe23 Si02 aizo3 CaO
Ankerite 13.99 18.00 29.00
Apatite, Carb-fluor 52.50
Calcite 56.03
Chamosite 32.00 36.35 5.37 2421  19.87
Dolomite 30.41
Fe-Dolomite 9.41 12.11 29.34
Goethite 62.85 89.86
Greenalite 39.48 46.31 5.00 35.59 1.00
Greenalite 39.07 41.00 1031 35.59 1.00
Greenalite* 38.13 29.00 2231 33.59 1.00
Hematite 69.94 100.00
Magnetite 72.36 31.03 68.97
Minnesotaite 27.05 34.81 145 5129 0.55
Minnesotaite 27.05 34.81 2.00 51.29
Pyrite 46.55
Quartz 100.00
Rhodochrosite (MGS) 1.04 1.34 3.06
Siderite 40.59 52.24
Siderite* 36.08 46.44
Siderite, SIDMN 38.75 48.70
Siderite, SIDMN* 34.73 44.70
Siderite, Hi-Mn (MGS) 34.15 43.95
Siderite, VHi-Mn (MGS) 26.36 33.92
Stilpnomelane 25.00 27.67 500 4698 5.07
Stilpnomelane 24.66 23.27 9.40  46.98 5.07
Tale 62.35 1.00

MgO MnO Na2 k2 <co2 Comb.H20 p25 S F
8.50 1.50 43.00
2.50 220 051 38.00 4.30
43.97
244 11.76
21.86 47.73
12.90 0.77 44.88
10.14
231 9.79
231 9.79
431 9.79
6.26 5.64
6.26 5.64
53.45
0.80 53.08 41.72
3.05 4.06 40.65
8.85 4.06 40.65
2.60 8.50 40.20
6.60 8.50 40.20
272 1359 39.74
245 24.00 39.64
4.22 120 0.30 174 7.82
4.99 059 0.14 174 7.82
31.35 5.30

Notes'. Siderite, SIDMN = manganese bearing siderite; (MGS) = Minnesota Geological Survey determination.

a Mineral form having higher MgO content.

8.32

L] n 508 467 457 435 349 ,,,

11 I i B lim5 ™7 “4 MS ou10

Mineral Name

Fig. 4. Composite quantitative mineralogy of coarse tailings samples, all
mines: N = 18 samples.

and questions about whether coarse tailings contained
asbestos or had the potential to generate mineral particles
of a size and shape that could be termed fibrous. These
concerns and questions have direct lineage to the Reserve
Mining Co. trial of the 1970s, and to the mineralogy of
the Biwabik Iron Formation at its eastern end. Bartlett
(1980) provides useful detail and background on the issues
surrounding the Reserve Mining case.

The iron-formation’s eastern end was metamorphosed
11 billion years ago during the emplacement of a series
of mafic igneous intrusions, collectively known as the
Duluth Complex, and amphibole minerals were formed.
The amphiboles are principally of the cummingtonite-
grunerite series, and include some actinolite and horn-
blende (French, 1968; Ross et al., 1993). These minerals
first appear in the iron-formation midway through the for-
mer LTV Steel (now Cliffs Erie) property near Hoyt Lakes,
Minnesota, as depicted by the diagonal lines in Figs. 5and
6, and their cleavage fragments can take on a morphology
and an aspect ratio (length to width) of >3:1 (and greater
than 5 microns in length). The presence of amphibole min-
erals having these morphological characteristics was at the
heart of the Reserve Mining Co. trial.

All of the coarse tailings samples studied by Zanko
et al. (2003) came from taconite operations well to the
west of the amphibole mineral area (Figs. 5 and 6). Nev-
ertheless, it was believed important to subject the samples
to state-of-the-art analytical techniques and methods for
detecting asbestos minerals and mineral cleavage frag-
ments because: (1) associations between “taconite tail-
ings” and *“asbestos” were still being made, regardless
of where in the iron-formation the taconite ore and tail-
ings originated; and (2) the potential use of coarse tailings
and other taconite mining byproducts on a more wide-
spread and significant basis inside and outside Minnesota
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Location of Mesabi Range Taconite Plants

Fig. 5. Change in mineralogy relative to location of taconite mines, indicated by diagonal black line at Hoyt Lakes.
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Fig. 6. Detailed map of Cliffs Erie (formerly LTV) and Northshore Mining Company properties showing line where grunerite and other amphibole
minerals first appear at the eastern end of the BIF (map courtesy of Minnesota Department of Natural Resources, Division of Lands and Minerals, 2003) m

would only generate more questions about those per-  based evaluation and documentation of the mineralogica!
ceived associations. Therefore, the specialized microscopy  and physical nature of potentially respirable microscopic
work was performed to provide a factual and science-  coarse tailings particles.
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9. Specialized microscopy summary for coarse tailings
samples from five western Biwabik Iron Formation taconite
operations

A combination of X-ray diffraction (XRD), polarized
light microscopy (PLM), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) was
used by the RJ Lee Group to determine the mineralogy
and size and shape characteristics of the mineral particles
in the coarse tailings samples, and to determine if any
asbestos minerals were present.

Two sample types were submitted from each taconite
operation;

(1) composited, as-is, samples; and
(2) composited samples pulverized to pass a 200 mesh
screen (-200 mesh: nominal opening of 75 pm).

These composited samples were believed to be reason-
ably representative of the coarse tailings generated over a
single production year at each mine. Excerpts and summa-
ries from the RJ Lee Group’s report of analytical methods
and testing results follow.

9.1. X-ray powder diffraction

A portion of each pulverized sample was ground in a
mortar and pestle, mixed with fluorite (used as an internal
standard), and backloaded into a standard XRD holder for
analysis. The samples were processed using standard run
parameters on a Philips XRD unit equipped with graphite
monochromatized copper radiation. The XRD method had
a detection limit of 0.5%.

As established in the previous XRD analyses performed
by NRRI and the University of Minnesota, the RJ Lee
Group’s XRD analyses determined that the primary com-
ponent of all samples was quartz (Si02 range of 55.7—
64.9 weight percent). Hematite (Fe203, magnetite
(Fe304), siderite (FeC03), ankerite (CaFe(C03)2, and
kaolinite (Al2Si20 5(0H )4) were the next most common min-
erals identified, in individual concentrations ranging from
1.6 to 13.8 weight percent. Minnesotaite (Fe3Si40i0(OH)2)
and stilpnomelane (~Ko.6(Mg,Fe2+,Fe3+)6 Si8Al(0,0H)2r-
2-4H20) were typically present in minor concentrations in
all samples, followed by trace amounts of talc
(Mg3Si4010(0OH)2), kaolinite, and goethite (aFeOOH).
Minnesotaite was the primary silicate mineral identified
by XRD. No amphibole minerals were observed during
these analyses. Note: XRD cannot differentiate between
fibrous and cleavage fragment varieties of minerals.

9.2. Polarized light microscopy

Both the pulverized samples and the <200 mesh fraction
of the tailings were analyzed for asbestos content using
polarized light microscopy (PLM) following the analytical
procedures outlined in EPA/600/R-93/116, Methodfor the

Determination of Asbestos in Bulk Building Materials (Per-
kins and Harvey, 1993). Any non-asbestos materials,
including cleavage fragments, were also identified and
quantified during the PLM analysis. Quantitation of the
sample was performed using a 1000-point count procedure.
This procedure had an effective detection limit of 0.1%.

Trace levels of non-amphibole cleavage fragments were
observed in the Ispat Inland (Minorca) and Minntac sam-
ples by PLM. With the point count procedure, fragments
were considered to be at trace levels if they were seen within
the field of view but not in the crosshair. The cleavage frag-
ments (four fragments, total, in the entire PLM analyses of
all samples) had moderate aspect ratios (greater than 3:1,
length/width), but showed no evidence of fibril structure.
Based on the PLM analyses, no regulated asbestos minerals
were detected.

9.3. Scanning electron microscopy

The pulverized samples and the <200 mesh fraction of
the as-received samples were analyzed using scanning elec-
tron microscopy (SEM) in general accordance with the
methods outlined in ISO/DIS 14966 (2002). The SEM
method had a detection limit of 0.0001 (1 x 10~4) weight
percent. A portion of each sample was weighed and placed
in a beaker containing acetone. The suspension was shaken
and an aliquot removed and deposited on a polycarbonate
filter. A portion of the filter was placed on a carbon plan-
chette and carbon coated (to reduce electrical charging on
the particles). One hundred (100) separate fields were ana-
lyzed per sample, representing 12.64514 mm?2 of filter area.

The samples were analyzed in a SEM at an accelerating
voltage of 20 keV at a working distance of 15-17 mm. Dur-
ing the analyses, back-scattered electron images and energy
dispersive spectroscopy (EDS) were used to evaluate the
particles. Typical images and EDS spectra were acquired
for major particle types, e.g., quartz, minnesotaite, talc,
iron oxides, and carbonates. Back-scattered electron
images and EDS spectra were also obtained for particles
that had a greater than 3:1 aspect ratio and were greater
than 0.25 [im in diameter. Fig. 7a-f are examples of images
and spectra produced for the samples.

No asbestos minerals or amphibole minerals were
observed during the SEM analyses. SEM identified 26 (total)
mineral particles that had aspect ratios >3:1 and diameters
greater than 0.25 pm, out of 1000 fields analyzed; i.e., 10
samples at 100 fields per sample. Several cleavage fragments
were observed in the <200 mesh fraction that was sieved
from the “as-received” Minorca tailings; no cleavage frag-
ments were observed in the pulverized Minorca sample.
The chemistries for the cleavage fragments observed in the
Minorca sample were consistent with minnesotaite and talc.

As summarized in a report to EPA by Berman and
Crump (2003), there is general agreement that long and
thin fibers pose the greatest health risk, although some
have suggested that not enough is known about the relative
potency of shorter fibers to assign them no risk. Page 1.4 of
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Fig. 7. (a) SEM image of quartz fragment: Ispat Inland (Minorca); (b) SEM image of iron-oxide fragment: Ispat Inland (Minorca); (c) SEM image of talc
fragment: Ispat Inland (Minorca); (d) SEM image of talc cleavage fragment: Ispat Inland (Minorca); (¢) SEM image of silica-rich (quartz) cleavage
fragment: EVTAC; (f) SEM image of calcium-rich (calcite?) cleavage fragment: EVTAC.
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their report, titled, “Final Draft: Technical Support Docu-
mentfor a Protocol to Assess Asbestos-Related Risk™, states
the following:

“(5) The optimal exposure index that best reconciles the
published literature assigns equal potency to fibers long-
er than 101m and thinner than 0.41m and assigns no
potency to fibers of other dimensions.”

The SEM results showed that particles having these
length and width characteristics were all but absent in the
coarse tailings samples. Of the 26 particles identified by
SEM as having aspect ratios >3:1 and diameters greater
than 0.25 pm, only one particle (identified as talc) was
longer than 10 pm and thinner than 0.4 pm.

9.4. Transmission electron microscopy!EPA Superfund
Method

The tailings samples that were pulverized to <200 mesh
were analyzed by transmission electron microscopy (TEM)
to determine the weight percent of asbestos and cleavage
fragments. The analytical procedure used for the TEM
analysis was in general accordance with the analytical por-
tion of ASTM D 5756 (2002). The TEM method had a sen-
sitivity (detection limit) of 0.00002 (2 x 10~5 weight
percent. A portion of each sample was weighed and placed
in a beaker, which was then filled to 100 ml with distilled
water. The suspension was sonicated for 3min, then
allowed to settle for 2 min before an aliquot of the superna-
tant was removed and redeposited onto a 25 mm mixed cel-
lulose ester (MCE) filter. The filter was then prepared for
analysis using direct preparation procedures.

No asbestos minerals or amphibole cleavage fragments
were observed during the TEM weight percent analysis.

9.5. EPA Superfund Method

The *“as-received” samples were analyzed using the
Superfund Method for the Determination of Releasable
Asbestos in Soils and Bulk Materials, EPA 540-R-97-028
(1997), as modified by Berman and Kolk (2000). The sam-
ples were sieved through a 1mm screen (#18) and the two
size fractions weighed. Seventy grams of the <1 mm frac-
tion were placed in the holder and tumbled as described
in the method. Several filters of the elutriated sample were
collected over varying times until one filter contained
approximately 100 pg of samples. This filter from each
sample was evaluated in the TEM for protocol fibers (fibers
longer than 5 pm and thinner than 0.5 pm).

No asbestos fibers or cleavage mineral fragments longer
than 5pm and thinner than 0.5 pm were observed during
the TEM analyses of the elutriated samples.

9.6. Significance of specialized microscopy results

Based on the combined results of the various tests, the RJ
Lee Group concluded that no asbestos minerals were

detected in the coarse tailings samples collected from the
five western Mesabi Range taconite facilities. The PLM
and SEM analyses showed that some mineral cleavage frag-
ments with an aspect ratio of >3:1 were present, but none
belonged to the amphibole mineral group. Most of the
cleavage fragments were consistent with minnesotaite or
talc. As previous mineralogical work has shown, e.g.,
French (1968), minnesotaite and talc are silicate minerals
typically found on the western Mesabi Range. Interestingly,
one of the cleavage fragments was silica-rich (quartz/chert?)
(Fig. 7e), and another was calcium-rich (calcite?) (Fig. 72).
These results suggest that mineral particles with an aspect
ratio of >3:1 can be produced by crushing and grinding
rocks that contain neither amphibole minerals nor asbestos.

10. Specialized microscopy results for an eastern Biwabik
Iron Formation sample

As a point of comparison, Lake County, Minnesota,
submitted an eastern Biwabik Iron Formation sample to
the RJ Lee Group. The same specialized microscopic anal-
yses and testing methods performed on the western Mesabi
Range coarse tailings samples, i.e., PLM, SEM, TEM, and
EPA Superfund Method, were done on the eastern sample.
Refer to the previous section for specific analytical method
descriptions.

The sample, submitted as-is and pulverized to —200
mesh, was a composite of dry cobber lean ore collected
in January, 2003, from several locations within the Mile-
post 7 basin at the Cliffs Northshore taconite operation
in Silver Bay, Minnesota. Dry cobber lean ore is a byprod-
uct of the ore processed from Northshore’s taconite mine
near Babbitt, Minnesota (refer to Figs. 1, 5 and 6). This
byproduct is much coarser (more than 50% of the particles
are coarser than 3/8 in.) than the coarse tailings produced
at the five western taconite plants, yet it contains a low per-
centage of fines (less than 3% finer than 200 mesh). PLM,
SEM, and TEM were performed on the sample split pul-
verized to -200 mesh; the EPA Superfund Method was
performed on the as-is sample split.

10.1. Polarized light microscopy

PLM analysis of the pulverized —200 mesh sample
showed it contained approximately 10-15% cleavage
amphibole fragments identified as “tremolite/actinolite”.
The cleavage fragments were reported to have moderate
aspect ratios (>3:1, length/width), but showed no evidence
of fibril structure. The presence of amphiboles is consistent
with the mineralogy of the metamorphosed eastern end of
the Biwabik Iron Formation. The relatively large number
of cleavage fragments detected by PLM in the pulverized
Northshore sample contrasts with the trace amounts found
in samples from the five western operations. The difference
suggests that amphibole-bearing taconite from the eastern
Biwabik Iron Formation generates cleavage fragments
more readily than does taconite from the western BIF.
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10.2. Scanning electron microscopy

Amphibole cleavage fragments were observed in the pul-
verized —200 mesh sample during the SEM analyses that
were consistent with tremolite/actinolite. SEM identified
51 particles that had aspect ratios >5:1 and diameters
between 0.25 and 2 pm in 35 of the 50 fields analyzed.
Fig. 8a-d are SEM images and spectra produced for some
of the Northshore amphibole cleavage fragments. Note the
calcium peaks that are indicative of tremolite and actino-
lite. Fig. 8a and b depict blocky cleavage fragments;
Fig. 8c and d depict narrower cleavage fragments.

10.3. Transmission electron microscopy

TEM was used to determine the weight percent of asbes-
tos and cleavage fragments in the pulverized -200 mesh
sample. No asbestos was observed, but tremolite/actinolite

cleavage fragments were observed at the 0.02 weight per-
cent concentration. According to the RJ Lee Group, the
TEM cleavage fragment concentration is said to differ from
the PLM concentration due to the size of the cleavage frag-
ments. Because the TEM suspension was allowed to settle
for 2 min, particles larger than about 20 pm settle out,
and are not analyzed in the TEM. Therefore, the low
(0.02 weight percent) indicates that cleavage fragments
are primarily larger than this dimension.

104. EPA Superfund Method

The “as-is” Northshore sample was analyzed using the
Superfund Method for the Determination of Releasable
Asbestos in Soils and Bulk Materials, EPA 540-R-97-028
(1997), as modified by Berman and Kolk (2000). The pro-
cedure failed to generate any protocol fibers (fibers longer
than 5 pm and thinner than 0.5 pm). No asbestiform fibers

Fig. 8. (a and b) SEM image of blocky amphibole cleavage fragment; (c and d) SEM image of narrow amphibole cleavage fragment.
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or mineral cleavage fragments longer than 5pm and thin-
ner than 0.5 jam were observed during the TEM analyses
of the elutriated sample.

10.5. Significance of specialized microscopy resultsfor an
eastern Biwabik Iron Formation sample

Based on the combined results of the various tests, the RJ
Lee Group concluded that amphibole cleavage fragments
but not asbestos were detected in the sample collected from
the Cliffs Northshore property. Amphibole cleavage frag-
ments were detected by both PLM and SEM in the sample
split pulverized to —200 mesh. The TEM analyses, in gen-
eral accordance with the analytical portion of ASTM D
5756 (2002), indicated that nearly all of the cleavage frag-
ments were larger than 20 pm. Lastly, the EPA Superfund
Method failed to generate protocol fibers from the “as-is”
sample split, i.e., the size and type of material that would
most likely be used as construction aggregate.

These results appear to show that amphibole-bearing
eastern Biwabik Iron Formation taconite mining byprod-
ucts, when pulverized to —200 mesh, will generate a larger
number of cleavage fragments than comparably pulverized
western Biwabik Iron Formation taconite mining byprod-
ucts. In his Ph.D. thesis, Stevenson (1983) determined that
the number of amphibole “fibers” generated by the pro-
cessing of copper-nickel ore from the adjacent Duluth
Complex was proportional to the amount of amphibole
present in the ore and to the fineness of grind during pro-
cessing. Elowever, it is important to remember that typical
dry cobber lean ore production generates less than 3%
- 200 mesh-sized particles in the final product. This latter
point, when viewed with the EPA Superfund Method test
results on the “as-is” sample split, indicates a low potential
for problematic dust generation if the material is used as
construction aggregate. But because only one sample was
subjected to the microscopy testing, supplemental testing
of additional eastern Biwabik Iron Formation taconite
mining byproducts would be desirable.

11. MSHA sampling data and Minnesota Department of
I alth mesothelioma findings

Mineral “fibers” can be present in a variety of geological
settings, as revealed in an analysis of air sampling con-
ducted by the Mine Safety and Flealth Administration
(MSHA). Following news reports in 1999 that described
serious health problems associated with amphibole asbes-
tos-contaminated vermiculite mined at Libby, Montana
(Schneider, 1999), MSHA collected air samples from sev-
erai mines and quarries in the United States between Janu-
arY 10, 2000, and March 25, 2002. The air sample data
summarized herein can be found at MSHA’s web site:

www.msha.gov/asbestos/asbestos.htm.

MSHA's intent was to assess the air quality at mining
an'i quarrying operations where respirable mineral fibers

could be generated, but especially at other U.S. vermiculite
mines.

The MSHA tests make no distinction as to mineral type,
only to the total number of particles that are >5 pm in
length and have a minimum aspect ratio (length:width) of
3.1 as determined by Phase Contrast Microscopy (PCM),
in accordance to the National Institute for Occupational
Safety and Health (NIOSH), Method 7400, Issue 2
(NIOSH, 1994). The current MSHA personal exposure
limit (PEL) is 2.0 fibers/cc for an 8 h, shift weighted average.
The OSHA PEL is much more stringent at 0.1 fibers/cc for
an 8 h, shift weighted average. However, fibers <0.25 pm in
diameter cannot be detected by the PCM method.

Fig. 9 summarizes the MSHA air sampling findings by
mine/quarry type for which at least six samples were avail-
able for averaging. These data are for fiber counts as deter-
mined by PCM only. The 0.1 fibers/cc OSHA PEL standard
is represented on the graph by the horizontal dashed line.
The average PEL is graphed for samples that exceed the
detection limit at each mine/quarry type. The number of
samples used for determining the average PEL for each
mine/quarry type is also reported. The data are taken in
their entirety; no distinction is made between the various
job categories for which air samples were collected. The data
(and graph) show Minnesota iron mines having an average
PEL of 0.026 fibers/cc for an 8 h, shift weighted average for
the 2000-2002 data. This value is well below OSHA’s 0.1
fibers/cc standard, is comparable to the granite average,
and is lower than the limestone average. For comparative
purposes, samples taken in the 1970s at the Libby, Mon-
tana, vermiculite mine measured fiber levels at 18 fibers/cc.

Iron ore mines in Minnesota and Michigan were also
sampled more thoroughly, in response not only to the
Libby situation, but to two Minnesota Department of
Health (MDH) Minnesota Cancer Surveillance System
(MCSS) reports published in 1997 (MCSS Epidemiology
Report 97-1) and 1999 (MCSS Epidemiology Report 99-
2). The MDH reports showed a higher rate (70% higher
than expected) of the asbestos-related cancer, mesotheli-
oma, occurring in males in a seven-county region of north-
eastern Minnesota.

Because some people ascribed the higher cancer rate to
taconite dust exposure, the MDH conducted a follow-up
study (MCSS Epidemiology Report 03:1, published in
2003) to look specifically at the incidence of mesothelioma
in iron miners and possible sources of commercial asbestos
exposure in the mining industry. In a full report released in
November, 2003 (Brunner et al., 2003) stated the following:

“It was found that: (a) 14 of the 15 iron miners (for
whom a sufficient occupational history was available to
make a judgment) had jobs with potential exposures to
commercial asbestos, (b) these jobs were held at least
20 years or more prior to diagnosis, and (c) only one
miner could be identified as having potentially held any
of the highest silica-dust exposurejob titles. The explana-
tion most consistent with thesefindings is that commercial
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Fig. 9. MSHA air sampling Phase Contrast Microscopy (PCM) data: January 10, 2000 to March 25, 2002 (data source: www.msha.gov/asbestos/

asbestos.htm).

asbestos exposure, rather than taconite dust, is the most
likely cause for the occurrence of mesothelioma in men
employed in the mining industry. However, at least one
miner had no obvious source of exposure to commercial
asbestos and other causes cannot be ruled out”

These findings suggest that exposure to commercial
asbestos products may have been a significant factor in
the development of mesothelioma in the miners.

12. Conclusions

Mineralogical and specialized microscopic analyses of
coarse taconite tailings sample composites from five
western Mesabi Range taconite mines indicated neither
the presence of the six regulated asbestos minerals nor
amphibole minerals. A very small number of cleavage frag-
ments/mineral fibers were detected by SEM (primarily min-
nesotaite and talc). Amphibole minerals, absent in coarse
tailings samples from the five western Mesabi Range taco-
nite operations, were present in the single eastern Biwabik
Iron Formation sample submitted by Lake County.

Mineral cleavage fragments can also be generated from
many rock types, not just taconite, as demonstrated by the
Mine Safety and Health Administration’s (MSHA) 2000-
2002 air sampling data. Importantly, the Superfund Method
for the Determination of Releasable Asbestos in Soils and
Bulk Materials, EPA 540-R-97-028 (1997), as modified by
Berman and Kolk (2000) and performed by the RJ Lee
Group, failed to generate any protocol fibers (fibers longer
than 5 pm and thinner than 0.5 pm) from either the western
coarse tailings samples or the eastern Biwabik Iron Forma-
tion sample.

The specialized microscopy analyses, coupled with the
MSHA data and recent Minnesota Department of Health

findings, should provide useful information to regulators
and potential end-users about the nature of the dust that
would be encountered when handling and using taconite
mining byproducts like coarse tailings for construction
aggregate purposes. The combined results show how geol-
ogy, mineralogy, chemistry, physical properties, particle
size, shape, and morphology, and intended end-uses must
all be taken into account when working with any potential
dust-generating aggregate, and should be viewed with
proper context and perspective.

With respect to coarse taconite tailings, context and per-
spective includes the following points:

most of the potentially respirable dust generated during
the production of coarse tailings occurs at the mine sites;
coarse tailings are a byproduct of typically wet mineral
processing techniques, and are often transported as a
slurry; they are, to varying degrees, a “washed” product;
coarse tailings contain a small percentage of fines (-200
mesh), especially at operations that make a fine and
coarse separation, where the percentage of fines is typi-
cally less than 2.5%;

coarse tailings are hard and resist abrasion;

coarse tailings are composed primarily of quartz; and
coarse tailings would most likely be used in buried appli-
cations, such as granular fill, or encapsulated in bitumi-
nous asphalt or concrete mixes, thereby reducing the
potential for post-construction dust exposure to negligi-
ble levels.

Therefore, coarse tailings and other taconite mining
byproducts should be treated with the same common sense
safety and industrial hygiene approach practiced for all
mineral-based materials that have the potential to generate
respirable dust, silica or otherwise.
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Abstract

Since the mid-1970s, samples of airborne and waterborne fibrous particulates have been collected in the area of the Northshore Tac-
onite Ore Processing Facility by the Minnesota Department of Health (MDH), the Minnesota Pollution Control Agency (PCA), and the
University of Minnesota. Indirect sample preparation has consistently been used although other aspects of the sampling methods and
sites have varied and analytical procedures were altered over time as more accurate and precise microscopy methods were developed
(i.e., phase contrast optical microscopy, transmission electron microscopy, transmission electron microscopy with energy dispersive spec-
troscopy). In the mid-1970s, levels of airborne fibrous particulate in the Silver Bay area averaged from 0.00030 to 0.03 f/ml. This level
was significantly greater than levels of similar particulates in the St. Paul, MN area, although two of the Silver Bay sampling sites, con-
sidered individually, did not indicate levels of fibrous particulate markedly different than that seen in St. Paul. More recent sampling data
(i.e., 1990-2001) indicate mean concentration of airborne fibrous particulates (amphibole-like fibrous particulates) of 0.0020 f/ml with a
range of values from 0.0001 to 0.0140 f/ml. Such levels are not significantly different from those seen in other non-urban environments in
the US and Europe. Concentrations of fibrous particulates in water samples were higher in the mid-1970 when iron ore tailings were
being deposited in Lake Superior, but since the tailings have been deposited on land waterborne levels of fibrous particulate in the Beaver
River have remained relatively constant averaging in the range of 7.5 MFL. This level is only slightly in excess of the current EPA drink-
ing water standard for fibrous particulates. Review and consideration of this data is important in determining the potential health risks
associated with airborne and waterborne fibrous particulates in the areas of the Northshore Taconite Ore Processing Facility.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Taconite; Asbestos; Asbestiform fibers; Fibrous particulates; Cleavage fragments; Phase contrast optical microscopy; Transmission electron
microscopy

1. Introduction mid-1970. Unfortunately, the lack of a standardized def-
inition of what constituted a fiber as opposed to a par-

Public health concerns relative to fibrous particulates, ticulate and/or cleavage fragment (i.e., chemical/

specifically asbestos in its various forms, resulted in an
extensive air and waterborne sampling program by indi-
viduals at the Northshore Taconite Ore Processing Facil-
ity and representatives of the Minnesota Department of
Health (MDH), the Minnesota Pollution Control Agency
(PCA), and the University of Minnesota in the early to

Corresponding author. Fax: +1 703 288 6995.
E-mail address: chuckaxten@cox.net (C.W. Axten).

0273-2300/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.yrtph.2007.11.010

geological composition, fiber length, diameter and rele-
vant aspect ratio, requirement for parallel sides, etc.),
varying methods of sample collection and preparation
(i.e., direct and indirect methods), and the use of multi-
ple microscopy techniques (i.e., polarized light micros-
copy, phase contrast optical microscopy, scanning and
electron transmission) produced airborne and waterborne
sample results which were extremely variable and often
times contradictory.
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Nevertheless, in an attempt to utilize this data to some
extent the time of the Reserve Mining Case (Berndt and
Brice, 2008), complex mathematical models were devel-
oped to estimate both the number of fibers that would
be emitted from the Northshore Taconite Ore Processing
Facility and the expected concentrations at population
centers. Values for numerous variables were entered into
multiple formulas to arrive at projections for both total
suspended particulates and fiber levels in both air and
water. Despite this laudable effort, after reviewing argu-
ments presented by both plaintiff’s and the defendant in
the case, the US Court of Appeals for the eighth Circuit

rules in 1975 that “It is not known what the level of fiber
exposure is, other than it is relatively low, and it is not
known what level of exposure is safe or unsafe” (Bartlett,
1980).

Flowever, based on the data available, the Court of
Appeals did consider the air emissions in the area of Silver
Bay to be of much greater concern than the concentrations
of fibrous particulates documented in the various bodies of
water in the area surrounding the Northshore Taconite Ore
Processing Facility. Thus, the Court declared that “Reserve
must use such available technology as will reduce the asbes-
tos fiber count in the ambient air at Silver Bay below a
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Fig. 1. Air monitoring sites (fibers) and selected geological features.
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medically significant level.” Since there were no established
criteria to define “medically significant,” the Court ruled
that the “controls may be deemed adequate which reduce
the fiber count to a level ordinarily found in the ambient
air of a control city such as St. Paul” (Reserve Mining
Company vs. the US Environmental Protection Agency
et al., 1975).

2. Materials and methods
2.1. Ambient air monitoring

In response to the Court’s Ruling, the Minnesota Department of
Health (MDH) established specific airborne fiber monitoring sites in and
around the town of Silver Bay, MN and in the communities of Babbit,
Hoyt Lake, Virginia, Duluth, Hibbing, St. Paul, and Minneapolis, MN.
(See Figs. 1 and 2). To standardize collection and analytical protocols
from site to site, MDH initially adopted the use of standardized airborne
fiber monitoring techniques (EPA, 1973). MDH soon developed its own
method for analyzing fibers (Minnesota Department of Health, 1976).
During the 1970s, samples were taken on membrane filters using high vol-
ume monitoring devices. Samples were collected for a period of 18 days at
a time with the monitor operating 1 h on and 5 h off. Sampling sites were
reduced to the Silver Bay/Beaver Bay area in the late 1970s, and the sam-

ples were collected on 105 mm diameter membrane filters, and later on
47 mm diameter filters. Samples were collected for 96 h continuously every
18 days.

After such protracted sampling periods, the filters on which the
fibrous particulates were deposited became too heavily loaded for direct
examination. Thus, the filters were dissolved using chemicals and/or
low-temperature ashing and redispersed in water. An aliquot was then fil-
tered onto a new membrane filter at a lower particle density for counting
purposes. By selecting aliquots of various volumes the loading was
adjusted for optimum counting of the fibrous particulates present. This
“indirect” method of sample preparation facilitated fiber counting, but
was also found over time to alter both the particle number and size dis-
tribution of the particles present.

Analysis was performed by transmission electron microscopy
(TEM). Fibrous particulates were defined as any structures which
exhibited a 3:1 aspect (length to width) ratio, had reasonably straight
sides and were determined to have a crystalline structure by the use
of electron diffraction. No attempt was made to distinguish between
particulates, cleavage fragments and asbestiform “fibers” because the
structures were known to exist on a continuum (Ross et al., 2008)
and an arbitrary decision would have been necessary based on mor-
phology of each structure alone. However, most of the fibrous particu-
lates analyzed by electron microscopy were cleavage fragments.
Generally, only about 10% of the airborne fibrous particulates were
greater than 5pm in length, and very few (i.e., <1%) were considered
truly asbestiform in nature.
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Analytical sensitivity depended on the loading of the original filter and
on preparing a sample suitable for counting, but a typical value was in the
range of 0.0005-0.001 structures of air sampled. The use of energy disper-
sive X-ray analysis (EDX) and selected area electron diffraction (SAED)
allowed for specific characterization of fibrous particulates which included
differentiating the various amphibole types present, especially hornblende,
cummingtonite-grunerite, and tremolite-actinolite.

2.2. Water quality monitoring

To address concentrations of fibrous particulates extant in ground and
sub-surface water courses adjacent to the Northshore Taconite Ore Pro-
cessing Facility, the MDH established a number of monitoring wells in
and around the property, at the inflow and discharge points of the Facil-
ity’s Tailings Basin treatment plant, and at several mining pit discharge
sites. As representative of surface water courses in the area, the Beaver
River was selected for evaluation. Four specific long term monitoring sites
were established (i.e., Site 101—upstream from the MP7 Tailings Basin;
Site 102—downstream from the MP7 Tailings Basin; Site 105—at the
main branch of the river, upstream from the MP7 Tailings Basin; and, Site
106—at the main branch of the river, downstream from the MP7 Tailings
Basin.

Beaver River samples were collected three times a year in April, July,
and November, and other surface water samples were sampled at various
schedules. The samples were analyzed by TEM in accordance with MDH
Method 851; Minnesota Department of Health, 1975. Within 48 h of col-
lection, the samples were deposited on 0.1 um polycarbonate filters. Three
or four volumes were usually filtered to insure proper loading. All fibrous
particulates were counted which exhibited a 3:1 aspect ratio, and no min-
imum length requirement was established. The analytical sensitivity varied
greatly, depending on the amount filtered, which, for the Beaver River,
was on some occasions as low as 5 ml; giving an analytical sensitivity of
15 MFL. Each fibrous particulate was examined by SAED in order to
classify it as an amphibole, chrysotile, or other mineral, and then it was
examined by EDX to determine the chemical composition. The concentra-
tion of fibrous particulates was reported as million fibers per liter (MFL).

3. Results
3.1 Air monitoring results

Air monitoring results collected in the 1974-1975 time
frame from three schools in the Silver Bay, MN area dem-
onstrated mean concentrations of fibrous particulates in
the 0.0030-0.03 f/cc range. Concentrations of fibrous par-
ticulates measured in the ambient air of comparison cities
in and around the state collected during approximately
the same time period (i.e., 1978-1979) ranged from a low
of 0.001 f/cc in Virginia, MN to a high of 0.003 f/cc in
St. Paul, MN (See Fig. 3). Additional sampling in Silver
Bay, MN area in the mid to late 1970s resulted in an aver-
age fibrous particulate concentration of 0.0626 f/cc (95%
Cl 0.035-0.9 f/cc) significantly in excess of the level of
fibrous particulates detected in the ambient air of the “con-
trol city,” St. Paul, MN, although two of the Silver Bay
sampling sites, considered individually, did not indicate
levels of fibrous particulate significantly different than that
seen in St. Paul.

Monitoring of the ambient air in the Silver Bay, MN
ai'ea continued throughout the 1980s and into the 1990s
to evaluate changes in concentrations of fibrous particu-
lates effected by modifications in the production processes

«
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Fig. 3. Comparison of asbestos fibers in the ambient air by collecting and
analyzing air samples from five different cities in Minnesota in 1978-1979.

and implementation of updated air filtration equipment
at various locations throughout the Northshore Taconite
Ore Processing Facility. In addition, with the utilization
of TEM and EDX analytical techniques, it became possible
to further characterize the fibrous particulate concentra-
tions detected in the air samples collected as to their phys-
ical and chemical nature.

As indicated in Table 1and Fig. 4, grunerite fibrous par-
ticulate concentrations in the ambient air at various sam-
pling sites in and around the Northshore Taconite Ore
Processing Facility declined from an average 0.048 f/cc in
1990 to an average of 0.0088 f/cc in 1998. The same was
evident for tremolite-actinolite fibrous particulate which
declined from an average 0.0186 f/cc in 1990 to an average
of 0.0029 f/cc in 1998.

3.2. Water quality results

Historically, when iron ore tailings were being deposited
in Lake Superior, concentrations of fibrous amphiboles in
aquifers and surface water courses in and around the
Northshore Taconite Ore Processing Facility were uncer-
tain, but estimated to be in excess of 12 MFL. However,
fibrous particulate data collected from the mid-1960s
through 2002 from the monitoring wells adjacent to the
plant, at the inflow and discharge points of the facility’s
Tailings Basin treatment plant, at several mining pit dis-
charge sites (data not shown), and especially the Beaver
River monitoring sites demonstrated that fibrous amphi-
bole concentrations declined significantly over time, and
currently average on the order of 7.5 MFL (See Table 2
and Fig. 5).
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Table 1
Summary of the results from the Minnesota Department of Health Air Monitoring (1990-1996) by analytical transmission electron microscopy

Summary of the Results from the Minnesota Department of Health Air Monitoring
(1990-1996) by Analytical Transmission Electron Microscopy.
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Fig. 4. Summary of the results from the Minnesota Department of Health Air Monitoring (1990-1998) by analytical transmission electron microscopy-
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Table 2
Beaver river fibrous particulate data 1966-2002 (million fibers/1)

Beaver River Data Fibrous Particulate Data
1966-2002 (Million Fibers/Liter)

Sampling Site Minumum
Site 101 <0.2
Site 102 <0.3
Site 105 <0.3
Site 106 <0.5

(Downstream From MP 7

Discharge)

Fig. 5. Beaver River fibrous particulate data 1966-2002 (million fibers/1).

4. Conclusions

As indicated by this data, concentrations of fibrous par-
ticulates both in ambient air in the Silver Bay, MN area as

Maximum Average
4.0 0.9
24.0 5.6
32.0 7.0
32.0 16.7

well as in water courses in and around the Northshore Tac-
onite Ore Processing Facility have declined considerably
since the mid-1970 when the Reserve Mining case was liti-
gated. Airborne fibrous particulate concentrations, histori-
cally averaging 0.0626 f/cc (95% CIl 0.035-0.9 f/icc) now
average 0.0022 f/cc (95% CI 0.0001-0.0014 f/cc). Such lev-
els are not significantly different from those seen in other
non-urban environments in the US and Europe (Schneider
et ah, 1996).

Concentrations of fibrous particulates in water sam-
ples were higher in the mid-1970 when iron ore tailings
were being deposited in Lake Superior, but since the tail-
ings have been deposited on land waterborne levels of
fibrous particulate in the Beaver River have remained
relatively constant averaging in the range of 7.5 MFL.
Since all fiber lengths were measured, and almost all of
the fibers were less than ten micrometers in length, this
level falls well within the current EPA drinking water
standard (7.0 MFL longer than 10.0 pm) for asbestos
(EPA, Safe Drinking Water Act, 1974). Review and con-
sideration of this data is critical factor in determining the
potential health risks associated with airborne and water-
borne fibrous particulates in the areas of the Northshore
Taconite Ore Processing Facility (See Wilson et al.,
2008).
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Rapporteur’s Report Session 2: Characterization of fibrous minerals:

Arthur M. Langer

The central question concerning the health risks associated with
mining and processing of taconite ores in the Eastern Mesabi Range
is “does asbestos, of any variety, occur within the gangue mineral
population?” Free silica in the form of quartz does exist in the tac-
onite, but silicosis has been relegated to a secondary issue. The fo-
cus has shifted to the asbestos minerals and the malignancies that
might occur following low-level exposure to dust. Although min-
eral fibers do exist in the Mesabi taconite ores, Ross, Nolan and
Nord conclude “no asbestos”, as explained in their contribution
“The Search for Asbestos within the Peter Mitchell Taconite Iron Ore
Mine, near Babbitt, Minnesota".

Their area of study is located in the eastern Mesabi Range. It is
here that the tectonic and metamorphic effects associated with the
intrusion of the Duluth Gabbro have been profound. A variety of
amphibole minerals have developed as a result of these geological
events, some with names recognized within the US Asbestos Stan-
dard. The issue tackled by the authors is whether or not these
amphiboles are present in the mine and if so whether or not they
are asbestiform in habit.

Ross and colleagues point out that asbestos is found in locales
where folding, faulting, shearing and dilation cracks have formed,
and if the chemistry of the host rock is “right" asbestos may form
in dilated cracks and fissures as “cross fiber,” or along the limbs of
tight folds as “slip fiber." The process of formation requires hydro-
thermal solutions and the proper geochemical conditions that pro-
mote crystal growth. The Peter Mitchell pit, located in the
“amphibole area” of the Eastern Mesabi, is almost 8 miles long
and up to 1 mile wide in places. Ross and colleagues recognized
30 locations within the mine as areas that might give rise to the
formation of ashbestos minerals. These were sampled and analyzed
by X-ray diffraction and electron beam techniques.

Most of the sampled sites, five of seven, contained unaltered
amphiboles in the main, but several also contained mineral fiber
bundles consisting of intergrowths of grunerite, ferroactinolite,
and ferrian sepiolite. Ross and colleagues propose that the forma-
tion of these minerals occurred as the result of secondary pro-
cesses, acid solutions percolating through faults and shear zones
in the ore body. Processing of ores with these minerals results in
the disaggregating of the fiber bundles and their dispersal as indi-
vidual fibers. The authors stress that these minerals constitute very
much less than one-percent of the total ore body mass.

Cummingtonite, grunerite, actinolite, and their chemical varia-
tions, occur throughout the Peter Mitchell pit. Fibrous mineral
growth is not found in the undeformed rocks along the entire
extent of the mine. Some fibers are found as secondary minerals
altered in the main from pre-existing amphiboles. These are found
in sites where deformational episodes have obviously occurred.

doi:10.1016/j.yrtph.2008.06.003

The authors conclude, “no asbestos of any type was found in the
mine pit."

Given that the above conclusions are correct, the issue returns
to the nature of the small fibrous objects observed in air and water
samples, i.e., are these cleavage fragments, are these asbestos frag-
ments (Ross and colleagues say “no”). Regardless of form, are they
biologically active?

As the hunt for ashestos minerals in the environment and work-
place increased in intensity, driven in large measure by the pres-
ence of disease that some consider peculiar to specific forms of
asbestos, new minerals have been found occurring with the asbes-
tos habit [Ross et al. and Langer, this volume]. The chemistry sec-
tion in these contributions clearly shows that cation substitution
within the amphibole structure is so common that many minerals
constitute this mineral group. Some of them have been found with
the asbestiform habit, i.e., winchite, richterite, arfvedsonite, and
fluor-edenite. These authors failed to find amphibole asbestos in
the Peter Mitchell Pit although non-asbestiform mineral fibers do
occeur.

The contribution by Axten and Foster, Analysis of Airborne and
Waterborne Particles around a Taconite Ore Processing Facility,
underscores the need to distinguish among the elongated particles
found in samples of dust derived from mining and milling opera-
tions. The taconite ores of the northeastern Mesabi Range contain
amphibole minerals whose names were listed, absent mineral ha-
bit, in the federal asbestos standard. The amphibole “fibers” found
in the air and water samples in and around the taconite processing
plant in Silver Bay were not characterized further than the OSHA
definitional criteria. The authors note that distinguishing between
asbestos fiber and elongate cleavage fragment was not an integral
part of the assays when environmental studies began in the 1970s.

As time progressed, the methods for particle collection, filter
preparation, instrument required for mineral visualization, for par-
ticle identification and counting, had evolved so that samples ob-
tained in one period of time could not be directly compared with
samples collected over another period of time. As Axten and Foster
state, the only “known” in the sampling datasets was that air mea-
surements for particles were low. Despite these limitations a large
dataset exists and estimations of risk may be made within some
defined set of assumptions.

Sampling air and water had been carried out since the early
1970s and thousands of these measurements have been made.
Early analyses followed the then existing OSHA definition of asbes-
tos. Prismatic cleavage fragments were imbedded in the standard
so that mineral name, particle length, and aspect ratio alone deter-
mined what the analyst called asbestos. For the purpose of risk cal-
culation, one may assume that these elongate mineral particles
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that conform to the 1972 OSHA Asbestos Standard definition pos-
sess identical toxicities to asbestos. Read Wilson and colleagues'
contribution, this volume.

The issue is not academic to the state health agencies or the
people of Minnesota. Based on these measurements, mineral types
(names without habits), and their concentrations in air, and
assuming that these particles are “medically significant”, allow
such a risk calculation to be made. Axten and Foster report parti-
cles of actinolite, tremolite and grunerite in the air in and around
the facility at Silver Bay where taconite ore is processed. These
are shown to steadily decrease in concentration over time. Wilson
and colleagues use an average value of 0.00014 f/cc of air for their
risk calculation (this volume).

Injecting earlier analyses into the mix, Langer et al. (1979) re-
ported that only a small percentage of “fibrous particles” (derived
from the gangue minerals during ore processing at Silver Bay)
found in water samples drawn from Lake Superior were morpho-
logically, chemically, and structurally indistinguishable from simi-
lar particles found in an amosite population. The assay instrument
was the analytical transmission electron microscope. Not having
any reason to believe that the population of the amphibole parti-
cles in the air of the taconite processing plant would be different
from the particles in the tailings dumped into the containment
dam in Lake Superior, the “worst-case" risk calculations for meso-
thelioma are lower.

Axten and Foster report that several of the ambient air samples
obtained in Silver Bay were significantly lower than the fiber levels
measured in the air in St. Paul, Minnesota. The fiber levels in the
waters of Lake Superior have also declined to values observed in
the natural runoff of rivers that empty into the lake.

It may be noted that the Minnesota Department of Health (2007)
(MDH) is still concerned with exposures in Silver Bay because of
mesothelioma occurrence among some 72,000 current and former
taconite miners and millers in the state (Brunner et al., 2008) and
within the state itself (Minnesota Department of Health Report,
2007). Parenthetically, the mesothelioma concentration in north-
eastern Minnesota also includes the town of Cloquet and the popu-
lation of workers formerly employed at Cloquet’s Wood
Conversion, then Conwed, ceiling tile-manufacturing facility in
town. Twenty-five mesotheliomas have been confirmed in this co-
hort ofworkers and three more cases are suspected to have occurred
(MDH, 2007). From 1958-1964, inclusive, more than 3100 tons of
amosite was used in the manufactured fire-rated ceiling tiles; from
1965-1974, almost 6800 tons of chrysotile was consumed at the site
for the same purpose (Conwed Corporation, 1965-1974 docu-
ments). The mesothelioma diagnoses peaked with five cases re-
ported in 1996, 35 years from the peak of amosite consumption in
that facility ini 961. Other important exposures to asbestos have oc-
curred in trades outside of the taconite environment and the MDH
must consider the importance of these separately.

The Ross et al. and Axten and Foster papers presented in this
session bring to discussion critical issues: First, is it known with
certainty what it is that the analyst is measuring; secondly, has
the analyst accurately distinguished between asbestos and cleav-
age fragment; and lastly, do the risk calculations reflect what is
actually known? Wilson and colleagues avoid the problem of min-
eral characterization and assume that the amphiboles found in the
air samples, regardless of source, have the same carcinogenic po-
tency as the asbestos minerals.

Zanko, Niles and Oreskovich push the characterization envelope
further with a proposal to explore the use of coarse taconite tail-
ings as construction aggregate for high bearing-load applications,
i.e, roads and highways. The issue is of pragmatic importance.
The suggestion made is based on detailed mineral analysis and
physical characterization of the tailings (“Mineralogical and micro-
scopic evaluation of coarse taconite tailings from Minnesota taconite
operations™. The materials in question are coarse tailings, size
characterized by standard sieving technique. The population of
particles appears to have dimensions greater than 10 microns.

Cumulative frequency particle-size curves of the western Mesa-
bi samples show the 50th percentile for all to lie between 400 and
1000 |i (0.4-1.0 mm). The lack of respirable dust is explained as the
result of a "washing step” in the ore extraction process. To begin
with, the samples do not possess a respirable particle population.

Based on the analysis of five groups of coarse taconic tailings
samples from the western Mesabi Range, areas far removed from
the thermal and metasomatic effects of the Duluth Gabbro, no
amphibole minerals have been found. The taconite is characterized
as principally quartz and magnetite with other iron oxides (e.g.,
hematite), iron carbonate (siderite) and iron silicates present in
abundance. Low-temperature iron silicates characterize the wes-
tern Mesabi Range. Fibers in the Biwabik Iron Formation are prin-
cipally talc and minnesotaite, the iron analog of talc. The authors
stress that both particle size and mineralogy of the particle popu-
lation suggest that the material may be used as an asbestos-free
aggregate.

Far up northeast into the Eastern Mesabi, within the metamor-
phic aureole of the gabbro, amphiboles occur in abundance. Some
of these carry the same name as the asbestos minerals described in
the initial OSHA Asbestos Standard in 1972. The issue the authors
focus upon is the form of the amphibole (asbestiform or cleavage
fragment). Employing polarized light and electron optical tech-
niques, the amphiboles appear to crush to form fragments. Zanko
et al. state that some portion of these fragments is morphologically
difficult to distinguish from asbestiform fibers.

The authors concluded their paper with the following “points:"
respirable taconite dust is generated at the mine site and that the
wet extraction techniques “wash" the crushed ores of fine parti-
cles; the result is that the amount of fine dust found in tailings is
small to nil; the tailings are found to resist abrasion may be incor-
porated into matrices reducing the potential for post-application
exposure.

Although tailings removed from the amphibole area of the East-
ern Mesabi do not have asbestiform minerals, the authors recom-
mend the materials be handled with diligence and care. They are
concerned with the presence of crystalline silica (quartz) in all
the tailings samples.
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Abstract

This study focuses on the amosite mining region in South Africa and associated health effects, compared to other mined asbestos fiber
types. Historically, dust and fiber levels were high in the amosite mills and mines, and many miners and members of the surrounding
communities were exposed to the fibers. Research has shown that amosite produces both benign and malignant disease. Nevertheless,
the mesotheliomagenic potential of amosite is several fold lower than crocidolite. The risk of disease associated with amosite exposure
is difficult to quantify. Reasons for this include the scarcity of available information, including fiber measurements, and case ascertain-

ment, as well as the juxtaposition of the amosite and crocidolite asbestos seams in South Africa.

© 2007 Elsevier Inc. All rights reserved.
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1 Introduction

South Africa is unique in that all three commercially
important types of asbestos occur and have been mined
and widely exported from this country. South Africa was
the world’s main commercial source of amosite (grunerite),
the name of which is derived from “asbestos mines of
South Africa”.

South Africa was at the forefront of the asbestos mining
industry. However, there is a lack of research and docu-
ir itation monitoring asbestos mines and mills. What little
information that is in the public domain needs to be inter-
preted with knowledge of the background to geography,
geology and demographics. The Pneumoconiosis Research
Unit (PRU), now the National Institute for Occupational
Health (NIOH), in Johannesburg participated in many of
the published studies, and also carried out some unpub-
lished work. This information has been drawn on for inter-
pretation of the available literature.

Corresponding author. Fax: +27 11 712 6450.
E-mail address: jill.murray@nioh.nhls.ac.za (J. Murray).

|*273-2300/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
dol; 10.1016/j.yrtph.2007.09.011

Historically, there were two amphibole asbestos mining
areas in South Africa. Cape Crocidolite was mined in the
Northern Cape Province asbestos field, which extends for
a length of about 540 km (Fig. 1). No amosite was mined
in this area. Five hundred kilometers away, in the north
eastern part of the country, is the Pietersburg asbestos field
(in Limpopo Province), where both Transvaal crocidolite
and amosite were mined. This field is around 100 km long
and lies along the Olifants River and its tributaries (Web-
ster, 1973). There was very little movement of population
between these regions, although more senior mine officials
were sometimes transferred between the different mines and
mining regions.

Many small mines and mills operated in the Pietersburg
asbestos field, from about 1920, producing Transvaal cro-
cidolite and amosite from deposits in which seams of the
two amphiboles often overlapped. Crocidolite mining here
(which was in the form of addits) however, never reached
the production levels of those in the Northern Cape. The
deposits were small and scattered, and were considered to
be of poorer grade than those in the Northern Cape.

The largest and most important mine in the Pietersburg
asbestos field was the Penge group of mines (comprising
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Fig. 1. Map of asbestos mining areas in South Africa. Wagner et al. (1960) reported a cluster of mesotheliomas associated with the Northern Cape

asbestos fields west of Kimberley.

Penge, Weltevrede and Kromellemboog mines) on the
south-eastern extremity, where only amosite was mined
(Coetzee et al., 1976). Penge was the only mine in the
region that had deep mine shafts. Amosite production
began in 1914 at Penge and continued for more than 70
years, until 1992 (Felix, 1997). This became the largest
mine in the area and, from about 1976 until it closed, the
world’s only commercial source of amosite. Production
peaked at 100,000 tons in 1970 (Fig. 2) when 7000 workers
were employed; at this time around 13,000 workers were
employed in the Northern Cape (crocidolite) asbestos field

Fig. 2. Asbestos production in South Africa, 1940-1980.

(Rees et al., 1999). Some of the reasons for the popularity
of amosite were the extent of the ore body and the relative
ease with which the deposits could be mined. Amosite pro-
duction exceeded that of Cape crocidolite until the early
1960s (Fig. 2).

In the early 1960s Europe and North America were the
major importers of South African asbestos. The picture
had changed radically by the late 1980s. At this stage, the
Far East was importing 90% of the chrysotile stocks,
70% of amosite and 40% of crocidolite (Flarington and
McGlashan, 1998). In 1988 the Japanese government regu-
lated against the use of amosite and, by 1991, amosite had
been phased out completely. The collapse of this Far East
market led to the closure of the Penge mine in June 1992.

Almost all the smaller operations had closed by 1976.
Flowever, chrome, platinum, andalusite, vanadium and
iron continue to be mined in the region.

2. Exposure

“It is difficult to recover the exposure story of South
Africa’s asbestos mines. The official record is incom-
plete, and the accounts from the mining companies,
and to a lesser extent from the Department of Mines,
are not always reliable. Often they give a distorted pic-
ture of dust levels” (McCulloch, 2002).
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In 1949, Schepers visited Penge mine as part of the first
official government radiological and clinical survey of the
Pietersburg asbestos field. He encountered deplorable
working conditions:

“Exposures were crude and unchecked. | found young
children, completely included within large shipping
bags, trampling down fluffy amosite asbestos, which
all day long came cascading down over their heads.
They were kept stepping lively by a burly supervisor
with a hefty whip. | believe these children to have had
the ultimate of asbestos exposure” (Schepers, 1965).

2.1. Fiber measurements

Despite the fact that measurements were few and far
between, historical scientific evidence (sparse as it was),
plus anecdotal evidence, clearly indicates that the levels
of asbestos fibers in and around the Penge mining area
were exceptionally high.

What measurements were made had their own inherent
problems; they were often averaged for the mine and the
mill, and then for groups of mines, or over time. At varying
times measurements were made using Konimeters or ther-
mal precipitators, and strategic and personal samplers. It
was, furthermore, not always clear what was being mea-
sured, viz. particles and/or fibers. The definition of a fiber
is determined by the ratio of its length to diameter and the
measurement of the diameter itself. This definition was not
constant; the fiber length: diameter ratio was changed from
two to three in 1965, and the diameter from five to three
microns in 1970 (du Toit, 1989).

In 1947, measurements in the Penge mills ranged from
162 to 720 p/ml, and underground, from 80 to 228 p/ml
(Sluis-Cremer, 1965) (Table 1). Levels appeared to increase
in the 1950s, probably due to mechanization, when 30% of
the counts in the mills were above 780 p/ml (Sluis-Cremer,

Table 1
Fiber measurements at Penge

Source Year Site Particles/cc Fibers/ml
Sluis-Cremer et al. 1945 Surface 150
(1992) Underground 14
Sluis-Cremer (1965) 1947 Mills 162-720
Underground 80-228
1951  Mills 30% >780
Sluis-Cremer et al. 1960 Surface 56
(1992) Underground 6
Sluis-Cremer et al. 1970 Surface 40
(1992) Underground 4
Rendall (1971) 1970 Mills 1.4-326.7
Other surface jobs 0.2-113.4
Underground <5
Department of 1986 Mills 0.1-6.5
Minerals and Underground 0.2- 1.0

Energy, personal
communication

1965). Rendall, using personal samplers, recorded counts
of up to 327 f/ml in the mills and more than 100 f/ml in
a range of other surface jobs (Rendall, 1971); underground
levels were <5 f/ml. In the 1980s the fiber counts at Penge
ranged from 0.1 to 6.5 f/ml in the mills, and from 0.2 to
10 f/ml underground (Department of Minerals and
Energy, personal communication).

2.2. The amosite work force!occupational exposure to
amosite

Penge was a purpose-built town which developed only
as a consequence of the mining activity. There was a high
labor turnover, perhaps because of the lack of a stable,
entrenched community, at times close to 100% per annum
(McCulloch, 2002). Many of the workers came from neigh-
boring countries, returning home when they became ill or
when they left their jobs for other reasons.

There were very few white miners in the area, and most
of them worked at Penge. The black miners were more dis-
persed within the Pietersburg asbestos field, and thus may
have been exposed to both amphiboles. This may have
been one of the reasons why some of the studies were lim-
ited to the white ethnic group. However, they comprised a
small proportion of the Penge work force: in 1963 Penge
had 360 white and 6500 black workers (McCulloch, 2002).

There were many small mills in the Penge area, in addi-
tion to two mills at Penge mine. They were of basic design
and caused extensive environmental pollution in the valleys
(McCulloch, 2002). The workers themselves were exposed
to extremely high fiber levels, as sweepers, sorters and
packers.

Cobbing, whereby the fiber was loosened from the rock,
was done primarily by women and children at Penge, as
well as at the smaller operations. In 1940, 25% of the Penge
workforce were boys younger than 16 (McCulloch, 2002).
The employment of children younger than 16 years of
age was only prohibited in 1973. Even when a new second
mill was built at Penge in the mid-60s, extensive hand cob-
bing continued because the ‘new mill’ broke down often,
primarily because they continued to process large quanti-
ties of iron stone.

2.3. Environmental exposure to amosite

Fiber exposure was not confined to the immediate vicin-
ity of the mines and mills. Van Sittert and Rendall (1998)
demonstrated during the operation of the Penge mill, that
fibers were detectable at a distance of up to 100 km from
Penge.

There was also contamination from water. There was,
and still is, no piped water in the rural areas where black
people are living. Tailings, deliberately put into the rivers
and streams, washed down to the Penge area. In the dry
season, the rivers dried up, leaving fibers on the banks.
These were then blown about by the strong prevailing
winds. Water-borne fiber exposure was compounded when



S78 J. Murray, G Nelson | Regulatory Toxicology and Pharmacology 52 (2008) S75-S81

the rivers were used for domestic use such as drinking,
bathing and laundry. Children were especially vulnerable
as they often played on tailings dumps or on playgrounds
covered with asbestos fibers. Asbestos was also used by
the community for, amongst other things, brick making
and decorating houses (Felix, 1997).

In 1988, some 12 years after the closure of the last addits
in the region, personal and strategic sampling was per-
formed in the Mafefe district, which is in very close prox-
imity to the site of Penge mine (Felix, 1997). Children
were exposed to the highest concentrations (mean 0.02 f/
ml; range 0.002-0.090 f/ml).

2.4. Size of exposed population in Pietersburg asbestosfield

In 1965 the number of persons employed at Penge was
around 10,000, similar to the Northern Cape asbestos field
(Sluis-Cremer, 1965). The estimates for miners in 1970 were
around 13,000 in the Northern Cape and 7000 at Penge
(Rees et al., 1999). The numbers employed in the chrysotile
mines were always fewer; in 1970, there were 1200 employ-
ees. One can only estimate the sizes of the populations at
risk of environmental exposure. The Northern Cape com-
prised a larger geographical area, but the population den-
sity was higher in the Pietersburg asbestos field. Felix
(1997) identified 64% of 611 randomly selected adults in
the Mafefe district of the Pietersburg asbestos field with a
history of environmental asbestos exposure.

3. Health effects of amosite exposure in South Africa

Studies of asbestos-related diseases in South Africa
began with the work on chrysotile miners (Slade, 1931).
This work was not continued into the 1940s, however, per-
haps as a consequence of World War Il. Webster revived
the issue of asbestos and health in the 1950s, contributing
significantly to the discovery of the link between exposure
to crocidolite and the development of mesothelioma (Web-
ster, 1954). Following the publications of Wagner in the
1960s (Wagner et al., 1960), research activity focused on
crocidolite in the Northern Cape Province. Despite inten-
sive mining of amosite in South Africa for more than 70
years, relatively little research has been done in the country
on the health effects of exposure to this fiber type. One rea-
son could be the juxtaposition of the seams of amosite and
crocidolite in the Pietersburg asbestos field. Crocidolite was
mined in close proximity to Penge mine. Thus it was, and
still is, very difficult to identify, with absolute certainty,
individuals who were exposed to only amosite.

3.1. Non-malignant amosite-associated disease

The research that has been done on amosite exposed
workers has identified high rates of both pleural abnormal-
ities and parenchymal lung disease (Table 2). Because of the
paucity of occupational hygiene data, and also because the
mines seldom maintained comprehensive employment

records, particularly for black workers, these studies
generally did not have data to enable dose-response
analyses.

The first research into asbestos-related disease at Penge
was conducted in the 1960s by the Pneumoconiosis
Research Unit (PRU), and published in 1965 (Sluis-Cremer,
1965). An autopsy series of black miners who died while
employed identified asbestosis (although often of slight
degree) in 80% of the Penge miners and 72% of the Cape
crocidolite miners (Table 2). The mean age and service of
both groups was the same, viz. 43 years and four years,
respectively. A field survey of 2389 persons, identified cases
of asbestos-related disease (this included both pleural
abnormalities and parenchymal disease) in the Northern
Cape crocidolite and Penge amosite mining regions. Sluis-
Cremer (1965) found higher proportions of fiber/asbestos
bodies (these terms were used interchangeably) in sputum
in the Northern Cape population than in the Penge commu-
nity. Likewise, the prevalence of asbestos related disease
was higher in those exposed to Cape crocidolite. This held
true for both occupational and environmental exposures.

Irwig et al. investigated Cape crocidolite and amosite
currently employed miners for benign pleural disease and
asbestosis. They found a significantly higher prevalence
of pleural abnormalities in the amosite exposed workers
with more than 15 years of service, compared to the crocid-
olite miners (34% vs. 17%). They detected no such differ-
ence for parenchymal disease (Irwig et al., 1979).

In a community-based study of a population exposed to
asbestos dust in an area heavily contaminated by dust from
mining, milling and uncontrolled tailings dumps, pleural
changes were found in 52% of occupationally exposed sub-
jects and in 34% of subjects with only environmental expo-
sure (Felix, 1997).

Davies et al. (2001) studied the prevalence of asbestos
disease in 770 women who had worked on asbestos mines
in the Pietersburg asbestos field from 1929 to 1980; 80%
were cobbers. A diagnosis of pleural and/or parenchymal
asbestosis was made in 96% of cases. They ascribed the
high prevalence to exposure to high levels of amphibole
asbestos dust, predominantly amosite, and to the long res-
idence time of dust in the lungs (Davies et al., 2001).

3.2. Mesothelioma

The occurrence of mesothelioma in the Pietersburg
asbestos field has led to some controversy. In the 1960s,
an orthodoxy developed amongst establishment scientists
in South Africa that mesotheliomas did not result from
exposure to amosite. This was articulated most strongly
at the 1965 New York Academy of Sciences conference
in papers by Sluis-Cremer (1965) and Webster (1965).
Sluis-Cremer (1965) suggested real differences in the carcin-
ogenicity of the mesothelium between amosite and crocid-
olite fibers.

Several factors contributed to the development of this
view. The available evidence indicated a high prevalence
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Table 2
Studies on benign disease in amosite exposed persons in South Africa

Author
Sluis-Cremer (1965)

Study design Study population

Current miners:
EPAF: 64
hCCF: 87

2389 persons
EPAF Occ
gPAF Env

Autopsy series (histology)

Field survey (radiology)

hCCF Occ
hCCF Env
Workers;

gPAF: 548
hCCF: 882

Irwig et al. (1979) Prevalence (radiology)

EPAF: 548
hCCF: 882

Felix (1997) Community-based (radiology)

Davies et al. (2001) Prevalence (radiology)

a Parenchymal linear, reticular or nodular disease.

Men and women residents of Mafefe 1988

770 females ex-cobbers

Study period  Findings

1959-1964 Asbestosisa
80%
2%

1960-1962 Sputum fibers "ARDb
39% 16%
23% 2%
42% 22%
28% 5%

1970-1975 Pleural abnormalitiesO

34%

17%

Asbestosisd

23%

2%

Pleural abnormalities6

Env: 34%

Occ: 52%

Pleural abnormalities plus asbestosisr
96%

1990s

b Parenchymal linear, reticular or nodular disease; or calcified pleural plaques.
¢ Pleural thickening, pleural calcification or obliteration of the costophrenic angle (ILO definition).

d Irregular opacities with profusion >1/0 (ILO definition).

e Pleural plaques, calcified pleural plaques, pleural thickening, obliterated costophrenic angle.
r Pleural plaques, calcified pleural plaques, pleural thickening; and parenchymal linear, reticular or nodular disease.

g PAF, Pietersburg asbestos field (amosite/Penge).
h CCF, Cape Crocidolite field.
1 ARD, asbestos related disease.

of mesotheliomas in the Northern Cape crocidolite asbes-
tos field (Wagner, 1960). However, there were no reports
of mesothelioma from the Pietersburg asbestos field,
although there was a high prevalence of benign asbestos
disease (Sluis-Cremer, 1965).

Nevertheless, this view was soon challenged. The Asbes-
tos Tumour Reference Panel was set up in 1965 at the
PRU, to which all cases of mesothelioma were to be sent
for expert review of the disease and confirmation of diag-
nosis. It was presumed that all cases of mesothelioma in
South Africa were being reported to the registry. Of the
first 375 subjects, only 4 (1%) had worked at amosite
mines; but they had also been exposed to crocidolite else-
where (Webster, 1973).

Since then, the evidence for low rates of mesothelioma in
amosite asbestos exposed workers has been corroborated
by a number of researchers. In 1992, Sluis-Cremer and col-
leagues published a study which examined mortality in
three cohorts of amphibole miners. The cohorts were estab-
lished in 1980, using employment records of white men
who were employed from 1945 to 1955. There were 3212
amosite miners, 3430 Cape crocidolite miners and 675
men with exposure to both amphiboles. A total of 30 mes-
otheliomas were identified. Four of these cases had been
exposed to pure amosite, six to both amosite and Cape cro-
cidolite, and 20 to Cape crocidolite only.

The calculated incidence of mesothelioma, per 100,000
person-years, for exposure to Cape crocidolite was
almost six times that for amosite (44.6 and 7.8, respec-
tively). Likewise, the PMR for crocidolite exposure was
much higher than that for amosite (almost eight times;
PMR 4.7 vs. 0.6). Sluis-Cremer et al. (1992) stated that,
while amosite can cause mesotheliomas “there can now
be no question that crocidolite is far more dangerous
than amosite at least in so far as mesothelioma is con-
cerned”. There is no evidence, from South Africa, to
the contrary. This gradient of mesotheliomagenic risk
by fiber type is supported by other studies (Hodgson
and Darnton, 2000).

Rees et al. (1999) reported on a case control study
undertaken in the period 1988 to 1990. One hundred and
twenty-three mesotheliomas were identified. Again, crocid-
olite exposure was mostly implicated in the development of
mesothelioma. Three cases mined amosite and three mined
both amosite and crocidolite. Of the 22 environmental mes-
otheliomas, 20 (91%) had exposure to Cape crocidolite,
and two to both amosite and crocidolite. There were no
cases associated with chrysotile exposure.

Recent pathology records from the Limpopo Province,
where the Pietersburg asbestos field is located, suggest that
there may be mesotheliomas that have not been included in
published studies. In the 15 months from February 1989 to



S80 J. Murray, G Nelson I Regulatory Toxicology and Pharmacology 52 (2008) S75-S81

April 1990, 16 mesotheliomas were diagnosed at the Pie-
tersburg branch of the South African Institute of Medical
Research (Felix, 1997).

Over the last few years only one of 50 cases that have
come to autopsy at the NIOH had amosite exposure
recorded.

3.3. Lung cancer

Sluis-Cremer et al. (1992) calculated the SMR due to
lung cancer for crocidolite exposure to be higher than that
for amosite exposure (2.03 vs. 1.38; relative toxicity 1.85).
This difference, however, was much less than that for meso-
thelioma. Cancer registration studies have reported no
excess of lung cancer for amosite exposed workers (Higgin-
son and Oettle, 1960; Botha et al., 1986). However, lung
cancer studies in asbestos workers are confounded by
smoking. Only Sluis-Cremer et al., 1992 controlled for
smoking.

4. Discussion and conclusions

The South African asbestos industry was large, profit-
able and an important source of foreign earnings (95% of
production was exported). However, little was put back
in terms of research, occupational hygiene and health sur-
veillance. Currently, at the NIOH, where the lungs of
deceased mine workers are examined, asbestos related dis-
eases continue to be seen; this will continue for some dec-
ades, despite the closure of asbestos mines.

There is solid evidence of high rates of benign asbestos
disease from amosite. There is no question that amosite
causes mesothelioma (and lung cancer).

The burden of mesothelioma in the Pietersburg asbestos
field is uncertain, but is almost certainly lower than in the
Northern Cape Province, even taking into consideration
problems with under ascertainment. There is no study of
crocidolite miners from this area not also exposed to amo-
site. Nevertheless, ooccupationally associated cases from
the Pietersburg asbestos field have been infrequently docu-
mented and, in contrast to Cape crocidolite, there are no
environmental mesotheliomas attributable solely to amo-
site exposure.

Cumulative amosite and Cape crocidolite production
levels were similar for the asbestos mining period (Haring-
ton and McGlashan, 1998). The numbers of people
exposed (workers and residents), were also comparable.
Amosite was mined from the turn of the last century until
1992; the exposure periods are thus also comparable.

The juxtaposition of the seams of amosite and crocido-
lite in the Pietersburg asbestos field make it very difficult to
identify, with absolute certainty, individuals who were
exposed to only amosite. Nevertheless, the available evi-
dence from South Africa supports the concept of a fiber
gradient in mesotheliomagenic potential for South African
asbestos. Those exposed to crocidolite asbestos appear to
have the highest risk for developing mesothelioma, fol-

lowed by amosite; chrysotile has not been implicated in
the development of this malignancy in South Africa. One
explanation for this may be relative lack of contaminating
tremolite, an amphibole that variably occurs with chryso-
tile ores (Rees et al., 2001).
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Abstract

Grunerite asbestos (amosite) has been shown in epidemiological and experimental animal studies to cause lung cancer, mesothelioma
and pulmonary fibrosis commonly referred to as asbestosis. An overview of the human and experimental animal studies describing the
health hazards of grunerite asbestos (amosite) is presented. Of the many human studies describing the health hazards of asbestos, only
three factories using mainly, if not exclusively, grunerite ashestos (amosite) have been studied. The first is a series of reports on a cohort
of 820 workers from a plant located in Paterson, NJ. Among this cohort, 18.7% died of lung cancer and 17 mesotheliomas occurred. The
Paterson factory closed in 1954 and moved to Tyler, Texas where it operated until 1972. Among the 1130 former workers in the Tyler
plant 6 mesotheliomas were reported with 15.8% lung cancer mortality. The third grunerite asbestos (amosite) exposed cohort was an
insulation board manufacturing facility in Uxbridge, United Kingdom. Here 17.1% of the workers died of lung cancer and 5 mesothe-
liomas occurred. The lung content from 48 Uxbridge workers was analyzed by analytical transmission electron microscopy for mineral
fibers. The relationship between grunerite asbestos (amosite) concentrations in the lung correlated with grades of fibrosis and asbestos
bodies and was lower than the concentration found in the cases with malignant tumors. The lung cancer cases contained more grunerite
asbestos (amosite) than mesothelioma cases, and in the cases of non-malignant disease the concentrations were still lower. In both types
of malignancies the concentration of grunerite asbestos (amosite) was very high-over a billion fibers per gram of dried lung tissue. Occu-
pational exposure to airborne concentrations of between 14 and 100 fibers of grunerite asbestos (amosite) per milliliter after 20 year
latency causes marked increases in lung cancer, mesothelioma and pulmonary fibrosis (asbestosis).
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction fiber-type is the serpentine mineral—chrysotile (white

asbestos)—while the other five fiber-types are amphibole

Asbestos occurs in nature as fine flexible fibers charac-
terized by high thermal stability and high tensile strength
(Ross et ah, 2008). Asbestos was widely used in the 20th
century in the production of various heat resistant materi-
als and fabrics, insulation and friction products and as a
constituent of asbestos cement (Alleman and Mossman,
1997; Ross and Virta, 2001).

Most countries regulate six commercial minerals under
the asbestos standard. The predominant commercial
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asbestos minerals. Two of the latter class - grunerite asbes-
tos (amosite) (brown asbestos) - and riebeckite (crocido-
lite) asbestos (blue asbestos) - were commonly found in
commerce during the last century, while anthophyllite
asbestos and tremolite-actinolite asbestos were much less
commonly used (Ross and Virta, 2001). Chrysotile ashestos
is the only asbestos fiber-type that continues in commerce.
The fibrous particles most commonly associated with taco-
nite are non-asbestos fibrous grunerite although lower con-
centration of non-asbestos fibrous ferroactinolite has also
been reported (Wilson et ah, 2008).

We will survey the asbestos-related diseases caused by
occupational exposure to grunerite asbestos (amosite)
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and the relevant in vivo and in vitro studies, in order to gain
some insight about the mechanisms of asbestos-related dis-
eases. This information will provide a background for our
goal of describing the health hazards from occupational
exposure to grunerite asbestos (amosite) during the manu-
facturing of products with this asbestos liber-type. The
health hazards in the mining environment are described
by Murray and Nelson (2008).

2. Mineralogical characteristics of grunerite asbestos
(amosite)

Amosite asbestos was the geological name given to the
mineral by Hall, a geologist, in 1907. He derived the name
from the first letters of the mineral’s predominant mining
region commonly referred to as the asbestos mines of
South Africa with the “ite” commonly given to mineral
names (Hall, 1930). To simplify the diverse nomenclature
of the many amphiboles, minerals, names such as amosite,
were eliminated in favor of names that denote a specific ele-
mental composition. For amosite, the amphibole name
with the same elemental composition is “grunerite” fol-
lowed by “asbestos” to denote the crystal form or habit.
Amosite or amosite asbestos would continue to be used
to describe the mineral in both commerce and the medical
literature. We will use both names in this paper.

Grunerite asbestos (amosite) is a fibrous silicate mineral,
with the chemical formula (Fe2+, Mg)7 Si8 02 (OH)2
Using transmission electron microscopy, a narrow range
of dimensions has been reported for this asbestos fiber-
type. Airborne population of grunerite asbestos (amosite)
having lengths A5 pm 12.7% and 24.6% of airborne fibers
in mining and bagging, respectively (Gibbs and Hwang,
1980) while the width in bulk samples has been reported
to be between 0.29 and 0.35 pm, and a little smaller 0.20-
0.26 pm for airborne grunerite asbestos (amosite) (Veblen
and Wylie, 1993). We have not found any size distribution
data for airborne grunerite asbestos (amosite) fibers in the
manufacturing environment and there is a paucity of air-
borne exposure information.

3. Origin of the problem

Early studies of asbestos-related disease at the end of the
19th Century focused on chrysotile asbestos, as it was the
most widely used asbestos fiber-type. Manufacturing of
textiles from chrysotile asbestos was very dusty causing
high exposures and a significant incidence of severe asbes-
tosis (often fatal) developing a few years after first expo-
sure. The first grunerite asbestos (amosite) mine opened
at Penge in the Transvaal Province (now referred to as
the Northern Province) of South Africa in 1914. Produc-
tion remained below 5000 tons per annum until World
War Il when it increased markedly to over 20,000 tons
per annum, later peaking at 106,000 tons per annum
around 1973. After 20 years of latency these exposures
would produce readily detectable asbestos-related diseases

in those occupationally exposed while fabricating commer-
cial products, leading to health hazard evaluation studies
of grunerite asbestos (amosite) and other asbestos fiber-

types.

4. Mechanisms and experimental studies

The mechanisms by which grunerite asbestos (amosite)
exerts its pathophysiologic effects are as yet not entirely
known, but aspects of the mechanism are being uncovered.
Initial attention focused on fiber morphology as the princi-
pal determinant of mesothelioma potency, based on a ser-
ies of experimental animal studies indicating fibers >8 pm
in length and <0.25 pm in width were commonly carcino-
genic at high exposures (Stanton et al., 1981). Although
these studies have never been shown to be incorrect, the
artificial nature of the implantation model and the very
high dose used severely limit their usefulness in evaluating
human risk (Johnson, 1993; McConnell, 1995; Addison
and McConnell, 2005). The Stanton morphology criteria
do not explain why some fiber-types have little or no car-
cinogenic potential even at very high concentration in
implantation studies, nor does it provide useful informa-
tion on the health hazards of fibers with dimensions differ-
ent for those proposed by Stanton et al. (1981), particularly
fibers of greater diameter (Nolan and Langer, 1993).

In experimental animal studies, where the route of
administration has been inhalation, the physical dimen-
sions of the fibers were shown to be important for pathoge-
nicity (Davis et al., 1986; Miller et al., 1999a,b; Searl et al.,
1999), the longer fibers (often considered as those $5 pm
long as a minimum) being the most pathogenic, with trans-
location from the lungs occuring slowly, if at all. Grunerite
asbestos (amosite) translocates to extrapulmonary sites,
such as omentum and mesentery, but not as rapidly as
chrysotile (Dodson et al., 2000; Suzuki and Kohyama,
1991). Translocation, extremely high exposure and acid
stability may account for the high incidence of peritoneal
mesotheliomas among workers with occupational exposure
to grunerite asbestos (amosite). Conversely, the persistence
of long grunerite ashestos (amosite) fibers in the lung, com-
pared to chrysotile, may account for amphiboles, greater
facility in causing pulmonary diseases (Churg et al., 1989;
Hodgson and Darnton, 2000; Britton, 2002).

More recent studies have focused on the iron in grune-
rite asbestos (amosite) and its potential to catalyze the for-
mation of oxygen free radicals and cause breakage in DNA
strands in vitro (Graham et al., 1999; Nejjari et al., 1993;
Lund and Williams, 1994; Kamp et al., 1995). Grunerite
asbestos (amosite) has also been shown to modify the local
immune response of pulmonary alveolar macrophage neu-
trophils (Lawrence and Fox, 1983; Graham et al., 1999;
Ueki, 2001). Recent studies report changes in fiber length
are associated with changes in in vitro properties of grune-
rite asbestos (amosite). Short-fibers obtained by grinding
have a lower potential to damage DNA and lower
in vitro toxicity, and are less effective at altering the redox
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metabolism (Riganti et al., 2003). Simian Virus 40 (SV40)
has been shown to cause mesothelioma in hamsters (Car-
bone, 2000), and a role for SV40 as an etiological agent
in human mesotheliomas has been suggested by Gazdar
et al. (2002). Nevertheless, the results of recent studies sug-
gest this is unlikely (Lopez-Rois et al., 2004; Manfredi
et al., 2005).

Among the studies conducted on animals, the most
important to consider are those that target the most com-
mon route of entry of asbestos fibers into the body—inha-
lation (Johnson, 1993; McConnell, 1995). Inhalation
studies performed on rats, hamsters and other animals
indicate grunerite asbestos (amosite) can cause lung cancer,
mesotheliomas and pulmonary fibrosis (asbestosis) (Davis
et al., 1986; Miller et al., 1999a,b; Hesterberg et al., 1999;
McConnell et al., 1999; Webster et al., 1993). Grunerite
asbestos (amosite) impedes pulmonary function by decreas-
ing compliance, and increasing tidal volume and resistance
in pulmonary function tests of laboratory animals. These
changes were both less pronounced and less prolonged
than with chrysotile. They were also correlated with a per-
ibronchial granulomatous reaction, but not with fibrosis
(Hiett, 1978).

Intratracheal and intrabronchial instillation of suspen-
sions of grunerite ashestos (amosite) into dogs, guinea pigs
and rats showed a rapid translocation of the finer fibers
from the alveolar spaces to the lung parenchyma and
lymph nodes (Oberdoerster and Morrow, 1988; Searl
et al., 1999). Grunerite asbestos (amosite) fibers were
cleared from the lungs at a slower rate than chrysotile
(Churg et al., 1989).

Injecting grunerite asbestos (amosite) directly into the
peritoneal cavity of rats caused an increased incidence of
peritoneal mesotheliomas (Davis et al., 1986; Miller et al.,
1999a). A clear dose-response has been reported (Davis
et al., 1991).

Feeding studies, however, show different results. Feed-
ing grunerite asbestos (amosite) to hamsters or rats did
not cause an increase in gastrointestinal or any other malig-
nancies (NTP, 1983, 1990).

Feeding grunerite asbestos (amosite), as well as taconite
tailings, earth and water from Lake Superior containing
taconite tailings to rats also failed to show an increase in
gastrointestinal cancer or any other malignancies (Hilding
et al., 1981).

5. Asbestos-related disease in humans

All asbestos fiber-types are pathogenic to humans
(Browne, 1994; Huncharek, 1994). Asbestos dust causes
short and long term changes in pulmonary function,
appearance of cellular atypia and ferruginous bodies in
sputum, and radiographic abnormalities (Nash and Fort-
son, 1981). Ferruginous bodies in sputum are commonly
formed on amphibole asbestos and therefore occur more
frequently in populations with exposure to these types of
asbestos minerals. Short chrysotile can be coated but is

not long enough to form ferruginous bodies with the typi-
cal beaded appearance and therefore classical ferruginous
bodies are not as commonly found after exposure to chrys-
otile ashestos. Asbestos causes pulmonary fibrosis (asbesto-
sis), lung cancer and both pleural and peritoneal
mesotheliomas with a definite dose-response (Acheson
et al., 1984; Hodgson and Darnton, 2000; Seidman et al.,
1986; Heller et al,, 1999; Levin et al., 1998; Britton, 2002).

Asbestos exposure, whether occupational, para-occupa-
tional and environmental, is the cause of a high percentage
of cases of mesothelioma. In males, occupational asbestos
exposure is particularly important and the likely explana-
tion for mesothelioma being 5-fold more common in US
males than females (Price and Ware, 2004). In females,
background or non-asbestos-related mesotheliomas repre-
sent a significantly higher percentage than among males
(Wagner et al., 1960; Newhouse and Thompson, 1965a,b;
Edward et al., 1996; McDonald and McDonald, 1996).

Exposure to riebeckite (crocidolite) asbestos and grune-
rite asbestos (amosite) accounts for the majority of meso-
thelioma cases in industrialized countries, even though
chrysotile is the asbestos fiber-type most commonly used
(Wagner, 1986; Roggli and Pratt, 1993; Churg and Vedal,
1994; Langer and Nolan, 1998; McDonald and McDonald,
1996; McDonald et al., 2001; Morinaga et al., 2001; Brit-
ton, 2002; Neuberger and Vutuc, 2003; Dodson et al.,
2003). Asbestos has also been implicated in causing laryn-
geal, esophageal and gastrointestinal tumors (Clemmesen
and Hjalgrim-Jensen, 1981; Raffn et al., 1989) although this
has not been established (Gamble, 2008). Studies demon-
strated grunerite asbestos (amosite) (as well as other types
of asbestos) in colon tissue from patients with colon cancer
and occupational asbestos exposure, although causation
has not been convincingly shown (Ehrlich et al., 1985,
1991).

Exposure guidelines for grunerite asbestos (amosite)
have been debated and modified several times over the
years, and differ from country to country (Health and
Safety Executive, 1988; McCullagh, 1980). The current
exposure limit recommended by the US Health Research
Institute, NIOSH, is 105fibers/m3 of air (0.1 f/mL) for
asbestos fibers >5 pm in length and a length to diameter
ratio of at least 3:1. The OSHA permissible exposure limit,
for the 8 h time-weighed-average, is the same. The NIOSH
recommendations and OSHA regulations are among the
strictest in the world, although the regulations do not yet
address the importance of asbestos fiber-type. Airborne
asbestos fibers in the workplace are collected on a mem-
brane filter and imaged by phase-contrast light microscopy
to ensure compliance. The morphological criterion elimi-
nates from the exposure count the fibers too narrow to
be imaged with the light optics used and fibers shorter than
5 pm.

Several studies have shown a gradient in the risk for
lung cancer and mesothelioma between different types of
asbestos, with riebeckite asbestos (crocidolite) and grune-
rite asbestos (amosite) conveying a greater risk than chrys-
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otile (Acheson et al., 1984; Gardner and Powell, 1986;
Wagner et al., 1988; Rees et al., 1999a,b,c; Hodgson and
Darnton, 2000; Britton, 2002) Smoking increases the risk
for lung cancer more than 10-fold, but does not increase
the risk of developing mesothelioma (Acheson et al.,
1984; Dufresne et al., 1996).

Not only workers with occupational exposure to asbes-
tos are at risk; para-occupational exposure is an important
cause of asbestos-related disease (Wagner et al., 1960;
Newhouse and Thompson, 1965a,b; Edward et al., 1996;
Rees et al., 1999a,b,c; Browne and Wagner, 2001; Neuber-
ger and Vutuc, 2003). Para-occupational exposures to
asbestos may occur through contact with the work-clothes
of a family member working in the asbestos industry or
through exposure to asbestos containing products, espe-
cially the more friable low density type products (Gibbs
and Griffiths, 1990). Airborne grunerite asbestos (amosite)
from the clothes of an asbestos worker or the demolition of
an asbestos containing house has led to occult asbestos
exposure (Yamada et al., 1997).

6. Cohorts occupationally exposed to grunerite asbestos
(amosite)

Three cohorts of workers exposed mainly, if not exclu-
sively, to grunerite asbestos (amosite) have been studied.
We use the epidemiology reports on these three studies to
summarize what is known about the health hazards of this
asbestos fiber-type.

The first study establishing the carcinogenicity of grune-
rite asbestos (amosite) was conducted on a cohort of 820
workers, from a plant in Paterson, NJ (Selikoff et al.,
1972; Seidman et al., 1979, 1986; Selikoff and Seidman,
1980; Ribak et al., 1989). The plant has been reported to
have utilized almost exclusively grunerite asbestos (amo-
site), and the exposure period for the cohort was limited
to the workers who started work between June, 1941 and
December 1945 (encompassing the entire period the United
States was engaged in World War I1). The work force was
made up almost entirely of white males, who were older
than would be usual for such a work force, as the younger
men were in the armed forces.

The concentrations of airborne asbestos were never
measured in the Paterson factory, although it has been esti-
mated at between 14 and 75 f/mL (see Levin et al., 1998 for
a discussion). Seidman et al. (1986) estimate the average
exposure at 50 f/mL while for risk assessment, Nolan
et al. (1999) used 30 f/mL as a lower limit for the average
exposure. Only workers hired up to 1945 were included
in the cohort, so by 1975 the latency period had been a
minimum of 30 years. Workers in the cohort who had
asbestos exposure besides the Paterson factory were omit-
ted, so the health hazard would relate specifically to the
grunerite asbestos (amosite) exposures in the Paterson,
NJ factory. Every death in the cohort was traced, and rel-
evant clinical and pathological information was sought

(Fig- 1).

In the latest update (where 740 deaths had occurred in
the Paterson cohort of 820 men), cases of mesothelioma
were diagnosed: eight were pleural and 9 peritoneal mesot-
heliomas (Table 1). The only significant difference between
the pleural and peritoneal mesothelioma cases was the
mean duration of employment in the factory: 25.6 months
versus 43.8 months (range 2-60 months) in the pleural ver-
sus peritoneal mesothelioma groups, respectively. This
might indicate that the nine peritoneal mesothelioma cases
were associated with higher exposures. The mean time
from first exposure to the mesothelioma diagnosis was 31
years in both groups. Chest pain was the main symptom
in the pleural mesothelioma group with death occurring
on average 12 months from the time of first symptom,
while abdominal pain was the main symptom in the perito-
neal mesothelioma group with an average of only 8 months
survival from first symptom. Pulmonary insufficiency was
the immediate cause of death in most pleural cases (7 out
of 8) while wasting and inanition was the immediate cause
of death in most peritoneal cases (7 out of 9).

The Paterson factory closed in 1954 and movesd to
Tyler, Texas where a cohort of 1130 workers fabricated
grunerite of asbestos (amosite) containing products until
February 1972 (Table 1 and Fig. 1, Levin et al., 1998).
Exposures at the factory are thought to be similar to those
of Paterson as both facilities were operated by the same
company and used, in some cases, the very same machinery
and processes. Unlike Paterson, where no airborne asbes-
tos concentrations were ever recorded, in Tyler 170 air
samples were collected starting in 1967 (13 years after the
plant opened, more than 70% of the air samples collected
in 1971). The concentration range was reported to be from
159 to 91.4 f/mL (Levin et al., 1998). More detailed expo-
sure data specific to various tasks the workers performed
are available for 1967, 1970, and 1971, and are shown in
Table 2 (Hurst et al., 1979; Johnson et al., 1982).

Although not all measurements were described using an
average and range, it is apparent that task-specific expo-
sures fall into three distinctly different concentration
ranges. The highest exposure occured among the workers
milling/fiberizing the asbestos fibers; the mean exposure
for the 3 years in which measurements were made was
about 90 f/mL. Workers employed in forming/finishing
and curing/packing asbestos had similar exposures of
about 37.5 and 17.5 f/m/L, respectively (Table 2).

Levin et al. (1998) reported the mortality experience for
222 deaths in the cohort. The total cohort experienced an
increased standard mortality ratio (SMR) for cancer of
the lung, trachea and bronchus of 277 while those with less
than 6 months of exposure had a slightly lower SMR of
268. Hurst et al. (1979) reported that 85% of the Tyler
workers had a history of cigarette smoking; it has not been
reported, though, whether any of the lung cancers occurred
in non-smokers.

Six mesotheliomas occurred in the cohort: four pleural
and two peritoneal (Table 1and Fig. 1). In three of the four
cases the latency exceeded 25 years, whereas in the fourth
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Fig. 1. Timeline for asbestos-related mesothelioma at the factories using predominantly, if not exclusively, grunerite asbestos (amosite): Paterson, NJ;
Tyler, TX; and Uxbridge, UK.

Table 1

Summary of the mortality experience of three populations occupationally exposed to grunerite (amosite) asbestos

Cohort studied (reference) No. in Deaths No. of lung % of lung No. of % of No. of Asbestosis
cohort cancers cancer mesothelioma mesothelioma asbestosis cases as a

Deaths Ratio“ Deaths % of i
mortality

Paterson, NJ (Selikoff et al., 1972) 230 105 25 23.8 5 2-3 4.8 14 13.3

Workers (Seidman et al., 1979) 820 523 93 17.8 14 7-7 2.7 30 5.7

Seidman et al. (1986) 820 593 m 18.7 17 8-9 2.9 31 5.2

Ribak et al. (1989) 820 740 NR* NR* 17 8-9 23 NR* NR*

Tyler, TX (Levin et al., 1998) 1130 222 35 15.8 6 4-2 2.7 3 14

workers
Uxbridge, UK workers (Acheson 4820 333 57 17.1 5 m 4-1 15 9 2.7

et al., 1981, 1984)

All three groups are thought to have been exposed predominately, if not exclusively, to grunerite (amosite) asbestos.
Not reported.
a Ratio of pleural to peritoneal.

case, the latency was over 15 years. In one case the expo-
Table 2 _ . o . . sure was less than 6 months, in two cases the exposures
Results of personal air sampling for five different functions at the grunerite .
asbestos (amosite) factory in Tyler, Texas were between 1 and 5 years, and in the fourth case the
exposure was greater than 5 years. There were three asbes-

Operation Fiber/mL Fibers/mL . . .

P er ers tosis deaths (representing 1.4% of the total mortality)

167 1970 1971 Mean for Syears  apoyt 3.7-fold less asbestosis mortality than in the Paterson

Milling/fiberizing 1635 36.2 744 914 factory (Table 1). No information was given concerning the

zzrr?;';g By BT We % latency or duration of exposure in the two peritoneal meso-
Finishing 146 348 305 306 thelioma cases or the three asbestosis cases.

Packing 16.7 17.9 228 191 No information was given about the tasks performed by

The samples were analyzed by phase-contrast light microscopy; the the six workers Wh_O developed mesothellom_a (OI’ a”Y other
number of fibers per milliliter with a length equal to or greater than 5 pm aSbeStOS'relat_ed dlsease)- It would be pamCUIa_rly |mpor'
and with an aspect ratio of 3:1 or greater are reported. tant to know if those who worked for a short period of time
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were employed in positions with high exposures to airborne
asbestos. For example, if the worker who developed pleural
mesothelioma after just 6 months’ exposure were milling
grunerite asbestos (amosite) with an average exposure of
91.4 f/mL, his cumulative lifetime asbestos exposure would
have been 45 f/mL years. This is more than 11-fold higher
than the 4 f/mL years of cumulative exposure a worker
would have after working 40 years at the current US expo-
sure level of 0.1 f/mL. Six months of exposure at Tyler
could have produced a cumulative exposure an order of
magnitude higher than a 40-year working career by today’s
standard. Brief exposure at the Tyler factory could be asso-
ciated with a high cumulative exposure leading to a high
risk of asbestos-related disease.

The third epidemiology study focused on the use of
grunerite asbestos (amosite) and chrysotile asbestos in a
factory fabricating insulation boards in Uxbridge, United
Kingdom (Acheson et al., 1981). Asbestos exposure at the
factory begins in 1947 and ends when the factory closes in
1979. Up to 1973 both grunerite asbestos (amosite) and
chrysotile asbestos were used, while for the last 6 years
before the factory closed only grunerite asbestos (amosite)
was used (Fig. 1). As the quantities of short-fiber chryso-
tile asbestos used were small when compared to grunerite
asbestos (amosite), and the limited evidence for the role of
a low exposure to short chrysotile in inducing human
mesotheliomas, Acheson et al. (1981) concluded it was
reasonable to attribute the five mesotheliomas found
among the Uxbridge workers to exposure to grunerite
asbestos (amosite) (Table 1). Four of the five mesotheli-
oma cases were pleural. The single peritoneal case occured
in an individual after 28 years (including a short exposure
and a long latency). The four pleural cases had exposures
of 4 months, 15 years, 3.5 years and 9.5 years, with laten-
cies of 22 years, 19 years, 24 years and 14 years, respec-
tively. A fifth pleural mesothelioma was reported by
Acheson et al. (1981) in an individual who started to
work at the factory at 50 years of age and developed a
mesothelioma 11 years later, after only 6 weeks of expo-
sure in the factory. Due to the short latency and the brief
exposure to grunerite asbestos (amosite) Acheson et al.
(1981) concluded the mesothelioma was not related to
exposure at the factory.

Exposures prior to 1964 were thought to be as high as
100 f/mL. Four of the mesothelioma cases were exposed
to the dustiest operations such as milling or fiberizing of
asbestos before 1960. Exposure estimates of Acheson
et al. (1984) are almost identical to the average of 91.4 f/
mL reported by Hurst et al. (1979) for milling/fiberizing
at the Tyler, TX factory. In Uxbridge, employment histo-
ries of the mesothelioma cases were reported, and three
of the five mesotheliomas occurred among individuals
whose job included milling/fiberizing. This is also the case
for the two workers who developed asbestosis and either
pleural or peritoneal mesothelioma, after working for 8
Years and 6 years, respectively, at milling/fiberizing. Of
the three pleural mesotheliomas with less than 4 years’

exposure, two worked in milling/fiberizing and the third
case with 4 months of exposure had both asbestosis and
a pleural mesothelioma indicating a significant cumulative
exposure during his brief period in the factory.

Riebeckite (crocidolite) asbestos was never used in the
fabrication of commercial products, but had been evalu-
ated experimentally from time to time at the Uxbridge
factory. Acheson et al. (1984) reports the mortality expe-
rience for a cohort of 5969 men fabricating ashestos con-
taining insulation board from 1947 to 1979. By the end of
1980 the cohort experienced 422 (7%) mortality. Only
4280 men worked making asbestos insulation board with
only 14% of these starting works prior to 1960. The other
1689 workers made non-asbestos building materials in the
same building complex. No additional mesotheliomas
were reported besides the 5 reported earlier (Acheson
et al., 1981). A 2-fold excess of lung cancer was report
with 57 observed while only 29 were expected with
increased lung cancer mortality for those starting work
both before and after 1960 (Table 1). The asbestos
exposed cohort also had 9 asbestosis deaths an intermedi-
ate number between Paterson and Tyler (Table 1). All of
the 9 worker with the asbestosis had started work prior to
the dust reduction in 1964, and 7 of them started before
1960.

No significant excess of any other cancer (including gas-
trointestinal cancer and non-Hodgkin’s lymphomas) was
reported. The excess mortality was limited to diseases of
the lung and pleura, with 28 excess lung cancer and 4
excess pleural mesothelioma deaths out of a total of 61
deaths. All of the excess lung cancer mortality occurred
among workers who were smokers or ex-smokers. The
Uxbridge cohort had three excess lung cancer deaths for
every asbestosis death, similar to the Paterson factory.
The Tyler factory had almost 8 excess lung cancers for
each asbestosis death. Among the other workers in the
Tyler complex who did not work directly with asbestos,
but did share some facilities and worked in close proxim-
ity, no mesotheliomas or increased mortality from lung
cancer was found.

In addition to the mortality study, a lung tissue content
study was done on 48 workers from the Uxbridge, UK
plant (Gibbs et al., 1994). Asbestos fiber-types and concen-
tration in the lung parenchyma were investigated in each
individual, and compared to the lung pathology in that
case. Fourteen cases of lung cancer and five pleural mesot-
heliomas were identified among the 48 samples studied.
Gibbs et al. (1994) are silent on the relationship between
their cases and those mesothelioma cases described by Ach-
eson et al. (1981). Analytical transmission electron micros-
copy was used for the lung content analysis. All fibers with
31 aspect ratios of any length were counted. Large
amounts of grunerite asbestos (amosite) (mean = 785 mil-
lion fibers per gram dried lung tissue) and relatively small
amounts of chrysotile (mean = 12 million fibers per gram
dried lung tissue) were consistently found, strengthening
the conclusions of Acheson et al. (1981) - that the mesothe-
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liomas were caused by grunerite asbestos (amosite). The
grunerite asbestos (amosite) concentration in the 14 lung
cancer specimens was 40% higher than in the 5 mesotheli-
oma cases. A definite dose-response was demonstrated
between grunerite asbestos (amosite) concentrations in
the lung parenchyma and lung cancer and mesothelioma.
Mesothelioma cases contained more grunerite asbestos
(amosite) than the remaining cases without malignant
disease.

The degree of interstitial fibrosis and number of asbestos
bodies were graded. A positive relationship was found
between the concentration of grunerite asbestos (amosite)
and the grade of fibrosis and asbestos bodies. This observa-
tion hints that exposure to grunerite asbestos (amosite) was
the cause of asbestosis rather than the chrysotile ashestos
exposure. Duration of exposure affected the grades of
fibrosis and the number asbestos bodies to a lesser extent.
Chrysotile asbestos concentrations did not seem to affect
the fibrosis grades, perhaps owing to its relatively small
amounts.

Eleven subjects, including one of the mesothelioma
cases, had significant amounts of riebeckite (crocidolite)
asbestos in their lungs. This could have been acquired out-
side this plant. Grunerite asbestos (amosite) concentration
in lung parenchyma examined verified the high level of
exposure to this asbestos fiber-type in the factory.

7. Conclusions

The epidemiology studies of the three factories produc-
ing grunerite asbestos (amosite) products provide consis-
tent evidence for this asbestos fiber-type producing
asbestosis and increased risk of lung cancer and mesotheli-
oma in both the pleura and peritoneum (Table 1). The
highest mortality from asbestosis and peritoneal mesotheli-
oma was in the cohort exposed in Paterson, NJ indicating it
is likely to have the highest cumulative asbestos exposure
of the three grunerite asbestos (amosite) exposed cohorts
(Table 1). The results of the air sampling in the Tyler,
TX factory found the mean asbestos exposures associated
with milling/fiberizing to be 91.4 f/mL. The other four pro-
cesses for which exposure information was gathered at the
Tyler factory also indicate the workers had high asbestos
exposures (Table 2). The increased risk of asbestos-related
disease after brief exposure in all these factories may be
related to the very high exposures.

In all three factories some pleural mesotheliomas occu-
red in workers with exposures of less than 1 year, and one
pleural mesothelioma occurred in a worker from Tyler
and another from Uxbridge with less than 6 months,
exposure. The peritoneal mesothelioma cases were gener-
ally associated with higher cumulative exposures. Expo-
sure conditions in all three factories appear to have been
rather similar, possibly leading to an accumulated expo-
sure of 45 f/mL year in as little as 6 months, significantly
increasing the risk of pleural mesothelioma in all three
cohorts.
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Rapporteur’s Report Session 3. Exposure to grunerite asbestos
(amosite): Historical perspectives of the health effects:
Graham W. Gibbs

The development of information concerning mesotheli-
oma in South Africa started with the 1959 finding of Dr.
J. Christopher Wagner of cases of mesothelioma in persons
living in the vicinity or working in crocidolite mines in
Cape Province. After more than 40 years, the data from
South Africa now provide important insights into the dif-
ferences in mesothelioma risk associated with different
asbestos fiber-types. Three case series reports and one ana-
Iytical report were reviewed in this session. In total, infor-
mation on 504 proven cases was presented. There were 28%
of cases arising from occupational exposure in mining, 35%
from non-mining occupations, 23% from environmental
exposures; 14% where no exposure was established and
9% where the exposure was unknown. Among the 129 cases
for which occupational exposure and asbestos fiber-type
were established, 115 cases were associated with occupa-
tional exposure to Cape crocidolite; 1case associated with
occupational exposure to Transvaal crocidolite and 9 cases
with occupational exposure to amosite (grunerite asbestos)
and 4 cases with occupational exposure to mixed
fiber-types. There were no cases associated with chrysotile
asbestos. There were 33 cases of environmental mesotheli-
oma linked to Cape crocidolite exposure and 2 to expo-
sure to amosite and crocidolite but none to Transvaal
amosite alone or to chrysotile. The evidence shows that
amosite is capable of causing mesothelioma but that the ma-
jor risk in South Africa is associated with Cape crocidolite.

In a second paper the mortality experience at two facto-
ries in the US, (Paterson and Tyler) and one in the UK

doi: 10.1016/j.yrtph.2008.02.004

(Uxbridge) manufacturing insulation products was
reviewed. It was clear that all had increased proportional
mortality (PMRs) from mesothelioma with the ratios rang-
ing from 1.5% in the UK plant to 4.8% in one study at the
Paterson plant. It is noteworthy that approximately 50% of
the US and 20% of the UK cases were peritoneal tumors.
Asbestosis mortality (while not always the most reliably re-
corded outcome) together with exposure estimates did seem
to be in accord with the occurrence of peritoneal mesothe-
lioma requiring higher exposure. Estimates of exposure in
the US and UK plants, based on some measurements, ran-
ged up to about 100 f/ml. PMRs for lung cancer (which are
not the most reliable for examining risk), were sufficiently
high in all cohorts to conclude that lung cancer risks were
clearly increased. It is interesting to note that the PMR for
mesothelioma in amosite miners in South Africa was re-
ported to be 0.6% while in the manufacturing facilities it
ranged up to 4.8%. Unfortunately data to compare produc-
tion and manufacturing levels of exposure were not avail-
able. However, in the manufacturing process amosite was
further fiberized and it might be hypothesized that this
may be a factor of importance in relation to the apparently
higher mesothelioma risk associated with amosite in pro-
cessing as compared to mining.

Overall, it is evident that grunerite asbestos can increase
the risk of lung cancer and mesothelioma. Cape crocidolite
asbestos poses a far greater risk of mesothelioma and
chrysotile asbestos, based on the South African evidence
may not cause mesothelioma.
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Abstract

South Africa (SA), a country in which all three commercially important asbestos minerals have been mined and milled, has retained
proven cases of mesothelioma linked with environmental exposure to asbestos. This study illustrates the importance of fiber type in the
occurrence of environmental mesothelioma. Four studies have reviewed the source of occupational or environmental asbestos exposure
in 504 histologically proven cases of mesothelioma in South Africa. One hundred and eighteen cases (23%) were thought to be related to
environmental exposure to asbestos. In the vast majority of these cases, exposure was linked to crocidolite mining activities in the North-
ern Cape Province. Two cases were thought to have occurred in relation to amosite and Transvaal crocidolite exposure in the Limpopo
Province. In the balance of cases there was some uncertainty. No cases were reported with exposure to South African chrysotile. Con-
sequently, in the vast majority of cases of mesothelioma, environmental exposure to asbestos occurred in the Northern Cape Province, in
proximity to mines, mills and dumps where crocidolite was processed. Crocidolite appears to be far more mesotheliomagenic than amo-
site, and chrysotile has not been implicated in the disease. This is true for both occupationally and environmentally exposed individuals.
© 2007 Elsevier Inc. All rights reserved.
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1 Introduction Africa exported more than 380,000 tons of asbestos,
making it the 3rd largest supplier in the world in that

All three of the major commercial forms of asbestos, viz. year (Harington and McGlashan, 1998). Production

crocidolite (blue asbestos), amosite (brown asbestos) and
chrysotile (white asbestos) occur and have been mined
and milled in South Africa. Crocidolite was mined in the
Northern Cape Province (Cape crocidolite) and in Limpo-
po Province (Transvaal crocidolite). Amosite was mined in
close proximity to Transvaal crocidolite and chrysotile in
Mpumalanga Province. Both amosite and crocidolite
belong to the amphibole group of asbestos minerals,
whereas chrysotile is a serpentine asbestos mineral.
Mining of asbestos in South Africa began in the 19th
century and reached its zenith in 1977 when South
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declined steadily thereafter and by 1992 South Africa
was only the 7th largest world supplier of asbestos.
By 2002 asbestos mining in South Africa had ceased
completely.

A variety of transnational companies dominated ashes-
tos mining in South Africa. From the onset of the scientific
examination of the health effects of asbestos mining in
South Africa, it became apparent that the primitive tech-
nologies employed in mining and particularly milling, igno-
rance about the health effects of asbestos and lack of
enforcement by responsible government departments cre-
ated widespread opportunities for environmental contami-
nation and subsequent exposure of people who were not
employed in the industry.
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2. History of mesothelioma in South Africa

During the 1959 Pneumoconiosis conference in Johan-
nesburg, South Africa, Dr. J. Christopher Wagner gave
the first public presentation of five cases of mesothelioma
connected with exposure to asbestos. During his presenta-
tion, he suggested that a fuller investigation be conducted
to examine the relationship between mesothelioma and
asbestos (Wagner, 1960).

A vyear later, in 1960, Wagner, Sleggs and Marchand
published their renowned article in the British Journal of
Industrial Medicine documenting 33 cases of mesotheli-
oma, 32 of whom had proven exposure to Cape crocidolite.
Eight of the 33 cases had evidence of occupational expo-
sure; 20 were born or lived near the mines as children. This
was the first evidence implicating a specific fiber (Cape cro-
cidolite) in the development of mesothelioma (Wagner
et al., 1960). What became one of the greatest occupational
health discoveries of the 20th century was based principally
on cases drawn from outside the workplace. By 1961, Wag-
ner had collected 89 cases in South Africa.

Despite this strong evidence, Wagner’s work had little
impact on work practices in South Africa, and workers
and communities alike continued to be exposed to high
fiber levels. More than 25 years passed before the first
asbestos regulations were promulgated in South Africa.

During the 1961/1962 survey undertaken by the Pneu-
moconiosis Research Unit (now the National Institute for
Occupational Health), disease rates in 2389 residents of
Prieska, Koegas, Kuruman (Cape -crocidolite mining
areas) and the Penge group of mines (amosite) were com-
pared with those in a control group living in a town
200 km from the asbestos mining areas (Pneumoconiosis
Research Unit, 1964). The results identified a hazard for
every person living in these four small-town communities.
The four mesothelioma cases detected in Prieska trans-
lated into a much higher than expected rate of the disease.
No cases were reported in Penge residents. In an interim
report the Pneumoconiosis Research Unit stated: “people
who live or have lived in the areas of Prieska, Koegas,
Kuruman and Penge are in danger of contracting asbesto-
sis even though they have no industrial exposure to asbes-
tos dust inhalation” and “an alarmingly high number of
cases with mesothelioma of the pleura has been discov-
ered among people who live or have lived in the north
western Cape area (now the Northern Cape Province)

and that there is evidence to suggest that this condition
is associated with an exposure to asbestos dust inhalation
which again need not be industrial” (Pneumoconiosis
Research Unit, 1962).

Exposure to asbestos occurred primarily through com-
munity use of the fibers. Tailings were used for many pur-
poses, including road surfacing, golf courses, and brick and
plaster making. Fibers were used as insulation material in
residential ceilings and children played on fiber-rich waste
ground. This association of mesothelioma with residential
asbestos exposure has been borne out by more recent work
in towns like Koegas and Prieska in the Northern Cape
(Kielkowski et al., 2000).

This paper reviews the South African experience of mes-
otheliomas in relation to environmental asbestos exposure.

3. Review of the literature

Despite the fact that South Africa has uniquely mined,
transported and used crocidolite, amosite and chrysotile,
and that mesothelioma rates are relatively high, there is a
paucity of local epidemiological studies of this disease.

Four studies detail the occupational and environmental
exposure of 504 histologically proven cases of mesotheli-
oma in South Africa (Webster, 1973; Cochrane and Web-
ster, 1978; Solomons, 1984; Rees et al., 1999). Two
further studies add to the estimate of the overall risk of
environmental mesothelioma (Zwi et al., 1989; Kielkowski
et al., 2000), and the reports of the South African National
Cancer Registry (SANCR) enable some estimation of the
overall burden of mesothelioma in South Africa until
1992. All sources indicate that there is under-reporting of
mesothelioma to official sources of data collection, as well
as to workers’ compensation authorities. It is also evident
that there are marked differences in mesothelioma rates
by race and geographic origin.

Sources suggest that incidence rates of mesothelioma in
the white female population give some indication of occur-
rence of mesothelioma related to environmental exposures
(2wi et al., 1989), as most of the workers employed in the
mining industry were men, as well as black and colored
women and children.

Table 1 gives standardized incidence rates of mesotheli-
oma in the population of South Africa at two time periods,
by race and sex. For whites, for whom data are most reli-
able, incidence rates increased from the 1976 to 1984 period

Standardized incidence rates per million population aged 15 years and over for mesothelioma in South Africa by race and gender

Table 1

White

Male Female
Overall 1976-843 32.9 8.9
95% CI| 1976-84a 22.7-46.4 2.5-15.8
1992b 54.0 20.8

a Zwi et al., 1989.
b National Cancer Registry of South Africa.

Colored Black

Male Female Male Female
24.8 139 7.6 3.0
16.2-36.9 7.7-23.5 3.5-15.8 0.6-8.8
5.2 2.4 6.4 6.0
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Table 2

Summary of occupational and environmental asbestos exposure in 504 histologically proven cases of mesothelioma in South Africa

Exposure source Webster (1973)

Mining 79 (34%) 16 (23%)
Non-mining occupational 23 (10%) 39 (57%)
Environmental 76 (32%) 13 (19%)
No exposure 32 (14%) 1 (1%)
Exposure not known 22 (9%) —

Total cases 232 69

and then through 1992. The 1992 white female mesotheli-
oma incidence increased from 8.9 to 20.8 per million per
year. These data suggest that there is an increasing inci-
dence of mesothelioma as a consequence of both environ-
mental and occupational exposure.

Table 2 is a summary of occupational and environmen-
tal asbestos exposure in 504 histologically proven cases of
mesothelioma in South Africa. The first three papers are
case-series reports; the only analytical study was conducted
by Rees et al. (1999). The overall proportion of cases
resulting from environmental exposure to asbestos in the
four studies in Table 2 is high at 23%.

In the earliest review by Webster (1973), a significant
proportion of cases had either unknown exposure or no
exposure identified. Subsequently, there has been better
ascertainment of exposure and fewer cases in these catego-
ries. Webster identified 76 (32% of a total of 232 cases)
environmentally exposed cases of mesothelioma in the per-
iod 1955-1970. Mining and non-mining occupationally
exposed cases comprised 44% of the mesotheliomas.

Cochrane and Webster (1978) studied 70 cases of meso-
thelioma diagnosed before 1978. Thirteen of the 69 for
whom there was substantive evidence of asbestos exposure
had only environmental exposure, defined as a minimum of
three years residence in a mining area, or in a town where
exposure occurred from playing on “asbestos fields” or
tailings dumps as a child.

Solomons’ (1984) identified eighty cases of histologically
confirmed mesothelioma in the period from 1977 to 1983.
In 89% of cases, he elicited a positive history of exposure.
His definition of environmental exposure included child-
hood, domestic, neighborhood or any other definite expo-

Cochrane and Webster (1978)

Solomons (1984) Rees et al. (1999) Total

15 (19%) 35 (28%) 145 (28%)
53 (66%0) 62 (50%) 177 (35%)
7 (9%) 22 (18%) 118 (23%)
5 (6%) 3 (2%) 41 (8%)
— 1d%) 23 (5%)
80 123 504

sure that was not occupational. Seven of the eight cases
had a history of only environmental exposure.

Rees et al. (1999) conducted a multi-centre case control
study over the period 1988-1990. In total, 123 cases of his-
tologically confirmed mesothelioma were identified.
Twenty-two (18%) of these cases had exclusively environ-
mental exposure in the Cape crocidolite asbestos mining
region, i.e. exposure due to contamination of the general
environment by asbestos mining, milling and related activ-
ities (Table 3). The remaining two environmentally exposed
cases had mixed fiber (amosite and Transvaal crocidolite)
exposures.

Unfortunately, not all the authors provided the same
detail on the specific fiber types to which individuals were
exposed, especially with regard to environmental exposure.
Table 3 provides a more detailed picture of fiber-specific
exposure, for those studies for which this information
was provided. Exposures are defined as occupational or
environmental, according to the authors’ definitions. Web-
ster (1973) defined environmental cases as those who had
lived (or spent time) in the neighborhood of an asbestos
mine or mill, or in geographical areas suggestive of possible
asbestos exposure. Cochrane and Webster (1978) classified
cases as environmentally exposed if they had lived in an
asbestos mining or milling area for a minimum of three
years. Solomons’ (1984) definition included childhood,
domestic, neighborhood or other definite exposure which
was not occupational. In the study conducted by Rees
et al. (1999), 22 environmentally exposed cases were
exposed in one of the three main asbestos mining regions.
Domestic exposure to asbestos was not included under
environmental exposure. Apart from Rees et al. (1999),

Table 3
Fiber types implicated in the development of mesothelioma
Fiber type Webster (1973) Cochrane and Webster (1978) Solomons (1984) Rees et al. (1999) All

Occ Env Occ Env Occ Env Occ Env Occ Env
Cape crocidolite 75 - - 13 17 - 23 20 115 33
Transvaal crocidolite - - - - — — 1 _ 1 _
Amosite 2 - - - 4 — 3 _ 9 _
Chrysotile - - — — — _ _ _ — —
Mixed fiber type la - - - - - 3 2b 4 2
Undetermined 1 76 16 — 47 7 — — 64 83
Total 79 76 16 13 68 7 30 22 193 118

a Amosite + Cape crocidolite.
b Transvaal crocidolite + amosite.
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none of the authors were able to provide information on
the geographical regions from which the cases originated
or in which they may have lived.

In a separate study, not depicted in Table 2, Zwi et al.
(1989) identified 1347 cases for the period 1976-1984. Only
17% (96) of cases occurring in men (where asbestos expo-
sure was documented) were environmental; in women,
124 of 176 cases (70%) were considered to be solely due
to environmental exposure.

Many questions about mesothelioma in South Africa
remain unanswered. Among them are the relative contribu-
tion each variety of asbestos makes to the case load, the
extent and nature of asbestos exposure in a representative
group of cases (e.g. the proportion of cases with purely
environmental exposure), and the relative risks associated
with the different fiber types and exposure settings.

Webster (1973) was able to ascertain the fiber type in 78
of the 79 occupationally exposed cases. Amosite was impli-
cated in three and Cape crocidolite in 75 of these cases. He
did not report fiber types in any of the 76 environmentally
exposed cases. Cochrane and Webster (1978) did not iden-
tify the fiber type to which any of the occupational cases
had been exposed, but Cape crocidolite was implicated in
all 13 of the environmentally exposed cases. Solomons
(1984) was able to implicate fiber type in 21 of the 68 occu-
pationally exposed cases; 17 of these were due to Cape cro-
cidolite and four to amosite exposure. There was no
information on fiber types given for the environmentally
exposed group.

Rees et al. (1999) however, provided information on
fiber type (where it could be elicited) for both occupation-
ally and environmentally exposed individuals. Amosite
exposure was reported in three miners (10%), but in none
of those environmentally exposed. In 23 (77%) of those
occupationally exposed and 20 (91%) of those environmen-
tally exposed, Cape crocidolite was identified as the respon-
sible fiber. There were no cases of mesothelioma where
exposure (occupational or environmental) was to chrysotile
only.

Rees et al. (1999) also calculated relative risks for meso-
thelioma in response to different fiber types. The relative
risks associated with environmental exposure to Cape cro-
cidolite were larger than those associated with environmen-
tal exposure to a mixture of amosite and Transvaal
crocidolite, viz. 21.9 and 7.1, respectively, when compared
with cancer controls, and 50.9 and 12.0, respectively, when
compared with medical controls.

4. Discussion

South Africa, as a former asbestos mining country, in
common with many other countries in the world, has
high incidences of mesothelioma (Table 1). A high pro-
portion of mesothelioma cases solely of environmental
origin (23%) is unique to South Africa. The only compa-
rable example is Australia, the only other country to
have mined crocidolite asbestos in significant amounts.

Ferguson et al. (1987) found that, in 726 cases of meso-
thelioma registered in Western Australia from 1980 to
1985, 43 cases (6%) had environmental exposure only,
and only in six (less than 1%) was environmental asbes-
tos exposure due to residence in an asbestos mining
region.

No confirmed cases of mesothelioma have been detailed
in the literature with relation to South African chrysotile
mining. There is a high prevalence of cases from the Cape
crocidolite mining region. The lower number of reported
cases from Limpopo Province (where amosite and Trans-
vaal crocidolite were mined) is not linked to the sizes of
the two workforces. At the height of production, the num-
bers employed in the amosite and Cape crocidolite mines
were comparable (Sluis-Cremer, 1965).

The association between amosite exposure and meso-
thelioma is evident. However, this review of environmen-
tal association of asbestos with mesothelioma in South
Africa suggests that crocidolite is considerably more mes-
otheliomagenic than amosite. Fiber type was determined
in 35 of the 118 environmentally exposed cases reported
in these four papers. Of these, 33 (94%) had been exposed
to Cape crocidolite. Only two cases had environmental
exposure to amosite; both had also been exposed to cro-
cidolite. In a study of the causes of death in a cohort of
South African amphibole miners, the proportional mor-
tality ratio for mesothelioma was 4.7% in the crocidolite
miners, compared to 0.6% in amosite miners (Sluis-Cre-
mer et al., 1992).

Past occupational exposures in the mining industry in
South Africa, given the imperfect historical record, were
at times astonishing by modern standards. These exposures
conferred an enormous risk of malignant and non-malig-
nant asbestos related disease on workers employed by the
asbestos mining industry, as well as on residents in the min-
ing areas.

5. Conclusion

In conclusion, a review of the fiber associations of envi-
ronmental mesothelioma indicates that asbestos fiber type
is important. There have been no reported cases associated
with chrysotile in South Africa. Amphiboles occurring in
the Limpopo Province of South Africa, namely amosite
and Transvaal crocidolite, have been linked to environ-
mental mesothelioma in the papers reviewed. The vast
majority of environmental mesothelioma cases in South
Africa, where fiber type is known, have occurred in relation
to crocidolite mining activities in the Northern Cape Prov-
ince and, consequently, at the low dose range of exposure,
it must be concluded that this fiber type represents the
greatest hazard to human health.
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Abstract

Libby, Montana is the site of a large vermiculite deposit that was mined between 1920 and 1990 to extract vermiculite for commercial
applications such as insulation, gardening products, and construction materials. The Libby vermiculite deposit also contains amphibole
minerals including tremolite, actinolite, richterite, and winchite. Historically, Libby mine workers experienced high exposures to amphi-
bole structures, and, as a group, have experienced the health consequences of those occupational exposures. It has been suggested that
Libby residents also have been and continue to be exposed to amphibole structures released during the vermiculite mining operations and
therefore are at increased risk for disease. The Agency for Toxic Substance and Disease Registry (ATSDR) conducted two epidemiolog-
ical-type studies of residents living in Libby and the surrounding areas to assess these risks. The Environmental Protection Agency (EPA)
collected and analyzed exposure data in Libby and used those data to project risks of asbestos-associated disease for Libby residents. The
EPA has placed the Libby Asbestos Site, which includes the mine and the town of Libby, on its National Priority List of hazardous waste
sites in need of clean up. This article presents a review of the exposure studies conducted in Libby and an analysis of health risks based on
the data collected in those studies. Libby mine workers have experienced elevated levels of asbestos-associated disease as a consequence
of their occupational exposures to amphibole structures. Libby residents’ exposures typically are substantially lower than mine workers’

historical exposures, and the health risk projections for residents are, accordingly, substantially lower.

© 2008 Published by Elsevier Inc.
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1. Introduction

Libby, Montana gained the attention of the U.S. gov-
ernment health agencies in 1999 when the Seattle Post
Intelligencer ran an article by Andrew Schneider titled
“A town left to die”. The article associated high rates of
respiratory disease in Libby with exposure to amphibole
particles released into the air from the vermiculite mine
located in Libby.

Vermiculite is the mineralogical name given to hydrated
laminar magnesium-aluminume-iron silicate that resembles
mica in appearance. When subjected to heat, vermiculite
has the unusual property of exfoliating or expanding into
worm-like pieces. This characteristic of exfoliation is the

* Fax: +1 914 686 7977.
E-mail address: bprice@priceassociatesinc.com

0273-2300/$ - see front matter © 2008 Published by Elsevier Inc.
doi: 10.1016/j.yrtph.2007.09.015

basis for commercial use of vermiculite in applications such
as insulation, gardening products, and construction
materials.

Commercially useful vermiculite is found in Australia,
Brazil, China, Kenya, South Africa, the U.S., and Zimba-
bwe. In the U.S., vermiculite is mined at Enoree, South
Carolina and Libby, Montana. The Libby mine, which
operated from 1920 to 1990, may have produced as much
as 80% of the world’s supply of vermiculite.

The Libby vermiculite deposit contains amphibole min-
erals. It has been suggested that the amphibole component
of the ore deposits at the vermiculite mine has unique char-
acteristics that make its potency for asbestos-associated
disease different than other asbestos minerals. “Libby
Asbestos” (LA), a term coined by the United States Envi-
ronmental Protection Agency (EPA) and the Agency for
Toxic Substance Disease Registry (ATSDR), is a collection
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of amphibole minerals including tremolite, actinolite, anth-
ophylite, richterite, and winchite. LA is a combination of
asbestiform structures (i.e., fibers) and non-asbestiform
structures known also as cleavage fragments.

High-level exposure to LA has been associated with
various diseases including lung cancer, mesothelioma,
asbestosis, and other non-malignant respiratory diseases
(McDonald et al., 1986; Amandus et ah, 1987a; Amandus
and Wheeler, 1987b). This article presents a review of the
exposure studies conducted in Libby and an analysis of
health risk based on the data collected in those studies.
Libby mine workers have experienced elevated levels of
asbestos-associated disease as a consequence of their
occupational exposures to amphibole particles. Libby res-
idents’ exposures typically are substantially lower than
mine workers’ historical exposures and the health risk
projections for residents are, accordingly, substantially
lower.

2. Chronology of health studies and regulatory actions in
Libby

The vermiculite mining operation in Libby between
1920 and 1990 consisted of ore extraction, processing,
and shipping. Until the 1960s, mine workers often were
exposed to high levels of LA, which co-existed with the
vermiculite ore. In the mid-1980s, W.R. Grace and the
National Institute for Occupational Safety and Health
(NIOSH) conducted separate epidemiology studies of
mine workers to assess heath risks associated with expo-
sure to LA in vermiculite mining (McDonald et ah,
1986; Amandus et ah, 1987a; Amandus and Wheeler,
1987b). ATSDR and EPA initiated studies of respiratory
disease among Libby residents in 1999. In 2000, ATSDR
released a report describing the results of its study of
asbestosis mortality in Libby (ATSDR, 2000). The report
stated that the asbestosis mortality rate in Libby was 40-
60 times greater than the national average asbestosis mor-
tality rate. During the summer of 2000, ATSDR initiated
a medical testing program and Screening Study. ATSDR’s
report on the Screening Study, released in 2001, stated
that Libby residents experienced a high rate of pleural
abnormalities (ATSDR, 2002b). Also in 2001, the EPA
summarized an exposure analysis it had conducted in
Libby stating that exposure to asbestos in Libby consti-
tuted an “imminent and substantial endangerment to pub-
lic health” (Weis, 2001). In 2002, EPA placed Libby on
the National Priorities List of the Superfund Program,
which established it as a hazardous waste site requiring
clean-up. Also in 2002, ATSDR revised its asbestosis
mortality study, updated its Screening Study, reported
on a pilot study of environmental cases of pleural abnor-
malities, and issued a Public Health Assessment for ver-
miculite (ATSDR, 2002a; ATSDR, 2002b; ATSDR,
2002c; ATSDR, 2002d). The studies addressing the rate
of pleural abnormalities among Libby residents were sum-
marized and published with comments in Environmental

Health Perspectives (Peipins et ah, 2003a,b; Price, 2004).
The remainder of this article contains a review of the
mine worker and Libby resident studies and regulatory
actions concerning Libby. Included are re-analyses of data
in order to evaluate concerns about the health risk of low-
level environmental exposure to LA.

3. Morphology characterization of LA

LA is a collection of amphibole minerals that have
been identified as tremolite, actinolite, soda tremolite,
richterite, and winchite (Meeker et ah, 2001). A typical
sample of LA also contains acicular cleavage fragments.
Because LA is a mixture of pure fibers and acicular mor-
phologies, in the remainder of this report LA particles are
referred to as structures rather than fibers. The toxicities
of the mineral components of LA have not been thor-
oughly studied. Cleavage fragments, in particular, are at
the center of a controversy concerning their toxicity for
asbestos-associated disease. Currently, The Occupational
Safety and Health Administration (OSHA), excludes
cleavage fragments from the mineral fibers it regulates
under its asbestos exposure standard (57 FR 24310).
The relative toxicity of cleavage fragments, which tend
to be thicker and shorter than fibers, although uncertain,
is generally considered to be less than the asbestiform
analogue (llgren, 2004; Davis et al., 1991; Wylie et al.,
1993; ATS, 1990). Notwithstanding the specific toxicity
uncertainties associated with cleavage fragments, it is gen-
erally accepted that inhalation of long, thin fibers (longer
than 5pm with diameters less than 0.50 pm) have greater
potential to cause disease than shorter, thicker fibers
(ATSDR, 2003a; EPA, 2003).

Table 1contains a summary of data concerning the size
distribution of LA. Amandus et al. (1987a) summarized
lengths and widths separately based on light microscopy
inspection of 599 LA structures collected in air samples.
Amandus reported results only for structures longer than
5pm and thicker than 0.45 pm. Seventy four percent
(74%) of the structures were longer than 10 pm, 11% were
longer than 40 pm, and 93% had diameters between 0.45
and 0.90 pm. McDonald et al. (1986) provides preliminary
results of an electron microscopy study to characterize the
structure size distribution of LA conducted by the Institute
of Occupational Health and Safety at McGill University.
McDonald’s results indicate that 62% of LA structures
were longer than 5pm. Additional results from McGill
based on three air samples confirm McDonald’s result
(McGill University, 1983). Ten percent (10%) of the struc-
tures were longer than 20 pm and 73% were thinner than
0.50 pm. The McGill data also provides information about
the two-dimensional distribution of structures. Focusing
on structures no thicker than 0.50 pm, 38.9% were longer
than 5 pm; 13.1% were longer than 10 pm; and 2.7% were
longer than 20 pm.

ADL (1983) used electron microscopy to determine the
percentage of structures typically counted by light micros-
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Table 1
Fiber sizes: asbestos from the Libby vermiculite mine3

Phase contrast microscopy (PCM)

Amandus et al., 1987a,b McDonald et al., 1986

Length Percent Length Percent (%)
<5.0 N/A <5.0 38
5-10 271% 5-10

10-20 37% 10-20 62
20-40 26% 20710

>40 11% >40

Width Width

<0.25 N/A <0.25

0.25-0.45 N/A 0.25-0.50

0.45-0.90 93% 0.50-0.90 100
0.90-1.25 5% 0.90-1.25

1.25-2.00 2% 1.25-2.00

>2.00 >2.00 0

Transmission electron microscopy (TEM)

McGill University, 1983b ADL, 1983
Number Percent (%) Number Percent (%)
80 36 N/A N/A
82 37 93 46
38 17 85 42
17 8 21 10
4 2 2 1
86 39 56 28
76 34 95 47
33 15 37 18
10 5 10 5

16 7 3 1

0 0 0 0

a The samples underlying these data were not collected according to a formal statistical design. Therefore, the data are not necessarily representative of
LA and should be interpreted only as information about the size distribution of LA, but not as a formal characterization of the size distribution.

b Width frequencies are approximations.

copy that were tremoiite. The results, based on analysis of
two samples, indicate that 50-75% of optically visible
structures were tremoiite. ADL also reported the structure
size distribution. However, the ADL results cannot be
compared to the McGill results because ADL did not
include counts of structures shorter than 5 pm.

Recently, air sampling was conducted in Libby to deter-
mine the potential LA exposures of Libby residents. Brat-
tin (2002) and RJ Lee Group (2002) discuss the structure
size distribution of these data. The air samples were col-
lected: (1) at the location of a former export/screening
plant; (2) in residential and commercial properties; and
(3) from attics with vermiculite attic insulation (Brattin,
2002). Based on average length, width, and aspect ratio,
Brattin (2002) concludes that current samples of LA have
the same structure size distribution as samples collected
when the mine was operating. The RJ Lee Group (2002)
analysis indicates that a high percentage of the current air-
borne structures, possibly 80%, are cleavage fragments.

Information about LA structure type and size distribu-
tions is important in estimating exposure and risk for
Libby residents. The scientific literature indicates that
cleavage fragments are most likely less carcinogenic than
asbestos fibers, and short structures (e.g., lengths less than
5pm) are less carcinogenic than long, thin fibers (llgren,
2004; ATSDR, 2003b; EPA, 2003; Wylie et al., 1993;
OSHA, 1992). Based on available data, LA appears to con-
sist of amphibole minerals in many size ranges including
long, thin amphibole structures. Therefore, environmental
exposures, if sufficiently high, could increase the risk of dis-
ease for Libby residents.

4. Epidemiology studies of Libby mine workers

Two retrospective epidemiological studies of Libby mine
workers have been conducted (McDonald et al., 1986;

Amandus et al., 1987a; Amandus and Wheeler, 1987b) to
assess the risk of asbestos-associated disease from LA.
Recently, McDonald reported results on an update of his
study that included the vital status of the worker cohort
through 1999 (McDonald, 2001; McDonald et al., 2002,
2004).

The Amandus and McDonald studies differ in three
respects that may affect interpretation of the results. First,
McDonald’s cohort consisted of 406 workers versus 575
workers in the Amandus study. Second, McDonald’s fol-
low-up period continued through December 31, 1999,
which accounted for 285 deaths among the 406 cohort
members. Amandus followed workers through December
31, 1981, which accounted for 161 deaths among 575 cohort
members. Finally, McDonald’s external reference group for
standard mortality ratio (SMR) calculations was white
males in Montana. Amandus used white males in the U.S
as the external reference group for SMR calculations.

SMRs indicated excess lung cancer and excess non-
malignant respiratory disease (NMRD) in both studies.
The SMRs from the two studies are not directly comparable
because the two studies used different external reference
groups to determine the numbers of expected cases. Expo-
sure-response analyses of these data restricted to subjects
with latency greater than 20 years (i.e., time since hire
greater than 20 years), discussed below, show the excess in
lung cancer occurs primarily at the higher exposure levels.

Mesothelioma cases were observed in both studies.
Amandus recorded 2 cases. The proportional mortality
ratio (PMR) for the Amandus cohort was 1.2%. Based only
on deaths for workers with latency greater than 20 years,
the PMR was 2.2%. Amandus stated that the minimum
exposure for the mesothelioma cases was 300 f-yr/cc.
McDonald recorded 12 mesotheliomas for a PMR equal
to 4.2%. The average exposure for these 12 cases was
48.1 f-yricc.
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41. Lung cancer

This section describes an investigation of the relation-
ship between LA exposure and lung cancer risk. The data
reported by Amandus and Wheeler (1987b) and McDonald
et al. (McDonald et al., 1986; McDonald, 2001; McDonald
et al., 2002) have been used to re-estimate the relationship
between lung cancer risk and exposure, and to expand
upon the interpretation of the results that the authors
reported.

4.1.1. Lung cancer risk models

McDonald et al. (1986) and Amandus and Wheeler
(1987b) use a linear risk model for lung cancer identical
to the model employed by EPA. In this model, SMR,
which is the ratio of observed lung cancer cases (O) in
the cohort to the expected number of cases (E) based
on an appropriate reference population, is represented
as a linear function of lifetime cumulative exposure
(f-yr/cc). E, also referred to as the background rate of
lung cancer, varies with age, sex, and smoking history.
The model may have one or two parameters. The princi-
pal parameter is KL, referred to as the “slope” parame-
ter, which measures the potency of asbestos for lung
cancer. The role of KL is shown in the single parameter
model Eq. (1):

SMR =\ +Ky (f-yr/cc). @)

In this one-parameter version of the model, if the asbes-
tos exposure level is zero, SMR is equal to 1.0. Using Eq.
(1) and the definition of SMR, the incremental humber of
lung cancer cases associated with exposure to asbestos is:
| = E &K1 u(f-yr/cc).

The two-parameter version of this model allows for dif-
ferences between the study cohort and the external refer-
ence group in lung cancer risk factors other than asbestos
exposure. The two-parameter model may be stated either
as:

SMR = a+ Kh - (f-yr/cc); ¥}
or
SMR = a1 +Kt -(f-yr/cc)]. €]

In both forms of the model, a measures the difference in
lung cancer mortality between the internal control group
(i.e., study cohort members who were not exposed to ashes-
tos) and the external reference group. For example, if the
only lung cancer risk factor in addition to asbestos expo-
sure were smoking, a measures the difference in smoking
effect between the study cohort and the external reference
group.

In EPA (1986), the relationship between lung cancer and
exposure was analyzed using Eq. (2) for a number of differ-
ent epidemiology studies.1EPA used the results to develop
the lung cancer component of the quantitative risk assess-

1 The Libby mine worker data were not included in EPA’s 1986 report.

ment published in its Integrated Risk Information System
(IR1S).2 Berman and Crump (2003), working with EPA’s
Superfund Program, updated the asbestos lung cancer risk
analysis using Eq. (3).

The Amandus and McDonald data, which are dis-
played in Fig. 1, were used to estimate each of the three
alternative models. Fig. 1 includes 99% confidence limits
for the SMRs for each exposure category. The plots
show that although SMR has an increasing trend with
exposure, the increase is determined principally by the
highest exposure group. In addition, the increase in lung
cancer due to asbestos exposure is not statistically signif-
icant for the low exposure categories. The parameter esti-
mates for the three models are summarized in Table 2
and discussed below.

4.1.2. Amandus study

As indicated in Table 2, each of the three models pro-
vides an adequate description of the Amandus data (i.e.,
deviance /?-value greater than 0.05). Based on the value
of a in Models 2 and 3, which has a value less than 1.0,
the internal control group appears to have fewer lung can-
cer cases than the external reference group. The range of
asbestos potency for lung cancer, AL, based on the Aman-
dus data is 0.006-0.0077 (f-yr/cc)“1 These values are less
than, but near, the asbestos potency value EPA currently
employs in its asbestos risk assessment, 0.01 (f-yr/cc)~
(EPA, 1986).

The parameter estimates obtained with the Amandus
data also were used to provide additional interpretation
of the relationship between LA exposure and lung cancer.
The exposure level required to double lung cancer risk ver-
sus the external reference group and the incremental risk of
lung cancer associated with LA exposure to 25 f-yr/cc were
calculated. The “risk-doubling” exposures all exceed 150 f-
yr/cc. The incremental risk associated with 25 f-yr/cc is less
than 0.20.

4.1.3. McDonald study

The results in Table 2 indicate that EPA’s primary lung
cancer model Eq. (1) is not consistent with McDonald’s
data (/~value less than 0.05). The results for Models 2
and 3 indicate an excess of lung cancer cases among the
internal controls relative to the external reference group.
McDonald used Montana white males as the external ref-
erence group. Models 2 and 3 provide an adequate repre-
sentation of the data. It is not possible to differentiate
statistically between Model 2 and Model 3, however,
Model 1 does not fit the data. The results for models 2
and 3 suggest a potency value less than 0.006, which is less
than EPA’s potency value of 0.01 used to develop its IRIS
risk assessment in 1986. The “risk doubling” exposures cal-
culated from these models are not meaningful because the

2 The quantitative risk relationship in the IRIS asbestos file addresses
total cancer risk (i.e., the sum of lung cancer and mesothelioma risks).
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Fig. 1. Lung cancer SMR and 99% confidence limits: (a) Libby Miners (Amandus, 1987b) and (b) Libby Miners (McDonald, 2001).

internal controls have a lung cancer risk greater than two
times the reference group risk. The incremental lung cancer
risk associated with exposure to 25 f-yr/cc is less than 0.14.

4.1.4. Lung cancer summary of Libby mine worker studies

Based on a linear exposure-response assumption, data
published by Amandus and McDonald estimate LA unit
risk for lung cancer between 0.0025 (f-yr/cc)*1 and
0.0077 (f-yr/cc)-1. McDonald et al. (2004) includes an esti-
mate of Model 1 based on miner cohort follow-up data
through 1999. The estimate of unit risk for these data
was 0.0036.3 These values are less than the unit risk
employed by EPA in its IRIS risk assessment. Therefore,
following the EPA risk assessment approach, LA is not
more potent for lung cancer than other asbestiform
amphiboles.

3 This unit risk factor was statistically different from zero ip-
value = 0.02). McDonald applied Poisson regression to estimate the unit
risk factor. The data used by McDonald were not available for re-analysis.

4.2. Mesothelioma

Data concerning mesothelioma reported in the two epi-
demiology studies are insufficient to estimate risk models
that could be used to assess the relative potency of LA
for mesothelioma. Amandus and McDonald report mesot-
heliomas among the study cohorts. Amandus and Wheeler
(1987b) found two mesothelioma cases for a proportional
mortality ratio (PMR) of 1.2%. McDonald (McDonald,
2001; McDonald et al., 2002, 2004) found 12 mesothelio-
mas (PMR = 4.2%). As expected, due to the relatively high
exposure levels experienced by mine workers, these PMRs
are substantially larger than the U.S. male PMR for meso-
thelioma. Based on SEER data for the year 2000, the esti-
mated U.S. PMR for male mesothelioma is approximately
0.2%.

Amandus and Wheeler (1987b) stated that both cases he
reported had exposures that exceeded 300 f-yr/cc. Cumula-
tive exposure for 11 of the 12 mesotheliomas reported by
McDonald had exposures exceeding 11.7 f-yr/cc. McDon-
ald reports exposure for the remaining mesothelioma case
as a range between zero and 8.6 f-yr/cc.
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Table 2

SMR versus exposure for Libby vermiculite miners: summary of regression modeling

Study Model a Slope (tfL) Deviance p-value Exposure level for Contribution to SMR due
SMR = 2.0 (f-yr/cc) to asbestos exposure of 25 f-yr/cc

Amandus et al. (1987a,b) Model 1 1.00 0.0058 0.22 173 0.14

Amandus et al. (1987a,b) Model 2 0.85 0.0060 0.50 192 0.15

Amandus et al. (1987a,b) Model 3 0.81 0.0077 0.50 155 0.19

McDonald (2001) Model 1 1.00 0.0108 <0.01 93 0.27

McDonald (2001) Model 2 2.15 0.0055 0.51 N/A 0.14

McDonald (2001) Model 3 2.16 0.0025 0.51 N/A 0.06

Note. Model 1—Egq. (1): SMR = 1+ KL (f-yr/cc).

Model 2—Eq. (2): SMR = a + Kh f-yr/cc).

Model 3—Eg. (3): SMR = a w1 + Kh &f-yr/cc)].

p-value: A p-value greater than 0.05 indicates an adequate fit to the data.

N/A: The data indicate that lung cancer incidence for the internal controls was more than double the incidence for external controls, therefore the

calculation provides no information.

The range of cumulative exposures for the mesothelioma
cases is particularly significant for assessing mesothelioma
risk for Libby residents. EPA has estimated lifetime cumu-
lative exposures to LA for Libby residents for various
activities. The maximum of these lifetime cumulative expo-
sures is 0.04 f-yr/cc (Ref. Table 8 and Weis, 2001, 2002).4
No broadly accepted threshold exposure limit for mesothe-
lioma exists that could be used to evaluate the significance
of exposures of 0.04 f-yr/cc.5 However, Price and Ware
(2004), based on mesothelioma incidence trends in the
U.S., argue that such a threshold exists, and, in addition,
suggest a background risk level for mesothelioma (i.e.,
the risk of mesothelioma absent exposure to asbestos).
The lowest exposure among the Libby mine worker meso-
thelioma cases suggested by the McDonald data, the mid-
point of the exposure range for the lowest exposure
group, 4.3 f-yr/cc, is a candidate for the mesothelioma
exposure threshold for LA. However, the size of the Libby
mine worker cohort is insufficient to adopt this value for all
risk management purposes. Ambient exposure for an 80-
year lifetime would be an extremely conservative lower
bound for the mesothelioma exposure threshold. If the
long-term average ambient concentration of asbestos were
0.005 f/cc, lifetime cumulative exposure would be 0.40, 10
times greater than the maximum lifetime cumulative expo-
sure projected for a Libby resident (Ref. Table 8). In addi-
tion, if EPA’s current risk assessment methodology (EPA,
1986) were used to estimate lifetime risk of mesothelioma
for the maximally exposed resident of Libby, the risk
would be 11 x 10"4, less than the background risk of

4 Air samples were analyzed by electron microscopy. A structure was
included in the count only if it was longer than 5 pm, thicker than 0.25 pm,
had an aspect ratio of at least 3:1, and was asbestos. This counting
protocol has the same structure dimension criteria as the standard
measurement method based on Phase Contrast Microscopy (PCM) used
by OSHA. The method, which includes only asbestos structures, is
referred to as Phase Contrast Microscopy Equivalent (PCME).

5 “Threshold,” as it is used in this article, means an exposure level where
the probability of incremental mesotheliomas is small enough to charac-
terize the risk as negligible.

mesothelioma estimated by Price and Ware (2004).6 There-
fore, by any reasonable assessment, the likelihood of meso-
thelioma for the maximally exposed resident of Libby
would be negligible.

5. ATSDR health consultation

In December 2000, ATSDR, in cooperation with the
Montana DPHHS, released an analysis of mortality in
Libby-Montana for the years 1979—1998 (ATSDR, 2000).
The analysis, based on a review of death certificate data,
was conducted to develop information about mortality
potentially associated with asbestos exposure in Libby.
Six geographic boundaries with increasing areas were used
for the analysis. The smallest area was Libby city limits—
11 square miles. This area was increased in steps to the
final area, central Lincoln County—a 314-square mile cir-
cular area with a 10-mile radius centered in downtown
Libby. Each decedent was classified into an area and SMRs
were calculated for each area. The study population ini-
tially consisted of 419 decedents. ATSDR updated the
study (ATSDR, 2002a) by adding death certificates for
decedents that would have been included in the initial anal-
ysis if they had been discovered during the initial search.
The revision analyzed data for 542 decedents and provided
a clearer picture of causes of mortality than the initial
report.

The initial report stated that mortality due to asbestosis
in Libby was 40-80 times greater than expected. The report
failed to mention that virtually all the asbestosis deaths, as
well as other deaths associated with asbestos, were found

6  Price and Ware (2004) estimate background lifetime mesothelioma risk
between 3 and 4 per 10,000 (3.4 x 10~4). Mesothelioma risk based on the
EPA method was calculated from Table 7 in EPA (1986). The table
evaluates risk based on lifetime average daily exposure equal to 0.01 f/cc.
Exposure for the maximally exposed Libby resident is 0.04 f-yr/cc divided
by 70 years (assumed lifetime for these calculations). The result,
5.7 x 104, was applied to the first row in the table for males (exposure
beginning at birth and continuing for a lifetime). The risk, 1.1 x 10“4, was
calculated as (5.7 x 10~4/0.01) x 192.8 x 10"'5.
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among former workers at the Libby mine. This informa-
tion is critical input for risk management decisions and
public policy because it indicates the excess mortality due
to asbestos exposure occurred in an occupational group
that experienced extremely high asbestos exposures. Such
a result is not unexpected. Absent this information, a
reader of the ATSDR report would be likely to conclude
that all residents of Libby, not only the group of mine
workers who experienced high levels of occupational expo-
sure to ashestos, were at increased mortality risk based sim-
ply on being a resident of Libby. A discussion of ATSDR’s
principal results follows.

5.1. Asbestosis

Asbestosis mortality in Libby was 40 times greater than
expected in comparison to the state of Montana reference
population, and 80 times greater than expected when com-
pared to the U.S. reference population. These results were
based on 12 asbestosis deaths; 11 were males previously
employed in the Libby mine. The remaining one female
was a household contact of a former mine worker who
was employed at the mine for 20 years (ATSDR, 2001).
The high multiples of asbestosis deaths relative to the num-
ber of asbestosis deaths expected in the reference popula-
tions are misleading. The mine workers would have
experienced high exposures to asbestos over extended time
periods whereas the average inhabitant, whether of Mon-
tana or the U.S., would most likely have only background
asbestos exposure. It is unclear how the household contact
would have experienced exposures high enough to cause
asbestosis. A threshold exposure for asbestosis between
25 f-yricc and 100 f-yr/cc has been suggested (Churg and
Green, 1998; EPA, 1986). Therefore, the correct interpreta-
tion of the asbestosis mortality rates reported by ATSDR
should be—a typical resident of Libby or its surrounding
areas who was not a mine worker would not be at increased
risk of death due to asbestosis.

5.2. Lung cancer

The ATSDR results show a statistically significant
excess of lung cancer for males relative to the male Mon-
tana population, but not relative to the male U.S. popula-
tion. Females showed no statistically significant excesses
relative to either reference group.

The statistically significant excess for males would be
misleading if it were interpreted as a characterization of
lung cancer for typical Libby residents for a number of rea-
sons. First, the primary cause of lung cancer is smoking
and no data were analyzed to adjust for smoking. Second,
females, because they typically did not work at the mine,
would provide the best information on lung cancer risk
for Libby residents with environmental exposure to LA.
Females showed no statistically significant excess of lung
cancer relative to either of the reference populations. Third,
21 lung cancer decedents were formerly mine employees.

These decedents would have had occupational exposures
to LA. To properly judge the impact of asbestos-associated
lung cancer risk for Libby residents, it would be appropri-
ate to exclude these workers from the risk calculations.
Although the ATSDR report does not indicate the number
of males and females among these 21 decedents, it is rea-
sonable to expect that they were all male. Assume that all
were male and the age distribution of this group of former
mine workers was approximately the same as the age distri-
bution of the total group of male lung cancer decedents.
Then, after excluding these 21 workers from the risk calcu-
lations for males, the resulting SMRs do not indicate statis-
tically significant excesses of lung cancer (ATSDR, 2002a,
Tables 7 and 8).

6. Medical testing and Screening Study

In July 2000, ATSDR initiated a medical testing pro-
gram for Libby residents. Testing was conducted from July
to November 2000, and again during the summer of 2001.
Participation was voluntary. Subjects either were recruited
directly by ATSDR or responded to media advertising. The
medical tests included a three-view chest radiograph—pos-
terior-anterior (P-A), right anterior oblique, and left ante-
rior oblique—and a spirometry test. Subjects eligible for
testing included former WRG mine workers, and people
who had lived, worked, or played in Libby for at least 6
months prior to December 31, 1990. The principal goal
of the testing program was to identify asbestos-associated
health effects of subjects exposed to asbestos from the mine
and, where indicated by the test results, refer them for fur-
ther medical evaluation. Each subject’s test results were
evaluated by an on-site radiologist, who determined if a
follow-up evaluation was warranted.

ATSDR combined the testing program with a statistical
analysis, referred to as a Screening Study, to investigate
relationships between radiographic abnormalities and
exposure to LA from the mine. Each X-ray film was inter-
preted by two or three radiologists certified as B-readers,7
who focused on identifying pleural and interstitial abnor-
malities. ATSDR classified a subject as a pleural “case”
if pleural abnormalities were identified by at least two B-
readers using a combination of the oblique and P-A views.
An interstitial “case” required at least two B-readers to
identify an interstitial abnormality using the P-A view. In
addition, ATSDR conducted in-person interviews to
obtain demographic and health-related information includ-
ing age, sex, weight, height, residential history, occupa-
tional history, recreational activities and other potential
vermiculite-LA exposure pathways, smoking status, medi-
cal history (e.g., chest injury or surgery), and self-reported
symptoms and illnesses.

7 Every film was evaluated by at least two B-readers. A third B-reader
was employed only if the first two B-readers disagreed on the presence of a
pleural abnormality.
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In August 2001, ATSDR released a report about the
Screening Study that covered results for the first round of
testing (6149 subjects). The report described various statis-
tical analyses relating pleural abnormalities to asbestos
exposure pathways and potential confounders. ATSDR
has not updated its statistical analysis to include results
for the 1158 additional subjects during the summer of
2001. Instead, the Agency issued a brief summary of results
in September 2002 that covered all subjects who had recent
X-rays (ATSDR, 2002b). ATSDR’s results included:

« 1186 of the 6668 subjects with chest X-rays (17.8%) had
pleural abnormalities.

» The prevalence of pleural abnormalities was highest in
WR Grace workers (51%).

» Most subjects reported multiple routes of exposure
(household contact, occupational, recreational, and
other) and the prevalence of pleural abnormalities
increased with the number of exposure pathways.

* 6.7% of the subjects who reported no asbestos exposure
pathways had pleural abnormalities.

« Factors associated with higher rates of pleural abnor-
malities identified through statistical modeling and anal-
ysis included: being a WR Grace worker; having
household contact with a WR Grace worker; military
asbestos exposure; increasing age; being male; smoking;
duration of residence in Libby; played in vermiculite
piles; higher Body Mass Index.

ATSDR determined the percentage of pleural abnor-
malities among medical testing participants, 17.8%, and
the percentage of participants with pleural abnormalities
who claimed no identifiable exposure to asbestos, 6.7%.
ASTDR also reported a range of background pleural
abnormality rates from other regions of the U.S., 0.02-
2.3%. Although not explicitly stated, ATSDR tacitly
implied through the juxtaposition of these rates that resi-
dence in Libby was a significant risk factor for asbestos-
associated pleural disease.

ATSDR’s implied conclusion is questionable for two
reasons. First, the majority of pleural cases are former
mine workers or others who, due to their special activities,
were likely to have experienced high level exposures to
asbestos. These subjects make up a significant fraction of
the 17.8% cases reported by ATSDR, but they are not typ-
ical of the majority of residents of Libby. Second, another
fraction of the 17.8% may have been identified as cases due
to errors in interpreting X-ray films. The potential for mis-
reading pleural fat as a pleural abnormality on X-rays is
well documented (Sargent et al., 1984; Proto, 1992; ATS-
DR, 2003a). Errors of this type may be a contributing fac-
tor to the relatively high rate of pleural abnormalities
reported for subjects in the Screening Study. In addition,
defects in the study design, including the absence of control
films and the fact that readers were aware that every film
belonged to a subject who had lived in Libby, lead to other
potential biases that favor positive diagnoses even where

radiographic evidence may not be conclusive. Using a data
file prepared by ATSDR that contained the screening data,
we investigated: (1) the correlation between LA exposure
levels and employment at the mine and (2) factors that play
a role in misdiagnosis of pleural abnormalities.

6.1. Asbestos exposure levels

Frequencies and percentages of pleural abnormality
diagnoses were compiled for three exposure groups:

Group 1 Participants who were employed by WRG at the
Libby mine;

Group 2. Participants who were not employed at the Libby
mine, but either had other occupational expo-
sures or domestic exposures8; and

Group 3. Participants who had neither occupational nor
domestic exposures (also referred to as environ-
mental exposures).

The results are shown in Table 3. Group 1 had the larg-
est percent of pleural cases (51.0%), followed by Group 2
(19.9%), and Group 3 (9.1%). Overall, of the 1186 pleural
abnormality cases reported by ATSDR, 971 (81.9%) were
in the first two exposure groups—mine workers and other
occupationally and domestically exposed participants.
These results indicate a correlation between the prevalence
of pleural abnormalities and asbestos exposure. Former
mine workers, Group 1, would have experienced occupa-
tional exposures that were substantially higher than expo-
sures in the other groups. The exposure levels for Group
2, other occupational exposure and domestic exposure,
would be expected to be lower as a group average than
mine workers’ exposures. Group 3 exposures would have
been much lower than Group 1 or Group 2 exposures.

These data not only indicate a correlation between pleu-
ral abnormalities and asbestos exposure, but also suggest
that the prevalence of pleural abnormalities associated with
low-level environmental exposures (Group 3) is near the
internal background rate, 6.7%, for the Screening Study.
These findings, however, may be strengthened or weakened
depending on the rate of false positive diagnoses, which
may be substantial. The following sections describe analy-
ses of the data that address the false positive issue.

6.2. Adipose tissue and detection ofpleural abnormalities

6.2.1. The “FAT?” box on B-reader forms

As a partial solution to misreading sub-pleural fat as
pleural thickening or a pleural plaque, the B-reader forms
used in the Screening Study included a section for com-
menting on pleural fat. This section contains a box labeled
“FAT?” that provides B-readers with an opportunity to

Domestic exposure occurred where a participant, such as a spouse,
shared living quarters with a mine worker and cared for his work clothes.
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Table 3

Radiographic identification of pleural abnormalities for three exposure groups in the ATSDR Screening Study in Libby, Montana

Pleura diagnosis

Abnormal

Number
Group 1: employed by WRG at the Libby Mine 186
Group 2: other occupational or domestic exposure* 785
Group 3: no occupational or domestic exposure 215
Total 1186

Total
Normal
Percent (%) Number Percent (%)
51.0 179 49.0 365
19.9 3151 80.1 3936
9.1 2152 90.9 2367
17.8 5482 82.2 6668

a “Other Occupational” means occupational exposure, but not at the Libby mine. “Domestic Exposure” means exposure of a spouse or other household

contact of an individual with occupational exposure.

Table 4
B-reader “Fat?” breakdown for the ATSDR Screening Study in Libby,
Montana—all readers

“FAT?” box checked B-reader forms that identify pleural abnormalities

Number Percent (%)
Yes 893 36.2
No 1574 63.8
Total 2467 100.0

Note. The final category on the B-reader form was labeled “FAT?”. A
check mark in this box indicated the reader’s concern that the abnor-
malities identified on the form also may be explained by pleural fat.

record their concerns that the observed abnormalities may
be explained alternatively as adipose tissue.

Tables 4 and 5 contain a summary of the “FAT?” box
results. Table 4 displays results for all B-reader evaluations
that indicated a pleural abnormality. Although agreement
between two readers led to 1186 pleural cases, a total of
2467 B-reader evaluations identified pleural abnormalities.
Of these 2467 evaluations, 893 (36.2%) included a check in
the “FAT?” box. Limiting this analysis to the 1186 cases,
the “FAT?” box was checked by at least one of the B-read-
ers for 399 subjects, or 28.6% (Table 5). These results sug-
gest that the false positive rate for pleural abnormalities in
the Screening Study population may be near 30%.

Table 6 shows that the correlation between sub-pleural fat
and a positive diagnosis for pleural abnormalities exists in
each of the three exposure groups defined earlier. The data
show that the percentage of cases with “FAT?” checked is
lowest for mine workers (18.3%) compared to slightly
greater than 30% for the other exposure groups. This differ-
ential is expected because the mine workers would have had
the highest asbestos exposures and, therefore, would have

Table 5
B-reader “Fat?” breakdown for the ATSDR Screening Study in Libby,
Montana—cases

“FAT?” box checked Pleural abnormality cases

Number Percent (%)
Yes (by at least one B-reader) 339 13.7
No 847 34.3
Total 1186 48.1

See note to Table 4.

experienced a higher percentage of pleural abnormalities
that should not have been confused with sub-pleural fat.

6.2.2. Correlation between Body Mass Index and pleural
abnormalities

A further assessment of the potential for pleural fat as a
source of false positive diagnoses involved investigating the
relationship between Body Mass Index (BMI)9 and the
diagnosis of pleural abnormalities for the three exposure
groups introduced above.

For each exposure group, Table 7 displays the number
and percent of positive and negative diagnoses by BMI cat-
egory—obese, overweight, normal, and underweight.10 For
Group 1, WRG mine workers, there is no correlation
between BMI and the diagnosis. The percentages of sub-
jects in each BMI category are statistically the same for
those diagnosed with pleural abnormalities as those diag-
nosed as normal (/~value = 0.86).

For Group 2, which consists of subjects with other occu-
pational and domestic exposure, BMI is correlated with the
diagnosis outcome (/?-value < 0.001). A larger percentage of
BMI-obese subjects have positive diagnoses in comparison
to negative diagnoses (48.5% versus 30.2%) and a smaller
percentage of BMI-normal subjects have positive diagnoses
in comparison to negative diagnoses (13.8% versus 29.3%).

For Group 3, which consists of subjects with no occupa-
tional and no domestic exposure, BMI also is correlated
with diagnosis (p-value < 0.001). The pattern of percent-
ages for the BMI categories is similar to the pattern for
Group 2: 51.2% of BMI-obese subjects have positive diag-
noses versus 30.8% with negative diagnoses; 18.1% of BMI-
normal subjects have positive diagnoses versus 33.5% with
negative diagnoses.

The results in Table 7 suggest that body mass, absent
high level exposures to asbestos, influences positive pleural

9 Calculated values of BMI were not included in the electronic database
received from ATSDR. The height and weight data recorded for each
participant was used to calculate BMI. According to the Centers for
Disease Control and Prevention, BMI = (weight in kilograms)/(height in
meters)2.

10 The BMI categories are defined as follows: obese—BMI greater than
30; overweight—BMI between 25 and 30; normal—BM| between 18.5 and
25; underweight—BMI less than 18.5 (CDC).
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Table 6

B-reader “Fat?” breakdown for the ATSDR Screening Study in Libby, Montana by exposure group—pleural abnormality cases

“FAT?” box checked Exposure group Total

1 2 3

Yes (by at least one B-reader) Count 34 236 69 339
Percent 18.3% 30.1% 32.1% 28.6%

No Count 152 549 146 847
Percent 81.7% 69.9% 67.9% 71.4%

Total 186 785 215 1186

Notes. Exposure Group I—WRG mine workers.
Exposure Group 2—other occupational exposure or domestic exposure (i.e., living in the household of an occupationally exposed subject).
Exposure Group 3—environmental exposure (i.e., no occupational or domestic exposure).

Table 7
Correlation between radiographic identification of pleural abnormalities and body mass in the ATSDR medical testing program for Libby, Montana
BMI Pleural abnormality Pleura normal

Number Percent (%) Number Percent (%)
Group 1: worked at WRG = 365
Obese 76 40.9 66 36.9
Overweight 74 39.8 72 40.2
Normal 34 18.3 38 21.2
Underweight 0 0.0 0 0.0
BMI N/A 2 11 3 17
Total 186 100.0 179 100.0

Test result: no correlation between BMI and identification of pleural abnormality
Chi square 0.8
/»-value 0.86

Group 2: other occupational or domestic exposure = 3936

Obese 381 48.5 951 30.2
Overweight 281 35.8 1238 39.3
Normal 108 13.8 923 29.3
Underweight 7 0.9 23 0.7
BMI N/A 8 1.0 16 0.5
Total 785 100.0 3151 100.0

Test result: statistically significant correlation between BMI and identification of pleural abnormality
Chi square 123.0
/»-value < 0.001

Group 3: no occupational or domestic exposure = 2367

Obese 110 51.2 663 30.8
Overweight 60 27.9 726 33.7
Normal 39 18.1 720 335
Underweight 1 0.5 32 15
BMI N/A 5 2.3 n 0.5
Total 215 100.0 2152 100.0

Test result: statistically significant correlation between BMI and identification of pleural abnormality
Chi square 43.1
/»-value < 0.001

abnormality diagnoses. For mine workers, there is no dif-  two other exposure groups, where asbestos exposure was
ference in the distribution of BMI between those diagnosed  likely to have been much lower, the group diagnosed as
with pleural abnormalities and those diagnosed as normal. positive has a higher percentage of obesity than the group
This result is consistent with the hypothesis that pleural diagnosed as normal. These data suggest that higher Body
abnormalities in mine workers are principally a conse-  Mass Index influences the pleural abnormality diagnoses in
quence of high ashestos exposure levels. However, in the  a way that could engender false positives.
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Table 8
Estimated cumulative lifetime exposure and IRIS risk estimates for Libby residents
Description PCM PCME
Average level Estimated lifetime cumulative EPA IRIS Average level Estimated lifetime cumulative EPA IRIS
(f/cc) exposure (f-yr/cc) risk (flcc) exposure (f-yr/cc) risk
Scenario 1
Routine Ave  0.0040 0.1023 3.4x 10~04 00001 0.0026 8.4x 10"06
activity
Resident Max 0.0140 0.3580 12x 1003 0.0010 0.0256 8.4 x 10~0s
Scenario 2
Routine Ave  0.0900 0.0411 1.4 x 10~04 0.0050 0.0023 7.5 x 10“06
cleaning
Resident Max 1.0170 0.4644 15x 10~08 0.0930 0.0425 1.4 x 10~04
Scenario 3
Remodeling Ave 0.4543 0.0249 8.2x 1006 0.2380 0.0130 43 x 10"
Resident Max  1.6200 0.0888 2.9 x 10M04 0.7040 0.0386 13x 10 04
Contractor ~ Ave  0.4543 0.2489 8.2x 10'04 0.2380 0.1304 4.3 x 10n4
Max  1.6200 0.8877 29 x 1003 0.7040 0.3858 13 x 10~°3
Scenario 4
Rototilling  Ave 0.1136 0.0083 27x 10'06  0.0332 0.0002 8.0 x 1006
Resident Max 0.2272 0.0166 5.5 x 10-05 0.0664 0.0049 1.6 x 10~06

Source: Average level (f/cc) from Weis (2001, 2002).

Estimated cumulative lifetime exposure and EPA IRIS risk calculated by PAI using factors provided in Weis (2001).

7. EPA exposure and risk analysis

In 2002, EPA added the Libby Asbestos Site to the Gen-
eral Superfund Section of the National Priorities List
(NPL), which established Libby as a hazardous waste site
requiring clean-up (67 FR 65315 October 24, 2002). As
part of the support for the NPL listing, EPA conducted
an analysis of exposure and risk for Libby residents and
concluded that .. asbestos contamination in various
types of source materials at residential and commercial
areas in and around the community of Libby, Montana”
poses .. an imminent and substantial endangerment to
public health” (Weis, 2001).

The analysis was based on air samples collected by EPA
associated with four types of activities referred to as Scenar-
ios 1-4. The activities were: Scenario l—routine activities by
a resident; Scenario 2—active cleaning by a resident; Sce-
nario 3 (two parts) a—extensive contact with vermiculite
by a contractor, and b—Ilimited contact with vermiculite
by a resident; Scenario 4—rototilling a home garden by a
resident.11

Exposure estimates and risk calculations for the scenar-
ios are displayed in Table 8. The design used for collecting
the data was not sufficiently detailed to claim that the
results are representative of exposures for Libby residents.
Therefore, interpretation and projections based on these
results are speculative at best. Nevertheless, EPA argued
that the results supported a finding of imminent and sub-
stantial endangerment to public health. However, basic
interpretation of the results, even without concern about

1 EPA (2001) contains details about the scenarios.

how well they represent residents of Libby, does not sug-
gest a public health crisis. Generally, the risks for residents
are within the range considered acceptable by EPA’s
Superfund program (1 x 10-6 to 1x 1CT4).

Exposure is reported in Table 8 by PCM and PCME
analysis. PCM is the measurement method used by OSHA
to enforce its permissible exposure limit (PEL) for asbestos
(59 FR 40964 August 10, 1994). PCM cannot distinguish
non-asbestos structures that are morphologically similar
to asbestos structures. Nevertheless, PCM is appropriate
for measuring exposure in an occupational setting where
the airborne structures are predominantly asbestos.
PCME, which differentiates asbestos from non-asbestos
structures, is valuable for measuring airborne concentra-
tions in non-occupational settings where the non-asbestos
component of airborne fibers may be substantial. The
PCME counting protocol has the same dimension criteria
for structures as the PCM method, but includes only asbes-
tos structures (see footnote 4 for details).

The risk estimates in Table 8 represent total cancer (i.e.,
lung cancer plus mesothelioma) in accordance with the
EPA’s risk assessment methodology presented in IRIS.
Risks calculations are displayed for both PCM and PCME
exposure estimates. The difference in exposure and risk
between the two methods can be substantial. For most of
the scenarios, the reduction in exposure and risk for PCME
relative to PCM is approximately a factor of 10.

The risk estimates in Table 8 are very likely higher than
the true risks because of EPA’s conservative approach to
risk assessment. EPA does not consider threshold exposure
limits and employs straight-line risk extrapolation from
high occupational exposures to low environmental expo-
sures. EPA’s conservatism is seen by considering the life-
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time cumulative exposures estimated for Libby residents
(Table 8). The maximum of these exposure estimates,
excluding the Scenario 3b Contractor, which should be
assessed as an occupational exposure, is 0.0425 f-yr/cc.
This exposure is substantially less than the risk doubling
exposure estimates for lung cancer in Table 1 (93-173
f-yr/cc), the lifetime occupational exposure allowed by
OSHA’s PEL (4.0M.5 f-yr/cc),12and an estimate of lifetime
background exposure of 0.40 f-yr/cc. Based on these com-
parisons, the health risks associated with Libby resident
exposure to LA are negligible.

8. Conclusions

Reports prepared by EPA and ATSDR imply, and the
news media asserts, that the typical Libby resident is at
substantial risk for asbestos-associated disease due to expo-
sure to LA. Upon closer inspection, however, the excess
risk projections apply to Libby mine workers who experi-
enced historical high level occupational exposures when
the mine was operating. Estimated lifetime cumulative
exposures for Libby residents who were not mine workers
based on recent air sampling conducted by EPA are low.
There is no evidence that LA is more potent for asbestos-
associated disease than other types of asbestos. The studies
conducted at Libby have not produced sufficient evidence
to support the claim that environmental exposures to LA
independent of occupational exposures of miners are asso-
ciated with increased pleural or parenchymal abnormali-
ties, lung cancer, or mesothelioma.

Conflict of Interest

The author has consulted with and conducted studies
for W.R. Grace & Co. on various issues concerning asbes-
tos exposure and health risk, including exposure at Libby,
Montana. Also, at the request of W.R. Grace & Co., the
author has testified in court as a paid export about results
of my studies on asbestos exposure and health risk.

Funding Source

No funding was received for the preparation for the arti-
cle. Some of the results discussed were obtained in studies
conducted that were sponsored by W.R. Grace & Co.
However, the data analyzed were collected and published
by agencies of the U.S. government and university research
groups, and W.R. Grace & Co. had no involvement in the
study design, analysis or interpretation of data, the writing
of the manuscript, or the decision to submit the manuscript
for publication.8

12 The PEL limits exposure to 0.1 f/cc as a time-weighted average over
8h. For a 40- or 45-year working lifetime, the lifetime cumulative
exposure would be between 4.0(=0.10 x 40) and 4.5(=0.10 x 45) f-yr/cc.

References

ADL, 1983. Letter report from ET Peters, ADL, to Julie Yang, WR
Grace, August 8, 1983. Administrative Record—Libby Asbestos
Superfund Site.

Amandus, H.E., Wheeler, R., Jankovic, J., Tucker, J., 1987a. The
morbidity and mortality of vermiculite miners and millers exposed to
tremolite-actinolite. Part I: exposure estimates. American Journal of
Industrial Medicine 11 (1), 1-14.

Amandus, I1.E., Wheeler, R., 1987b. The morbidity and mortality of
vermiculite miners and millers exposed to tremolite-actinolite. Part II:
mortality. American Journal of Industrial Medicine 11, 15-26.

American Thoracic Society (ATS), 1990. American thoracic society:
health effects of tremolite. Am. Rev. Resp. Dis. 142, 1453-1458.

Agency for Toxic Substances and Disease Registry (ATSDR), 2000.
Health consultation: mortality from asbestosis in Libby, Mon-
tana,1979-1998. ATSDR December 12, 2000.

Agency for Toxic Substances and Disease Registry (ATSDR), 2002a.
Mortality in Libby, Montana, 1979-1998. Update to health consulta-
tion: mortality from asbestosis in Libby, Montana,1979-1998.

Agency for Toxic Substances and Disease Registry (ATSDR), 2002b.
Preliminary Findings of Libby, Montana Asbestos Medical Testing.
Available from: <http://www.atsdr.cdc.gov/asbestos/02-1023-Com-
binedTesting.pdO. Accessed September, 2002.

Agency for Toxic Substances and Disease Registry (ATSDR), 2002c.
Review of asbestos-associated abnormalities among a group of
patients from Libby, Montana: a pilot study of environmental cases.
ATSDR, August, 2002.

Agency for Toxic Substances and Disease Registry (ATSDR), 2002d.
Public health assessment: Libby Asbestos NPL Site. ATSDR 2002.
Agency for Toxic Substances and Disease Registry (ATSDR), 2003.
Report on the expert panel on health effects of asbestos and synthetic
vitreous fibers: the influence of fiber Length. Prepared by Eastern

Research Group for ATSDR, March 17, 2003.

Agency for Toxic Substances and Disease Registry (ATSDR), 2003. Case
studies in environmental medicine: asbestos toxicity. Available from:
<http://www.atsdr.cdc.gov/HEC/CSEM/asbestos/clinical_evaluation.
html>. Accessed April, 2003).

Berman W.D, Crump K.S., 2003. Technical support document for a
protocol to assess asbestos-related risk. EPA Office of Solid Waste and
Emergency Response 2003. Available from: <http://www.epa.gov/
superfund/programs/risk/asbestos/index.htm>.

Brattin, B., 2002. Memorandum: issues regarding cleavage fragments. Bill
Brattin, Syracuse Research Corporation, May 9, 2002 Administrative
Record—Libby Asbestos Superfund Site.

Churg, A., Green, F.H.Y., 1998. Pathology of Occupational Lung
Disease, second ed. Williams and Wilkins, Europe.

Davis, J.M.G., Addison, J., MclIntosh, C., Miller, B.G., Niven, IC, 1991.
Variations in the carcinogenicity of tremolite dust samples of differing
morphology. Annals of the New Academy of Sciences 643, 473-490.

Environmental Protection Agency (EPA), 1986. Airborne asbestos health
assessment update. EPA 600/8-84-003F.

Environmental Protection Agency (EPA), 2001. Phase 2 sampling and
quality assurance project plan (Revision 0) for Libby, Montana.
Environmental monitoring for asbestos. Evaluation of exposure to
airborne fibers during routine and special activities. Prepared by USEPA
Region 8 with technical support from Syracuse Research Corporation.

Environmental Protection Agency (EPA), 2003. Report on the peer
consultation workshop to discuss a proposed protocol to assess
asbestos-associated risk. Prepared by Eastern Research Group, EPA
Contract 68-C-98-148, May 30, 2003.

ligren, E.B., 2004. The biology of cleavage fragments: a brief synthesis and
analysis of current knowledge. Indoor and Built Environment 13, 343—
356.

McDonald, J.C., Harris, J., Armstrong, B., 1986. Cohort study of
mortality of vermiculite miners exposed to tremolite. British Journal of
Industrial Medicine 43, 436-444.


http://www.atsdr.cdc.gov/asbestos/02-1023-Com-binedTesting.pdO
http://www.atsdr.cdc.gov/asbestos/02-1023-Com-binedTesting.pdO
http://www.atsdr.cdc.gov/HEC/CSEM/asbestos/clinical_evaluation.html
http://www.atsdr.cdc.gov/HEC/CSEM/asbestos/clinical_evaluation.html
http://www.epa.gov/superfund/programs/risk/asbestos/index.htm
http://www.epa.gov/superfund/programs/risk/asbestos/index.htm

B. Price | Regulatory Toxicology and Pharmacology 52 (2008) S97-S109 S109

McDonald, C., 2001. Carcinogenicity of fibrous tremolite in workplace
and general environments. Summary of paper to be presented at EPA
Asbestos Health Effects Conference, Oakland, CA, May 24, 2001.

McDonald, J.C., Harris, J., Armstrong, B., 2002. Cohort mortality study
of vermiculite miners exposed to fibrous tremolite: an update. Annals
of Occupational Hygiene 46 (1), 93-94.

McDonald, J.C., Harris, J., Armstrong, B., 2004. Mortality in a cohort of
vermiculite miners exposed to fibrous amphibole in Libby, Montana.
Occupational and Environmental Medicine 61 (4), 363-366.

McGill University, 1983. Analysis of analytical transmission electron
microscopy of fibrous particles in Libby’s air samples: preliminary
results. Patrick Sebastien, Institute of Occupational Health and Safety.
Administrative Record—Libby Asbestos Superfund Site.

Meeker, G.P., Brownfield, 1.K., Clark, R.N., Vance, J.S., Hoefen, T.M.,
Sutley, S.J.,, Gent, C.A., 2001. The Chemical Composition and
Physical Properties of Amphibole from Libby, Montana: A Progress
Report, Abstract, 2001 Health Effects of Asbestos, Oakland, CA.

Occupational Safety and Health Administration (OSHA), 1992. Occupa-
tional Exposure to Asbestos, Tremolite, Anthophyllite and Actinolite.
57 FR 24310 June 6, 1992.

Peipins, L.A., Lewin, M., Campolucci, S., Lybarger, J.A., Miller, A.,
Middleton, D., Weis, C., Spence, M., Black, B., Kapil, V., 2003a.
Radiographic abnormalities and exposure to asbestos-contaminated
vermiculite in the community of Libby, Montana, USA. Environmen-
tal Health Perspectives 111 (14).

Peipins, L.A., Lewin, M., Campolucci, S., Lybarger, J.A., Miller, A.,
Middleton, D., Weis, C., Spence, M., Black, B., Kapil, V., 2003b.

Radiographic Abnormalities: Response from Peipins et al.. Environ-
mental Health Perspectives 112 (2), November 2004.

Price, B., 2004. Radiographic abnormalities and asbestos exposure: Libby
Montana. Environmental Health Perspectives 112 (2).

Price, B., Ware, A., 2004. Mesothelioma trends in the United States: an
update based on surveillance, epidemiology, and end results program
data for 1973-2003. American Journal of Epidemiology 159, 107—
112

Proto, A.V., 1992. Conventional chest radiographs: anatomic understand-
ing of newer observations. Radiology 183, 593-603.

RJ Lee Group, 2002. Memorandum, February 21, 2002. Administrative
Record—Libby Asbestos Superfund Site.

Sargent, E.N., Boswell, W.D., Ralls, P.W., Markowitz, A., 1984.
Subpleural fat pads in patients exposed to asbestos: distinction
from non-calcified pleural plagues. Diagnostic Radiology 152, 273—
277.

Weis, C., 2001. Memorandum from Chris Weis, USEPA to Paul
Peronard, USEPA. Subject: Amphibole Mineral Fibers in Source
Materials in Residential and Commercial Areas of Libby Pose an
Imminent and Substantial Endangerment to Public Health. December
20, 2001.

Weis, C., 2002. Memorandum from Chris Weis, USEPA to Paul
Peronard, USEPA. Subject: Revised Screening Risk Estimates.
November 22, 2002.

Wylie, A.G., Bailey, K.F., Kelse, JW., Lee, R.J., 1993. The importance of
width in asbestos carcinogenicity and its implications for public policy.
American Industrial Hygiene Association Journal 54, 239-252.



Available online at www.sciencedirect.com

0ttt ScienceDirect

Regulatory Toxicology and Pharmacology 52 (2008) S110-S115

ELSEVIER

Regulatory
Toxicology and
Pharmacology

www.elsevier.com/locate/yrtph

Environmental mesothelioma associated with tremolite
asbestos: Lessons from the experiences of Turkey,
Greece, Corsica, New Caledonia and Cyprus

Stavros H. Constantopoulos *

University of loannina Medical School, loannina 451 10, Greece

Received 26 October 2007
Available online 13 November 2007

Abstract

Mediterranean regions such as Greece, Turkey, Cyprus, Corsica and New Caledonia have experienced epidemics of malignant meso-
thelioma as a result of non-occupational, “domestic” exposure to tremolite asbestos and fibrous erionite. This exposure to tremolite
asbestos and fibrous erionite is typified “domestic” due to its prevalence in regions with natural deposits of tremolite asbestos (or fibrous
erionite) where the material from tremolite asbestos or fibrous erionite is used for domestic applications such as whitewashing. However,
these exposures may be useful in examining the potential consequences of even small amounts of amphibole asbestos fibers in the ambi-
ent air. It can also elucidate the effects of fibers that behave like amphibole asbestos. However, this type of exposure is not useful for
studying the potential effects of small amounts of asbestos in the ambient air of big cities due to the differing nature of the fiber types

and modes of exposure between the regions.
© 2008 Published by Elsevier Inc.
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1. Introduction

More than 20 years ago, in 1981, when the Medical
School of loannina, NW Greece, was established we
encountered for the first time chest roentgenograms of usu-
ally healthy individuals with extensive, patchy, bilateral
calcifications (Fig. 1). Much to our surprise, these obvi-
ously pleural calcifications were known to local health
authorities. Everyone seemed to agree that: (1) they are
typical of inhabitants of Metsovo (a mountainous village
sixty kilometers east of loannina (population 5000)), (2)
they are a result of previous tuberculous pleurisy and (3)
they cause “no health effects” and therefore, there is noth-
ing to worry about.

* Fax: +30 2 6510 9 7051.
E-mail address: eprevezi@cc.uoi.gr

0273-2300/$ - see front matter © 2008 Published by Elsevier Inc.
doi: 10.1016/j.yrtph.2007.11.001

We could not agree that this was just an innocent result
of previous tuberculosis and started investigating the phe-
nomenon. Our initial questions were: (1) are these calcifica-
tions really so frequent? (2) are they really confined to the
Metsovo area and most importantly (3) if not tuberculosis,
what is their cause?

It soon became obvious that indeed the calcifications
were quite frequent (almost in half the adult population)
and occurred only among Metsovites (Constantopoulos
et al., 1985). The cause became obvious when, in the same
month of 1981 we had two unfortunate patients with huge
pleural effusions that proved to be malignant pleural meso-
thelioma; both were from Metsovo (Constantopoulos
et al., 1987ab). Mesothelioma and pleural calcifications
can only be attributed to asbestos exposure. It was there-
fore no surprise when Dr. A. Langer and Dr. R. Nolan,
then at Mount Sinai Hospital in New York, where we sent
transbronchial biopsies of Metsovites, found tremolite
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Fig. 1 In 1981, we found chest roentgenograms of usually healthy
individuals from Metsovo with extensive, patchy, bilateral pleural
calcifications.

Fig. 2. Tremolite asbestos fibers were found by analytical transmission
electron microscopy in small needle biopsy specimens.

asbestos fibers in most specimens in spite of the very small
tissue samples (Constantopoulos et al., 1985) (Fig. 2).

However, where was the asbestos coming from? Met-
sovo is an idyllic village, up in the mountains of Pindos
with no industries or mines around. The closest ashestos
mine is around 200 km away. While looking for the source
of the asbestos we became aware of the fascinating work of
I. Baris and others in Turkey relating to the environmental
exposure to tremolite asbestos and fibrous erionite result-
ing in epidemics of mesothelioma (Baris et al., 1975,
1978, 1981; Yazicoglu et al., 1978, 1980). A gathering of
the villagers produced the source of the tremolite asbestos.
It was a material used in the past as a whitewashing. It was
good for waterproofing and especially to keep walls from
getting “black from the fire” (amiantos in Greek = not get-
ting dirty). The material was sent to Mount Sinai and its
chemical composition was found to identical to that of
the transbronchial biopsies (tremolite asbestos) (Fig. 3)
(Constantopoulos et al., 1987a).

This work has put Metsovo in the map of environmental
asbestos exposure areas together with Turkey, Cyprus,
Corsica and lately, New Caledonia. But is this exposure
really environmental? And is it the same in all of these
areas? To answer these questions we must first define and
classify the different types of asbestos exposure.

Asbestos exposure can be classified as (Peters and
Peters, 1998): (1) occupational, (2) para-occupational/
domestic, (3) para-occupational/neighborhood, (4) para-
occupational/macroenvironmental or (5) non-occupational
domestic.

o<
>0
>—=

K A E

AN
UFS=
METSOVO LUNG GRD 3

Fig. 3. Two energy dispersive spectra showing the tremolite asbestos
found in the biopsies of individuals from Metsovo (A) is identical that in
the whitewash (B). The potassium in the lung sample is an artifact from
the tissue preparation.



S112 S.H. Constantopoulos / Regulatory Toxicology and Pharmacology 52 (2008) S110-S115

1 Occupational exposure: occurs in workers of asbestos
mines or any other workers of the extremely various
asbestos exploitation factories or small family enter-
prises. It is a firmly proven exposure; the main cause
of mesothelioma (Hillerdal, 1983).

2. Para-occupational domestic exposure: occurs in family
members of asbestos through the dust from the workers
clothes. This can create quite high levels of exposure and
many cases of mesothelioma have been reported from
this phenomenon (Gardner and Saracci, 1989).

3. Para-occupational/neighborhood exposure: Several stud-
ies from many countries have shown sporadic cases of
mesothelioma in residents living a few kilometers away
from asbestos mines or factories. Crocidolite was the
offending agent in most instances. Some of the cases
from Cyprus and Corsica that we will examine in detail
must have resulted from neighborhood exposure.

4. Para-occupational/macro-environmental: Mesothelioma
background incidence in non-exposed populations has
been estimated to be one case per million living people
per year (Hillerdal, 1983). In 2003 the US mesothelioma
mortality was 2560 deaths among total US of 2,448,288
(Price and Ware, 2004). There is however, no evidence of
increased risk of mesothelioma from general environ-
mental exposure (macro-environmental exposure) in
countries with asbestos factories or mines (Gardner
and Saracci, 1989).

5. Non-occupational, domestic exposure: This is the only
exposure that is neither a direct or indirect result of
asbestos presence at the work place. On the contrary,
it is a result of ashestos exposure inside the house, from
domestic use of asbestos. The exposure can result either
from continuous dust from the walls (Gardner and Sar-
acci, 1989; Baris et al., 1987; Osman et al., 2007) or from
processing of the asbestos containing material (Constan-
topoulos et ah, 1985, 1987a,b; Sichletidis et ah, 2006).

2. Cappadokia, Turkey and erionite

The first and best known environmental asbestos expo-
sure is not really exposure to asbestos but to erionite.
Indeed, the fact that exposure to this asbestos like material
(a zeolite) has resulted in epidemics of mesothelioma, worse
than any occupational asbestos exposure has taught us that
it is not so much the chemical composition of the fiber but
its aerodynamic characteristics that cause mesothelioma. In
fact, erionite behaves aerodynamically exactly like a long
thin amphibole asbestos fiber. Aerodynamic properties of
fibers are factors driving aerosol stability, inhalation poten-
tial, etc. They are therefore factors driving biological
potential but not, in and of themselves, causal factors.

The study of the effects of erionite exposure started in
the 1970s by Baris and others (Baris et al., 1975), after
reports of unusually high rates of cancer deaths from Kar-
ain, a small village in Cappadokia. Their study revealed
that in Karain and three neighboring villages, mesotheli-

oma was the cause of death in half of the inhabitants and
corresponded to an incidence 1000 times higher than
expected in a non-asbestos exposed population (Baris
et al., 1987; Selcuk et al., 1992). The offending agent was
easy to detect since the villagers lived in houses (caves) built
inside volcanic rocks containing erionite. Samples collected
from the house dust, soil and ambient air of Karain all con-
tained erionite. Indoor samples obtained during cleaning
operations inside family caves gave the highest concentra-
tions of erionite (up to 1.38 f/mL) (Baris et al., 1981). This
was what the villagers had been breathing since birth and
was obviously the cause of their mesothelioma. There is
no mention of handling this material or crushing it, like
in Metsovo.

Most Karain villagers now live in modern houses, but
since the whole area contains erionite a re-settlement has
been suggested; most refuse to comply. Either way, since
the villagers no longer reside in caves it is believed that
the number of cases will drastically decrease in the next
decades (Baris et al., 1987; Baris, 1987).

The hypothesis of exposure since birth to erionite is
strengthened by the fact that most mesotheliomas have
occurred when exposed residents are between 35 and 55
years of age, in contrast with occupational mesotheliomas
where exposures begin later in life and disease develops
between 50 and 70 years of age (Hillerdal, 1983; Baris,
1987).

Finally, the hypothesis that exposure to erionite is akin
to exposure to an asbestos like material is confirmed by the
fact that most other asbestos related benign and malignant
entities have been observed with increased incidence in this
population (Firat, 1983; Karakoca et al., 1997). That this
asbestos like material is erionite has been proven by studies
of lung tissues where numerous erionite fibers where found
in high concentrations (Baris, 1987).

3. Turkey and tremolite

At the same time when the erionite exposure was discov-
ered, the same group from Hacettepe University in Ankara
(Baris et al.) and S. Yazicioglou from Diyarbakir Univer-
sity in Southeastern Turkey drew attention to a similar
problem concerning a much larger area in Eastern and
Central Anatolia (Yazicoglu et al., 1978, 1980) Recently
Osman et al., 2007 suggest similar environmental exposure
continue to be health hazard in the Gaziantep region of
Turkey. In this area, a similar number of mesotheliomas
were reported again in the 1980s. This time the exposure
was to tremolite asbestos, used as a whitewash or plaster
material. It was sold from one village to another, but there
was no large scale industrial exportation (Peters and Peters,
1998; Baris, 1987). There are no details available as to how
the whitewash was prepared and the hypothesis of Baris is
that the exposure was secondary to dust originating from
the whitewashed walls, most probably since birth. This
explains the peak age of mesothelioma similar to that of
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erionite (40-60 years) (Peters and Peters, 1998; Selcuk
et al., 1992).

There is a sex difference between fibrous erionite and
tremolite asbestos. In tremolite asbestos there is a male pre-
ponderance (2:1 vs. 1:1 to fibrous erionite). This cannot be
attributed to different exposure patterns between men and
women, except if the effects of tremolite asbestos exposure
(and not erionite) are enhanced by smoking. A similar male
to female ratio is seen in Metsovo. The big difference how-
ever, between erionite and tremolite asbestos exposure in
Turkey is that, although the population exposed to tremo-
lite asbestos is around twenty times larger, the reported
cases of mesothelioma were similar in a study between
1980 and 1988 (erionite 58 cases, tremolite asbestos 77
cases) showing clearly that erionite is a much more potent
agent for mesothelioma (Selcuk et ah, 1992).

4. Metsovo (and other areas of Greece) and tremolite
asbestos

As mentioned in the introduction, the previous experi-
ence of Baris and others in Turkey was very crucial for
the understanding of a similar outbreak in Metsovo, NW
Greece. During the antituberculosis campaign in 1969
(Constantopoulos et ah, 1985; Bazas et ah, 1981) it was
noted for the first time that many, otherwise healthy indi-
viduals from Metsovo presented with extensive pleural cal-
cifications. This was further studied by Bazas et al. (Bazas
et ah, 1981, 1985) who found pleural plaques in 24% of
examined Metsovites, but no mesothelioma, “The agent
responsible for this rather benign condition was not identi-
fied” (Bazas et ah, 1985). Our work in the area has shown
that (Constantopoulos et ah, 1985, 1987ab, 1991, 1992,
Peters and Peters, 1998; Sakellariou et ah, 1996; Manda-
Stachouli et ah, 2004) Metsovites were exposed since birth
to a tremolite asbestos containing material used for white-
washing. The material (called “luto” by the residents) was
outcropped from nearby hills, shaped in the form of a ball
and sold. It was then crushed, boiled over night and
applied to the walls. During crushing, an high concentra-
tion of asbestos fibers were released (>200 f/mL), while
smaller amounts were released while cleaning the floor of
an old unused house containing the material (1-4 f/mL)
and scratching its walls (20-40 f/mL). There is no tremolite
asbestos in the ambient area of Metsovo. The procedure
was repeated once or twice every year (Constantopoulos
et ah, 1991; Sakellariou et ah, 1996).

More significantly, it is impossible to tell whether inhab-
itants were inhaling daily air with small concentrations of
tremolite asbestos or once/twice a year air containing huge
quantities of tremolite asbestos. What we can safely suggest
is that after 1975-1980 “luto” is no longer used and Metso-
vites are practically free of exposure. We can claim this
because Metsovo is outside the “Pindos serpentine zone”
and Metsovites were traveling to nearby hills inside the
zone to find “luto”. “Luto” was used by everyone until
1940-1950 and gradually abandoned. In 1980, it was used

by 10% of the population and now it is no longer in use
(Constantopoulos et ah, 1987a,b).

Like in Turkey, this tremolite asbestos whitewash has
caused an epidemic of mesotheliomas and very high inci-
dence of pleural calcifications in Metsovo (about half of
the adult population) (Constantopoulos et ah, 1985). Both
epidemics have followed the decline in the use of “luto”.
Thus, in our first study we reported seven mesotheliomas
from Metsovo between 1981 and 1985. Seven mesothelio-
mas in five years in a population of 5000 is about 300
times higher than expected in non-asbestos exposed pop-
ulation (Hillerdal, 1983). The situation had changed ten
years later. The incidence of mesothelioma between 1986
and 1995 had dropped to one-third (Sakellariou et ah,
1996) reflecting the abandonment of “luto”. The same is
true for the pleural calcifications. In our first study (Con-
stantopoulos et ah, 1985) about half of the adult popula-
tion had plaques. When we repeated the study (Manda-
Stachouli et ah, 2004) we found similar overall incidence
but a much lower prevalence among younger Metsovites,
30-36 years of age. If our hypothesis is correct, we expect
to see a slow end to the mesothelioma epidemic in Met-
sovo by 2020-2030.

Metsovo is not the only area of Greece with a tremolite
asbestos exposure problem. Several clusters of small vil-
lages, all in the “Pindos serpentine zone” have similar
problems of much smaller scale and in some, tremolite
asbestos has been incriminated (Constantopoulos et ah,
1991; Sichletitis et ah, 1992, 2006).

As we mentioned, Metsovites have increased incidence
of both, mesothelioma and pleural plaques. The interesting
finding is that these two do not occur necessarily in the
same individuals. In our first report (Constantopoulos
et ah, 1987a) we had already mentioned that the first five
Metsovites with mesothelioma had no plaques. Further
studies confirmed that the population with plaques had less
frequent mesothelioma (Constantopoulos et ah, 1992). Not
only that, bronchoalveolar lavage revealed that, those with
plaques have a lymphocytic alveolitis and evidence of mac-
rophage activation (Constantopoulos et ah, 1992; Galani
et ah, 2002) as if they have a response to the tremolite
asbestos “protecting” them from neoplasia. This intriguing
hypothesis is further studied.

5. Cyprus and tremolite asbestos

There is a chrysotile mine in Troodos Mountain, Cen-
tral Cyprus that has been functioning for decades. It is
supposed to produce pure chrysotile and, since there are
no other asbestos sources in Cyprus, this mine offered an
ideal opportunity to study if pure chrysotile can cause
mesothelioma.

Everyone was therefore, surprised, when mesothelioma
was diagnosed in an elderly female who was not a miner
but lived in a nearby village (McConnochie et ah, 1987).
The surprise was bigger when the fibers found in her lungs
were not chrysotile but tremolite asbestos (McConnochie
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et al., 1987, 1989). This prompted a large scale study of the
area to address the question of whether mesotheliomas in
Cyprus are related to the mine or to domestic/environmen-
tal exposure to tremolite asbestos.

The authors evaluated 12 cases of confirmed mesothe-
liomas that occurred around 1970-1980. Only five were
asbestos miners. There were however, three wives of min-
ers and two living in nearby villages. Two more were liv-
ing in Nicosia and their mesotheliomas were unrelated to
the mine directly or indirectly. The authors suggest in
their first report (McConnochie et al., 1987), that since
tremolite asbestos was found in domestic and outdoor
dust samples, the environmental exposure to tremolite
asbestos is equal if not more important to that of the
mine as a cause of mesothelioma in Cyprus. They also
mention however, that there are tremolite asbestos intru-
sions in the ore body of the mine and that these fibers
were separated by “wind is lifting” after their primary
crushing and then blown away by the wind (McConno-
chie et al., 1987). The distance this cloud of tremolite
asbestos was traveling cannot be ascertained. It is also
of interest that tremolite asbestos was found in stucco
specimen from houses in three nearby villages but there
are no details regarding this event.

It appears then, that in Cyprus we have had mesothelio-
mas in asbestos miners, wives of asbestos miners and
inhabitants of nearby villages. The offending agent was,
in all cases, tremolite asbestos. The miners’ exposure is,
of course, occupational and the exposure of their wives
para-occupational-domestic. The exposure of the villagers
can either be classified as non-occupational-domestic like
in Metsovo or in Turkey from use of tremolite asbestos
stucco or, more likely, para-occupational neighborhood
exposure (Viallat et al., 1991; Newhouse and Thompson,
1965; Haine et al., 1974; MacDonald, 1985) thus, indirectly
related to the mine.

6. Corsica and tremolite asbestos

In North-East Corsica, a chrysotile asbestos mine was
operating near the village of Canari until 1965. When the
miners were examined for pleural plaques the most inter-
esting finding was the prevalence rate of plaques in the
control population (3.8%) (Rey et al., 1993). The answer
for this became obvious after a look at the geological
map of North-East Corsica. Near the village of Canari,
where the mine is located, there are several zones with
surface deposit of ashestos. The village of Murato is
located inside such a zone. Rey et al. (Rey et al., 1993,
1994) examined 108 individuals of Murato and compared
the prevalence of pleural plaques with those found in the
neighboring village of Vezzani located outside these
zones. In Murato, 41% of the examined population had
pleural plaques. A sizable percentage of Vezzani (7.5%)
also presented with bilateral plaques. The explanation
offered by the authors was the proximity of surface asbestos
deposits (Rey et al., 1994).

It is clear then, that if we exclude mines, the asbestos
exposure in North-Eastern Corsica today is not related to
the old asbestos mine. It could however, be considered
para-occupational/neighborhood  exposure,  since it
involves villagers living a few kilometers from the mine.
It is however, not the mine itself but the surface deposits
of asbestos near the mine that constitute the source of
ashestos.

7. New Caledonia and tremolite asbestos

In New Caledonia, a French territory in South Pacific, a
high incidence of malignant pleural mesothelioma was
reported that could not be attributed to occupational expo-
sure (Luce et al., 2000). It was explained however, by non-
occupational-domestic exposure, like that of Metsovo. In
the high mesothelioma areas, native Melanesians were
using a very friable rock from local outcroppings as a
whitewash. The rock was ground by hand to a powder, sus-
pended in water and applied to the walls. Samples of rock
and whitewash (called “Po”) showed that it consists of
pure tremolite asbestos similar to “luto” in Metsovo. Like
“luto”, “Po” has been replaced by modern materials, but is
still in use in some villages. Like Metsovites, native Mela-
nesians are exposed since birth and the result is a very high
incidence of malignant pleural mesothelioma. All but one
of the fifteen mesotheliomas diagnosed between 1993 and
1995 occurred in Melanesians exposed to “Po”. Lung cancer
risk was also increased significantly among Melanesian
women using “Po”. There is no mention of pleural plaques
or other benign asbestos related disorders (Luce et al., 2000).

8. Conclusions

Environmental exposure to tremolite asbestos (and
fibrous erionite) has caused epidemics of malignant meso-
thelioma, mainly in Mediterranean countries but also in
other parts of the world (New Caledonia). This exposure
is non-occupational but cannot be characterized “environ-
mental” in the sense of macro-environmental air pollution.
It is better characterized as “domestic” since it occurs in
areas with natural deposits of tremolite asbestos (or fibrous
erionite) only when the material from these deposits is used
(mainly for whitewashing and other domestic purposes).
This type of exposure cannot serve as an example for the
possible effects of small amounts of asbestos in the ambient
air of big cities (micro-environmental) since: (1) the fiber is
different (amphibole), (2) the exposure starts from birth
and (3) the exposure is, at times, very high. It can however,
serve to study possible effects of even small amounts of
amphibole asbestos fibers in the ambient air, or even fibers
that behave like amphibole asbestos.
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Abstract

A 70% excess of mesothelioma, an asbestos-related cancer, has been reported among men in northeastern Minnesota, where iron min-
ing has been the major industry. The Minnesota Department of Health has studied iron miners who developed mesothelioma to identify
possible sources of ashestos exposure. A database of all Minnesota residents diagnosed with mesothelioma between 1988 and 1996 was
linked to a database of approximately 72,000 current and former Minnesota iron-mining employees to identify cases who had ever
worked in the mining industry. The job histories of the cases were examined to determine if any of their jobs could have involved expo-
sure to commercial asbestos. Seventeen individuals diagnosed with mesothelioma in Minnesota between 1988 and 1996 were found to
have worked in the iron mining industry. Of the 15 for whom adequate work histories were available, 14 had identifiable sources of expo-
sure to commercial asbestos injobs held both inside and outside of the mining industry. The time between employment in these asbestos-
exposed occupations and the diagnosis of mesothelioma is consistent with the 20 or more year latency period that has been observed in

other studies of this cancer.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

There has long been concern about a possible link
between the iron mining industry in northeastern Minne-
sota and the occurrence of cancers and respiratory diseases
in that region. In 1973, amphibole fibers were found in the
Duluth water supply and traced to tailings that had been
disposed of in Lake Superior by the Reserve Mining Com-
pany. This finding prompted studies of the fibers (Langer
et al., 1979), the effects of ingestion of the fibers (Hilding
et al., 1981; Levy et al., 1976), and the morbidity and mor-
tality of iron ore workers (Clark et al., 1980; Cooper et al.,
1988, 1992; Higgins et al., 1983; Lawler et al., 1985), among
other studies.
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In 1997, the Minnesota Cancer Surveillance System
(MCSS) reported that the rate of mesothelioma, a rare
ashestos-related cancer, was 70% higher than the statewide
average among men in northeastern Minnesota during the
period 1988-1994 (standardized morbidity ratio =1.72;
95% confidence interval = 1.22-2.35) (Breslow and Day,
1987; Minnesota Cancer Surveillance System, 1997). Sub-
sequent data from MCSS showed a continuing excess in
men in this region—at 81% for the 12-year period 1988—
1999 (Minnesota Cancer Surveillance System, 2003). No
excess has been found among females.

Mesothelioma is a cancer of the lining of the lung or
abdomen. A past history of exposure to asbestos can be
identified among most victims of this disease. Mesotheli-
oma has not been associated with smoking. There are
approximately 60 cases of mesothelioma per year in Min-
nesota. Due to a latency period of 20 or more years, it is
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often difficult to determine exactly when or where an indi-
vidual diagnosed with mesothelioma may have been
exposed to asbestos.

Mesothelioma is rapidly fatal; consequently, it is often
not possible to obtain direct interviews with the subjects
themselves. In addition, historical monitoring data are
often not available. For this reason, many studies use past
work histories and job titles as a surrogate for potential
exposures.

It was not clear what sources of asbestos led to the ele-
vated rate of this cancer among men in northeastern Min-
nesota. Exposures related to cancers that were diagnosed in
the 1980s and early 1990s would have had to have taken
place in the 1940s to the 1970s, or earlier. While an
increased rate was observed in men, the rate in women
was not elevated, pointing to the likelihood of an occupa-
tional exposure. It was known that between 1958 and
1974, the Conwed Corporation plant in Cloquet, Minne-
sota, also located in the northeast region of the state, used
several types of asbestos as a raw material in the manufac-
turing of mineral board and ceiling tile (Bender et al., 1993;
Williams, 1994). However, preliminary evidence indicated
that it was unlikely that Conwed was the sole explanation
for the elevated rate of mesothelioma (Minnesota Cancer
Surveillance System, 1999). Because the iron mining indus-
try has been a major employer in this region and because of
the history of concern about the mineral fibers, concern
remained that there may be some mining process that
resulted in asbestos exposure.

In 1998, the Minnesota Department of Health (MDH)
began a series of investigations to determine to what extent,
if any, employment in the iron mining industry was associ-
ated with the excess of mesothelioma or other occupational
respiratory diseases. To investigate the mesothelioma
excess, record linkage was conducted to identify cases of
mesothelioma that may have occurred among former iron
miners. A case series study was then conducted to deter-
mine the extent to which mesothelioma in miners could
be explained by exposures to commercial asbestos (com-
mercially-available asbestos and asbestos-containing mate-
rials, such as insulation). Such exposures—known to be
associated with mesothelioma risk in many other indus-
tries—would need to be identified and accounted for in
assessing health risks to miners. If no commercial asbestos
exposures could be identified, other exposures (e.g., taco-
nite fibers) would have to be evaluated.

2. Methods

2.1. Minnesota Iron Miner cohort

The Minnesota Iron Miner cohort was assembled by the University of
Minnesota, School of Public Health in the early 1980s, with the support of
the Minnesota Iron Range Resources and Rehabilitation Board and the
cooperation of the seven mining companies then in operation. The cohort
consists of approximately 72,000 individuals who had worked in the iron
mining industry in northeastern Minnesota between the 1930s and the
early 1980s, including taconite workers and persons who had worked in

certain natural ore operations. (Reserves of natural ore were largely
depleted by the 1970s. Taconite, a lower-grade iron ore, has been mined
commercially in Minnesota since 1955.) In addition to demographic infor-
mation, the cohort records contain the employment histories of these
workers.

2.2. ldentification of Minnesota iron miners who developed
mesothelioma

MCSS records for all Minnesota residents diagnosed with mesotheli-
oma between 1988 and 1996 (years of data available when the study
began) were linked to the Minnesota Iron Miner cohort database, to iden-
tify cases who had ever been employed in the mining industry. Because
former iron miners could have moved out of the seven counties of north-
eastern Minnesota, the iron miner database was linked to MCSS records
for all Minnesota residents. The records were matched on first, middle and
last name, date of birth, and social security number. The computerized
matches were performed using a probabilistic record linkage program
(Fellegi and Sunter, 1969).

2.3. ldentification o fmining and non-miningjobs held by miners who
developed mesothelioma

Mining jobs held by workers who developed mesothelioma were iden-
tified using records from the Minnesota Iron Miner cohort. Non-mining
jobs were identified using employment applications included in the iron
miner records, workers compensation claim records, and newspaper death
notices.

2.4. ldentification ofpossible exposures in mining occupations

The first step in the qualitative assessment of possible exposures to com-
mercial asbestos in the mining jobs involved interviewing people who had
worked in these jobs. An advisory committee to MDH provided technical
assistance in the development of a questionnaire that was used to ask work-
ers about potential exposures to commercial asbestos in different mining
jobs. Questions asked about materials handled and tasks that may have
involved direct or indirect exposures to asbestos (Fletcher et al., 1993), refer-
ring to the work environment as it existed in the 1940s-1970s. This study did
not include any assessments of exposure to taconite dust.

A list of job titles for each of the mining companies was developed con-
sisting of jobs held by workers from that company, if any, who had been
diagnosed with mesothelioma, plus other randomly-chosen jobs. The extra
jobs were added so that the interviewees and those assessing the jobs could
not assume that the job they were reporting on, or evaluating, had been
held by a worker who developed mesothelioma.

More than 350 telephone interviews were conducted covering 122 dif-
ferent job titles from the seven different mining companies (two of which
were no longer in operation at the time of the study). Ninety-six percent of
the respondents had experience in the job they reported on, while the
remaining 4% were coworkers and/or supervisors. An attempt was made
to interview at least three persons per job title. The interviews were sum-
marized by MDH’s consulting certified industrial hygienist (CIH) who
examined the interview responses and used them to assign an initial rating
of exposure to commercial asbestos for each job.

An assessment panel for each company was convened to make the final
exposure determinations. Each panel consisted of knowledgeable union
and management representatives, plus a non-mining industrial hygienist
or safety engineer. The panels used the initial ratings, the interview
responses (with identifying information removed), available job descrip-
tions from the relevant time period, and their own knowledge of the min-
ing environment to estimate the potential for exposure to commercial
asbestos in each of the jobs. The panels considered regular (everyday)
and shutdown responsibilities separately. (Shutdowns are scheduled peri-
ods when regular processing at a mining operation stops so that equip-
ment can be retooled or maintained. Workers may change jobs or even
move to a different facility to perform shutdown duties.) The panels rated
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the jobs as exposed (in terms of high lilcelihood/high intensity; high likeli-
hood/low intensity; low lilcelihood/high intensity or low likelihood/low
intensity), not exposed, or unknown exposure. When no interviews were
available (i.e., no interviewees could be found), the panels made determi-
nations using other information (e.g., job descriptions and their own
knowledge). If no determination could be made, the potential for exposure
was marked unknown.

2.5. ldentification ofpossible exposures in non-mining occupations

Other studies of asbestos-exposed occupations were reviewed to deter-
mine whether a particular non-mining job could have involved exposure to
commercial asbestos. In addition, the list of miners with mesothelioma
was checked against a roster of former Conwed employees (Minnesota
Department of Health, 1989), to see how many had also worked at that
facility. Any Conwed job was considered as having potential commercial
asbestos exposure. A final review of these jobs was provided by the CIH.

3. Results
3.1. Description of the case series

Of the 340 male Minnesota residents diagnosed with
mesothelioma between 1988 and 1996, 17 were found to
have worked in the iron mining industry. Two of the 17
also worked at Conwed. None of the 92 female Minneso-
tans diagnosed with mesothelioma between 1988 and
1996 were found in the iron miner cohort.

Fifteen of the 17 were diagnosed with pleural mesotheli-
oma while two had peritoneal mesothelioma. The age at
diagnosis ranged from 55 to 82. Fourteen were diagnosed
while residing in northeastern Minnesota while three were
diagnosed while living elsewhere in Minnesota. Since
MCSS only collects cancer data for Minnesota residents,
it is not known how many, if any, miners may have devel-
oped mesothelioma outside of Minnesota.

3.2. Occupational histories

The number of different iron mining jobs held by each of
the 17 men varied, as did the length of their employment in
the mining industry, ranging from 2 months to 40 years.
With the addition of known non-mining jobs, the extent
of the employment history documented for the 17 men ran-
ged from 5 to 60 years. The years of their employment ran-
ged from the 1930s through the 1980s. Complete job
histories for the relevant exposure period were available
for 10 of the 17 cases. For five cases, there were small gaps
injob history information. Thus, for 15 cases, occupational
histories were sufficiently complete to allow evaluation of
potential exposures to commercial asbestos. A listing of
occupations held by the cases is included in the MDH
report (Minnesota Department of Flealth, 2003).

3.3. Exposures to commercial asbestos

Table 1contains a summary of the panel exposure esti-
mates for the 17 cases in terms of “probable” and “possi-
ble” likelihood of exposure. Probable was used when the

Table 1

Summary of estimated exposures to commercial asbestos 20 or more years
prior to diagnosis for 17 iron-mining employees who developed
mesothelioma

Likelihood of Total Exposure Exposure in Exposure

exposure to No. in non- mining in both

commercial mining occupation(s) mining and

asbestos occupation(s) non-mining
occupations

Probable 1 3a 4 4

Possible 3 1 0 2

None identified 1 - - -

Unknown due to 2

incomplete job
histories

a Includes two individuals who also had non-mining occupations with
possible exposure.

panel exposure estimate was: high lilcelihood/high inten-
sity; high likelihood/low intensity or low likelihood/high
intensity. Possible was used when panel exposure estimate
was low likelihood/low intensity.

Fourteen of the 15 miners who developed mesothelioma
had potential exposures to commercial asbestos: 11 had
job(s) with probable exposure to commercial asbestos
and another 3 had job(s) with possible exposure to com-
mercial asbestos. One of the 15 had no apparent occupa-
tional exposures to commercial asbestos based on the
information that was available. For two of the 17, a poten-
tial source of exposure could not be determined because the
jobs they held for significant portions of their job histories
were unknown.

Potential exposures to commercial asbestos were found
in both mining and non-mining occupations. Many of the
asbestos-exposed occupations held by the cases, like
plumbing, were common to both mining and non-mining
industries. Examples of mining jobs identified as having
potential exposures to commercial asbestos were carpenter,
maintenance mechanic and plumber. Non-mining jobs hav-
ing potential exposures included boiler operator, sheet
metal worker and Conwed (Cloquet, Minnesota) worker.
The exposure determinations for the mining jobs are com-
pany-specific. That is, the panels rated the jobs as they
existed at certain companies in the time period of interest,
S0 exposure ratings may not be true for the same job title at
a different operation. The time between employment in
these asbestos-exposed occupations and the diagnosis of
mesothelioma in this study was consistent with the 20 or
more year latency period that has been observed in other
studies of this cancer.

Of the 14 cases who held occupations in which exposure
was possible or probable, mining occupations were the
only identified source for 4; non-mining occupations were
the only identified source for 4; and both mining and
non-mining occupations were identified for 6. As noted in
Table 1, 2 cases who had a non-mining job with probable
exposure and a mining job with possible exposure were cat-
egorized as “probable/non-mining”.
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4. Discussion

This study identified 17 Minnesota iron miners who
were diagnosed with mesothelioma between 1988 and
1996. While the mesothelioma risk among miners cannot
be quantified in this study and is not solely attributable
to exposures within the mining workplace, this finding is
in sharp contrast to previously published death certifi-
cate-based studies of Minnesota iron ore miners that have
not found mesotheliomas or excesses of other respiratory
diseases (Cooper et al., 1988, 1992; Higgins et ah, 1983;
Lawler et ah, 1985). This finding, along with the results
of the exposure assessment, demonstrates that exposure
to asbestos has occurred in the iron mining industry during
previous decades. Because of the long latency of asbestos-
related diseases, these risks will continue into the future
even in the absence of ongoing exposures.

4.1. Limitations and strengths

Case series studies, such as this study, must be cau-
tiously interpreted. While exposures among the cases
are categorized and explicitly described, there is no con-
trol group for comparison, and thus exposures among
non-cases can only be implicitly assumed based on his-
torical data or other knowledge. However, where there
is a very strong relationship between exposure and dis-
ease, useful insights may be obtained even in the absence
of controls (Cummings and Weiss, 1998). As with ana-
Iytic studies, other sources of bias should still be
addressed.

The major limitation of this study was the assessment of
previous commercial asbestos exposure. This assessment
was based on job titles and occupational histories—not
actual monitoring data—and utilized existing records.
Due to statutory limitations, study protocols did not allow
contact of next of kin to gain more information about the
work histories and potential exposures of the 17 individuals
diagnosed with mesothelioma who worked in the mining
industry. Complete work histories were not found for 2
of the 17. For one, documentation only up to age 26 was
available.

Complete information may or may not have been found
regarding an individual’s work outside of the mining indus-
try. This depended on whether the prior work history was
included in their employment records, or was available
through other sources (e.g., death notices). In addition,
nothing was known about any non-occupational asbestos
exposures (e.g., hobbies, home environment, spouse’s occu-
pational exposures).

Quantitative exposure data on which to base the assign-
ment of asbestos exposure were not available. Even with
qualitative exposure estimates, assumptions were made
that a particular job title in a particular year at a particular
mine conferred a particular probability of exposure. In
addition, nothing was known about possible use of per-
sonal protective equipment.

Despite these limitations, this study has several
strengths. First, a major strength is this study’s use of can-
cer registry data, rather than death certificates, to identify
all mesothelioma cases in the state. MCSS data come from
the pathology reports and clinical records confirming that a
cancer has been diagnosed. Quality control studies confirm
the completeness and accuracy of these data. In contrast,
death certificate-based studies (prior to the change from
the International Classification of Disease revision 9 to
revision 10 in 1999) will likely miss many, if not most, cases
of mesothelioma that are often coded to other causes of
death (such as lung cancer) (Lilienfeld and Gunderson,
1986). Among the 17 cases of mesothelioma in this study,
only one would have been detected by the cause-of-death
codes used for mesothelioma on death certificates (despite
the fact that most of the death certificates had some men-
tion of mesothelioma on the death certificate itself).

A second strength is the study’s use of the previously
established Minnesota Iron Miner cohort. Because those
diagnosed with mesothelioma or their next of kin could
not be contacted for this study, it would have been much
more difficult and much less accurate to determine whether
persons diagnosed with mesothelioma had ever worked in
the mining industry without the mining cohort informa-
tion. Mining cohort data also provided most of the infor-
mation about the job titles and dates of employment for
the study subjects.

A third strength was the protocol that blinded the assess-
ment of potential exposures to commercial asbestos. None
of the participants in the study knew which job titles were
associated with miners who later developed mesothelioma.

Finally, the involvement of a technical advisory group
provided information that was vital to the satisfactory
completion of this study. The collaboration between labor
and industry in the development of the protocol for this
study allowed current and former iron miners to be inter-
viewed about exposures to commercial asbestos in their
jobs, in a way that ensured the confidentiality of their
responses. In addition, the use of assessment panels con-
sisting of mining company, labor and other industrial
hygiene/safety professionals brought the most knowledge-
able people together to make the best assessments with
the available information.

4.2. Health issues not addressed by this study

While the study findings establish that miners are at
some risk of mesothelioma and that past exposure to com-
mercial asbestos is a likely explanation, this study does not
address other significant health questions. In particular,
this study does not address the morbidity and mortality
among iron miners from all types of cancer or respiratory
diseases, nor does it attempt to address potential health
risks from exposures to respirable mineral dusts from tac-
onite ore and its processing (silica, taconite, cummington-
ite-grunerite, cleavage fragments, etc.). Other types of
epidemiologic studies, such as a mortality follow-up study
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(in which death rates and causes of death among miners
would be compared to that for the overall population) or
a medical screening of iron miners (which could look at
lung abnormalities), would be required to address these
questions.

5. Conclusion

Our findings demonstrate an unquantified risk of meso-
thelioma among former Minnesota iron miners and suggest
that commercial asbestos exposure (inside and outside of
the mining industry) is the likely cause of mesothelioma
in this case series. However, at least one miner had no iden-
tifiable source of exposure to commercial asbestos and
other causes cannot be ruled out.
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John F. Gamble

Paper |1—South African experience with asbestos-related
environmental mesothelioma: Is fiber type important?
Neil White, Gill Nelson, Jill Murray

The purpose of this review was to illustrate the impor-
tance ofthe type of asbestos in environmental mesothelioma.
South Africa is a logical place to assess fiber type. The three
major types of asbestos (crocidolite, amosite and chrysotile)
were mined (all asbestos mining stopped in 2002) in South
Africa. The association between asbestos and mesothelioma
was discovered in South Africa. The occupational literature
indicates high mesotheliomagenic potential for crocidolite,
less for amosite and less still for chrysotile. Since South
Africa has been a major source of crocidolite, relatively high
rates of mesothelioma in the mining population is not sur-
prising. High rates of mesothelioma due to environmental
exposure is surprising, except perhaps when the authors
point out potential sources for community exposures (e.g.,
mine tailings used for road surfacing, golf courses, brick
and plaster making; insulation in residential ceilings; chil-
dren playing on fiber-rich waste rock).

The authors’ reviewed four studies reporting on meso-
thelioma cases and their sources of exposure and fiber type.
Overall 23% of the known cases were attributed to the envi-
ronmental (not occupational) exposure and about 90%
were due to crocidolite asbestos. The proportion of envi-
ronmental mesothelioma is considerably higher than in
Western Australia where crocidolite is also mined. There
the overall rate of environmental mesothelioma is about
6% (and less than 1% from residence in a crocidolite mining
area).

About 10% of cases were related to amosite or mixed
fiber (amosite + crocidolite). Toxicity may be related in
part to this difference in fiber type, but the size of the
exposed populations is undoubtedly related as well. There
were no cases attributed to chrysotile exposure. There are
a few cases of mesothelioma among Canadian chrysotile
miners where the chrysotile is contaminated with tremolite
asbestos, which may be the active agent. In South Africa it
is not clear whether the lack of mesothelioma cases caused

doi: 10.1016/j.yrtph,2007.10.015

by chrysotile is due to no contamination by tremolite
asbestos and/or the small size of the exposed population.

The first two papers present two contradictory interpre-
tations regarding the risk of asbestos-related environmen-
tal disease among Libby, Montana residents.

Paper 2—Exposure to airborne amphibole structures and
health risks: Libby, Montana
Bertram Price

EPA and ASTDR and news reports suggest the resi-
dents of Libby are at substantial and imminent risk of
asbestos-related disease. This paper reviews these claims
and concludes that Libby residents in the absence of occu-
pational exposure are not at increased risk of lung cancer,
mesothelioma, asbestosis or pleural abnormalities.

Occupational health risks are associated with the Ver-
miculite deposit in Libby, Montana. Libby vermiculite is
a mixture of cleavage fragment and asbestiform minerals.
The high proportion of long, thin asbestiform fibers (for
example over 70% longer than 10 pm, about 10% longer
than 20 pm) is consistent with labeling the mixture as
“Libby Asbestos” (LA).

Exposure-response analyses from the two occupational
cohort studies suggest a doubling of lung cancer risk occurs
somewhere between cumulative exposures of 130—
400 fibers/mL years. The EPA risk model predicts a dou-
bling of risk at about 100 fibers/mL years. Cumulative
exposures of residents are several orders of magnitude
below these occupational exposures. Results of an ATSDR
study indicated statistically significant risks for Libby
males but not females. Price suggests the female results
are the better estimate of risk for Libby residents. The male
estimate is biased upward because of smoking and mine
employment. If these confounders were accounted for he
contends there would not be significant lung cancer excess
for Libby residents.

Proportional mortality ratios (PMR) for mesothelioma
ranged from 1.2% to 4.2% in the two occupational cohorts,
which is 6-21 times greater than the 0.2% for the US popula-
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tion. There were no exposure-response analyses for mesothe-
lioma, but Price suggests the minimum cumulative exposure
is probably about 4.3 fibers/mL years for the 14 mesotheli-
oma cases in the two occupational cohort studies. This
cumulative exposure is about 100 times greater than the
EPA estimate for the highest cumulative exposure of about
0.04 fibers/mL years for the highest exposure of a Libby res-
ident. The EPA risk assessment estimates about a 0.01% risk
of mesothelioma for the highest exposed Libby resident. On
the basis of these estimates, Price suggests the risk of meso-
thelioma is negligible for a Libby resident.

An ATSDR mortality study suggested asbestosis mortal-
ity among Libby residents was increased 40-80 times
expected depending on the referent population. Price sug-
gests this estimate is misleading because 11 of the 12 deaths
were mine workers and the 12th death was a woman having
household contact to a mine worker with 20-years tenure.
The suggested threshold for asbestosis is 25-100 fibers/
mL X years, which is about 60-240 times the worst ambient
exposure. Therefore, Price contends the correct interpreta-
tion is that Libby residents are not at increased risk of
asbestosis.

Finally, ATSDR conducted a screening study looking at
radiographic abnormalities including asbestosis and pleu-
ral thickening/plaques. Price suggests it is a false implica-
tion that residence in Libby significantly increases risk of
asbestos-related pleural disease. The basis for this assertion
is in large part related to diagnosis misclassification and
that the most relevant group is the one without occupa-
tional and domestic exposures. Misreading of the X-rays
for pleural abnormalities is likely for several reasons. There
was a lack of control films and B-readers did not read the
films blind. The B-readers were concerned that pleural
abnormalities may actually be fat about 30% of the time
and pleural abnormalities may be biased upward by per-
haps 20% because of obesity. Finally, the prevalence of
pleural abnormalities in this group may not actually be
increased as it is “near the internal background rate.”
Further explanation of this latter point would be helpful
as it is not clear what the true internal background rate is.

Paper 3—Environmental mesothelioma associated with
fibrous tremolite asbestos: Lessons from the experiences of
Turkey, Greece, Corsica, New Caledonia and Cyprus
Stavros H. Constantopoulos

Constantopoulos reviews the occurrence of mesotheli-
oma due to non-occupational domestic exposure to asbes-
tiform minerals. This exposure is unrelated to occupation
but is from domestic use of asbestos with exposure coming
from the processing of asbestos for use as white-wash and/
or continuous dust from the walls of the home. Locations
and characteristics included the following:

Cappadokia, Turkey. This is the first known incident of
exclusively environmentally caused mesothelioma, with
half the population dying of mesothelioma at early ages

of 35-55. The population lived in caves built in volcanic
rock containing erionite (a fibrous zeolite). Most villagers
now live in modern houses so the epidemic may begin to
decline because of the reduction in exposure. There was
also a high incidence of pleural plaques, but it appears
those with plaques had a reduced incidence of mesotheli-
oma compared to those without plaques.

A recent genetic study (Dogan et ah, 2006) suggests both
erionite exposure and a genetic predisposition are produc-
ing the mesothelioma epidemic in Cappadokia. In three vil-
lages mesothelioma occurs in certain houses but not in
others, which led to the hypothesis that a unique, more car-
cinogenic erionite was present in certain houses. However,
analysis indicated erionite had the same X-ray diffraction
pattern and crystal structure in villages and homes irrespec-
tive of the occurrence of mesothelioma. Pedigree studies
indicated mesothelioma was prevalent in certain families
but not in others. When high-risk mesothelioma family
members married into families with no history of it, meso-
thelioma appeared in the descendants. However, geneti-
cally predisposed family members do not seem to develop
mesothelioma when born and raised outside the mesotheli-
oma villages.

These new data suggest erionite exposure and predispo-
sition may be necessary for the occurrence of mesothelioma
related to environmental exposure to erionite.

Cyprus. The iron rich form of tremolite asbestos called
actinolite has been described in the Akapnov Forest area
of Cyprus but not in the chrysotile mine in Troodos (Ross
and Nolan 2003). Mesothelioma was diagnosed in an
elderly woman from a nearby village. But she was a non-
miner and it was tremolite asbestos fibers in the lung, not
chrysotile. On further investigation 12 additional cases of
mesothelioma were discovered among miners, wives of
miners and non-miners in villages away from the mine.
Tremolite-actinolite asbestos was considered the attribut-
able cause in all cases. The source of tremolite-asbestos
has been shown to be present outside the chrysotile mine
and it was found in domestic and outdoor dust samples.

Corsica. In northeast Corsica there was a chrysotile
mine operating till 1965. Chrysotile miners had a relatively
low prevalence (~4%) of pleural plaques. However, 41% of
a sample of residents in a nearby village had pleural pla-
ques. Surrounding the chrysotile mine were zones where
there were surface deposits of (tremolite?) asbestos. Since
the village was in this asbestos zone, environmental expo-
sure from the surface deposits was considered the cause
of pleural plaques.

New Caledonia. A high incidence of mesothelioma and
lung cancer among women living in New Caledonia was
associated with non-occupational environmental exposure
to tremolite asbestos contained in whitewash applied to
walls of the home. Pleural plagues were not mentioned.

It is interesting that in Cappadokia pleural plaques seem
to be a protective factor against mesothelioma. In Cyprus,
Corsica and New Caledonia tremolite asbestos from local
outcroppings seemed to be the causative agent for
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1. Mesothelioma (with no mention of pleural plaques) in
Cyprus.

2. Pleural plaques (with no mention of mesothelioma) in
Corsica.

3. Mesothelioma and lung cancer (with no mention of
pleural plaques) in New Caledonia.

Are these data contradictory or are these differences in
respons due to differences in exposure, susceptibility,
physico-chemical properties of the fiber or some combina-
tion of these factors or some factor we have yet to discover?
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Paper 4—Investigation of exposure to commercial asbestos
in Northeastern Minnesota iron miners who developed
mesothelioma

Wendy M. Brunner, Allan N. Williams, Alan P. Bender

Northeastern Minnesota has a 70% excess of mesotheli-
oma. Since there is no excess among women it seems likely
the source of exposure is occupational. Assuming a latency
of 20 years the relevant exposures would have been prior to
about 1970. Potential sources of exposures that might
cause mesothelioma included a manufacturing plant using
several types of ashestos as a raw material. Another poten-
tial source was iron mining where about 72,000 individuals

had worked between the 1930s and early 1980s. Taconite, a
lower grade iron ore containing nonasbestiform amphibo-
les had been mined since 1955. There have been several
mortality studies of iron ore miners, but no cases of meso-
thelioma were identified. Major limitations of these studies
was that latency was short for mesothelioma and the death
certificate was the source for identifying cause of death.

The purpose of the Brunner et al. study was to mesothe-
lioma among iron ore workers to identify possible sources
of asbestos exposure as part of the mining experience. They
used the Minnesota Cancer Surveillance System (MCSS) to
identify mesothelioma cases from 1988 to 1996. Use of the
MCSS is a strength of this study as many mesothelioma
cases will be missed if death certificates alone had been
used. Of the 340 male cases of mesothelioma, 5% had
worked in the iron mining industry. For the fifteen cases
with sufficient work histories, 14 were identified as having
worked in jobs with possible or probable asbestos expo-
sure. Exposure to commercial asbestos (only in mining
jobs) was identified for four miners in such jobs as carpen-
ter, maintenance mechanic and plumber.

Brenner et al. conclude that commercial asbestos expo-
sure is a likely cause of mesothelioma among iron miners
in this series and that there are jobs within the mining indus-
try where asbestos exposure occurs. They appropriately indi-
cate that case series studies must be cautiously interpreted.
Since asbestos is strongly associated with mesothelioma (in
fact is often a marker of asbestos exposure), their extensive
(and blinded) assessment of exposures makes their conclu-
sions reasonable. The inability to find a source of commercial
asbestos exposure in at least one miner suggested other
causes besides asbestos cannot be ruled out. Because one
miner without identifiable asbestos exposure is too few indi-
viduals to do further analysis, they were unable to further
evaluate taconite as a possible cause of mesothelioma.
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Albstract

This paper summarizes the weight of epidemiological evidence to evaluate the hypothesis that asbestos exposure is causally associated
with increased risk of gastrointestinal (GI) cancers as suggested by Selikoff in an early study of insulation workers. This review looks at
populations that develop Gl cancers, namely stomach, colorectal, colon and rectal. Guidelines for assessing causality are strength of
association, biological gradient and consistency of the associations. Exposure-response (E-R) was evaluated using three methods to esti-
mate exposure. Rate Ratios (RRs) for lung cancer and percent of mesothelioma are used as surrogate measures of asbestos exposure for
all the cohorts of exposed workers. Quantitative or semi-quantitative estimates of cumulative exposure to ashestos were also used to
assess E-R trends and were compared to E-R trends for lung cancer and mesothelioma in individual studies. Surrogate measures are
important since there are few individual studies that have assessed E-R. None of the various methods to estimate asbestos exposure
yielded consistent E-R trends and the strength of the associations were consistently weak or non-existent for the four types of GI cancers.
The epidemiological evidence detracts from the hypothesis that occupational asbestos exposure increases the risk of stomach, colorectal,
colon, and rectal cancer. Findings are briefly summarized below.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Asbestos; Colon cancer; Colorectal cancer; Gastrointestinal cancers; Ingestion; Lung cancer; Mesothelioma; Rectal cancer; Review; Stomach
cancer

1, Introduction 20 or more  Obs/Exp = SMR Obs/Exp = SMR
Selikoff et al. (1979, 1980) reported that among 632 h/ears follow ((919;12 (11322 Selikoff ((;9:[2 (113;8 Selikoff

building trades insulation workers with “light, intermittent P ' '

exposure to asbestos” there was a 3-fold increased risk of ~ Lung cancer 42/6 = 7.0 93/133 =170

Gl cancers. Based on the 29 cancer cases, they concluded ~ Mesothelioma 7/95 = 7.4% 38/210= 181%

that the “data suggest that there may perhaps be an etio- (N cases/

logical relationship between industrial asbestos exposure total

and carcinoma of the gastrointestinal tract”. With 20 more cancers)

years follow-up GI cancers still showed the 3-fold excess. ~ Stomach 12/43 = 2.19 19/5.4 = 35

Lung cancer showed a 7-fold increased risk at both time colorectal ~ 17/5.2 = 3.27 23/83 =28

periods, while the occurrence of mesothelioma increased

from 7% of total cancers to 18% during the follow-up. Since then there have been a large number of mortality

studies of asbestos workers and several reviews examining

the associations of asbestos exposure and GI cancers.

* Fax: +1 908 730 1192. The conclusions are somewhat varied and range from a
E-mail address: john.f.gamble@comcast.net clear causal association to a lack of evidence to support
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the causal criteria or the presence of biased associations
(Miller, 1978; Levine, 1985; Doll and Peto, 1985; Neugut
and Wylie, 1987; Edelman, 1988; Frumkin and Berlin,
1991; Arbman et al.,, 1993; Homa et al., 199%4; Gamble,
1994; Weiss, 1995; Goodman et ah, 1999). The preponder-
ance of the conclusions has been about colorectal cancer.
But combining colon and rectal cancers might hide an asso-
ciation as suggested by Arbman et ah (1993). There have
been fewer studies of stomach cancer, although in the fol-
low-up study of the insulation cohort of Selikoff et ah
(1979), stomach cancer showed an increased SMR and
colorectal cancer a decreased SMR.

The purpose of this review is to evaluate the association
between asbestos exposure and risk of stomach, colon and
rectal cancers separately. The weight of the evidence from
epidemiological studies will be graphically displayed so
the causal criteria of strong association, exposure-response
trends, and consistency can be evaluated. Known risk fac-
tors for these GI cancers will be briefly summarized to help
identify potential confounders.

2. Methods

2.1. Study populations

A search of Toxline and Medline was conducted to identify cohort or
case-control studies of asbestos-exposed workers where mortality or inci-
dences of stomach, colon, rectal or colorectal cancers were analyzed. The
references from individual studies and reviews were also searched for addi-
tional studies not obtained in the literature search. Cohorts or case control
studies nested within asbestos-exposed cohorts will be the primary study
populations included to be more certain of asbestos exposure. Only the
latest updates of relevant studies were included in the tabulations.

2.2. Causal criteria

The weight of the evidence to assess the validity of the hypothesis
that asbestos exposure causes stomach, colon or rectal cancer will be
based on three causal criteria. These are strength of association, biolog-
ical gradient, and consistency. None of these criteria alone or a single
study alone can completely refute or confirm a causal relationship.
The weight of the evidence refers to the pattern from the existing studies
as to whether or not there is a convincing case for the hypothesis of a
causal relationship.e

« Strength of association refers to how much the risk ratios are above no
risk, or the null value of one. A risk ration greater than about 1.5-2 is
less likely to be caused by bias or other factors and more likely to be
due to asbestos. In external comparisons the strength of association
is the standardized mortality ratio (SMR) or incidence ratio (SIR),
which compares the cause-specific mortality or incidence of asbestos-
exposed workers with an external comparison group, adjusted for
age, race, and gender and cannot account for possible effects of con-
founding exposures such as smoking or diet for example. Consistently
weak associations are considered to detract from a causal association.
Biological gradient refers to the presence of a dose-response (or
exposure-response, E-R) trend for cancer risk to increase with
increasing exposure to asbestos. Since the comparison group is gen-
erally fellow workers this internal analysis is less likely to be con-
founded by lifestyle risk factors. Also, this analysis gets higher
weight because it is based on individual estimates of exposure
rather than surrogates. The consistent lack of an E-R trend is con-
sidered to detract from the hypothesis of a causal association.

« Consistency is the repeated observation of an association in different
populations under different circumstances. If most of the associa-
tions are weak or null and there are no apparent E-R gradients,
then the weight of the evidence is suggestive that there is unlikely
to be a causal association. Moderate or strong associations at higher
exposures suggest that asbestos may cause Gl cancer at those levels
of exposure.

2.3. Exposure surrogates

Relatively few studies of Gl cancers have assessed E-R. Therefore,
average risk of lung cancer and mesothelioma are exposure surrogates
that have been utilized to crudely assess biological gradient of asbestos
and GI cancer. A useful surrogate should satisfy two criteria. One, the
surrogate must show an exposure-response relationship. Second, the
surrogate exposure measure is increasingly informative when the health
outcome is specific for asbestos and is not confounded by other uncon-
trolled exposures.

Risk of both lung cancer and mesothelioma increase as asbestos
exposure increases, albeit with different slopes, and are therefore a use-
ful surrogate measure of exposure. Many studies have shown that the
risk of lung cancer increases with increasing exposure to asbestos
(Dupre et al., 1984), although there is some heterogeneity in the slope
of the exposure-response curve and there may be a threshold below
which no increased risk may be observed (Goodman et al., 1999;
Brown et al., 1994). Brown et al. (1994) shows that where there are
estimates of exposure the threshold for increased risk of lung cancer
is somewhere in the range of 25-100 f/cc. He also notes that several
studies show no increased risk although asbestos exposure was not
negligible as evidenced by the occurrence of mesothelioma, pleural
changes, and some asbestosis. Mesothelioma is related to duration of
exposure up to ~30 years, with few observed deaths for exposure less
than about 3 months (Liddell, 1993). Dupre et al. (1984) consider it
unlikely that mesothelioma cases may have been caused by insignifi-
cant doses of asbestos. They suggest all the evidence supports the idea
that mesothelioma is dose-related, but that only a few cases are
expected to occur after brief or low exposures. Using percent mesothe-
lioma as a proxy estimate for asbestos exposure, Goodman et al.
(1999) showed that lung cancer SMRs increased in an exposure-
response fashion with increasing percentages of mesothelioma deaths.
Counts of long fibers in the lung of mesothelioma cases indicate that
as the number of fibers increases the risk does also, so that at the his-
tological level there is a biological gradient (Tuomi et al., 1991; Beck-
lake and Case, 1994). These data also suggest that amphiboles may be
more toxic than serpentines.

Asbestosis is caused by asbestos exposure in an exposure-related man-
ner. However, the diagnosis is based on clinical examination of X-ray find-
ings of fibrosis plus a history of exposure. Many of the studies do not
report asbestos as a cause of death and non-malignant causes of respira-
tory mortality often include non-asbestos related causes so that the role
of asbestos cannot be readily assessed.

Mesothelioma is a more appropriate indicator of asbestosis then
lung cancer in that there is greater specificity and no confounding from
smoking. Potential drawbacks of using lung cancer as an exposure sur-
rogate are a lesser degree of specificity and potential confounding effect
from cigarette smoke. Lung cancer is also caused by other occupational
exposures (e.g. radon), but these exposures are unlikely to be present in
these studies.

Asbestos exposure is a more or less specific cause of mesothelioma
that is independent of smoking. In most cases the SMR for mesothe-
lioma is not estimated, and only the number of cases is reported. In
this review the number of mesotheliomas divided by the total number
of cancer expressed as a percent is used as the measure of risk and
asbestos exposure. Total cancer is used instead of total deaths because
the latter is not available for incidence studies of cancer.

In summary, the reasoning behind this assessment of biological gradi-
ent is as follows:
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¢ Asbestos exposure causes lung cancer and mesothelioma and the risks
are dependent on the level of exposure.

The greater the risk of lung cancer and mesothelioma the greater the
asbestos exposure in the cohort of workers.

Therefore, using SMRs for GI cancers from individual studies and strat-
ifying by risk of lung cancer and mesothelioma provides crude estimates
of E-R for asbestos exposure and GI cancer. Mesothelioma risk is con-
sidered the better indicator since asbestos exposure is the best known/
most common cause of mesothelioma; smoking does not appear to
increase the risk of mesothelioma, so the mesothelioma risk is relatively
unconfounded by smoking or other factors. On the other hand, a major
cause of lung cancer is smoking, so the lung cancer SMR might be over-
estimated (biased) because of higher smoking among asbestos-exposed
workers than among the comparison group.

2.4. Occupation andfiber type as exposure surrogates

Fiber type further complicates the issue of using a proxy measure of
asbestos exposure. Most of the studies involve exposure to several fiber
types, although often there is a predominant type. Amphiboles appear to
pose the greater risk for mesothelioma, perhaps less so than for lung cancer,
and mixed fiber types a greater risk for lungcancer (Dupreetal., 1984). Butiif
asbestos causes any of the GI cancers it is not clear which fiber-type might
show the strongest association. Assessment by fiber type is made difficult
by the fact that the use of different types is often not well defined and because
several types are often used at varying time intervals. Also risk of GI cancer
has not been assessed by intensity of exposure within the occupational
groups. Analysis by fiber type will not be assessed in this review.

2.5. Ranking the usefulness o f asbestos exposure estimates

The rank order of biological gradients is weighted as:

[

. Individual-level E-R. Internal comparisons are considered the most
important because there is less potential confounding, and cumulative
exposure is directly related to individual asbestos exposure of each Gl
cancer case. Quantitative exposure estimates (e.g. f/cc-years or mppcf-
years) are considered superior to qualitative estimates such as high Vs
low exposure categories. E-R trends for lung cancer and mesothelioma
are graphically displayed when available. These graphs provide some
measure of reliability of the individual estimates of cumulative asbestos
exposure and also provide a comparison between asbestos-attributable
mortality (lung cancer, mesothelioma) and G1 cancer where attribution
is being assessed. If there is a causal association of asbestos exposure and
GI cancers, the E-R should to some respect mirror the lung cancer/
mesothelioma E-R trends.

2. Surrogate E-R (mesothelioma): External comparisons of studies strat-
ified by mesothelioma risk is of moderate weight because mesotheli-
oma is a specific result of asbestos exposure and is not confounded
by smoking and less confounded by lifestyle. Thus, mesothelioma com-
pared to lung cancer is considered the better proxy for evaluating
asbestos/G| cancer exposure-response trends and more weight will
be given to these findings in assess causality.

3. Surrogate E-R (lung cancer) : External comparisons of studies stratified

by risk of lung cancer are given lesser weight because smoking is a pri-

mary cause of lung cancer and potentially confounds risk.

Similar results from lung cancer and mesothelioma analyses increase
the likelihood of a correct interpretation, but a greater weight will be given
to the mesothelioma results. Contradictory evidence reduces the weight of
evidence.

3. Results

Results are presented individually for stomach cancer,
colorectal cancer (CRC), colon and rectal cancer. The pri-

mary results are E-R trends presented in reverse order of
importance: one figure each for surrogate E-R gradients
(risk of lung cancer and mesothelioma) followed by vari-
able numbers of graphs displaying E-R trends for individ-
ual studies.

Table 1is a summary of the results from the 44 studies
of asbestos-exposed workers included in this review. In
Tables 2 and 3 the data from Table 1 are rearranged by
type of GI cancer in order of increasing exposure (esti-
mated by risk of lung cancer and mesothelioma, respec-
tively) and are the bases of the visual representation of
E-R using surrogate exposures.

3.1. Stomach cancer

Overall there are 37 cohorts with 791 stomach cancer
cases enumerated with an overall risk ratio (RR) of 1.01
(0.94—1.08). Eighteen of the studies had RRs of 1.0 or less.
There were two small studies that reported no excess risk
but did not report the number of cases (Tulchinsky et al.,
1999; Szeszenia-Dabrowska et al., 1998). About a third
of the cases were from two studies. The largest was the last
follow-up of the cohort of Canadian chrysotile miners and
millers with 158 cases and an SMR of 1.26 (1.07-1.48)
(Liddell et al., 1997). The other was a population-based
survey of Norwegian men with 100 cases and qualitative
asbestos exposure based on questionnaires (Waage et al.,
1993). The stomach cancer SMR was 0.81 (0.66-0.99).
The idea was to assess the risk of asbestos-related disease,
but incidence of both lung cancer (SIR = 0.99) and meso-
thelioma (0.65%) were low, suggesting asbestos exposure
was also low.

3.2. Surrogate E-R

Fig. 1 shows there is no apparent association for the
risk of stomach cancer to increase as risk of lung cancer
increases. The point estimates for stomach cancer tended
towards 1.0 in cohorts when the excess lung cancer risk
was less than 4-fold and tended to be somewhat elevated
when lung cancer RRs were 4-fold or greater. The only
significant association was a 4-fold increased risk of
stomach cancer (5 cases) when lung cancer risk was
increased 6-fold among Chinese workers with very high
exposures to Chinese Chrysotile (Pang et al., 1997).
Exposures in the 1950s ranged from about 25 to
415mg/nr3 and from about 0.7 to 35mg/m3 in the
1960s. All the other risks of stomach cancer were 2-fold
or less in individual studies. Combined RRs for stomach
cancer stratified by lung cancer categories showed sugges-
tive trend with a significant deficit (0.80) when lung can-
cer SMRs were <1.0 that increased monotonically to a
significant 1.43-fold excess in the studies with lung cancer
SMRs >3.0 (Table 2).

There was no apparent visual association between stom-
ach cancer risk and the incidence of mesothelioma as
shown in both individual study results (Fig. 2) and from
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Summary of studies of asbestos-exposed workers showing risks of lung cancer, mesothelioma, and GI cancers

Study

selikoffet al
(1979)

selikoffet al
(1980)

Thomas et al
(1982);
update of
Elwood et al
(1964)

Berry and
Newhouse
(1983)

M cDonald et
al (1984)

Acheson et
al. (1984)

Ohlson et al
(1984)

Finkelstein
(1984)

Ohlson and
Hogstedt
(1985)

Peto et al
(1985)

seidman et
al. (1986)

Hodgson and
Jones(1986)

Exposure
17800 U.S/Canada
Insulation workers;
follow-up 1967-76;

582 male am osite
factory workers,
1941-1954 with
>20-yrs latency;
follow-up 1961-
1977

1970 asbestos
cement factory > 6
mos 1936-1977;
1977 follow-up;

13460 workers
making friction
material, employed
1941 +, follow-up to
1980; 10-yr latency

3641 > 1 mos 1938-
58 in Conn. Textile
plant; follow-up to
1978

5969 Insulation
manufacture; 1945-
78; 1980 follow-up

3442 Railroad
maintenance; > 3
wks 1939-80

535 asbestos cement
> 1-yr before 1960;
follow-up to 1978

1176 Swedish
ashestos cement
workers; >3 mos
1943-76; follow-up
to 1982;

Textile factory
Cohort |

Cohort Il
Cohort 111

820 men Amosite
asbestos factory
1941-5

31,150 UK asbestos
workers; 1981
follow-up;

% Meso

> 20 yrs latency
101/845 =
11.95%

4/103 = 3.9%

2/58 = 3.41%

1935-6: Cr use:
2122=9.1%

> 10 vrs latency
10/419=2.4%
<10y
1/56=1.8%

> 10 yrs
9/184=4.9%

> 20-yr latency
0/202=0%

5/109 = 4.6%
(4 = mesos

counted in lung
cancer deaths)
0/24=0 (other)

5/144 = 3.5%

latencies = 30-57
yrs

> 20-yr latency
8/44=18.2%

0/44 =0

> 10-vr latency
2/23 = 8.7%

0/19 =0

10/184 = 5.4%

>5 yrs latency

6/197=3.05%

>10 y latency:
worked < 1969
34/196= 11.95%

Lung Cancer

> 20 yrs latency
397/93.7 = 4.24
(3.84-4.68)

52/10.1 =5.15 (3.88-
6.81

> 15 yrs latency
24/25.8 = 0.93(0.60-
1.39)

1935-6: Cruse:
719.2=0.76 (0.31-
1.57)

> 10 vrs latency
159/150.8=1.05
< 10y: 23/22=1.05
>10y: 60/49.6=1.21
CC by f/iml-yrs

OR (n cases)

<10: 1.0 (50)
10-49:  0.79 (37)
50-99:  0.86 (13)

100-356: 0.88 (5)
20-yr latency
73/49.0= 1.49(1.18-
1.88)

Asbestos exposed:
61/29.1 = 2.10(1.62-
2.71)
Other (not asbestos)
10/9.4=1.06

> 20 yrs latency
27/25.7 = 1.05(0.69-
1.53)

Cum Exposure score
Low:2/7.5=0.27
(0.003-0.96)

Mod: 2/3.7=0.53
(0.07-1.95)

High: 6/4.5=1.34
(0.49-2.91)

Very hi: 17/10=1.62
(0.99-2.72)

> 20-yr latency
21/4.1=5.12 ()

0 latency=11/9=1.23
> 20 vrs latency
SMR = 6/4.3 = 1.40

<2 yrtenure = 3/1.3
=231

> 10-vr latency
13/1.58 = 8.23(4.38-
14.1)

411.90 = 2.11(0.57-
5.4)

93/64.6= 1.44(1.17-
1.77)

102/20.5=4.97(4.08-
6.1)
>5 yr latency:f/m -

yrs
<6; 14/5.31=2.64*
6-12 12/2.89=4.15*

-25: 15/3.39=4.42*
-50 12/2.78=4.32*

-100: 17/2.38=7.14*
-150: 9/1.49=6.04*
-250

12/1.32=9.09*
250+: 11/0.94=11.7*
>10 y latency:
worked < 1969
SMR: 152/112.1=
1.36 (1.15-1.59)

By yrs worked:

<10: (40) 0.92

>10.(145) 141
only after 1969
1/1.0=0.96

Colon

< 10yrsemplo

SMR=23/18.1= 1.27(0.81-1.91)

| Colorectal

> 20 yrs latency
54/39 = 1.38(1.05-1.82)

11/5.2 = 2.12(1.06-3.79)

| Rectum

> 15 yrs latency
Gl 14/14.1 =0.99(0.54-1.67)

1935-6: Cr use:
6/5=1.20(0.44-2.92)

Stomach

> 20 yrs latency
18/12.7= 1.42 (0.84-
2.24)

412 =2.0 (0.54-5.12)

combined mentwomen

Gl Cancer: > 10yrs latency:
123/134.6=0.91 (0.76-1.09)
yment > 10 yrs employment

SMR = 33/41.5= 0.80(0.55-1.11)

Case-control by f/ml-yrs: matched on DOH, DOB, survival time; same controls for

lung and G1 cancers:

<10 f/ml-yrs
10-49:
50-99:
100-356:

Asbestos expos

1.0 (36/36)
1.18 (40/33.9)
0.83 (9/10.8)
0.24 (1/4.2)

> 20-yr latency
Digestive Cancers: 59/51.75 = 1.14 (0.88-1.48)

ed:

6/4.4 = 1.37(0.50-

2.97)
Other (not asbe
2/1.4=1.42(0.1
5.2)

SMR for colorectal cancer:

stos)
7.

> 20 yrs latency
15/20.9 = 0.72(0.40-1.18)

Asbestos
exposed
4/3.2= 1.24
(0.34-3.2)
Other(not
exposed)
0/1.1= 0

> 20-yr latency
Gl =18/2.8=2.86 (1.23-5.63)

Gl cancer

> 20-vr latency
SMR = 3/5.1 = 0.59 (0.12-1.72)

<2ytenure SMR = 3/1.5=2.0(0.41-5.84)

> 10-vr latency
2/0.98 = 2.04(0.25-7.4)

4/2.02= 1.98(0.54-5.1)

13/16.7 = 0.78(0.41-1.33)

22/11.9 = 1.85 (1.16-2.79)

Total Gl cancer SMR = 32/19.74=1.62(1.12-2.29)
>5 yrlatency:f/ml-yrs for Gl cancer: 0/E= SMR

<6; 8/4.83 = 1.66(0.71-3.26)

6-12: 2/3.05=0.66 0.08-2.37)
-25: 9/3.29 = 2.74(1.25-5.2)
-50: 1/2.48 = 0.40(0.01-2.25)
-100: 7/2.30 = 3.04 (1.22-6.27)
-150: 2/ 1.43 = 1.40(0.17-5.05)
-250: 1/1.35 = 0.74 (0.02-4.13)
250+:  2/1.02 = 1.96 (0.24-7.08)

>10 y latency:
worked < 1969

SMR: 5/15.4 = 0.33
(0.11-0.76)

By vrs worked

<10: (1) 0.40

>10: (5) 0.45

only after 1969

0/2

>10 y latency:
worked < 1969

SMR: 9/12 =
0.75  (0.34-
1.42)

By yrs worked
<10: (1) 0.52

>10: (9) 0.82
only after 1969
0/1

Asbestos exposed:
7/7.5 = 0.94 (0.37-
1.92)

Other:

4/2.5=1.59 (0.44-4.1)

> 20 yr latency
30/51.1 =0.59(0.40-
0.84)

Cum Exposure

Low: 3/10.2=0.29
(0.01-0.86)
Mod: 6/6.2=0.96
(0.36-2.11)
Hi: 7/10.1=0.69
(0.28-1.43)
Very hi: 14/24.6

=0.57 (0.31-0.96)

no latency = 1/5.9=0.17(0.004-=0.94)

> 10-vr latency

2/1.02 = 1.96(0.24-
7.08)
2/1.08= 1.85 (0.22-
6.69)

18/16.7 = 1.08(0.64-
1.70)

9/5.78 = 1.56 (0.71-
2.96)

>10 y latency:
worked < 1969
SMR: 24/24.9 =
0.96 (0.62-1.44)
By yrs worked
<10: (6) 1.50
>10: (21) 0.92
only after 1969
0/2

Comments

ch, Am
Includes cohortof 632
NY/NJinsulation workers in
original 1964 Selikoff study.
Factory workers in NJ plant
making am osite products for
shipyards and other
industrial facilities, many
with short-term exposures;
plant closed in 1954

>15 y latency

Gl tractcancers

Cr 1935-6:, Ch use after
1936;

50% worked < 2 yrs, 75% <
4 yrs; wet process and low
asbestos levels

Ch used almost exclusively
except:

Cr 1929-33; 1939-44 used in
well-defined areas and
minority exposed; all mesos
had Crexposure;

No excesses or E-R for lung
or G cancers associated
with Ch, but exposures low
(< 100 f-yrs/ml

ch

20-40% Am + intermittent
Ch,Cr

>20 y latency
ch,Cr, Am

Cum exposure = E (intensity
x yrs worked)

Ch, Crin production
workers >1 mos asbestos
exposure < 1962; All cause
SMR = 1.81

<1970: dust~2 f/ml, 10
mg/m3 dust;

1970s: ~ 1f/ml, ~ 5 mg/m3 ;
Ch mostly; <1% Am 149-
51, Cr 1962;

>10 y latency
Men >20y before 1933
Mainly Ch, 5% Cr

>10 y latency
Women_>10 yrs
employment

>20 y latency hired after
1933

Men

>5 y latency

Am

>10 y latency
Mixed asbestos;

Only considered those
working before 1969, when
exposures higher and longer
latency

(continued on

S127

-

next page)
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Table 1 (continued)

Study
Gardneretal
(1986)

Hughes et al
(1987)

Enterline et
al. (1987)

Amandus and
W heeler
(1987); same
mine as
McDonald et
al(1986)

Armstrong et
al (1988)

Tolaetal
(1988)

Raffn et al
(1989)
original
cohort =
Clemmesen
and
Hjalgrim -
Jensen (1981)

Raffn etal.
(1996)had 6
more years

follow-up but
only reported
colon cancer.

Melkild etal.
(1989)

Piolatto et al
(1990)
Follow-up of
Rubino etal
1979)

Albin etal
(1990)

Hiltetal
(1991)
Follow-up of
Hiltet al
(1985)

sanden etal
(1992)

Cheng and
Kong (1992)

Exposure

2167 UK chrysotile
cement factory;
employment +
follow-up 1941-83;

6931 Chrysotile
asbestos cement
plant > 1mo before
1970: follow -up
1982 or age 80

Assumed 1.4 f/ml =
1mppef

1074 Asbestos
workers retired
1941-67; follow-up
1980;

575 Vermiculite
miners and millers
hired <1970 for >1
yr, follow-up 1970-
81

6505 miner/millers
1943-66; follow-up
to 1981

608 pipefitters
among Finnish
shipyard workers >1
yr 1945-60; 1981
follow-up

7028 asbestos
cement factory; all
employed 1928-
1984; follow -up
incidence 1943-
1984

Norwegian shipyard

1058 Italian
chrysotile miners >1
yr 1946-1987;
follow-up 1946 to
1988;

1929 Swedish
asbestos cement
workers; >3 mos
1907-77; follow -up
1958-86

287 asbestos exposed
production &
maintenance workers
in HNO3plant;
follow-up incidence
1953-88

3893 Swedish
shipyard workers;
follow-up 7-15 yrs
after exposure
ceased;

follow-up 1978-87
Chinese chrysotile
products workers,
1972-87; > 1-yr
exposure before 1972
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« Meso

1/121 =0.83%

> 20-yrs latency

4/353- 1.1%
Plant 1;

1/127=0.8%
Plant 2:

3/226=1.3%
8/208 - 3.8%
2/38 = 5.3%

32/207=15.5%

0/48 = 0%

13/580 = 2.24%

SIR, pleural
meso = 10/1.83
=5.46 (2.62-
10.05);

>15 v latency; 5
vrtenure: SIR=
13.6 (5.84-
26.72) (n=8)
SIR for media-
stinum = 3/0.60
=5.00(1.01-
14.61)

Total meso SIR
= 13/2.43 = 5.35
2/232 = 0.86%

2182 = 2.4%

SMR: 2/0.3=6.7
> 20-y tenure
2/0.2= 10

> 20-vrlatency
13/164 = 7.9%

f-vrsimi
0 10
<15 1.9(0.2-21)
-39 21.2(2.5-
178)
>40 23(2.4-212)
> 20-vrlatency
6/52= 11.5%
Exposure
Heavy: 3/26 =
11.5%
Light: 3/28 =
10.7%

>20-vr latency
+ heavy
exposure
8/70= 11.4%
SIR=14.3 (6.2-
28)

0/44 = 0%

Lung Cancer Colon
41/42.2 = 0.97(0.70- 6/9.2 = 0.65(0.2
1.32) 1.42)

> 20-yr latency— lung cancer
155/115.5= 1.34(1.14-1.58)
Colon
fiml-vrs Plant2(>3 m)
<8.4 20/18.9=1.06(0.65-1.63)
8.4-33.6 19/14.5=1.31(0.79-2.04)
35-68.6 12/6=2.00(1.03-3.5)
70-138.6 10/5.5=1.81 (0.87-3.35)
>140 12/5.2=2.31 (1.19-4.04)
F/ml-vrs  Plant I(>6m)
<8.4 3/2.9=1.04(0.21-3.02)
8.4-33.6 9/8=1.12(0.52-2.14)
35-68.6 2/3.7=0.54 (0.07-1.95)
70-138.6 3/3.8=0.79(0.16-2.31)
>140 5/4.1=1.22(0.40-2.84
77128.44 = 14/14.24 =

2.71(2.15-3.40) 0.98(0.54-1.65)

SMR = 20/9 = 2.23 Digestive-Stom

(1.36-3.45) Digestive (150-
<50 6/4=1.51 <50 f-yrs:
99 2/1.4=1.46  50-99 f-yrs:
399 2/1.9= 100-399 f-yrs:
1.06 400+ f-yrs:
400+ 10/1.7=5.76
91/34.5=2.64(2.15-
3.24)
SIR =23/15.0= 1.54

(0.97-2.3)
SIR = 162/89.8 = SIR = 32/30.16

1.80(1.54-2.10)
>15 v latency Raffn etal (199
<5y tenure: follow-up to 19

45/25.82 = 1.74 Men only;

(1.27-2.33) > 15 yrs latency
>5 yrtenure: SIR= 44/33.72=1.30
59/31.13= 1.90 (0.95-1.75)
(1.44-2.45)

>10-yr latency
50/29.2= 1.71(1.27-

>10-yr latency
7/13.4 = 0.52(0

1.06(0.73-1.50)

Colorectal Rectum

4- 5/6.2 = 0.81
(0.26-1.88)

> 20-yr latency— co orectal cancer
21/23.3 =0.90(0.56 1.38)

Plant2 > 3 mos

<8.4 2/3.9=0.51 (0.06-1.85)
8.4-33.6 1/2.8=0.36 (0.01-1.44)
35-68.6 0/1.2=0
70-138.6 3/1.1=2.73= (0.56-7.96)
>140 0/1.0 =0
9/5.66= 1.59
(0.73-3.02)

ach(colorectal): SMR=4/6.5=0.62(0.17-1.58)
159) SMR=6/8.1=0.74 (0.27-1.62)
2/3.8= 0.53 (0.06-1.9)
2/1.2 = 1.67 (0.20-6.02)
0/1.7 =0

2/1.6 = 1.25 (0.15-4.51)

14/12.3=1.14(0.67-1.92)

SIR=1/3.5=0.29 (0.01-1.59)

= SIR = 35/27.77

= 1.26 (0.88-
1.75)

6):

90; Raffn et al

(1996); follow -
: up to 1990; Men
only;
> 15 yrs latency:
SIR = 35/27.44=
1.28(0.89-1.77)

>10-yr latency

21- 16/11.4 = 1.40

2.26) 1.08) (0.80-2.28)
SMR= 22/19.9 = Intestinal cancers = 6/6.6 = 0.91(0.33-1.98)
1.11(0.69-1.67)
BV tenure: BV tenure:
<100 10/8.5= 1.2 <100 3/2.9=1.0
10-20: 4/3.8=11 10-20: 0/1.3
5200 8/7.6=11 5200 3/2.3= 13
> 20-vr latency > 20-vr latency
35 Obs 26 Obs; RR = 1.5(0.7-3.0)
RR= 1.8(0.90-3.7)
fvrsiml: RR fvrsiml: RR
0 10 0 10
<150 1.8(0.8-3.9) <15 1.3 (0.5-2.9)
15-39: 1.9(0.7-5.3) 15.30 11 (0.5-3.9)
>40: 1.9(5-7.1) >40 3.4(1.2-9.5) p=0.04 for trend
> 20-vr latency > 20-vr latency 0 cases
19/4.59 =3.88 3/3.0= 1.0 (0.21-
Exposure 2.92)
Heavy: 6.47 (3.24- Exposure
11.59) (11/1.7) Heavy: 2.85 (0.57-

8.36) (3/1.1)
Light: 2/2.4 =
0.85(0.08-3.05)

Light: 1.75(0.70-
3.6) (7/4.0)

>20-vr latency +
heavy exposure
11/10.2=1.08 10.54-
L21

21/6.67 = 3.15 (1.95-
4.82)

0 cases

>20-vr latency +heavv exposure
9/8.2=1.10 (0.50-2.1)

0 cases

Stomach

15/13.7= 1.09 (0.61-
1.81)

> 20-yr latency
22/19.5= 1.13(0.71-
1.70)

Plant2 (>3 mos
<8.4 3/3.2=0.93
(0.19-2.74)

-33.6 4/2.3=1.74
(0.47-4.45)

-68.6  1/0.8=1.25
(0.03-6.96)

-138.6 0/0.8=0
>140  1/0.7=1.43
(0.04-7.96)

20/11.09= 1.80
(1.10-2.78)

SMR = 2/1.6=
(0.15-4.49)

1.24

17/8.95 = 1.90
(1.18-3.06)

SIR = 2/6.1=0.33
(0.04-1.18)

SIR= 43/30.00 = 1.43
(1.03-1.93)

>15 v latencv
<5y tenure:
13/7.36=1.77(0.94-
3.02)

>5 yrtenure:
15/11.83 =1.27 (0.70-
2.07)

>10-yr latency
13/19.1 =0.68 (0.36-
1.16)

SMR = 12/12.7 =
0.94(0.49-1.65)

Bv tenure:

<10: 4/5.8=0.7
10-20: 5/2.8=1.8
>20:3/4=0.75

> 20-vr latencv

23 obs RR=1.0 (0.5-
2.0)

f-vrs/ml: RR (0=0.9)
0 1.0

<15 0.8(0.3-1.8)
15-39  1.6(0.6-4.4)
>40 1.7(0.2-3.3)

> 20-vr latencv
5/4.3= 1.16
Exposure
Heavy: 1.66(0.33-
4.86) (3/1.8)
Light: 0.59(0.06-
2.12) (2/3.4)

>20-vr latency +
heavv exposure
2/4=0.50 (0.06-1.8")

7/6.35 = 1.10(0.44-
2.27)

Comments

Ch,small amounts Am
1980-2; 1970+ mean levels
<1 f/ml, most< 0.5 fiml;
higherexposures <1968

>20 y latency
Ch = primary asbestos in
Plant 1 and 2

Plant 1 = small amount Am
and Cr from early 1960s;
Plant2 = Crused
continuously since 1946

88% mortality; production
and maintenance workers of
Us asbestos products plant;
ch,Am,Cr
Tremolite-actinolite

asbestos, > 1year

Cr;
Only 73% follow-up of men

No latency; asbestos used
-1955-
1975 and spraying common;

for insulation from

exposure not high

Ch 1928-1946; Amosite
1946+; Cr 1952 +;
1948: 50-800 f/ml;
1973: 41% > 2 fiml

>10 y latency
ch

Ch; no fibrous amphiboles
found in bulk samples; 0.2-
0.5% fibrous silicate

(balangeroite) with 0.2-1.5 u

diameters were found;

>95% Ch,Cr, Am; 1233
industrial workers and non
case referents used for

comparison to estimate RR

> 20-year latency
Crin early years,
amphiboles + Ch from
1940s on

Ch

Ch in textiles, friction
materials, asbestos cement



Table 1 (continued)

Study

McDonald et
al. (1993);
last update =
Liddell et al
(1997)

W aage et al
(1993)

Bottaetal
(1991)

Dementetal
(1994),
Brown et al
(1994)add
15 y follow -
up to Dement
etal (1983);
same cohort
as M cDonald
etal (1983)
Rosier et al.
(1994)

Giaroli et al.
(1994)

Nokso-
Koivisto et
al. (1994)

Meurman et
al. (1994)

Demers et al
(1994)

Tsai etal
(1996)

Exposure
11,000 Canadian
chrysotile miners and
millers bom
1891-1920; >1
month 1904-1992,
follow-up 1992;
mppcf-yrs exposure
accumulated to age
55; deaths 1950-1992
after age 55

21319 Norwegian
males 40+ years in
1982 population-
based survey; 8-yr
follow-up:

2608 men and 759
females working at
Italian asbestos
cementplant 1950~
1980; follow -up
1964 - 1986

3002 chrysotile
textile workers; > 1
mos 1940-1975,
follow-up vital status
to 1991;

616 German female
asbestos workers
exposed 3 yrs, > 9
yrs latency, 1977-88.
3341 lItalian cement
workers; all workers
employed at 10
factories 1952-1973
to 1987; follow -up
June, 1989

8391 Finnish
locomotive drivers
1953-1990; follow -
up 1953-1991;

736 Male Finnish
anthophyllite miners
>3 mos exposure
1953-91.

167 Female miners
>3 mos 1953-67;
follow-up 1991

261 colon and rectal
incident cases 1984-
1991 in construction
(jobs in insulation,
sheetmetal,

boilerm akers,
pipefitters, plumbers;
183 controls not in
construction from
random dialing

1821 maintenance
workers in refinery
and petrochemical
plant>1 yrin 1948;
follow-up 1989;

(&

« Meso
E-R - mDDcf-

vrs

<3

3-10
10-30
30-60
60-100
100-200
200-300

<300
300-400
400-1000
> 1000

Total

% meso =
38/1900=2.0%

11/1695=0.65%

No latency
M :28/275 =
10.2%

F: 15/79 = 19%

2/283 = 0.7%
Total: 2/283 =
0.71%
WM:2/137 =
1.5%
BM:0/48 = 0%

WF:0/98 = 0%

13/32 = 40.6%

5/103 = 4.85%

5 more cases
occurred atend
of follow-up

and not counted
8/915 = 0.87%

SIR 4.05
(1.75-7.97)

Total Male:
4/137=2.9%
Exposure
Hi: 4/91=4.4%
Mod: 0/46=0

Total Female:

0/23=0%
Exposure
Hi: 0/16=0%

Mod: 0/7=0%

OR:
Unexposed: 1.0
Exposed:

14.4 (5-41.4)
Duration:

<20 y: 3.7 (0.7-
20.5)

>20y
29.2(8.4-101)
Latency:

<40y: 12.4(3.2-
47.9)

>40y: 16.5(4.4-
62.3)

Adj age, packyr

5/166 = 3.01%

Gamble | Regulatory Toxicology and Pharmacology 52 (2008) S124-S153

Lung Cancer

SMRs bv moocf-vrs

7

5/67=1.12
64/50.4=1.27
61/59.2=1.03
60/45.4=1.32
61/42.1=1.45
67/52.8=1.27
35/31.8=1.10

1.21 (1.10-1.33)
1.46(0.98-2.16)
1.84(1.49-2.28)
2.97 (2.18-3.96)

587/431.6= 1.36

smoking
NS:33/60 = 0.55
ExS:49/68.1 =0.72
<20;87/60.8 = 1.43
>20: 240/94.1 =2.55
SIR = 246 /248.2 =
0.99 10.87-1.12)

SMR
M: 110/40.6 = 2.71
C2.23-3.27)

F:7/1.7=3.9611.59-
8.16)

Total: 126/99.2 =
1.97(1.69-2.28)
WM:74/32.17 = 2.30
(1.88-2.79)
BMU4/17.9 = 0.78
(0.47-1.22)

WF: 38/38/13.8 =
2.75 (2.06-3.61)

SPMR = 5/1.5 =
3.39(1.10-7.90)

33/26.5 = 1.24(0.91-
1.66)

> 20-yr latency
respiratory cancer:
20/9.63 = 2.08
SIR = 236/274 =
0.86(0.75-0.97)

>15 y latency:
230/268.1 =0.86
Total Male: 76/26.4
=2.88(2.27-3.60)
Exposure

Hi: 3.15 (2.37-4.09)
Mod: 2.35 (1.45-
3.58)

)

Total Female: 1/0.45

=2.22(0.06-12.4)
Exposure

Hi: 3.58(0.09-20)

Mod: 0/0.17=0(0-21

58/73.8 = 0.79 (0.60-
1.02)

Colon

1Colorectal

Other Abdominal Cancers (150; 152-

159)
SMRs by mppef-yrs

51/59.3=0.86 (0.65-1.14)
39/42.8=0.91 (0.65-1.25)
49/46.7=1.05 (0.78-1.39)
31/34.4=0.90 (0.61-1.28)
38/31.7=1.20(0.85-1.64)
31/39.2=0.79 (0.54-1.12)
21/24.7=0.85 C0.53-1.30)

260/279.6=0.93 (0.82-1.05)
11/15.06=0.73 (0.56-1.31)

33/36

90 (0.62-1.18)

15/13.4= 1.12(0.63-1.85)

319/343=0.93 (0.83-1.0

smoking
NS: 42/47.7 =0.88
ExS: 42/45.6 = 0.92
<20; 36/40 = 0.90
>20:51/58.6 = 0.87
SIR = 157/161.56 =
0.97 60.83-1.14)

SMR:
Males:

Females: 7/3.9 = 1.80 (0.

4)

11/16.9 = 0.65 (0.32-1.16)

72-3.70)

Rectum

1 Stomach

Stomach SMRs bv moocf-vrs

32/22.7=1.41 (0.97-1.99)
22/15.9=1.38 (0.87-2.09)

15/16.9

.89 (0.50-1.46)

13/12.1=1.07(0.57-1.84)

13/11.

.16(0.62-1.98)

16/13.9=1.15 (0.66-1.86)
7/8.8=0.80 C0.32-1.641

118/101.7=1.16(0.96-1.39)
7/5.4=1.29 (0.52-2.67)
16/13.2=1.21 (0.69-1.96)
17/5.3=3.21 (1.87-5.13)

158/125.4=1.26(1.07-1.48)

smoking
NS:13/14=0.93
ExS: 6/13=0.46
<20;20/11.5
>20:31/16.4=1.89
SIR =

120/110.18 =
1.09(0.90-1.31)

Digestive and peritoneum (150,152-9) excluding stomach

Total: 44/51.6 = 0.85 60

WM:20/19.8= 1.01 (0.6

62-1.14)

2-1.56)

BML12/12.95 =0.93 (0.48-1.62)

W Fi12/19 = 0.63 (0.33-1.11)

SPMR = 3/3.1 =
0.96(0.20-2.81)

Digestive tract + Peritoneum =

SIR = 36/37 =
0.98(0.69-1.36)

Total Male:
3/5.45 = 0.55
(0.11-1.60)
Exposure
Hi: 0.28 (0.01-
1.56) (1)
Mod: 1.06(0.13-
3.82) (2)
Total Female:
3/0.87=3.45(0.71-
10)
Exposure
Hi: 3.66 (0.44-13)
Mod: 3.14 (0.08-
3.14)

OR: OR:
Unexoosed: 1.0 Unexoosed: 1.0
Exposed: 0.4 (0.2- Exposed: 0.5
0.9) (0.3-1)

Duration: Duration:
<20 y:0.4(0.1-1.2) <20y 0.6 (0.3-
>20 y:0.4(0.1-13) 1.5)
Latency: >20Y: 0.4 (0.1-
<40 y:03(0.1-1.2) 1.2)
>40y:0.5(0.2-12.3)  Latency:
<40 y: 0.4 (0.1-
Adj age, packyrs 1.3)
>40 y: 0.6 (0.2-
1.4)

13/14.7= 0.88
(0.47-1.52)

Adj age, packyrs

=1.74

SIR = 100/123.25 =
0.81 10.66-0.991

M: 17/20.9=0.81
(0.47-1.30)

F:4/2.9 =1.36
(0.37-3.48)

Total: 9/10 = 0.90
(0.47-1.56)
WM:3/3.9 =077
(0.21-2.0)
BM: 6/3.75 = 1.60
(0.69-3.15)
WF:0/2.38

SPMR =0/1.6 = 0(0-
2.31)

27/30.2 = 0.89 (0.59-1.31)

29/34 = 0.85
(0.57-1.22)

Total Female

1/0.66=1.52

(0.04-8.44)
Exposure

Hi: 2.39(0.06-

13) (1)

Mod: 0 (0-15.2)/

2/3.0 = 0.66
(0.08-2.40)

86/112 = 0.77 (0.61-
0.94)

Total Male: 13/9.2 =
1.42(0.76-2.43)

Exposure
Hi:1.24(0.50-2.56)(7)
Mo0d:1.71(0.63-3.7)
(6)

Total Female:
1/1.49=0.67(.02-3.7)
Exposure

Hi: 0(0-3.81)
Mod: 1.89 (0.05-
10.5) (1)

416.8=0.59 (0.16-
1.50)

SI29

Comments

ch
Little tendency for inc
SMRs below 300 mppcf-
yrs

Stomach Ca: Hi SMRs at
<10 mppcf-y probably due
to SES, and hi SMR 0f3.2
due to excess < 12 deaths;
apparent smoking effect.
Other Abdominal Cancers
no apparent trends

Lung Cancer: not trend <
300 mppcf-yrs, and excess
probably due to smoking;
About20% ofexcess above
300 mppcf-yrdue to
smoking;

Incidence; no lag: type of
asbestos not reported;
asbestos by questionnaire

Plant active 1907-1980
producing asbestos-cement
products e.g. sheets,
chimney pipes, pipes;
limited data on asbestos
type, butincludes Crand Ch
W hite male and females;
black males

ch

SPMR= standardized
proportional mortality rate;
Ch, perhaps some Cr

Inadequate latency;
10-20% asbestos (50-95%
Ch, 5-50% Cr); up to 44 flcc
<1975, < 1ficc in recent
years;

Incidence; mainly An + Ch;
Potential confounding
exposure to combustion
diesel, coal + lubricating
oils, creosote, coal;

(>3 months tenure,
incidence, Amosite

Exposure based on
occupational titles; no
information on potential
confounders (e.g. diet,
physical activity, family
history); high physical
activity may have resulted
inreduced risks;

> 20-yr latency; potential
exposurejobs = insulator,
pipefitter, boilermaker,
electrician, welder,
carpenter, laborer;

(continued on next page)
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Table 1 (continued)

| Study

! Imbemon et
al. (1996)

Pang etal
(1997)

Levin etal
(1998)

Szeszenia-
Dabrowska
etal. (1998)

Tulchinsky et
al. (1999)
Follow-up of
Djerassi et al,
(1979)
Tulchinsky et
al (1992)
Battista et al
(1999)

W eiderpass
etal (2003)

Koskinen et
al (2003)

Exposure
French workers in
electric and gas
industries exposed to
asbestos

160 male + 370
female workers in
Chinese asbestos
plant with >1 yr by
1972; follow -up
1994

1130 former workers
at Tyler, TX asbestos
insulation pipe
manufacture plant,
1954— 1972;

1526 workers at
Polish asbestos
cementplant; >3 mos
1959-1985; follow -
up 1996;

3057 males Israeli
asbestos cement
plant; 1953-1992

734 Italian railway
carriage construction
and repair workers
employed 1945-
1969; follow-up
1970-1997.

All Finnish women
workers b 1906-
1945; SIR ofG |
cancers correlated
with job-related
exposures at0, low
and med/hi levels
23285 men with >10
yrs in construction
(<1980) or>1 yrin
shipyard (<1976) or
>1 yrin ashestos
(<1981) product
industry in 1990-2
follow-up to 1999

J. Gamble / Regulatory Toxicology and Pharmacology 52 (2008) S124-S153

% Meso

12/548 = 2.2%

0/22= 0%

10-yr latency

6/78 = 7.7%
SMR: pleural
meso = 4/0.1 =

28.8 (7.85-73.8)

14/95=14.7%
Male SMR =
12/0.1 =81.35
(35.3-127.4)
Female SMR =
2/0 = 203 (24.4-
733)

2 cases with 11
and 12 years
latency;

21/153 = 13.7%
SIR 1978-92 =

21/0.37 = 56.8

(32-81)

5/99 = 5.1%;
SMR =5/0.38 =
13.3 (5.2-27.9)
2 meso cases
alive and not
counted in SMR

19/1392 =
0.93% (M)_
0/55 = 0% (F)

Lung Cancer

Any exposure =

1.4(1.1-1.9)

310 cases
fiber-vrs  Adi OR
0 1.0
1.1 0.8(0.5-1.6)
3.6 0.6(0.3-1.1)
8.1 1.9(1.8-3.1)
33.8 1.4(0.8-2.6)

9/1.47 = 6.12(2.8-
11.6)
Men=3/0.59=5.08
All smokers
Female=6/0.88= 6.82
All nonsmokers
17-42 yrs latency; All
> 15 yrs tenure
All cases had highest
level of exposure
10-yr latency
SMR: 35/12.6 =
2.77(1.93-3.85)

SMR =32/29.8 =
1.07(0.74-1.51)

SIR 1978-92 =
28/20.7 = 1.35(0.85-
1.85)

SMR =26/21 = 1.24
(0.87-1.72)

No excess respiratory
cancer until latency >
20 years.

SIR = 302 /264.9 =
1.14(1.01-1.26)

FSIR =7/2.9 =2.39
(0.96-4.92)

Colon + rectum column = colorectal cancer unless otherwise noted.

% mesothelioma = n mesotheliomas/total cancers exposed as percent
Rate ratios (usually SMRs) and 95% conference interval for lung, colon and colorectal cancers with observed deaths/expected deaths
Ch = Chrysotile asbestos; Am = Amosite ashestos; An = Anthophyllite asbestos

Colon

OR = 0.75(0.4-1.3)
Adj for SES; 110
cases, 436 matched
controls;

“No association”
between exposure to
asbestos and colon

cancer.

Notreported

10-yr latency
SMR: 6/2.9 -
2.07(0.76-4.51)

SMR = 7/2.5 =
2.8(1.12-5.8)

Rectum

Notreported

10-yr latency
SMR: 0/0.7 = 0

No significant
excess

SIR 1978-92 = 19/24.1 =0.79(0.43-1.15)

Intestine + Rectum = 6/6.45 = 0.93(0.41-1.84)

SIR:
Lo: 1.14(0.95-1.38)
Hi: 0.87(0.56-1.34)

P=0.60

SIR=67/67 = 1.00

(0.77-1.26) (M)

FSIR =3/3.57 =
0.84(0.17-2.45)

SIR:
Lo:0.96 (0.71-
1.30)
Hi: 0.86 (0.50-
1.49))

P=0.57

SIR = 60/57.1)
= 1.05 (0.80-
1.34) (M)

FSIR=1/2.17
=0.01-2.56)

Stomach

5/1.14 = 4.40
(1.42-10.2)

Men = 5/0.64 = 7.9
Female=0/0.5= 0
Latencies=18-26 yrs;
15-25 yrs exposure

10-yr latency
SMR:0/1.1 =0

No significant excess

No excess risk

SMR = 13/9.95 =
1.31 (0.77-2.08)

SIR:
Lo: 1.06(0.83-
1.35)

Hi: 1.24(0.85-1.79)

P=0.25

SIR=82/71.3) =
1.15(0.92-1.43) (M)

FSIR=2/2.44 =
0.82 (0.10-2.96)

Comments

Case-control study; total
cancers include only pleural,
lung, larynx, colon

No exposure-response trend
ofcolon cancer and asbestos
exposure

Ch only; mfg brake shoes,
textiles, rope; primarily
Chinese Ch;

very high exposures
1950-60s: 2.5-415 mg/m3;
1970-80s: 0.7-35.3 mg/m3;
1990s:0.5-16.7 mg/m3
78% males smoked; all
females = nonsmokers;

Possible incomplete
ascertainmentofcohort;
90% Amosite in insulation;
Surveys 1967,1970, 1971
with avg f/ml from 15.9-
91.4; plant closed 1972
because of high exposures
males + females; Cr used
since beginning of plant
1959 till 1985, about 15%
wtofprocessed asbestos;
Ch also used; Dry
processing so high dust
levels, 30-40 f/m1 in pipe
cutting/grinding areas; 7-14
fiml at fiber treatment/
beater floor; also
community exposure.

90% Ch, 10% Cr; very high
exposures in early yrs
(could notsee hands at arms
length); lung cancer low in
Israeli males;

Short latencies (2 of mesos
11 and 12 yrs)

Asbestos use began in
1940°s, using Ch as
insulating agent; Cr use
began in 1950°s as sprayed
mixtures on internal surface
of railway carriages
Exposures based on job
titles, so exposures and
cancer risk were not linked
with individual women but
averaged over each job title;
some false positives because
of multiple com parisons.
Screening program with
worker primarily from
construction; type ashestos
notreported or known;
average exposure relatively
low; screening program in
Finland; incidence

combined results when stratified by mesothelioma exposure
group where there were overall deficits in the highest and
lowest mesothelioma exposure categories (Table 3).

3.3. Individual-level E-R

There are seven cohorts that have assessed individual-
level E-R of stomach cancer with some estimate of asbes-
tos exposure (Figs. 3-6). There is a consistent lack of signif-
icant excess stomach cancer risk but general increases in
risk of lung cancer and mesothelioma. The largest and
most important study of chrysotile miners/millers is sug-

gestive of a threshold for stomach cancer, lung cancer
and mesothelioma.

Four studies have qualitative estimates of cumulative
exposure with categorical categories (e.g. high, moderate)
(Acheson et al., 1984; Meurman et ah, 1994; Hilt et ah,
1991; Weiderpass et ah, 2003) (Fig. 3). For two of the
studies with qualitative exposure estimates (Acheson
et ah, 1984; Meurman et ah, 1994) the risk of stomach
cancer decreased with increasing exposure while the risk
of lung cancer and mesothelioma increased. Hilt et ah
(1991) reported that the SMRs for stomach cancer went
from a deficit (0.59) to a 66% increase while the increased



Table 2
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Summary of risk of GI cancers stratified by risk of lung cancer

Lung cancer SMRs

Colon cancer SMRs

SMRs >3.0 strong association with lung cancer

13/1.58 = 8.23
9/1.47 = 6.12
52/10.1 = 5.15

102/20.5 = 4.97

397/93.7 = 4.24

7/1.7 = 3.96

19/4.9 = 3.88

5/1.5 = 3.39

21/6.67 = 3.15

Subtotal

3/3= 10
(0.21-2.92)

3/3= 1.0
(0.21-2.92)

Colorectal cancer

2/0.98 = 2.04
(0.25-7.4)

11/5.2 = 2.12
(1.06-3.79)
22/11.9= 1.85
(1.16-2.79)
39/28.3 = 1.38
(1.05-1.82)
7/2.9= 1.80
(0.72-3.70)

3/3.1 =0.96
(0.20-2.81)

84/52.4= 1.60
(1.29-2.0)

SMRs 2-3 moderately strong association with lung cancer

76/26.4 = 2.88

35/12.6 = 2.77

77/28.44 = 2.71

110/40.6 = 2.71

91/34.5= 2.64
712.9 = 2.39
20/9.0 = 2.23
1/0.45 = 2.22
4/1.9 = 211
61/29.1 =2.10
Subtotal

6/2.9 = 2.07
(0.76-4.51)
14/14.24 = 0.98
(0.54-1.65)

3/3.57 = 0.84
(0.17-2.45)

3/0.87 = 345
(0.71-10)

6/4.4= 1.37
(0.50-2.97)

32/25.98 = 1.23 (0.84-1.74)

SMRs 1-2 weak association with lung cancer

126/99.2= 1.97

35/19.4= 1.80

162/89.8 = 1.80

50/29.2= 171

23/15.0= 154

93/64.6= 1.44

6/4.3 = 1.40

587/431.6= 1.36

32/30.16= 1.06
(0.73-1.50)
7/13.4 = 052
(0.21-1.08)

Gl = 3/51 = 059
(0.12-1.72)

3/5.45 = 0.55
(0.11- 1.6)

11/16.9 = 0.65
(0.32-1.16)
14/12.3= 1.14
(0.67-1.92)

4/6.5 = 0.62
(0.17-1.58)

digestive (stomach)

4/2.02 = 1.98
(0.54-5.1)

36/43.2 = 0.83
(0.58-1.15))

44/51.6 = 0.85
(0.62-1.14)
26/17.3 = 15
(0.7-3)

1/35 = 0.29
(0.01-1.59)
13/16.7 = 0.78
(0.41-1.33)

319/343 = 0.93
(0.83-1.04)

Rectal cancer

0/0.7=10

9/5.66= 1.59
(0.73-3.02)

1/2.17 = 0.46
(0.01-2.56)

1/0.66= 1.52
(0.04-8.4)

4/3.2 = 1.24
(0.34-3.2)

15/12.39= 1.21
(0.68-2.0)

35/27.8 = 1.26
(0.88-1.75)
16/11.4= 1.40
(0.80-2.28)

Stomach cancer

2/1.02= 1.96
(0.24-7.08)
5/1.14 = 4.40
(1.42-10.2)

4/2 = 2 (0.54-5.2)

9/5.78= 1.56
(0.71-2.96)

18/12.7 = 1.42
(0.84-2.24)

4/2.9 = 1.38
(0.38-3.48)

5/4.3 = 1.16
(0.38-2.71)

0/1.6 = 0 (0.0-2.31)

7/6.35 = 1.10
(0.44-2.27)

54/37.8= 1.43
(1.08-1.88)

13/9.15= 1.42
(0.76-2.43)
0/11=0

20/11.09= 1.80
(1.10-2.78)
17/20.9 = 0.81
(0.47-1.30)
17/8.95 = 1.90
(1.18-3.06)
2/2.44 = 0.82
(0.10-2.96)
2/1.6= 1.24
(0.15-4.49)

1/1.49 = 0.67
(0.02-3.7)
2/1.08= 1.85
(0.22-6.7)
7/75= 094
(0.37-1.92)

81/65.3 = 1.24
(0.99-1.55)

9/10 = 0.90
(0.47-1.56)
23/23 = 1.0
(0.5-2.0)
43/30.09= 1.43
(1.03-1.93)
13/19.1 =0.68
(0.36-1.16)
2/6 = 0.33
(0.04-1.18)
18/16.7= 1.08
(0.64-1.70)

158/125.4= 1.26
(1.07-1.48)

S131

Reference

Peto et al. (1985) Cohort |
Pang et al. (1997)

Selikoff et al. (1980)
Seidman et al. (1986)
Selikoff et al. (1979)

Botta et al. (1991) (F)

Hilt et al. (1991)

Rosier et al. (1994) (PMR)

Cheng and Kong (1992) Ch

Meurman et al. (1994) (M)
Levin et al. (1998)

Enterline et al. (1987)

Botta et al. (1991) (M)
Armstrong et al. (1988)
Koskinen et al. (2003) (F) (SIR)

Amandus and Wheeler (1987)

Meurman et al. (1994) (F)
Peto et al.ll (1985)

Acheson et al. (1984)

Dement et al. (1994)

Albin et al. (1990) (RR)
Raffn et al. (1989)

Melkild et al. (1989)

Tola et al. (1988)

Peto et al. (1985) (I11)
Ohlson and Hogstedt (1985)
20-years latency

Liddell et al. (1997)

(continued on next page)
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Table 2 (continued)
Lung cancer SMRs
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Colon cancer SMRs

Colorectal cancer

Rectal cancer

Stomach cancer

Reference

152/112.1 = 1.36 5/15.4 = 0.33 - 9/12 = 0.75 24/24.9 = 0.96 Hodgson and Jones (1986)
(0.11-0.76) (0.34-1.42) (0.62-1.44)
28/20.71 = 1.35 - 19/24.1 =0.79 — No excess risk Tulchinsky et al. (1999)
(0.43-1.15)
155/1155 = 1.34 - 21/23.3 = 0.90 — 22/19.5= 1.13 Hughes et al. (1987)
(0.56-1.38) (0.71-1.70)
26/21 = 1.24 6/6.45 = 0.93 13/9.95= 131 Battista et al. (1999)
(0.41-1.84) intestine (0.70-2.23)
+ rectum
302/264.9 = 1.14 67/67 = 1.0 - 60/57.1 = 1.05 82/71.3 = 115 Koskinen et al. (2003) (M) (SIR)
(.77-1.26) (0.80-1.34) (0.92-1.43)
22/19.9 = 111 6/6.6 = 0.91 12/12.7 = 0.94 Piolatto et al. (1990)
(0.33-1.98) (0.49-1.65)
302/264.9= 1.14 67/67= 1.0 — 60/57.1 = 1.05 82/71.3= 115 Koskinen et al. (2003)
(.77-1.26) (0.80-1.34) (0.92-1.43) (M) (SIR)
11/10.2 = 1.08 — 9/8.2= 1.10 — 2/4 = 0.50 Sanden et al. (1992)
(0.50-2.1) (0.06-1.8)
32/29.8= 1.07 7025 =128 No significant excess  No significant excess  Szeszenia-Dabrowska
(1.12-5.8) et al. (1998)
27/25.7 = 1.05 15/20.9 = 0.72 30/51.1 =0.59 Ohlson et al. (1984) >20 y latency
(0.40-1.18) (0.40-0.84)
159/150.8= 1.05 Gl = 123/134.6 = 0.91 Berry and Newhouse (1983)
(0.76-1.09)

479/521.65 = 0.92
(0.84-1.01)

118/128.46 = 0.92
(0.76-1.10)

Subtotal

SMRs <1.0 no association
246/248.2 = 0.99 157/161.6 = 0.97

120/108.3 = 1.11
(0.92-1.33)

120/110.2= 1.09

451/423.74= 1.06
(0.97-1.17)

100/123.25 = 0.81 Waage et al. (1993)

(0.83-1.14) (0.90-1.31) (0.66-0.99)
41/42.2 = 0.97 6/9.2 = 0.65 — 5/6.2 = 0.81 15/13.7 = 1.09 Gardner et al. (1986)
(0.24-1.42) (0.26-1.88) (0.61-1.81)
24/25.8 = 0.93 Gl 14/14.1 =0.99 Thomas et al. (1982)
(0.54-1.67) 10-years latency
236/274 = 0.86 36/37 = 0.98 — 29/34 = 0.85 86/112 = 0.77 Nokso-Koivisto and
(0.69-1.36) (0.57-1.22) (0.61-0.94) Pukkala (1994)
58/73.8 = 0.79 13/14.7 = 0.88 — 2/3.0 = 0.66 4/6.8 = 0.59 Tsai et al. (1996)
(0.47-1.52) (0.08-2.40) (0.16-1.50)
Subtotal 212/222.5 = 0.95 - 156/153.4= 1.02 205/255.75 = 0.80
(0.83-1.09) (0.87-1.19) (0.70-0.92)
Total 365/379.9 = 0.96 599/617.25 = 0.97 291/274.09 = 1.06 791/782.58= 1.01
(0.87-1.07) (0.89-1.05) (0.94-1.19) (0.94-1.08)

risks for both lung cancer and mesothelioma increased
substantially. Weiderpass et al. (2003) correlated SIRs
of stomach cancer by exposure for Finnish women born
between 1906 and 1945. There was no apparent associa-
tion 0 = 0.25) with SIRs of 106 (0.83-1.35) and 1.24
(0.85-1.76) by low and high exposures, respectively. Risk
of lung cancer and mesothelioma were not assessed in
this study (Fig. 3).

Ohlson et al. (1984) studied railroad maintenance work-
ers and used semi-quantitative exposure estimates and four
exposure categories (Fig. 4). Among workers with 20 or
more years latency there was a deficit of stomach cancer
mortality both overall (SMR = 0.59; 95% confidence inter-
vals 0.40-0.84) and for each exposure category and there-
fore no E-R trend. There was no overall excess of lung
cancer (SMR = 1.05; 0.69-1.53), but there was a mono-
tonie trend for risk of lung cancer to increase with increas-

ing estimates of cumulative exposure. Among workers with
more than 30-years tenure the lung cancer SMR was ele-
vated to 1.54 (0.94-2.32) while the stomach cancer SMR
was significantly less than 1.0 (SMR = 0.56; 0.33-0.89).
There were 5 cases of mesothelioma, which was 3.5% of
the cancer deaths (Fig. 4).

The other two studies use quantitative estimates of
cumulative exposure (Hughes et ah, 1987; Liddell et al.,
1997) (Figs. 5 and 6). Hughes et al. (1987) evaluated E-R
for stomach and lung cancers by cumulative exposures in
workers in asbestos cement plant 2 (Fig. 5). There was
no apparent E-R trend for stomach cancer, but there were
only 9 cases, with only 2 cases total in the 3 highest expo-
sure categories (1 in 36 mppef-years, 0 in 71 mppef-years
and 1 in 164 mppef-years). As a result confidence limits
are quite wide. Lung cancer showed a significant positive
trend to increase with asbestos exposure. There were eight



Table 3
Summary of risk of GI cancers stratified by percent mesothelioma (% of cancers)

Percent Colon cancer SMRs Colorectal cancer
mesothelioma

>10% Mesothelioma (very high)

13/32 = 40.6% — 3/3.1 =0.96 (0.20-2.8)
15/79=19% — 7/3.9 = 1.80 (0.72-3.70)
8/44 = 18.2% Gl = 8/2.8 = 2.86 (1.23-5.63)
32/207 = 15.5% 14/12.3= 1.14 (0.67-1.92)
14/95= 14.7% 7/2.5 = 2.8 (1.12-5.8)
21/153 = 13.7% — 19/24.1 =0.79 (0.43-1.15)
101/845= 11.95% — 54/39 = 1.38 (1.05-1.82)
34/196= 11.95% 5/15.4 = 0.33 (0.11-0.76)
6/52 = 11.5% 3/3 = 1.0(0.21-2.92)
8/70=11.4% — 9/8.2 = 1.10 (0.50-2.1)
28/275 = 10.2% — 11/16.9 = 0.65 (0.32-1.16)
Subtotal 15/20.9 = 0.72 (0.40-1.18) 117/107.5= 1.09 (0.90-1.31)
>5-10% Mesothelioma (high)
2/22 = 9.1% Gl = 6/5= 1.20 (0.44-2.62)
2/23 = 8.7% — 2/0.98 = 2.04 (0.25-7.4)
13/164 = 7.9% — 26/17.3 = 1.5 (0.7-3.0)
6/78 = 7.7% 6/2.9 = 2.07 (0.76-4.51)
10/184 = 5.4% — 13/16.7 = 0.78 (0.41-1.33)
2/38 = 5.3% 4/6.5 = 0.62 (0.17-1.58) digestive minus stomach
5/99 = 5.1% — Intestine + rectum 6/6.45 = 0.93
(0.41-1.84)

5/103 = 4.9% Digestive tract + peritoneum = 27/30.2 = 0.89 (0.59-1.3)
Subtotal 6/2.9 = 2.07 (0.76-4.51) 51/47.9= 1.06 (0.80-1.41)
>1-5% Mesothelioma (moderate)
9/184 = 4.9% Gl = 132/134.6 = 0.98 (0.82-1.17)
5/109 = 4.6% 6/4.4 = 1.37 (0.50-2.97) unexp =

2/1.4= 143 (0.17-5.2)
4/103 = 3.9% — 11/5.2 = 2.12 (1.06-3.79)
8/208 = 3.8% 14/14.24 = 0.98 (0.54-1.65)
5/144 = 3.5% — 15/20.9 = 0.72 (0.40-1.18)
2/58 = 3.41% 14/14.1 = 0.99 (0.54-1.67)
6/197 = 3.05% — 22/11.9= 1.85 (1.16-2.79)
5/166 = 3.01% 13/14.7 = 0.88 (0.47-1.52)
4/137 = 2.9% — 3/5.45 = 0.55 (0.11-1.60)
2/82 = 2.4% 6/6.6 = 0.91 (0.33-1.98) = intestinal

cancers



Rectal

No significant excess

9/12 = 0.75 (0.34-1.42)

9/12 = 0.75 (0.34-1.42)

0/0.7 = 0%

0/0.7=10

4/3.2 = 1.24(0.34-3.2)
unexp = 0/1 =0

9/5.66 = 1.59 (0.73-3.02)

2/3 = 0.66 (0.08-2.4)

Stomach

0/1.6 = 0 (0.0-2.31)
4/2.9= 1.36 (0.37-3.48)

17/8.95 = 1.90 (1.18-3.06)
No significant excess

No excess risk

18/12.7 = 1.42 (0.84-2.24)
24/24.9 = 0.96 (0.62-1.44)

5/4.3 = 1.16(0.38-2.71)
2/4 = 0.50 (0.06-1.8)
17/20.9 = 0.81 (0.47-1.30)

87/80.25= 1.08 (0.87-1.34)

2/1.02= 1.96 (0.24-7.08)
23/23 = 1.0 (0.5-2.0)
0/11= 0%

18/16.7= 1.08 (0.64-1.70)
2/1.6= 1.24(0.15-4.49)

13/9.95 = 1.31 (0.77-2.08)

58/53.37= 1.09 (0.83-1.42)

7/7.5 = 0.94 (0.37-1.92) unexp =

4/2.5= 159 (0.44-4.1)
412 = 2 (0.54-5.2)

20/11.09= 1.80 (1.10-2.28)

30/51.1 =0.59 (0.40-0.84)

9/5.78 = 1.56 (0.71-2.96)
4/6.8 = 0.59 (0.16-1.50)
13/9.15 = 1.42(0.76-2.43)
12/12.7 = 0.94(0.49-1.65)

Reference

Rosier et al. (1994)
(PMR)

Botta et al. (1991) (F)
Finkelstein (1984)
Armstrong et al. (1988)
Szeszenia-Dabrowska
et al. (1998)
Tulchinsky et al. (1999)
(>20-years latency
Selikoffet al. (1979)
Flodgson and Jones
(1986)

Hilt et al. (1991)
Sanden et al. (1992)
Botta et al. (1991) (M)

Thomas et al. (1982)
Peto et al. (1985) (1)
Albin et al. (1990)
Levin et al. (1998)
Peto et al. (1985) (111)
Amandus and Wheeler
(1987)

Battista et al. (1999)

Giaroli et al. (1994)

Berry and Newhouse
(1983)
Acheson et al. (1984)

Selikoffet al. (1980)
Enterline et al. (1987)
Ohlson and Hogstedt
(1985)

Thomas et al. (1982)
Seidman et al. (1986)
Tsai et al. (1996)
Meurman et al. (1994)
Piolatto et al. (1990)

(icontinued on next page)
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Table 3 (continued)

Percent Colon cancer SMRs

mesothelioma

13/580 = 2.2%
38/1900 = 2.0%
19/1392 = 1.4%

32/30.16 = 1.06 (0.73-1.5)
67/67= 1.0 (.77-1.26)

4/353= 1.1% —

Subtotal 132/130.5 = 1.01 (0.85-1.20)

<1% Mesothelioma (low)
8/915 = 0.87% 36/37 = 0.98 (0.69-1.36)

2/232 = 0.86%
1/121 = 0.83%
2/283 = 0.70%

7/13.4 = 0.52 (0.21-1.08)
6/9.2 = 0.65 (0.24-1.42)

11/1695 = 0.65% 157/161.56 = 0.97 (0.83-1.14)

Colorectal cancer

319/343 = 0.93 (0.83-1.04)

21/23.3 = 0.90 (0.56-1.38)
397/416.35 = 0.95 (0.86-1.05)

Intestine, colon, rectum =
44/51.6 = 0.85 (0.62-1.14)

1/3.5 = 0.29 (0.01-1.59)

4/2.02= 1.98 (0.54-5.1)

49/57.1 =0.86 (0.63-1.13)

0/202 = 0% Digestive cancers = 59/51.75 = 1.14 (0.88-1.48)
0/55 = 0% 3/3.57 = 0.84(0.17-2.45)

0/48 = 0% —

0/23 = 0% 3/0.87 = 3.45 (0.71-10)

0/22 = 0% —

0/19 = 0% —

0/44 = 0% Gl = 1/5.9 = 0.17 (0.004-0.94) = no latency
Subtotal 212/225.6 = 0.94 (0.82-1.08)

Total 365/379.9 = 0.96 (0.87-1.07)

Percent mesothelioma = n mesothelioma/total cancers.

569/583.4= 0.98 (0.90-1.06)

Rectal

35/27.8 = 1.26 (0.88-1.75)

60/57.1 = 1.05 (0.80-1.34)

110/96.76= 1.14 (0.94-1.38)

29/34 = 0.85 (0.57-1.22)
16/11.4= 1.40 (0.80-2.28)
5/6.2 = 0.81 (0.26-1.88)
120/110.2= 1.09 (0.90-1.31)

1/2.17 = 0.46 (0.01-2.56)

1/0.66= 1.52 (0.04-8.44)

172/164.6 = 1.04(0.90-1.22)
291/274.06= 1.06 (0.94-1.19)

Stomach

43/30.1 = 1.43 (1.03-1.93)
158/125 = 1.26 (1.08-1.48)
82/71.3 = 1.15 (0.92-1.43)
22/19.5 = 1.13 (0.71-1.7)

404/352.02 = 1.15 (1.04-1.27)
86/112 = 0.77 (0.61-0.94)
13/19.1 =0.68 (0.36-1.16)
15/13.7= 1.09 (0.61-1.81)
9/10 = 0.90 (0.47-1.56)
100/123.25 = 0.81 (0.66—0.99)
2/2.44 = 0.82 (0.10-2.96)
2/6.1 =0.33 (0.04-1.18)
1/1.49-0.67 (0.02-3.7)

5/1.14 = 4.40 (1.42-10.2)
2/1.08 = 1.85 (0.22-6.69)

242/296.65 = 0.82 (0.72-0.93)
791/782.29= 1.01 (0.94-1.08)

Reference

Raffn et al. (1989)

Liddell et al. (1997)
Koskinen et al. (2003) (M)
(SIR)

Hughes et al. (1987)

Nokso-Koivisto and
Pukkala (1994)

Melkild et al. (1989)
Gardner et al. (1986)
Dement et al. (1994)

Waage et al. (1993)
McDonald et al. (1984)
Koskinen et al. (2003) (F)
(SIR)

Tola et al. (1988)
Meurman et al., 1994 (F)
Pang et al. (1997)

Peto et al. (1985) (1)
Ohlson and Hogstedt
(1985)
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................ SMR 1.0, observed = expected (no effect level)

Fig. 1. Risk of stomach cancer stratified by risk of lung cancer in cohorts of asbestos-exposed workers.

Risk of Mesothelioma as percent (%)
(number of stomach cases / total number of cancers)

................ SMR 1.0, observed = expected (no effect level)

Fig. 2. Risk of stomach cancer stratified by risk of mesothelioma in cohorts of asbestos-exposed workers.

mesotheliomas (3.5%) that were largely attributed to cro- Liddell et al. (1997) is the largest study with evaluation
cidolite exposure. Exposure was to both crocidolite and  of E-R for stomach cancer, lung cancer and mesothelioma
chrysotile in the pipe area, and chrysotile only in the rest by mppcf-years until age 55 in Canadian chrysotile miners/
of the plant. millers (Fig. 6). There appeared to be thresholds for stom-
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Hilt

Stomach Cancer

Lung Cancer

% Mesothelioma

SMR 1.0, observed = expected (no effect level)

Fig. 3. Exposure-response for stomach cancer, ig cancer and mesothelioma by exposure categories.

Qualitative cumulative exposure (intensity score x years employment)
E-R for mesothelioma was not reported.
............... SMR 1.0, observed = expected (no effect level)

Fig. 4. Exposure-response for stomach cancer and lung cancer among Swedish railroad maintenance workers with >20-years latency exposed to
chrysotile, crocidolite and amosite, Ohlson et al. (1984).
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Cumulative Exposure = mppcf-years (mean for each category)

f.4 fibers/ml = 1 mppcf, crocidolite + chrysotile
(E-R for mesothelioma was not reported)

SMR 1.0, observed = expected (no effect level)

Fig. 5. Exposure-response for stomach cancer and lung cancer by million particles per cubic foot-years (mppcf-years) among asbestos cement workers in
plant 2 (>20-years latency and >3-months employment), Hughes et al. (1987).

E3CnmbBm 6meg

grg

Cumulative Exposure-mppcf-years

SMR 1.0, observed = expected (no effect level)

Fig. 6. Exposure-response for stomach cancer, lung cancer and mesothelioma by million particles per cubic foot-years (mppcf-years) among Canadian

chrysotile miners/millers, Liddell et al. (1997).

no trends for 38 cases of mesothelioma. The overall SMRs
for lung cancer and stomach cancer were 1.36 (1.25-1.48)
and 1.26 (1.07-1.48), respectively, with 2% mesothelioma.

ach cancer and lung cancer, with no apparent E-R trends
below about 300 mppcf-years for lung cancer (587 cases)
and about 700 mppcf-years for stomach cancer. There were
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3.4. Colorectal cancer (CRC)

There are 22 studies that estimated risk of colorectal risk
with 599 cases and an overall SMR of 0.97 (0.89-1.05).
Thirteen of the studies had SMRs <1.0, many with a small
number of cases. The largest study was the Canadian
chrysotile cohort with 319 cases and a nonsignificant
SMR 0f0.93 (0.83-1.04) (Liddell et al., 1997). The only sig-
nificant findings were elevated SMRs of 2.12 (1.06-3.8),
185 (1.16-2.79) and 1.38 (1.05-1.82) for Seidman et al.
(1986) with an SMR of 1.85 for CRC and Selikoff et al.
(1979) with 11, 22 and 39 cases, respectively.

3.5. Surrogate E-R

There was a tendency for CRC risk ratios to be elevated
when lung cancer risk ratios >4 (Fig. 7). Combined risk
ratios showed deficits for colorectal cancers when lung can-
cer SMRs are below 3 and a significantly elevated SMR of
1.60 (1.29-2.0) above lung cancer risk ratios of 3 (Table 2).

There were no apparent E-R trends for colorectal
SMRs to increase as % mesothelioma increased (Fig. 8).

3.6. Individual-level E-R

Six studies assessed E-R relationships. Amandus and
Wheeler (1987) studied 575 miners/millers of vermiculite
contaminated with tremolite asbestos. There were 4 cases
of colorectal cancer with an SMR of 0.62 (0.17-1.58). E-
R was assessed for digestive cancer (ICD 150-159) but esti-

8 RKla"Ooocco Conyr

mates were too unstable to evaluate trends given that there
were only 6 cases.

There were two studies with semi-quantitative exposure
categories. Meurman et al. (1994) reported no CRC risk
associated with moderate or high exposure among male
anthophyllite miners, but risks increased for both lung can-
cer and mesothelioma with increased exposure. Demers
et al. (1994) found deficits in ORs for colorectal cancer
stratified by duration and latency and the CRC risk ratio
for exposed construction workers was slightly less than
the unexposed controls. Lung cancer was not assessed
but risk ratio for mesothelioma incidence was 14 times
greater than among the unexposed adjusted for age and
packyears (Table 1).

The three remaining studies used quantitative estimates
of cumulative asbestos exposure. Hughes et al. (1987)
assessed E-R for the 6 CRC cases with >3-months tenure
and >20-years latency in Plant 2 of an asbestos cement
plant using mostly chrysotile but some crocidolite in one
of the 4 buildings in Plant 2. The gradient was irregular;
2 exposure categories had no cases and the penultimate cat-
egory had 3 cases and a nonsignificant SMR of 2.7. Lung
cancer showed an obvious gradient as SMRs were
increased 2-fold in the three highest exposure categories
above about 36 mppcf-years. The number of CRC cases
is small so the trend is unstable (Fig. 9).

Liddell et al. (1997) found no E-R relationship of colo-
rectal cancer with chrysotile asbestos measured as mppcf-
years. The overall SMR was 0.93 (0.83-1.04) with 319
cases. Colorectal cancer is not related to exposure at any

SMR 1.0, observed = expected (no effect level)

Fig. 7. Risk of colorectal cancer stratified by risk of lung cancer in cohorts of asbestos-exposed workers.
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Risk of Mesothelioma as Percent (%)
(number of colorectal cancer cases / total number of cancers)
(selected studies and number of cases)

............... SMR 1.0, observed = expected (no effect level)

Fig. Risk of colorectal cancer stratified by risk of mesothelioma in asbestos-exposed cohorts.

E-R for mesothelioma not reported.
14 f/m = 1 mppcf-yrs, crocidollte + chrysotile

............... SMR 1.0, observed = expected (no effect level)

Fig. 9. Exposure-response of colorectal cancer and lung cancer among asbestos cement workers from Plant 2 with 20 or more years latency and more than
6 months employment by cumulative exposure (mppcf-years) to chrysotile, Hughes et al. (1987).
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concentration in this study. Lung cancer mortality clearly
became significantly increased at about 350 mppcf-years.
This study of Canadian miners and millers provides the
largest group of colorectal cases (Fig. 10).

Seidman et al. (1986) studied 820 men employed during
WW 11 for relatively short time periods to high concentra-
tions of amosite. There were 22 cases of colorectal cancer
with an SMR of 1.85 (1.16-2.79). However, the risk of
colorectal was not associated with exposure as the highest
and significant SMRs were in the lower exposure groups.
Lung cancer risks were clearly associated with increasing
exposure as SMRs were elevated beginning with a 2.5-fold
excess in the lowest exposure category and increasing to a
12-fold excess in the highest exposure category of 250+ f/
ml-years (Fig. 11).

Albin et al. (1990) studied 1929 Swedish asbestos cement
workers employed >3 months between 1907 and 1977 with
20 or more years latency and vital status follow-up from
1958 to 1988. Exposure was primarily to chrysotile, with
<5% crocidolite and amosite. Relative risks were estimated
using industrial workers and non-cases as comparison
groups. There were 23 cases of colorectal cancer and 35
of lung cancer with overall RRs of 1.0 (0.5-2.0) and 18
(0.9-3.7), respectively. Thirteen (7.9%) of the cancer cases
were mesotheliomas. There was a strong trend for mesothe-
lioma to increase with increasing exposure, while the RR
for lung cancer is about 2-fold at all exposure categories
above the non-exposed comparison group. The E-R trend
for colorectal cancer risk is significant (p —0.04) but is

essentially flat with the risk increased significantly at about
40+ f/ml-years in the highest exposure category (Fig. 12).

3.7. Colon cancer

Overall there were 16 cohorts with 365 colon cancer
cases and an SMR of 0.96 (0.87-1.07). Most of the studies
had relatively few colon cancer cases. The largest number
of cases was 157 from Waage et al. (1993) and 70 cases
from Koskinen et al. (2003).

3.8. Surrogate E-R

There were no consistent trends for colon cancer to
increase as lung cancer SMRs or percent mesothelioma
increased. There were two significant findings. One was
an excess SMR for colon cancer of 2.8 (1.12-5.8) with 7
cases (Szeszenia-Dabrowska et al., 1998).

3.9. Individual-level E-R

There are six studies that evaluated risk of colon cancer
by qualitative estimates of exposure to asbestos (Fig. 15).
There were no E-R evaluations using quantitative esti-
mates of asbestos exposure.

Acheson et al. (1984) found a 2-fold excess lung cancer
among exposed factory workers and no excess among
unexposed. There was no effect on colon cancer as exposed
and unexposed cases had the same SMRs for colon cancer

SMR 1.0, observed = expected (no effect level)

Fig. 10. Exposure-response of colorectal cancer and lung cancer among chrysotile miners/millers with >1 month, 1904—992 by mppcf-years cumulative

exposure accumulated to age 55, 1950-1992, Liddell et al. (1997).
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............... SMR 1.0, observed = expected (no effect level)

Fig. 11. Exposure-response of colorectal cancer and lung cancer among 820 amosite asbestos factory workers employed 1941-1945 with >5-years latency

Seidman et al. (1986).

............... SMR 1.0, observed = expected (no effect level)

Fig. 12. Exposure-response of colorectal cancer, lung cancer and mesothelioma among Swedish asbestos cement workers with 3 months or more
employment between 1907 and 1977 and >20-years latency (>95% chrysotile + crocidolite, amosite), Albin et al. (1990).

while risks of lung cancer and mesothelioma were increased
in the asbestos-exposed group.

Hilt et al. (1991) found a strong relationship of lung can-
cer and mesothelioma incidence among heavy exposed
maintenance workers compared to light exposed. Colon

cancer showed a less steep slope than lung cancer and a
more steep slope than mesothelioma, but the colon cancer
SIR was below the null for the light exposed cases
and a nonsignificant 3-fold excess among heavy exposed
cases.
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< ¢. 13. Risk of colon cancer stratified by risk of lung cancer in asbestos-exposed cohorts.
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Fig. 14. Risk of colon cancer stratified by risk of mesothelioma in asbestos-exposed cohorts.
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Cumulative Exposure Categories
(lung cancer not studied in Weiderpass and Demers,

mesothelioma not studied in Weiderpass)

----- Colon Cancer

Lung Cancer

Mesothelioma

SMR 1.0, observed = expected (no effect level)

_____ (K —

Fig. 15. Exposure-response for colon cancer by Qualitative Exposure Categories Acheson et al. (1984): UK factory workers (amosite + crocido-
lite + intermittent chrysotile) Hilt et al. (1991): Norwegian maintenance workers (crocidolite + chrysotile) Weiderpass et al. (2003): Finnish women

workers Demers et al. (1994), asbestos-exposed constructions workers.

Meurman et al. (1994) reported nonsignificant 3- to 4-
fold excess of colon cancer among women anthophyllite
miners but the results are not included in Fig. 15 because
the numbers are too small with only 23 total cancer cases,
1 lung cancer case and 3 colon cancer cases.

Weiderpass et al. (2003) found no association (p = 0.60)
but an inverse trend between low and high asbestos-
exposed Finnish women with SIRs of 1.14 (0.95-1.38)
and 0.87 (0.56-1.34) for low and high exposures,
respectively.

Demers et al. (1994) found no increased incidence of
colon cancer among construction workers stratified by
either duration or latency. There was a significant 14-fold
excess risk of mesothelioma that increased from an OR
of 3.7 (0.7-20.5) to 29.2 (8.4-101) in the <20- and >20-year
latency groups.

Imbernon et al. (1996) investigated the risk of colon can-
ceramong French workers exposed to asbestos in the electric
and gas industries. There were 110 cases of colon cancer and
an overall OR of 0.75 (0.4-1.3) with “no association” after
adjustments for SES. In this cohort there were 12 (2.2%)

cases of mesothelioma and 310 cases of lung cancer with
an overall OR of 14 (1.1-1.9). There was a nonmonotonic
E-R trend for lung cancer with OR of 1.9 and | .4 in the last
two exposure categories. The results are not included in
Fig. 15, as the colon cancer data were not shown.

3.10. Rectal cancer

There were 15 cohorts reporting on rectal cancer for a
total of 291 cases and an overall SMR of 106 (0.94-
1.19). Five of the studies had SMRs above 1.2. Two studies
reported O cases (Levin et al., 1998; Cheng and Kong, 1992)
and one reported no significant excess without listing the
number of cases (Szeszenia-Dabrowska et al., 1998). About
half of the cases (120) were from the population survey of
Waage et al.

3.11. Surrogate E-R

There are no significant excesses of rectal cancer and
there is no apparent trend for the risk to increase as the risk
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SMR 1.0, observed = expected (no effect level)

Fig. 16. Risk of rectal cancer stratified by risk of lung cancer in cohorts of asbestos-exposed workers.

% Mesothelioma (cases mesothelioma / total cancer cases)

SMR 1.0, observed = expected (no effect level)

Fig. 17. Risk of rectal cancer stratified by risk of mesothelioma in cohorts of asbestos-exposed workers.

of lung cancer increases, although the five studies with rec-
tal cancer SMRs >1.20 also had lung cancer SMRs >2.0
(Fig. 16).

There was no apparent trend for
SMRs to increase as % mesothelioma

(Fig. 17).

rectal cancer
increased

3.12. Individual-level E-R

There are three studies assessing rectal cancer with qual-
itative estimates of exposure (Fig. 18).

Acheson et al. (1984) found a nonsignificant 24% excess
of rectal cancer (4 cases and 3.2 expected) among the asbes-
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(Lung cancer and mesothelioma not studied by Weiderpass)

Rectal Cancer
Lung Cancer
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SMR 1.0, observed = expected (no effect level)

Fig. 18. Exposure-response for rectal cancer by Qualitative Exposure Categories, Acheson et al. (1984): UK factory workers (amosite + crocido-
lite + intermittent chrysotile), Weiderpass et al. (2003) Finnish women workers.

tos-exposed workers in insulation manufacture and 0 cases
among non-exposed. Since there were only 1.1 expected the
difference between exposed and unexposed is not signifi-
cant. Among exposed workers there was a significant 2-fold
excess of lung cancer and 4.6% of cancer cases were
mesotheliomas.

Meurman et al. (1994) presented E R trends for female
anthophyllite miners, but there is only 1 case each of rectal
cancer and lung cancer and 23 total cancer cases. Thus it is
not possible to assess hazard from this study and the data
are not included in Fig. 18,

Weiderpass et al. (2003) found no association of rectal
cancer with asbestos exposure as SIRs were below expected
for both low and high exposure categories: 0.96 (0.71-1.30)
and 0.86 (0.50-1.49), respectively (Fig. 18).

3.13. Surrogate E-R

In 1955 mine-tailings or mill-waste from taconite ore
began to be emptied into Lake Superior. In 1973 it was
reported that 1-30 million amphibole fibers/liter were mea-
sured in Duluth, Minnesota tap water. Mean dimensions
were 11 pm long and 0.18 pm wide and aspect ratio of
6.5 (Sigurdson, 1982). Although these particles have been
referred to as asbestiform amphiboles (Levy et al., 1976),
the dimensions are characteristic of cleavage fragments
rather than asbestos. The taconite ore deposits contain

20-50% quartz and 10-36% magnetite with smaller
amounts of other minerals including hematite, carbonates,
amphiboles (mainly nonasbestiform minerals in the cum-
mingtonite-grunerite series plus some actinolite and horn-
blende) greenalite, chamosite, minnesotaite, and
stilpnomelane (Nolan et al., 1999).

The finding of what was thought to be asbestos resulted
in several studies to evaluate possible risk. One set of stud-
ies assessed the risk of occupational exposure. Cohort stud-
ies of taconite miners from Reserve and Erie or Minntac
taconite operations mining company were studied by Hig-
gins et al. (1983) and Cooper et al. (1988, 1992), respec-
tively. Fiber exposures by inhalation were low and there
was no excess risk from lung cancer, mesothelioma or Gl
cancers.

A second set of studies were community ecological stud-
ies conducted to assess the possible hazard of high fiber
content in drinking water for GI cancers. Carter and Tay-
lor (1980) reported that amphibole fibers in tissue samples
were much more common for people living in Duluth with
15 or more years oral intake compared to the people from
control cities of Minneapolis and St. Paul, MN, and Hous-
ton, Texas. However, concentrations of chrysotile fibers
were somewhat greater among the controls.

The first Duluth health-related study was by Masson
et al. (1974) who compared mortality rates between 1950
and 1969 in Duluth with rates in Minneapolis and Minne-
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sota. There were no consistent patterns of increased risk for
persons of all ages or children. This study was followed by
two additional studies of cancer incidence in Duluth (Levy
et ah, 1976; Sigurdson et ah, 1981) that also suggested no
consistent patterns of increased risk. Marsh (1983)
reviewed these studies and suggested that basically all the
methodological limitations associated with ingestion stud-
ies were present. Most notably these included ecologic
study design, insufficient latency, low exposure, uncon-
trolled confounding and multiple comparison problems.

In 1974 amphibole fibers were discovered in municipal
water supplies besides those in Duluth (Cook et ah,
1974). This finding led to a number of ecological studies
in other areas where the drinking water contained chryso-
tile in varying amounts. Marsh (1983) critically reviewed
these individual studies identifying their limitations and
summarizing his evaluation of the likelihood of an associ-
ation with ingested asbestos. Relevant results from that
summary are presented in Table 4.

These are all ecological studies where exposure was
based on residence at a point in time in an area where
the water supply contained fibers. Other weaknesses
include too short latency (Duluth), no estimates of individ-
ual-level duration or exposure as migration, and multiple
comparisons so some associations will be due to chance
(Polissar et al., 1984; Marsh, 1983). In addition, the fibers
may not always be asbestiform as is likely in Duluth.

Two additional studies use different study designs to
address the question of risk of GI cancer by ingestion. Pol-
issar et al. (1983, 1984) conducted a case control study in the
Everett, Washington area to assess exposure-response

Table 4

J. Gamble | Regulatory Toxicology and Pharmacology 52 (2008) S124-S153

trends and to try and avoid some of the other problems asso-
ciated with ecologic studies. The Sultan River has been the
source of drinking water since 1918 and has among the high-
est concentrations of chrysotile (around 200 million fibers/
liter) in the US for at least 60 years so latency is adequate.
Stomach cancer among men was the only significant risk
associated with 20 years, drinking the water. The risks of
stomach, colon and rectal cancers were in the opposite direc-
tions for men and women, which is suggestive of no risk
associated with the drinking water. There was no increased
risk of lung cancer for either men or women (Fig. 19).

Anderson et al. (1993) studied 690 Norwegian male
lighthouse keepers whose drinking water was from cisterns
collecting rainwater coming off asbestos-cement tile roofs.
Chrysotile fiber concentrations ranged from 1760 to
71,350 million fibers/liter. Among those with 20 or more
years latency, incidence of stomach cancer was increased
2.4-fold expected. Incidence of intestinal and rectal cancers
was not significantly elevated and there were no cases of
mesothelioma. The cause of the stomach excess is not cer-
tain because of possible confounders such as diet (many of
the lighthouse keepers were retired seamen). Exposure is
not well defined, as it is not known when the tiles began
to deteriorate and the size of the cohort is small.

4. Discussion

In general there are some findings of weak associations
(RR < 1.5) at high surrogate exposures. Few studies evalu-
ated individual-level E-R and in most instances there was a
lack of E-R for the GI cancers while risk of lung cancer

Summary of ecological studies of cancer risk in relation to contaminated drinking water (modified from Marsh, 1983)

Mesothelioma Lung cancer Stomach Colon Rectum
Duluth: amphiboles, 1,000,000-30,000,000fibers!liter, 15-20 years maximum duration of exposure
Masson et al. (1974) NS +/0 +/+ 0/0 +/+
Levy et al. (1976) 0/0 NS +/0 -/- 0/0
Sigurdson et al. (1981) 0/0 0/0 0/0 0/0 0/0
Connecticut: chrysotile, below limit of detection -700,000fibers/liter, 23-44 maximum duration of exposure
Harrington et al. (1978) NS NS 0/0 0/0 0/0
Meigs et al. (1980) NS 0/0 0/0 0/0 a0
Quebec: chrysotile, 1,100,000-1,300,000,000fibers/liter: >50 years maximum duration of exposure
Wigle (1977) NS +/0 +10 0/0 0/0
Toft et al. (1981) NS +/0 +/0 0/0 0/0
Graham (1981)# +/+ +/0 +/+ +/+ _/+
Bay Area, California: chrysotile, 25,000-36,000,000fiberslliters; >40 years maximum exposure
Kanarek et al. (1980) +/+ +/0 +/+ 0/0 0/0
Conforti et al. (1981) 0/+ 0/0 +/+ +/0 0/0
Tarter (1981) NS NS NS NS 0/0
Utah: chrysotile, fiber counts not available; 20-30 years maximum exposure
Sadler et al. (1981) 0/0 NS 0/0 0/- 0/0
Puget sound, Washington: chrysotile: 7,300,000-206,500,000 fibers/liter; >40 years maximum exposure
Severson (1979) NS NS 0/0 -/- NS
Polissar et al. (1982) 0/0 0/0 0/0 0/0 0/0

Male/female: +, positive;

negative; NS, not studied; #, not included in Marsh review, comparison of chrysotile mining counties (asbestos counties) with

peripheral counties and other rural counties further away from asbestos counties.
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Fig. 19. Relative odds of stomach, colon, rectal and lung cancer (1977080) from chrysotile asbestos in drinking water, Everett area, Washington, Polissar

et al. (1984).

and mesothelioma consistently increased as exposure
increased. There was a consistent lack of surrogate E-R
trends. These patterns detract from the hypothesis that
asbestos exposure causes Gl cancer. The ingestion data
consistently show no association with GI cancers but the
data are few and weak.

There are some exceptions to this general pattern.

* Stomach cancer exceptions'. There is a 3-fold significantly
increased risk of stomach cancer and lung cancer at
cumulative exposures above 1000 mppcf-years among
Canadian chrysotile miners/millers. This risk is consis-
tent with the surrogate E-R trend where stomach cancer
SMRs consistently increase when there are 4-fold
increases in lung cancer (Figs. 1and 6). In the chrysotile
cohort 1000 mppcf-years is roughly equivalent to about
350 times the asbestos TLV of 0.1 f/ml (assuming that
1.4f/ml is approximately equivalent to 1mppcf and
40-years working lifetime). The excess among lighthouse
keepers needs confirmation and demonstration of an
E-R relationship. The weight of evidence suggests that
at current exposure limits for asbestos there is no
increased risk of stomach cancer.

Colorectal cancer exceptions'. Albin et al. (1990) reported
a significant 3-fold increased CRC relative risk at about
40 f/ml-years that was higher than the 2-fold increased

risk for lung cancer. However, at about 7 f/ml-years
and higher there was about a 2-fold increased lung can-
cer risk and mesothelioma showed a monotonie increase
from 2% to 23% (Fig. 12). There is the suggestion of a
trend for CRC risk to be increased about 2-fold when
lung cancer risk is increased about 4-fold (Fig. 7). These
increases are inconsistent with the pattern of no gradient
at higher individual-level exposures (Seidman et al.,
1986, Fig. 11; Fiddell et al., 1997; Fig. 10).The weight
of evidence suggests that at current exposure limits for
asbestos there is no increased risk of colorectal cancer.
Colon cancer exceptions: There are no obvious excep-
tions. The weight of evidence suggests that at current
exposure limits for asbestos there is no increased risk
of colon cancer. However there are only three studies
with individual-level E-R analyses and they are
qualitative.

Rectal cancer exceptions’. There are no obvious excep-
tions. The weight of evidence suggests that at current
exposure limits for ashestos there is no increased risk of
colon cancer. However there are only two studies with
individual-level E-R analyses and they are qualitative.

The patterns of response by causal criteria that lead to

conclusions of no causal associations are summarized
below.
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Strength of Biological gradient (Exposure-response)
association Lung Mesothelioma
Stomach  Weak; overall Possible trend: RR No trend

cancer RR= 1.01 ~50/50 split

of neg./pos. studies

increased when lung

cancer RR > 4; Sig. 43%
increased risk when LC

RR > 3

Colo-rectal Weak; overall RR < 1.0; Possible trend when LC No trend

cancer  more neg. than pos. RR > 4
studies
Colon Weak; overall RR <1.0 No trend No trend
cancer more neg. than pos.
studies
Rectal Weak; overall No apparent trend, 5/6 No trend
cancer RR = 1.06, 50/50 split pos SMRs when LC 1.5-
pos./neg. studies 2.6

Assessing the asbestos/GI cancer hypothesis is limited
for several reasons. Primary emphasis in asbestos studies
has been on lung cancer, which often has a sufficient num-
ber of cases for meaningful analysis of E-R trends. Focus
has also been on mesothelioma, which is a rare tumor and
specific for ashestos exposure. Gl cancers have generally
not been of primary interest and have at times been com-
bined (i.e., as digestive cancers, colon + rectal into colorec-
tal) without E-R analysis. Since there are relatively few
internal E-R analyses of GI cancers, surrogate exposures
and external comparison groups are an attempt to indi-
rectly assess E-R gradients. The use of external compari-
sons can only be adjusted for age, sex and race, so an
unknown amount of bias and confounding are inevitable
in the risk estimates. This may be part of the reason for
the somewhat heterogeneity of the SMRs. Some of these
factors are mentioned in the discussion below for the indi-
vidual GI cancers.

In addition, there is some bias/confounding in the surro-
gate exposure estimates. One is the effect of smoking on
risk of lung cancer that cannot be accounted for in the
external comparisons, and which undoubtedly varies
between cohorts. So the risk ratios for lung cancer are
not independent of the distribution of smoking in the
exposed population. Also, amphiboles appear to pose a
greater hazard for mesothelioma than serpentine asbestos
(chrysotile), which could change the GI cancer/mesotheli-
oma association in a fashion different than that for lung
cancer.

Internal comparisons do not have these biases. A prob-
lem with individual level E-R data is that they comprise
only a fraction of the total cases and so are related to the
size of the study or the interests of the investigator. As a
result the weight of the evidence regarding whether associ-
ations are causal should consider the consistency of the
pattern of risks from all three estimates of exposure and
for each kind of GI cancer independently. The following

Internal

No trend except above
threshold >700 mppcf-
yrs

No trends in four
adequate cohort
studies

No studies with
guantitative E-R
analysis

No studies with
quantitative E-R
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Consistency

Lack of consistent
findings below
threshold

Lack of consistent
positive associations
except five cohorts LC
RR>3 (15% of 569
total cases)

Lack of consistent
positive associations

Lack of consistent
positive association

Weight of evidence

Lack of evidence of
increased risk at or
above current
exposures

Lack of evidence for
increased risk except
perhaps at high
exposures» current
standards

Lack of evidence for
increased risk at any
exposure levels

Lack of evidence for
increased risk at any

exposure level; fewer
cases/study make it
difficult to assess
individual ER

analysis, no apparent
trends in two studies
with qualitative
exposures

discussion attempts to do this, including brief consider-
ation of lifestyle risk factors that might further confound
the risk estimates.

4.1. Stomach cancer

Stomach cancer was the leading cancer cause of death in
1930, but current rates have been reduced about 80%.
Internationally stomach cancer is the second leading cause
of death due to cancer and the seventh leading cause of
death in the United States. Lower socioeconomic status
(SES) and male gender are associated with a 2-fold
increased risk compared to females and upper social class.
Smoking and drinking show have inconsistent associations.
SES and smoking are potential risk factors that cannot be
controlled in the SMR analysis and in some instances could
be confounders, as suggested by Liddell et al. (1997) in
their study of chrysotile miners/millers. Other risk factors
include nitrates and related compounds, salt, diets high in
starch and low in fruits and vegetables and Heliobacter
pylori bacteria (Nomura, 1996). Only age, gender and race
can be adjusted for in the SMR analyses, so unless there are
internal comparisons there is some potential for confound-
ing from lifestyle risk factors and a potential cause for
some of the heterogeneity in the SMRs.

The strength of association between stomach cancer and
asbestos is consistently weak (<2) and about half of the
studies show a deficit in the risk of stomach cancer. The
one statistically significant excess is a study of Chinese
chrysotile factory workers with five stomach cancer cases
(all males) and a significant 7.9-fold excess, and a 4.4-fold
excess when women are included (Pang et al., 1997). Past
exposures were quite high as the high end of the estimated
exposure ranges were 415 mg/m3in the 1950-1960s, 35 mg/
m3 in the 1970—2980s and 17 mg/m3 in the 1990s. High
exposures are consistent with the strong associations with
lung cancer where risks were increased 5-fold among the
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men (all smokers) and 7-fold among the women (all non-
smokers); all cases were at the highest level of exposure.
The higher risk of lung cancer among women but a higher
risk of stomach cancer among men (there were no stomach
cancer cases among women) is inconsistent with an asbes-
tos etiology for the stomach cancer excess. The male/
female ratio for occurrence of stomach cancer is about
1.5-2.5/1, which might explain some of the male excess.
Smoking is a possible confounder and might also explain
part of the increased risk among men but not women in
this Chinese cohort.

There are no apparent E-R trends using risk of lung
cancer and mesothelioma as surrogates of exposure (Figs.
land 2). The lack of E-R trends is also observed in indi-
vidual studies using qualitative estimates of exposure and
where lung cancer and mesothelioma generally increased
significantly with increasing asbestos exposure (Figs. 3-
5). The exception to this finding is from the cohort of
Canadian chrysotile miners/millers where E-R trends for
stomach and lung cancer were similar with no trend for
risks to increase when cumulative exposures were below
about 300 mppcf-years. The authors note that the
increased SMRs for stomach cancer (~1.4) below
10 mppcf-years produced a negative E-R trend below
1000 mppcf-years (Fig. 6). They suggest the excess stomach
cancer mortality is probably due to socioeconomic factors
(an important risk factor). Smoking may also be a causal
agent since smokers had about an 80% increased risk of
stomach cancer while nonsmokers and exsmokers showed
a deficit. Mesothelioma is not a good surrogate for expo-
sure in this cohort as the E-R curve is flat (Fig. 6). And
there is some question about chrysotile per se causing
mesothelioma (Hodgson and Darnton, 2000).

In summary, the large amount of data obtained after the
original finding of excess Gl cancers among insulation
workers by Selikoff et al. (1964) does not support the
hypothesis that asbestos exposure causes stomach cancer
at concentrations found in today’s workplace or even
higher. The data show a consistent pattern of weak associ-
ations with a high proportion of SMRs less than 1.0. There
are no biological gradients using surrogate exposure esti-
mates and a consistent lack of E-R in the few individual
studies where a gradient was assessed. The study of chrys-
otile miners/millers shows a significant excess at the highest
exposure group, some of which could be due to confound-
ing (SES, smoking) or high dust.

4.2. Cancer of the large intestine

Cancer of the large intestine (colon + rectum or colorec-
tal cancer) is often considered one disease, as was done in
many of the asbestos cohorts. Colorectal cancer (CRC) is
a common cause of death as it is the second most common
cancer among women (after breast cancer) and third most
common among men (after lung and prostate) (Schotten-
feld and Winawer, 1996). About 70male/female ratios of
13 and 1.7, respectively. Colorectal cancer is generally

not considered an occupational disease, although occur-
rence is affected by environmental factors.

Considering colorectal cancer as one disease may pro-
duce misleading and incorrect results because some risk
factors for colon and rectal cancer are not quite the same
in magnitude or in the nature of the risk. As a result the
strength of the associations will be reduced or obscured
by considering only colorectal cancer as an entity (Arbman
et al., 1993). Since many of the cohort studies considered
CRC rather than colon and rectum separately, results for
all three are discussed, CRC and then colon and rectal
cancers.

Some of the common and different risks are listed
(Schottenfeld and Winawer, 1996).

 Higher incidence of colon cancer than rectal cancer
among urban than rural residents and men than women;

« Inflammatory bowel disease increases risk CRC 4- to 20-
fold;

* Suggestive protective effect for CRC with high fiber,
fruits and vegetable diet and increased risk associated
with high caloric/fat diet.

There are inconsistent or weak associations with alcohol
and smoking, perhaps stronger for pipe smoking. However,
the inconsistencies may be related to length of follow-up. If
there is at least 20-years follow-up and adjusting for social
class and physical activity, risk of both colon and rectal
cancer risks are increased about 2-fold among heavy cur-
rent smokers, about 1.35 among former smokers and
pipe/cigar smokers. Risk of rectal cancer is also increased
about 2-fold among users of chewing tobacco or snuff
(Heineman et al., 1995).

4.3. Colorectal cancer (CRC)

The strength of association is consistently weak with
positive SMRs always less than 2-fold and 60% of the asso-
ciations are negative. There are no apparent biological gra-
dients using either lung cancer or mesothelioma as
surrogates of asbestos exposure (Figs. 7 and 8). The lack
of E-R trends is generally consistent with the findings from
the individual-level studies using cumulative exposure esti-
mates (Figs. 9-12).

The E-R in Hughes et al. (1987) was irregular and
equivocal because of the small number of cases and the
small numbers of expected cases in each cell. The obvious
gradient for lung cancer and 2-fold increased risks for lung
cancer in the three highest exposure categories above about
36 mppcf-years increase credibility of the lack of CRC gra-
dient (Fig. 9).

Liddell et al. (1997) showed a clear lack of biological
gradient for CRC (actually negative correlation coefficients
over the full range of exposure categories), while lung can-
cer SMRs were increased 3-fold in the highest exposure cat-
egory. This is the largest and best-documented study of
asbestos workers and with 319 cases the risk estimates
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are stable. The relatively weak associations for lung cancer
and mesothelioma are thought to be due to the relatively
low concentrations of tremolite asbestos as a contaminant
with predominant exposure to the less biopersistent chrys-
otile. Despite the high estimates of cumulative exposure,
there is obviously no CRC gradient (Fig. 10).

The study of amosite-exposed workers by Seidman et al.
(1986) showed no apparent biological gradient for CRC
but a steep gradient for lung cancer going to 12-fold
increased SMR at about 250 f/ml-years. SMRs for CRC
were significantly increased about 3-fold in two of the eight
exposure categories, but the increases were in the lower
exposure categories. This group comprised cases with 5-
40 years of latency, so some cases could have too short a
latency period to have a work-related CRC cancer. This
is unlikely to be a severe limitation given the steep gradient
for lung cancer that requires a similar latency and the 3%
incidence for mesothelioma, which has an even longer
mean latency than CRC (Fig. 11).

E-R in Albin et al. (1990) is suggestive of a biological
gradient between asbestos exposure and CRC mortality
that is similar to the gradient for lung cancer but much less
than that for mesothelioma. Ifa true association, the appar-
ent threshold for CRC is around 40 fiber/ml-years. The
steep gradient for mesothelioma is probably due to the pres-
ence of the amphiboles crocidolite and amosite. It is not
clear why lung cancer risk remains constant at all exposure
levels given the strong gradient for mesothelioma (Fig. 12).

Meurman et al. (1994) reported no CRC risk associated
with exposure among male anthophyllite miners, but risks
from both lung cancer and mesothelioma were associated
with increased exposure. Demers et al. (1994) is a case-con-
trol study that showed a very strong association with meso-
thelioma, perhaps because the controls were from a
different source population where one would expect few
or no mesotheliomas. There was a deficit for colorectal
cancer, which is consistent with no association (Table 1).

In summary, the weight of evidence suggests asbestos
does not cause colorectal cancer because there is a consis-
tent lack of associations in external comparisons and lack
of E-R using surrogate exposures as well as individual-
level assessments. When there are associations they are
weak and not related to surrogates of exposure. Six individ-
ual studies are consistent with the surrogate exposure data
in showing a lack of biological gradients.

4.4, Colon cancer

Colon cancer is among the most common cancers, and
in the US is the second leading cause of cancer deaths. Die-
tary calcium and/or vitamin D (or sun exposure) are inver-
sely related to the incidence of colon cancer (Holt, 1999).
There is a protective effect of fiber-rich diets and vegetables
and detrimental effect of fat, although it was not possible to
discriminate between effects due to fiber and nonfiber
effects due to vegetables (Trock et al., 1990; Reddy,
1995). Physical inactivity and obesity increase the risk of

colon cancer, and the risk associated with activity is atten-
uated if colon and rectal cancers are combined (Colditz
et al., 1997; Ford, 1999). None of these risk factors can
be adjusted for directly in the SMR analysis of risk.

The analysis of colon cancer provides similar relation-
ships as was observed for colorectal cancer, but with some-
what less data and greater heterogeneity in the risk
estimates. The strength of the association is consistently
weak with over half of the overall SMRs being less than
1.0. Of the two statistically significant findings, one has a
risk ratio significantly less than 1.0 (Hodgson and Jones,
1986) and the other a risk ratio significantly greater than
1.0 (Szeszenia-Dabrowska et al., 1998). Neither of these
statistically significant findings is related to surrogate expo-
sures as both have a high percentage of mesothelioma and
low lung cancer. These figures also indicate a lack of E-R
for all the studies using lung cancer and mesothelioma as
surrogates for exposure (Figs. 13 and 14).

Three studies have qualitative E-R analyses and two
compare exposed with unexposed; all involve amphibole
exposures either wholly or partially (Fig. 15). In three of
the studies there is either no difference in colon cancer risk
between exposed and unexposed (Acheson et al., 1984) or a
nonsignificant inverse trend (Weiderpass et al., 2003;
Demers et al., 1994). There is a substantial increase in risk
of mesothelioma as risk of colon cancer does not change
(Acheson et al., 1984; Demers et al., 1994), and for the
Acheson cohort a 2-fold increase in lung cancer as well.
These three studies do not implicate asbestos as a risk fac-
tor for colon cancer.

In the remaining two studies the point estimates for
risk of colon cancer are higher for the high-exposure
groups compared to those with light or moderate expo-
sure (Hilt et al.,, 1991; Meurman et al., 1994). Percent
mesothelioma in Hilt et al. (1991) is quite high (11%)
but does not change between light and heavy exposure,
while the risk of lung cancer more than triples. Colon
cancer is increased 3-fold in both moderate- and high-
exposure categories among female anthophyllite miners
(Meurman et al., 1994) are too small to define colon can-
cer risk despite the strong associations with both lung
cancer and mesothelioma. There was a 3.5-fold increased
SMR among three female colon cancer cases with 0.87
expected. There were three male cases of CRC but 5.45
expected for a deficit SMR of 0.55. The excess among
the females is neither statistically significant nor consis-
tent with the male incidence, so colon cancer are unlikely
to be due to asbestos exposure for either sex unless there
is a difference in gender susceptibility.

45, Rectal cancer

This category has the smallest number of cases and few-
est studies because often rectal and colon cancer has been
combined and because the number of cases is generally
small. Eight of the 15 cohorts had deficits in the risk ratios.
Three cohorts had zero observed cases of rectal cancer and
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tended to be at the higher exposure categories. Associa-
tions were weak when present and there were no E-R
trends for either lung cancer or mesothelioma as surrogate
estimators of exposure. E-R analyses from the three indi-
vidual studies are not inconsistent with the E-R using sur-
rogate estimates of exposure. However, the individual level
E-R analyses have only qualitative exposure categories.
And two of the cohorts have relatively unstable numbers
of cases.

In sum, because of consistently weak associations and
lack of any apparent biological gradients, the available evi-
dence does not support the hypothesis that asbestos expo-
sure causes rectal cancer.
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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 3:1, length 5 pm) 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/m3years 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 (pm). 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. Flence,
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 ashestos 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 ashestos 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:e

« 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 ashestiform amphiboles.
These “positive controls” were in amosite ashestos 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-ashestiform 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)& 2(0OH)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)5Sig0 2(0H)2.
Actinolite is Ca2Mg4.5Fe0.5Si80 2(0H)2 Ca2(Mg25-e2.5)-
Si® 2(0H)2.  Ferro-actinolite is  Ca2(Mg25Fe25-
Sig) 2(0H)2Ca2Fe5Sid&) 2(0F1)2.  Actinolite  with  less
than Feo.s 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)7Si80 2(0H)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-

Si80 2(0H)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 Na2Fe32+Fe23+Si8
G2(OH)2. 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
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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 | beams (i.e.: structural units of the amphi-
bole) (Skinner et ah, 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 ah, 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 pm 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 pm, 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 pm (Table 1).

4.1. Fiber diameters

The aerodynamic behavior of fibers is determined
mainly by their diameter (Timbrell, 1982). The majority

Table 1
The diameters of asbestiform and non-asbestiform amphiboles

“Fiber” Reference Percent diameter
>0.25 pm
Amosite Gibbs and Hwang 28-42%
(1980) (>0.3 pm)
All amphiboles [Homestake Gold Virta et al. (1983) 100%
mine]
Taconite-Grunerite & Actinolite ~ Wylie (1988) 100%
[East Mesabi Range]
Asbestiform tremolite [Swansea]  Lee (1990) 76%
Non-asbestiform tremolite, [Alada Lee(1990) 98%
Stura, Italy]
Non-ashestiform tremolite Wagner and Berry 100%

[Greenland]
All amphiboles [NY State]

(1969)
Kelse and
Thompson (1989)

100%

of airborne asbestos fibers have diameters less than
0.25 pm making virtually all airborne fibers, respirable.
In contrast, only very small percentages of non-asbesti-
form cleavage fragments have diameters less than
0.25 pm (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 ah, 1993). The evidence from experimental
animal studies indicate fibers >1 pm show no dose-
response relationship with tumor incidence (<30% of pop-
ulation of non-asbestiform fibers >5 pm long are <1 pm
wide). For fibers <1 pm (and >5 pm 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 pm wide and "5 pm long. Fiber width is also a
major factor determining access to the lung. Even long,
thin fibers (such as 200 pm 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.
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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 pm) there are airborne amphibole fibers which
exceed 100 pm 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 pm 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 pm, respectively (Gibbs and Hwang,
1980) and of grunerite (amosite) asbestos from a pipe insu-
lation operation, 4.9 pm (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 46x 11 and 55x 1.2 pm). The amosite fibers from
the industrial sites were longer and narrower (average
length to width equal to 82x0.4 and 15.6x0.5 pm,
respectively). Although the populations of grunerite

Table 2

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.

Proportion of tremolite particles longer than 10 pm and narrower than 3 pm from milled blocky (prismatic), acicular, fibrous and tremolite asbestos

stratified by aspect ratio using petrographic microscopy*

Aspect ratio % <3:1 Non-regulatory % 31 to 51

Non-asbestiform tremolite particles (cleavage fragments)

Blocky 87 6.5

Acicular 87 4

Fibrous 57 185 185
Asbestiform tremolite

Asbestos 1 48.5 6.5 13
Asbestos2 535 35 145

% >5:1 to 10:1

% >10:1 to 20:1 % >20:1 to 50:1 % >50:1
1 0.5 0

3 0.5 0

55 0.5 0

135 135 5

12 13 4.5

Non-regulatory designates particles that do not meet the length >5 pm, width <3 pm, and aspect ratio >3 criteria.

a Modified from Table 2 of Campbell et al. (1979).
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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
5pm, 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 pm 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.

llgren (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 “Hsbestos Mines of South Hfrica”) 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

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 5pm 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 pm, respectively. The median diameters were 0.20-
0.26 pm depending on the process and there were no air-
borne fibers with diameters exceeding 3 pm.

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

Mesothelioma/lung cancer experience—non-asbestiform grunerite3 Workers and negative non-amphibole controls

Study population Follow-up period

Non-asbestiform grunerite cohorts (latest follow-up)

Homestake gold miners Follow-up 1977-1990
(Steenland and Brown, 1995)

Reserve taconite miners
(Higgins et al., 1983)

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

More than 1 year in period
1952-1976

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

Total
Negative comparison: hematite iron ore without amphiboles

Hematite mining in Minnesota >1 year employment before 1966.
[Lawler et al., 1985]. Follow-up 1937-1979.

Cohort N (% dead)

N mesothelioma/
N deaths (PMR)

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

3328 (46.6%) 0/1551 =0 7° 115/101.8 = 1.13
(0.94-1.36)
5751 (5.2%) 0/298 15/17.9=0.84
(0.47-1.38)
3431 (30.8%) Ib0/1058 = 0 62/92.2 = 0.67
(0.52-0.86)
12510 (23.2%) 0/2907 = 0 192/211.9 = 091
Ugd 4708 (55%) 0/2642 = 0 117/117.6= 1.00 (0.83-1.20)
Surface 5695 (36%)  0/2057 = 0 95/108 = 0.88 (0.71-1.08)

a It is recognised that these workers were also exposed to non-asbestiform hornblende and actinolite.
b Exposure began only 11 years before death making it unlikely that this mesothelioma is related to work in the taconite mine. He was previously a

locomotive fireman and engineer.

¢ There were seven cases [four cancers of the peritoneum and three other respiratory cancers] in categories that might include mesothelioma but no
mention of mesothelioma on the death certificate or other evidence to support diagnoses of mesothelioma. No mention of mesothelioma was found in a
review of deaths from lung cancer or other non-specified cancer, which at times are categories that include mesothelioma (Steenland and Brown, 1995).



JF. Gamble, G. W. Gibbs | Regulatory Toxicology and Pharmacology 52 (2008) S154-S186 S161

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 |im and are mostly acicular cleavage fragments.
Respirable dust concentrations in the Reserve mining com-
pany ranged from about 0.02 to 2.75 mg/m3at 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
1mg/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/m3years) 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 5years 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/m3years as the exposure metrics. The relationship
with total dust exposure, which is of interest from the
standpoint of cleavage fragments, was not monotonie
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 pm 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 ashestos. 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 $=5pm in length
and aspect ratio *3:1 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 (Fe20 3) and limonite (HFe02).
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 ofairborne “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 pm 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 5pm being 0.36
(£0.08) f/mL. Approximately 94% of fibers were less than
5pm in length, the mean fiber diameter was 0.13 pm and
the mean “fiber” length was 11 pm. 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 1mppcf.

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 5years 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).
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Table 4

Mesothelioma/lung cancer experience-grunerite (amosite) asbestos exposed workers

Study population Follow-up period

Amosite mining (Sluis-Cremer et al., 1992)
up to 1986
Amosite Insulation manufacturing (Acheson 1945-1978: Follow-up to
et al., 1984) 1980.
Amosite insulation manufacturing (Seidman
et al., 1986; follow-up of Seidman et al.,

1979)
Amosite insulation manufacturing (Levin 19541972, >10 years
et al., 1998) latency; follow-up to 1994
Total
7
Amosite (asbestiform grunerite)
cohorts
gJ Nonasbestiform
grunerite
5:
Hematite
(no amphiboles)

o a-
b

3-

Homestake
gold mine

2 _ Taconite
a
co 0 Q—31-G—m-

c1 c2 cC3 Al A2 A3 A4

C1 = Steenland and Brown (1996)
C2 = Higgins et al (1983)
C3 = Cooper et a (1992)

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

Al = 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

® lung cancer SMRs
O % meso (n cases/total deaths = PMR)

. No effect level for lung cancer (SMR=1)
9 ’3/0 mesothelioma, asbestos cohorts
lung cancer SMRs, Asbestos cohorts

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]

Miners 1945-1955. Follow-

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

No. in cohort No. meso/No. deaths = PMR

(% mortality)

Lung cancer: obs/
exp = SMR (95%

Cl)
3212 (20.2%)  4/648 = 0.6% 26/18.8= 138
(0.97-1.91)
4820 (6.9%) 5/333 = 1.5% 61/29.1 =2.10
(1.62-2.71)
820 (72%) 6/593 = 1.01% (death 102/20.51 =4.97
certificates) 17/593 = 2.9% (best  (4.08-6.1)
evidence)
755 (29.4%) 6/222 = 2.7% 35/12.6 = 2.77
(1.93-3.85)
9607 (18.7 %) 21/1796= 1.2% 224/81 =2.77

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

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 117 101 0.97 131

Asbestiform grunerite [Seidman et al., 1986]

Fiber/mL years b <6 6-11.9 12-24.9 25-49.9 50-99.9 - -100-149.9 150-249.9 250+

SMR 14/5.31 =2.64 12/2.89 = 4.15 15/3.39 = 4.42 12/2.78 = 432 17/238=7.14 9/1.49=6.04 12/1.32=9.09 11/.94= 117

a Dust days in Table 2 of the paper by Steenland and Brown (1995) (i.e.: 1day at 1 mppcf was converted to dust years by dividing by 240 days per year

[i.e. 48 weeks x 5 day week).

b mppcfyears converted to f/cc-years using a factor of 1mppcf= 0.146 f/mL. The conversion is based on the average concentration of “fibers” greater
than 5 pm and particles measured by the midget impinger and reported by Gilliam et al. (1976) i.e.: 0.25 f/mL divided by 1.7 mppcf.
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Amosite Insulation
workers

Homestake Seidman et al (1986)

Non-asbestiform grunerite
(Steenland and Brown, 1995)

pneumoconiosis

lung cancer

°

E y
! lung cancer

Hr

el 100 150 200 250 300
Cumulative Exposure in flbers/cc-years

Homestake Cohort (Steenland, 1995)
=-Q— Seidman Amosite Asbestos

No increased risk (SMR=1.0)
-A - f/ml-yrs vs Homestake pneumoconiosis

Fig. 2. Lung cancer SMRs by cumulative exposure (fibers/mL years) and
neumoconiosis for non-asbestiform grunerite (Steenland and Brown,
1995) and grunerite (amosite) asbestos (Seidman et al., 1986).

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 Mg6Si80 20(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 (2)
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

NY, Brown
et al. (1979)

NY, Lamm
et al. (1988)

NY, Honda
et al. (2002)

NY, Brown
et al. (1990)

Vermont,

Selevan et al.

(1979)

Italy, Coggiola
et al. (2003)

France, Wild
et al. (2002)

Austria, Wild
et al. (2002)

Norway,
Wergeland
et al. (1990)

Years

1947-1959 Follow-up 1975 19% mortality

1947-1978 >1-year tenure 14.8%
mortality

>1 day tenure 1948-1989

1947-1978; follow-up 1983; 23%
mortality
5=1-year tenure

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

>1 year, 1946-1995 49% mortality

1945-1995, >l-year; 27.5% mortality

1972-1996, >l-year; 12.4% mortality

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

Lung cancer
SMR

9/3.3 = 2.73
(1.25-5.18)

6/3.1 = 193
(0.71°1.20)

31/13 = 2.32
(1.57-3.29)

17/8.2 = 2.07
(1.20-3.31)
9/4.7= 191
(0.88-3.64)

6/3.69= 163
(0.60-3.54)

44/
46.9= 094
(0.68-1.26)

21/17= 123
(0.76-1.89)

7/6.6= 1.06
(0.43-2.19)

SIR: 6/
6.49 = 0.92
(0.34-2.01)

Lung cancer
mine SMR

18/46 = 3.94
(2.33-6.22)

5/1.15=4.35
(1.41-10.1)

33/
30.9= 1.07
(0.73-1.50)

SIR: 2/
127= 157
(0.19-5.69)

Lung cancer
mill SMR

7/5.5 = 1.28
(0.51-2.63)

2/1.96= 1.02
(0.12-3.68)

11/ 16 = 0.69
(0.34-1.23)

SIR: 4/
522 = 0.77
(0.21-1.96)

NMRD overall SMR

8/2.9 = 2.76(1.19-5.13)

Other 5/1.3 = 3.85 (1.25-8.96)
7/2.5 = 2.78 (1.11-5.72)

28/13 = 2.21 (1.47-3.20)

17/6.8 = 2.50(1.46-4.01)

11/3.8 = 2.89 (1.45-5.18)

11/3.67 = 3.0 (1.50-5.36)

Other = 11/1.79 = 6.15 (3.07-
11)

127/55.7 = 2.28 (1.9-2.72)

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

1/3.7 = 0.27 (0.01-1.52)

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

NMRD mine
SMR

10/4.2 = 2.41
(1.16-4.44)

2/1.23 = 163
(0.20-5.87)

Other = 2/
0.56 = (0.43-
2.89)

105/34.4 = 3.05
(2.5-3.7)

SMR: U
2.5= 0.40
(0.01-2.23)

NMRD mill
SMR

7/11.72 = 4.07

Other = 7/
0.89 = 7.87
(3.15-16.2)

22/21.3 = 1.04
(0.65-1.57)

SMR: 2/
8.5=0.24
(0.03-0.85)

Mesothelioma

0

99TS
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greater than 5 jam 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 ah, 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 ah, 1979; Dement
et ah, 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 ah (2002) added six more years update
and estimated quantitative cumulative exposure to talc
dust to address the question of exposure-response
(Oestenstad et ah, 2002).

Gamble (1993) conducted a case-control study nested in
the Brown et ah (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 ah (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/m3years)

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 ah (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/m3years, 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 11 for ischemic
heart disease, 1.5 for all decedents, 35 for NMRD as
underlying or contributory cause of death, and 10.8 for
pulmonary fibrosis.

Honda et ah (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

Cumulative Exposure (mg/m3-years)
Original units in mg/m3-days converted to yrs dividing by 250 d/yr

Lung Cancer
Other NMRD
—A.. Fibrosis
« Increased risk >1.0, decreased risk <1.0

)

Fig. 3. Exposure-response of lung cancer, other non-malignant respira-
tory disease (other NMRD) and lung fibrosis by cumulative exposure (mg/
m3years) Honda et al. (2002).
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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/m3with
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
1.1pm diameter and 12.7 pm 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 >101
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 121 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-

—{&— lung cancer SMRs-SC
.. pneumoconiosis regression-Libby
------- Lung Cancer regression analysis-Libby
"' Mesothelioma regression analysis-Libby
» Increased Risk >1 above line, reduced risk <1 b
LC SMR by exposure category Libby 1986

Fig. 4. Exposure-response trends for lung cancer, mesothelioma and
Pneumoconiosis among Vermiculite workers exposed to Vermiculite Ore
contaminated with tremolite asbestos In Libby, Montana (McDonald
et al., 1986a,b) Vermiculite with non-ashestiform amphiboles in South
Carolina (McDonald et al., 1988).
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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 ~3:1 and a “maximum
width and minimum length” of 5 pm. Counts using phase
contrast microscopy at a magnification of 437x ranged
from 0 to 60 fibers/mL (median = 4.1). Parallel fibers
counted by SEM at a magnification of 5000x 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., 3:1 aspect ratio, *5 pm length) but are not ashes-
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 ashestos
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
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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 1year 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"1% 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
5mg/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/m3were 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 >I-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 556 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/m3years
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/
m3years 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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Lung Cancer
NMRD regression
—e — pneumoconiosis regression
¢ OR <1.0 = no effect

Fig. 5. Exposure-response trends for lung cancer Non-malignant respi-
ratory disease (NMRD) and Pneumoconiosis by cumulative exposure
(mg/m3years) to Talc not containing amphiboles Among French &
Austrian Talc Workers Wild et al. (2002).

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 pm, 36% >20 pm
and 11% >40 pm and width was <2.5 pm 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 NIOSFI 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
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Table 7

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

Study population Follow-up period N in cohort (% PMR Lung cancer SMR (95% confidence
deaths) (mesothelioma/ intervals)

total deaths)
Talc workers, NY State, Honda White men actively employed >1 day 809 (27%) Mill = 377 2/209 = 0.96%a 31/13 = 2.32 (1.57-3.29) Mill: 7/

et al. (2002) between 1948 and 1989 and alive in or  Mine = 311 5.5 = 1.28 (0.51-2.63) Mine: 18/
after 1950. Follow-up 1950 thru 1989 4.6 = 3.94 (2.33-6.22)

Norwegian talc workers, Miners >1 year 1944-1972; Millers Total (M) 389 0/117 = 0% 0/  Incidence (SIR): 6/6.49 = 0.92
Wergeland et al. (1990) >2 years 1935-1972; Follow-up 1953- (30.1%) 94 miners 27 = 0% 0/ (0.34-2.01) 2/1.27 = 1.57 4/

1987 (28.7%) 295 millers 90 = 0% 5.22 = 0.77
(30.5%)

Finnish anthophyllite asbestos >3 months 1953-1967; Follow-up 1953- 999 (59.4%) M =736 4/593 (0.7%) Incidence: SIR M\ IbtlbA = 2.88
miners, Karjalainen et al. 1991 (68.3%) F= 167 M = 4/503 (2.27-3.6) Heavy Exp: 3.15 (2.37-
(1994), Meurman et al. (53.9%) (0.8%) F = 0/90 4.09) Mod Exp: 2.35 (1.45-3.58)
(1994) (0%)

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

MN, McDonald et al. (2004)

South Carolina Vermiculite, <6 months 1971-1986, followed to 1986 194 51/194 = 27.8% 0/51 =0%
McDonald et al. (1988) (> 15 years latency)

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.

4/3.31 = 1.21 (0.33-3.09)

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

Cohort Width (pm) Length (pm) Reference

Libby Vermiculite; tremolite asbestos 46%, <0.25 62%, >5 Langer et al. (1974)
Homestake gold mine (CG = cummingtonite-grunerite) 69% CG: GM = 0.43 15%  34%, >5; 32%, >5  Brown et al. (1986)
(TA = tremolite-actinolite) (GM = geometric mean) TA: GM = 0.27

Taconite

Vanderbilt tremolitic talc

Experimental studies

Korean tremolite asbestos >5 pm L

Californian white tremolite asbestos (Davis et al., 1991)
Swansea tremolite asbestos (Davis et al., 1991)
Italian tremolite (Davis et al., 1991)

Greenland tremolite, Wagner et al. (1982)

Dornie, Scotland tremolite, Davis et al. (1991)

Shinness tremolite, Davis et al. (1991)

Ferro-actinolite asbestos

UICC Amosite

0%, <0.25 minimum 0.3
mean 11

0%, <0.25 min 0.25 mean
12

0%, <0.25

44.7%, <0.25

50%, <0.25
8.2%, <0.25
13.3%, <0.25
0%, <0.25

13.7%, <0.25
13.8%, <0.25

Median: 0.24,
range: 0.03-5.2
Median: 0.22,
range: 0.02"1.1

Mean 4.6; Max
175
Mean 5.5; Max
324

11.8%, >5 [1.9]

14.9%, >5 [3.2]
33.6%, >5 [1.0]
9.7%, >5 [0.27]
100%, <10

22.5%, >5 [0.1]
10.6%, >5 [0]

Median: 1.50,
range: 0.3-52.5
Median: 1.8,
range: 0.15-378

Virta et al. (1983)

Wylie (1988)

Kelse and Thompson (1989)

Addison (2004), Davis et al.
(1985)

Addison (2004)
Addison (2004)
Addison (2004)

Wagner and Berry (1969),
Wagner et al. (1982)

Addison (2004)
Addison (2004)
Coffin et al. (1982)

Coffin et al. (1982)

Figures in []= % >5 pm and less than 0.25 pm. 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.

(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% CIl = 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 pm, 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 pm, which is considerably less
than the average width of 1.3 pm 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 pm.

* 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.

Tremolite asbestos

anthophyllite asbestos
Talc
amphibole cleavage
fragments

@ 4 e WithoulTaamI(;)hiboles 9
> w 3
Do 2
[_ .il ..
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GTC Norway Vermont Italy FranceAustria S.C. MN Finland

Lung Cancer SMRs

© PMRs for mesothelioma

Fig. 6. Lung cancer and mesothelioma mortality in workers exposed to
Talc containing non-asbestiform amphiboles in New York and Norway
(Honda et al., 2002, Wergeland et al. (1990) Talc without amphiboles
(Vermont, Italy, France/Austria) Selevan et al. (1979), Coggiola et al.
(2003), Wild et al. (2002) and Vermiculite containing tremolite asbestos
McDonald et al., 1986ab Anthophyllite Asbestos (Karjalainen et al.,
1994; Meurman et al., 1994).

184. 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 128 (Cl 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 i.16-4.44) and in millers (SMR 2.27 ClI
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 (Cl = 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 ah, 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 pm long and <0.25 pm 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 pm and length greater than 8 pm.
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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Fig. 7. Experimental studies of injections into rats of asbestiform
amphiboles and non-asbestiform amphiboles.

dose of amphibole asbestos. Incidence was reduced to near
zero for samples of non-asbestiform tremolite and talc
libers (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

— FD14 = NY talc (50% nonasbestiform tremolite)
m - FD275 = nonasbestiform NY tremolitic talc
WA .. FD31=tremolite from tremolitic talc, western U
..FD72 = tremolite asbestos
O FD72N = FD72 but not autoclaved

Fig. 8. Mesotheliomas in hamsters after intrapleural injection of tremolite
asbestos and talc containing non-asbestiform tremolite Smith et al. (1979).

0. 2.pm 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 pm) thin
(<0.4 pm) fibers or bundles with the potency increasing as
length increases. For example, thin fibers longer than
40 pm are about 500 times more potent than thin fibers
5-40 pm in length. Long and very thick particles (>5 pm)
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 pm in length do not appear to pose any lung cancer
risk in this database. Thus in rats a particle length of 5 pm
or less (or as Berman et al. suggest, 5-10 pm 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 pm long and <0.25 pm 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 llgren
(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 pm 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 pm in length and less than 0.25 pm in width. The sample
FD 275-1 did not contain any particles longer than 10 pm
in length and no particles with a width less than 1pm.
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 pm in length, produced a
“negligible incidence” of mesotheliomas in pleural implan-
tation studies.
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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 humber
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 ashestos 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 lankova, 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 5pm, narrower than
3 pm 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 pm
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.l. New York State talc

A.11 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 = 461) 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 pm) 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 5mppcf 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 111 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 5pm; median lengths were
about 15 pm. 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 pm
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 ashestiform 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 (EIHE) 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 1year. 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 >l-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 tq 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 131 ((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/
m3years) 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
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Table Al
Exposure differences between cases of lung cancer, Other NMRD and
Fibrosis in NY talc workers (Honda et al., 2002)
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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-

Lung Other Fibrosis  cluded that the cause of the increased lung cancer mortality

cancer NMRD in the cohort is unclear, but speculated that it could be due
Median years worked 10 83 118 in part to smoking or “other unidentified risk factors”.
Median cumulative exposure (mg/ 347 1199 3759

m3days)

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

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 Al).

Summary of results for lung cancer and mesothelioma from studies of NY talc workers

Reference Study characteristics Lung cancer Mesothelioma

Kleinfeld et al. 220 NY Tale Miners $T5 years tenure in 1940; PMR = 3.44 (1.65-6.3) (11 deaths) 1 peritoneal mesothelioma
(1967) 1965 follow-up, 91 total deaths, PMR (1.1%)

Kleinfeld et al. 260 NY Talc Workers > 15 years in 1940 or PMR resp cancer = 3.24 (1.72-5.54) (12 lung 1 peritoneal mesothelioma
(1974) between 1940 and 1969; 108 total deaths, PMR,  cancer, 1 fibrosarcoma of pleura) (0.93%)

follow-up of Kleinfeld et al. (1967)

Brown et al. 398 WM employed GTC 1947-1959, follow-up 9/3.3 = 2.73 (1.25-5.18) (p <0.05); 4 <l-year  1/74 = 1.4% (16-year talc tenure,

(1979, 1980) 1975; 18% <1 month, 24% 1-6 months, 50% <1  tenure 11 years construction)

year; 44% <1950;

Stille and 655 WM employed GTC 1948-1978, vital status  10/6.4= 1.57 (10 obs)
Tabershaw 1978;
(1982) Prior employment = 2.14 (8 obs)
No prior work = 0.76 (2 obs)
Lamm et al. 705 men employed GTC 1947-end 1977, vital 12/5 = 2.40 (1.24-4.19) 1 electrician 15-year latency;
(1988) status 1978 20-years prior
>1 year
6/3.1 = 1.93 (0.71-4.20) prior risk = 3.08 (6/2) As miner, miller, construction
<1 year
6/1.9 = 3.16 (0.16-6.88) prior risk = 3.33
(3/0.9)
Brown et al. 710 WM employed at GTC 1947-1978 with vital ~ 17/8.2 = 2.07 (1.20-3.31)
(1990) status 1983;

Gamble (1993)

Not reported,

22 lung cancer cases at GTC 1947-1978 matched
3:1 on data of birth and date of hire.

<l-year
1-9 yea
10-19 vy

= 3.64 (1.54-7.04)
rs = 0.83 (0.02-4.57)
ears = 4.0 (0.54-16.1)

20-36 years = 1.82 (0.21-6.36)
OR lung cancer

Tenure
<5 year
5-15 ye

smokers >20-year latency
10
ars 0.63

15-36 years 0.42

Honda et al. 809 WM talc workers employed GTC 1948-1989 mg/m3days RR (n) Two cases not considered causal
(2002) follow-up due to short latency,
<95 1.0 (11)
Cancer: 1950-1989 <987 0.8 (9)
Non-cancer mortality = 1960-1989
987 + 0.5 (9) Case 1 & Very low
Hired: <1955 exposure, Case 2

SMR 2.86 (0.9-4.1)

Hired > 1955

(3.7%)

SMR: 0. (0.2-2.4)
All but two of the studies (Kleinfeld et al., 1967, 1974) were the same cohort of GTC workers.

Pn, pneumoconiosis.
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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 resultsfrom 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 NIOSPI studies of GTC talc
(Brown et al., 1979, 1980; Brown et ah, 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 thefindings o/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 accountfor their excess risk (Brown
et ah, 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 ah, 1980).

The lack of an association with years worked could be due
to a combination offactors 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 datafor a similar
group of asbestos insulation workers. The asbestos PMRs
were 2-3 times higher among the asbestos workers for lung
cancer and Gl 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 3years 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-foldfrom an average of 818 mppcfto 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 >20years tenure (SMR =1.82)
andfive 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 orfor-
mer smokers, while only 73% of controls had ever smoked.
Smoking latenciesfor 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-
tunitiesfor very high exposures. Six of the lung cancer cases
had less than 3-months tenure, several with only afew days,
so there were veryfew opportunitiesfor 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 ofpleural 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 madefor other talc exposures and potential
exposure to other work-related carcinogens (Gamble, 1993).
The inverse E-R trendsfor 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).

References

Acheson, E.D., Gardner, M.J., Winter, P.D., Bennett, C., 1984. Cancer in
a factory using amosite asbestos. Int. J. Epidemiol. 13, 3-10.

Addison, J., McConnell, E.E., 2008. A review of carcinogenicity studies of
asbestos and non-asbestos tremolite and other amphiboles. Regul.
Toxicol. Pharm. 52, S187-S199.

Addison, J., 2004. Personal communication 6, 2004.

Allison, A.C., 1973. Experimental methods of cell and tissue culture:
effects of asbestos particles on macrophages, mesothelial cells and
fibroblasts. In: Bogovsld, P., Gilson, J.C., Timbrell, V., & Wagner,
J.C. (Eds.), Biological Effects of Asbestos. Proceedings of a Working
Conference. Lyons, 2-6 October, 1972. Lyons, International Agency
for Research on Cancer, pp. 89-93.

Amandus, H.E., Wheeler, R., Jankovic, J., Tucker, J., 1987a. The
morbidity and mortality of Vermiculite Miners and Millers exposed
to tremolite-actinolite: Part I. Exposure estimates. Am. J. Ind. Med.
11, 1-14.

Amandus, H.E., Wheeler, R., 1987b. The morbidity and mortality of
vermiculite miners and millers exposed to asbestiform tremolite-
actinolite. Part 1. Mortality. Am. J. Ind. Med. 11, 15-26.

Amandus, H.E., Althouse, R., Morgan, W.K.C., Sargent, E.N., Jones, R.,
1987c. The morbidity and mortality of vermiculite miners and millers
exposed to asbestiform tremolite-actinolite. Part 1ll. Radiographic
findings. Am. J. Ind. Med. 11, 27-37.

Atkinson, G.R., Rose, D., Thomas, K., Jones, D., Chatfield, E.J., Going,
J.E., 1982. Collection, analysis and characterization of vermiculite
samples for fiber content and asbestos contamination. MRI report for
the Environmental Protection Agency, Project 4901-A32 under EPA
contract 68-01-5915.

Berman, D.W., Crump, K.S., Chatfield, E.F., Davis, J.M.G., Jones, A.D.,
1995. The sizes, shapes, and mineralogy of ashestos structures that
induce lung tumors or mesothelioma in AF rats following inhalation.
Risk Anal. 15, 181-195.

Bernstein, D.M., Mast, R., Anderson, R., Hesterberg, T.W., Musselman,
R., Kamstrup, O., Hadley, J., 1994. An experimental approach to the
evaluation of the biopersistence of respirable synthetic fibers and
minerals. Environ. Health Persp. 102 (5), 15-18.

Berry, G., 1999. Models for mesothelioma incidence following exposure to
fibers in terms of timing and duration of exposure and the biopersis-
tence of the fibers. Inhal. Toxicol. 11, 111-130.

Boundy, M.G., Gold, K., Martin Jr., K.P., Burgess, W.A., Dement, J.M.,

1979. Occupational exposures to non-asbestiform talc in Vermont. In:

Lemen, R., Dement, J.M. (Eds.), Dusts and Disease. Pathotox
Publisher, Inc, Park Forest South, Illinois, pp. 365-378.

Brown, D.P., Sanderson, W., Fine, L.J., 1990. Health hazard evaluation
Report HETA No. 90-390-2065 and MHETA 86-012-2065. RT
Vanderbilt Company, Gouveneur, NY.

Dement, J.M., Zumwalde, R.D., Gamble, J.F., Fellner, W., DeMeo, M.J.,
Brown, D.P., Wagoner, J.P., 1980. Occupational exposure to talc
containing asbestos, morbidity, mortality, and environmental studies
of miners and millers i. environmental study, Il. Cross Sectional
Morbidity Study, Ill. Retrospective Cohort Study of Mortality,
NIOSH Technical Report, DHEW (NIOSH) Publication No. 80-115.

Brown, D.P., Dement,. J.M., Wagoner, J.K., 1979. Mortality patterns
among miners and millers occupationally exposed to asbestiform talc.
In: Lemen, R., Dement, J.M. (Eds.), Dusts and Disease. Pathotox
Publisher, Park Forest South, Illinois, pp. 317-324.

Brown, D.P., Kaplan, S.D., Zumwalde, R.D., Kaplowitz, M., Archer,
V.E., 1986. Retrospective cohort mortality study of underground gold

mine workers. In: Goldsmith, D., Winn, D., Shy, C. (Eds.), Silica,
Silicosis, and Lung Cancer. Praeger, New York, pp. 335-349.

Campbell, W.J., Steel, E.B., Virta, R.L., Eisner, M.H., 1979. Character-
ization of cleavage fragments and asbestiform amphibole particulates.
In: Lemen, R., Dement, J.M. (Eds.), Dusts and Disease. Pathotox
Publishers, Park Forest South, Illinois, pp. 276-285.

Clark, T.C., Harrington, V.A., Asta, J., Morgan, W.K.C., Sargent, E.N.,
1980. Respiratory effects of exposure to dust in taconite mining and
processing. Am. Rev. Respir. Dis. 121, 959-966.

Coffin, D.L., Palekar, L.D., Cook, P.M., 1982. Tumorigenesis by a
ferroactinolite mineral. Toxicol. Lett. 13, 143-149.

Coggiola, M., Bosio, D., Pira, E., Piolatto, P.G., Vecchia, C.L., Negri, E.,
Michelazzi, M., Bacaloni, A., 2003. An update of a mortality study of
talc miners and millers in Italy. Am. J. Ind. Med. 44, 63-69.

Cook, P.M., Glass, G.E., Tucker, J.H., 1974. Asbestiform amphibole
minerals: detection and measurement of high concentrations in
municipal water supplies. Science 185, 853-855.

Cooper, W.C., Wong, O., Trent, L.S., Harris, F., 1992. An updated study
of taconite miners and millers exposed to silica and non-asbestiform
amphiboles. J. Occup. Med. 34, 1173-1180.

Cooper, W.C., Wong, O., Graebner, R., 1988. Mortality of workers in two
Minnesota taconite mining and milling operations. J. Occup. Med. 30,
506-511.

Crane, D.T., 1986. Memorandum from OSHA Salt Lake City Analytical
Laboratory—Microscopy Branch to Greg Piacitelli, NIOSH, Mor-
gantown, West Virginia (November 26, 1986).

Davis, J.M.G., Addison, J., Mcintosh, C, Miller, M., Niven, K., 1991.
Variations in the carcinogenicity of tremolite dust samples of differing
morphology. Ann. N. Y. Acad. Sci. 643, 473°190.

Davis, J.M.G., Addison, J., Bolton, R.E., Donaldson, K., Jones, A.D.,
Miller, B.G., 1985. Inhalation studies on the effects of tremolite and
brucite dust in rats. Carcinogenesis 6, 667-674.

Dement, J.M., Zumwalde, R.D., Wallingford, K.M., 1976. Discussion
paper: asbestos fiber exposures in a Hard Rock Gold Mine. Ann. N. Y.
Acad. Sci. 271, 345-352.

Dement, J.M., Zumwalde, R.D., Gamble, J.F., Fellner, W.F., DeMeo,
M.J., Brown, D.P., Wagoner, J.K., 1980. Occupational exposure to
talc containing asbestos I. Environmental Study, DHEW (NIOSPI)
Publication No. 80-115, US DHEW/PHS/CDC/NIOSH, February,
1980.

Dunn Geoscience Corp., 1985. An evaluation of mineral particles at
Gouverneur Talc Company 1975 and 1982: a comparison of miner-
alogical results between NIOSHS and DGC, Contract analysis and
report to the R.T. Vanderbilt Company, Inc (January 4, 1985).

Enterline, P.E., Henderson, V.L., 1987. Geographic patterns for pleural
mesothelioma deaths in the United States, 1968-81. J. Natl. Cancer
Inst. 79, 31-37.

Fitzgerald, E.F., Stark, A.C., Vianna, N., Hwang, S.A., 1991. Exposure to
asbestiform minerals and radiographic chest abnormalities in a talc
mining region of upstate New York. Arch. Environ. Health 46, 151—
154.

Gamble, J.F., 1993. A nested case control study of lung cancer among
New York talc workers. Int. Arch. Occup. Environ. Health 64, 449-
456.

Gamble, J.F., Greife, A., Hancock, J., 1982. An epidemiologic-industrial
hygiene study of talc workers. Ann. Occup. Hyg. 26, 841-859.

Gamble, J.F., Fellner, W., DeMeo, M.J., 1979a. An epidemiologic study
of a group of talc workers. Am. Rev. Resp. Dis. 119, 741-753.

Gamble, J., Fellner, W., DiMeo, M.J., 1979b. Respiratory morbidity
among miners and millers of asbestiform talc. In: Lemen, R., Dement,
J.M. (Eds.), Dusts and Disease. Pathotox Publisher, Park Forest
South, Illinois, pp. 307-316.

Gibbs, A.R., Gardner, M.J., Pooley, F.D., Griffiths, D.M., Blight, B,
Wagner, J.C., 1994. Fiber levels and disease in workers from a factory
predominantly using Amosite, Environ. Health Perspect. 102 (5), 261—
263.

Gibbs, G.W., Hwang, C.Y., 1980. Dimensions of Airborne Asbestos
Fibers, In: Wagner, J.C. (Ed.), Biological effects of mineral fibres.



JF. Gamble, G W. Gibbs / Regulatory Toxicology and Pharmacology 52 (2008) S154-S186

Proceedings of a Symposium held at Lyons, 25-27 September, 1979.
Lyons, International Agency for Research on Cancer, IARC Scientific
Publications No. 30, vol. 1, pp. 69-78.

Gilliam, J.D., Dement, J.M., Lemen, R.A., Wagoner, J.K., Archer, V.E.,
Blejer, H.P., 1976. Mortality patterns among hard rock gold miners
exposed to an asbestiform mineral. Ann. N. Y. Acad. Sci. 271, 336—
344.

Griegner, G., McCrone, W.C., 1972. McCrone associates analysis of
tremolitic talc FD-14 5.

Harvey, A.M., 1979. Tremolite | Talc-a Clarification in Industrial
Minerals. Metal Bulletin Limited, Worchester Park Survey, England,
pp. 23-59.

Higgins, I.T., Glassman, J.H., Oh, M.S., Cornell, R.G., 1983. Mortality of
reserve mining company employees in relation to taconite dust
exposure. Am. J. Epidemiol. 118, 710-719.

Hill, A.B., 1965. The environment and disease: association or causation?
Proc. Roy. Soc. Med. 58, 295-300.

Hodgson, J.T., Darnton, A., 2000. The quantitative risks of mesothelioma
and lung cancer in relation to asbestos exposure. Ann. Occup. Hyg. 44,
565-601.

Honda, Y., Beall, C., Delzell, E., Oestenstad, K., Brill, L, Matthews, R.,
2002. Mortality among workers at a talc mining and milling facility.
Ann. Occup. Hyg. 46 (1), 575-585.

Hull, M.J., Abraham, J.L., Case, B.W., 2002. Mesothelioma among
workers in asbestiform fiber-bearing talc mines in New York State.
Ann. Occup. Hyg. 46 (1), 132-135.

ligren, E.B., 2004. The biology of cleavage fragments: a brief synthesis and
analysis of current knowledge. Indoor Built Environ. 13, 343-356.

Junttila, S., Tossavainen, A., Hartikainen, T., Harma, P., Korhonen, K.,
Suominen, V., Pyy, L., 1996. Airborne mineral fibers and quartz dust
in Precambrian metamorphic limestone and dolomite mines in
Finland. Appl. Occup. Environ. Hyg. 11, 1075-1080.

Karjalainen, A., Meurman, L.O., Pukkala, E., 1994. Four cases of
mesothelioma among Finnish anthophyllite miners. Occup. Environ.
Med. 51, 212-215.

Kelse, J.W., Thompson, C.S., 1989. The regulatory and mineralogical
definitions of asbestos and their impact on amphibole dust analysis.
Am. Ind. Hyg. Assoc. J. 50, 613-622.

Kleinfeld, M., Messite, J., Langer, A.M., 1973. A study of workers
exposed to asbestiform minerals in commercial talc manufacture.
Environ. Res. 6, 132-143.

Kleinfeld, M., Messite, J., Zaki, M.H., 1974. Mortality experiences among
talc workers: a follow-up study. J. Occup. Med. 16, 345-349.

Kleinfeld, M., Messite, J., Kooyman, O., Zaki, M., 1967. Mortality among
talc miners and millers in New York State. Arch. Environ. Hlth. 14,
663-667.

Kogan, F.M., Valagov, A.G., Bunimovich, G.I., 1970. Health evaluation
of the production of magnesia-arfvedsonite. Gig. Tr. Prof. Zabol. 14
(10), 45-47 (in Russian).

Lamm, S.H., Levine, M.S., Starr, J.A., Tirey, S.L., 1988. Analysis of
excess lung cancer risk in short-term employees. Am. J. Epidemiol.
127, 1202-1209.

Langer, A.M., Maggiore, C.M., Nicholson, W.J., Rohl, A.N., Rubin, 1.B.,
Selikoff, 1.J., 1979. The contamination of Lake Superior with amphi-
bole gangue minerals. Ann. N. Y. Acad. Sci. 330, 549-572.

Langer, A.M., Nolan, R.P., 1989. Mineralogical characterization of
Vanderbilt Talc Specimens. Contract analysis and report to the RT
Vanderbilt Company, Inc.

Langer, A.M., Nolan, R.P., Addison, J.,, 1991. Distinguishing between
amphibole asbestos fibers and elongate cleavage fragments of their
non-asbestos analogues. In: Brown, R.C., Hoskins, J.A., Johnson,
N.F. (Eds.), Mechanisms in Fibre Carcinogenesis. Plenum Press,
NY in Cooperation with NATO Scientific Affairs Division, pp.
253-267.

Langer, A.M., Mackler, A.D., Pooley, F.D., 1974. Electron microscopical
investigation of asbestos fibers. Environ. Health Perspect. 9, 63-80.
Lanphear, B.P., Buncher, C.R., 1992. Latent period for malignant
mesothelioma of occupational origin. J. Occup. Med. 34, 718-721.

S185

Lawler, A.B., Mandel, J.S., Schuman, L.M., Lubin, J.H., 1985 A
retrospective cohort mortality study of iron ore (hematite) miners in
Minnesota. J. Occup. Med. 27, 507-517.

Lee, R.J., 1990. Letter to National Stone Association on results of
width distributions of Addison and Davis tremolite samples, April
16, 1990.

Levin, J.L., McLarty, J.W., Hurst, G.A., Smith, A.N., Frank, A.L., 1998.
Tyler asbestos workers: mortality experience in a cohort exposed to
amosite. Occup. Environ. Med. 55, 155-160.

Levy, R.S., Sigurdson, E., Mandel, J., Laudon, E., Pearson, J., 1976.
Investigating possible effects of asbestos in city water: surveillance of
gastrointestinal cancer incidence in Duluth, Minnesota. Am. J.
Epidemiol. 103, 362-368.

Liddell, F.D.K., McDonald, A.D., McDonald, J.C., 1997. The 1891-1920
birth cohort of Québec chrysotile miners and millers: development
from 1904 and mortality to 1992. Ann. Occup. Hyg. 41, 13-36.

Masson, T.J., McKay, F.W., Miller, R.W., 1974. Asbestos-like fibers in
the Duluth water supply: relation to mortality. JAMA 228, 1019-1020.

McConnell, E., Rutter, H.A., Ulland, B.M., Moore, J.A., 1983. Chronic
effects of dietary exposure to amosite asbestos and tremolite in F344
rats. Environ. Health. Perspect. 53, 27/14.

McDonald, J.C., Harris, J., Armstrong, B., 2004. Mortality in a cohort of
vermiculite miners exposed to fibrous amphiboles in Libby, Montana.
Occup. Environ. Med. 61, 363-366.

McDonald, J.C., Harris, J., Armstrong, B., 2002. Cohort mortality study
of Vermiculite miners exposed to fibrous tremolite: an update. Ann.
Occup. Hyg. 46 (1), 93-94.

McDonald, J.C., McDonald, A.D., Sebastien, P., Moy, K., 1988. Health
of vermiculite miners exposed to trace amounts of fibrous tremolite.
Br. J. Ind. Med. 45, 630-634.

McDonald, J.C., McDonald, A.D., Armstrong, B., Sebastien, P., 1986a.
Cohort study of mortality of vermiculite miners exposed to tremolite.
Br. J. Ind. Med. 43, 434-444.

McDonald, J.C., Sebastien, P., Armstrong, B., 1986b. Radiological survey
of past and present vermiculite miners exposed to tremolite. Br. J. Ind.
Med. 43, 445-449.

McDonald, G.C., Gibbs, G.W., Liddell, F.D.K., McDonald, A.D., 1978.
Mortality after long exposure to cummingtonite-grunerite. Am. Rev.
Resp. Dis. 118, 271-277.

Meurman, L.O., Pukkala, E., Hakama, M., 1994. Incidence of cancer
among anthophyllite asbestos miners in Finland. Occup. Environ.
Med. 51, 421-425.

Meurman, L.O., Kiviluoto, R., Kakama, M., 1974. Mortality and
morbidity among the working population of anthophyllite asbestos
mines in Finland. Br. J. Ind. Med. 31, 105-112.

Meurman, L.O., Kiviluoto, R., Hakama, M., 1979. Combined effect of
ashestos exposure and tobacco smoking on Finnish anthophyllite
miners and millers. Ann. N. Y. Acad. Sci. 330, 491-495.

Nolan, R.P., Langer, A.M., Oechsle, G.W., Addison, J., 1991. Association
of tremolite habit with biological potential: preliminary report in
mechanisms. In: Brown, R.C., Hoskins, J.A., Johnson, N.F. (Eds.),
Fibre Carcinogenesis. Plenum Press, NY in Cooperation with NATO
Scientific Affairs Division, pp. 231-251.

Nolan, R.P., Langer, A.M., Wilson, R., 1999. A risk assessment for
exposure to grunerite ashestos (amosite) in an iron ore mine. Proc.
Natl. Acad. Sci. USA 96, 3412-3419.

Oehlert, G.W., 1991. A reanalysis of the Stanton et al. pleural sarcoma
data. Environ. Res. 54, 194-205.

Oestenstad, K., Honda, Y., Delzell, E., Brill, L, 2002. Assessment of
historical exposures to talc at a mining and milling facility. Ann.
Occup. Hyg. 46, 587-596.

Pelnar, P.V., 1988. Further evidence of nonasbestos-related mesotheli-
oma: a review of the literature. Scand. J. Work Environ. Health 14,
141-144.

Pictorial Atlas of Mineral Fibers, in press. The importance of using
mineral growth habits to distinguish between the potency of asbesti-
form and non-asbestiform fibers in the etiology of asbestos-related
cancer. Regul. Toxicol. Pharm.



S186

Price, B., Ware, A., 2004. Mesothelioma trends in the United States: an
update based on SEER data for 1973 through 2003. Am. J. Epidemiol.
159, 107-112.

Pylev, L.N., lankova, G.D., 1975. Carcinogenic activity of magnesia
arfvedsonite (group of amphibole asbestos minerals) administered
intrapleurally to nonbred rats. Vopr. Onkol. 21 (1), 71-76, In Russian.

Rodelsperger, K., Bruckel, B., 2006. The carcinogenicity of WHO fibers of
silicon carbide: SiC whiskers compared to cleavage fragments of
granular SiC. Inhal. Toxicol. 18, 623-631.

Roggli, V.L., 1990. Human disease consequences of fiber exposures: a
review of human lung pathology and fiber burden data. Environ.
Health. Perspective 88, 295-303.

Ross, M., 1978. The ‘asbestos’ minerals: definitions, description, modes of
formation, physical and chemical properties, and health risk to the
mining community. National Bureau of Standards Special Publication
506. Proceedings of the Workshop on Asbestos: Definitions and
Measurement Methods held at NBS, Gaithersburg, MD, July 18-20,
1977, pp. 49-63.

Rubino, G.F., Scansetti, G., Piolatto, G., Romano, C.A., 1976. Mortality
study of talc miners and millers. J. Occup. Med. 18, 187-193.

Rubino, G.F., Scansetti, G., Piolatto, G., Gay, G., 1979. Mortality and
morbidity among talc miners and millers in Italy. In: Lemen, R,
Dement, J.M. (Eds.), Dusts and Disease. Pathotox Publisher, Park
Forest South, Illinois, pp. 357-363.

Schiller, J.E., Payne, S.L., Khalafalla, S.E., 1980. Surface charge heter-
ogeneity in amphibole cleavage fragments and asbestos fibers. Science
209, 1530-1532.

Seidman, H., Selikoff, 1.J.,, Hammond, E.C., 1979. Short-term asbestos
work and long-term observation. Ann. N. Y. Acad. Sci. 330, 61-89.
Seidman, H., Selikoff, 1.J., Gelb, S.K., 1986. Mortality experience of
amosite asbestos factory workers: dose-response relationships 5 to 40
years after onset of short-term work exposure. Am. J. Ind. Med. 10,

479-514.

Selevan, S.G., Dement, J.M., Wagoner, J.K., Froines, J.R., 1979.
Mortality patterns among miners and millers of non-asbestiform talc:
preliminary Report. In: Lemen, R., Dement, J.M. (Eds.), Dusts and
Disease. Pathotox Publisher, Park Forest South, IL, pp. 379-388.

Siegrist, H.G., Wylie, A.G., 1980. Characterizing and discriminating the
shape of asbestos particles. Environ. Res. 23, 348-361.

Sigurdson, E.E., Levy, B.S., Mandel, J., McHugh, R., Michienzi, L.J.,
Jagger, H., Pearson, J., 1981. Cancer morbidity investigations: lessons
from the Duluth study of possible effects of asbestos in drinking water.
Environ. Res. 25, 50-61.

Skinner, H.C., Ross, M., Fondel, 1988. Asbestos and other fibrous
materials. Oxford University Press, Oxford, pp. 1-204.

Sluis-Cremer, G.K., Liddell, F.D.K., Logan, W.P.D., Bezuidenhout,
B.N., 1992. The mortality of amphibole miners in South Africa 1946—
1980. Br. J. Ind. Med. 49, 566-575.

Smith, W.E., Hubert, D.D., Sobel, H.J., Marquet, E., 1979. Biologic tests
of tremolite in hamsters. In: Lemen, R., Dement, J.M. (Eds.), Dusts
and Disease. Pathotox Publisher, Park Forest South, IL, pp. 335-339.

Stanton, M.F., 1973. Some etiological considerations in fibre carcinogen-
esis. In: Biological Effects of Asbestos. In: Bogovski, P., Gilson, J.C.,
Timbrell, V., Wagner, J.C. (Eds.), IARC Sci. Publication No. 8,
IARC, Lyon, France, pp. 289-294.

J.F. Gamble, G. W. Gibbs I Regulatory Toxicology and Pharmacology 52 (2008) S154-S186

Stanton, M.F., Layard, M., Tegeris, A., Miller, E., May, M., Morgan, E.,
Smith, A., 1981. Relation of particle dimension to carcinogenicity in
amphibole asbestos and other fibrous minerals. J. Natl. Cancer Inst.
67, 965-976.

Steenland, K., Brown, D., 1995. Mortality study of gold miners exposed to
silica and nonasbestiform amphibole minerals: an update with 14 more
years of follow-up. Am. J. Ind. Med. 27, 217-229.

Stille, W.T., Tabershaw, I.R., 1982. The mortality experience of upstate
New York talc workers. J. Occup. Med. 24, 480-484.

Thompson, C.S., 1984. Consequences of using improper definitions for
regulated mineral. In: Definitions for Asbestos and Other Health-
Related Silicates (STP-834). ASTM, Philadelphia, PA, p. 182.

Timbrell, V., 1982. Deposition and retention of fibres in the human lung.
Ann. Occup. Hyg. 26, 347-369.

Vianna, N.J., Maslowsky, J., Roberts, S., Spellman, G., Patton, R.B,,
1981. Malignant mesothelioma; epidemiologic patterns in New York
State. N. Y. State J. Med. 81, 735-738.

Virta, R.L., 1985. The phase relationship of talc and amphiboles in a
fibrous talc sample, U.S. Department of the Interior, Bureau of Mines
Report of Investigations No. 8923.

Virta, R.L., Shedd, K.B., Wylie, A.G., Snyder, J.G., 1983. Size and shape
characteristics of amphibole asbestos (amosite) and amphibole cleav-
age fragments (actinolite, cummingtonite) collected on occupational
air monitoring filters, Chapter 47. In: Marple, V.A., Liu, B.Y.H.
(Eds.), Aerosols in the Mining and Industrial Work Environments,
Volume 2 Characterisation, Ann Arbor Science Publishers, Ann
Arbor, Michigan, pp. 633-643.

Wagner, J.C., Chamberlain, M., Brown, R.C., Berry, G., Pooley, F.D.,
Davies, R., Griffiths, D.M., 1982. Biological effects of tremolite. Br. J.
Cancer 45, 352-360.

Wagner, J.C., Berry, G., 1969. Mesotheliomas in rats following inocula-
tion with asbestos. Br. J. Cancer 23, 567-581.

Wergeland, E., Andersen, A., Baerheim, A., 1990. Morbidity and
mortality in talc-exposed workers. Am. J. Ind. Med. 17, 505-513.
Wild, P., Leodolter, K., Refregier, M., Schnidt, H., Zidek, T,
Haidinger, G., 2002. A cohort mortality study and nested case-
control study of French and Austrian talc workers. Occup. Environ.

Med. 59, 98-105.

Wilson, R., McConnell, E.E., Ross, M., Axten, C.W., Nolan, R.P.,
2008." Risk assessment due to environmental exposures to fibrous
particulates associated with taconite ore. Regul. Toxicol. Pharm. 52,
S232-S245.

Wylie, A.G., Virta, R.L., Segretti, J.M., 1987. Characterization of mineral
population by index particle: implication for the Stanton Hypothesis.
Environ. Res. 43, 427-439.

Wylie, A.G., Skinner, H., Marsh, J., Snyder, H., Garzione, C., Hodkin-
son, D., Winters, R., Mossman, B., 1997. Mineralogical features
associated with cytotoxic and proliferative effects of fibrous talc and
asbestos on rodent tracheal epithelial and pleural mesothelial cells.
Toxicol. Appl. Pharmacol. 147, 143-150.

Wylie, A.G., 1988. Relationship between the growth habit of asbestos and
the dimensions of asbestos fibers. Mining Eng. 40, 1036-1040.

Wylie, A.G., Bailey, K.F., Kelse, J.W., Lee, R.J., 1993. The importance of
width in asbestos fiber carcinogenicity and its implications for public
policy. Am. Ind. Hyg. Assoc. J. 54, 239-252.



Available online at www.sciencedirect.com

X*

Regulatory
Toxicology and
Pharmacology

ScienceDirect

ELSEVIER Regulatory Toxicology and Pharmacology 52 (2008) S187—S199

www.elsevier.com/locate/yrtph
A review of carcinogenicity studies of asbestos and
non-asbestos tremolite and other amphiboles
John Addison a™* Ernest E. McConnell b
a John Addison Consultancy Ltd., Cottingham, Yorkshire HU16 4NL, UK
b ToxPath, Inc., 3028 Ethan Lane, Raleigh, NC 27613, USA
Received 6 September 2007
Available online 11 October 2007
Abstract

Experimental animal studies comparing asbestos and non-asbestos varieties of tremolite indicate tremolite asbestos is markedly more
carcinogenic. By direct analogy, the differences in carcinogenicity between tremolite asbestos and non-asbestos prismatic tremolite should
be the same for the other types of amphibole that also crystallize in the asbestos and non-asbestos habits. The earliest of the experiment
animal studies, done more than 25 years ago, have design limitations by modern standards including the use of injection or surgical
implantation as the route of administration rather than the more relevant route of inhalation. However, the differences in the carcino-
genicity of amphibole asbestos and non-ashestos amphiboles are sufficiently large to be clearly discernable even with the study limita-
tions. Together with later studies on these and related minerals, there is strong evidence of a much lower hazard associated with the
shorter, thicker fibers of the non-asbestos amphiboles, than is found for the asbestos analogues of the same mineral. It is possible that

the non-asbestos amphiboles are no more hazardous than other silicate minerals widely considered nuisance dusts.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

We will define some basic asbestos terminology to clar-
ify the terms used. The glossary in ‘The Health Effects of
Mineral Dusts’ produced by The Mineralogical Society of
America (Guthrie and Mossman, 1993) has the following
definition: “Asbestos is a term applied to asbestiform vari-
eties of serpentine and amphibole, particularly chrysotile,
‘crocidolite’, ‘amosite’, asbestiform tremolite, asbestiform
actinolite, and asbestiform anthophyllite. The asbestos
minerals possess asbestiform characteristics”. The Mineral
Society’s glossary goes on to define asbestiform as: ‘an
adjective describing inorganic materials that possess the
form and appearance of asbestos. When applied to a min-
eral, the term “fibrous’ is applied when it ‘gives the appear-
ance of being composed of fibers, whether the mineral
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actually contains separable fibers or not’ (Veblen and
Wylie, 1993). Asbestiform is a subset of fibrous, where
asbestiform implies relatively small fiber thickness and
large fiber length, flexibility, easy separability and a parallel
arrangement of the fibers in native (unprocessed) samples.
Often, asbestos fibers occur in bundles, i.e. they are often
polyfilamentous. From the definition it is clear that not
all fibers or fibrous minerals are asbestiform and not all
fibrous minerals called asbestiform are asbestos.

A convention has developed that a fiber is any particle
with an aspect ratio equal to or greater than 3:1. This stems
from the fiber definition in the early UK and US fiber
counting methods (Asbestosis Research Council, 1969;
Asbestos Textile Institute, 1971; Langer et ah, 1991), it
could just as easily have been 5.1 or 10:1. In using these
methods, the microscopist had to make a decision to count
or not count a particle depending on whether the shape and
size met certain size criteria. The decision was more easily
and consistently made for particles with aspect ratios just
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higher or lower than 3:1, and much more difficult with the
higher aspect ratio thresholds. Similarly, a minimum fiber
length of 5 pm was arbitrarily introduced for a fiber to be
counted by these methods.

The inclusion of the abundant short fibers (less than
5 pm length) in the count would have made it much less
consistent or reliable. Since the aim of the fiber counting
rules was to differentiate between asbestos and total parti-
cles the aspect ratio and length cut-off chosen were those
that produced consistency and not the ratio or length that
might have had greater toxicological significance. By con-
vention then, for a fiber to be counted it has to have an
aspect ratio equal to or greater than 3:1 and a length equal
to or greater than 5pm (and in some rules a diameter less
than 3 pm, e.g. WHO, 1985). This counting strategy has
nothing to do with a definition of asbestos per se; it is sim-
ply helpful to microscopists doing fiber counting method.
Since fiber counting analysis is performed using a phase-
contrast light microscope at a magnification of 400-450x,
the minimum width that can be counted is 0.2-0.25 pm.

Many non-asbestos particles, including non-asbestos
amphiboles and other minerals can have aspect ratio
greater than 3:1, but that does not make them ‘asbestos’
even though they are technically fibers. However, it does
mean that they would be counted as if they were an asbestos
fiber when seen in the course of a count of fibers in a mem-
brane filter sample of airborne dust. In addition, asbestos
will produce asbestos dust particles that mostly have aspect
ratios equal to or greater than 3:1, but it will also produce
particles that have lower aspect ratio. That does not mean
that these low aspect ratio particles are not asbestos, but
simply that they would not be counted as asbestos in the
membrane filter method. The same is true for asbestos
fibers with lengths shorter than the 5 pm minimum speci-
fied in the fiber counting method.

The adoption by some scientists and regulatory agencies
of the fiber counting protocol using a 3:1 aspect ratio and a
length of 5 pm or greater as being in some way a definition
of asbestos has no scientific basis. It has been useful an
improved metric when compared to just counting particles
for assessing workplace exposure to airborne fiber dust
leading to better epidemiological correlations between
asbestos exposures with disease.

2. Mineralogy

Tremolite is one member of the calcic amphibole group
of minerals that all possess similar crystal structures, basic
chemical formula, although the various crystal forms have
profoundly different physical properties. The group is char-
acterized by a crystal structure described as a double chain
of silicon oxide tetrahedra that is common to all members
of the group. Within this chain structure are between 7 and
8 metal cations allowing wide range in elemental composi-
tion that still maintains the basic crystalline form (Deer
et al., 1997). This has produced the large number of named
variants or species within the amphibole group (Leake

et al., 1997, 2004). Actinolite and ferro-actinolite are part
of a solid solution series with tremolite and differ only in
the amount of substitution of magnesium by iron.

All of the amphibole minerals, and particularly tremo-
lite, are very resistant to chemical attack by strong acids
and bases (Addison and Davies, 1990) so that their bioper-
sistence when inhaled would be expected to be very high. In
addition to the chemical variability there is further variabil-
ity in what is known as the crystal habit of the minerals
that may arise independent of chemistry (Dorling and
Zussman, 1987). The habit of a mineral is a description
of the way that the crystals are commonly formed, and
might otherwise be described as morphology.

The most common crystal habit for any amphibole is
that called prismatic; elongate prisms with a lozenge

Fig. 1. (a) Typical prismatic crystal form of amphibole showing the main
cleavages and prism faces, (b) Scanning Electron Microscope photomi-
crograph of Ala di Stura tremolite showing a large prismatic crystal with
cross-section with a cross-section shape determined by (110) crystal faces;
also evident are the traces of the (100) cleavage planes. Thin asbestiform
tremolite fibers with diameters finer than 1 pm are also visible on the right-
hand side of the image.
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shaped cross-section that grade one way into short stocky
prisms and in the other way into fine needle-like crystals
or ultimately fine hair-like crystals (sometimes known as
byssolite). The prismatic habit is the normal form for
amphiboles in igneous and metamorphic rocks and is very
widespread throughout the continental crust of the planet.
Some amphiboles are also found in the habit that is termed
asbestiform; this means that they have crystallized as bun-
dles or matted masses of extremely fine fibers. The appear-
ance of these forms usually implies some sort of secondary
modification such as shearing and faulting or hydrothermal
alteration. These may be found in three types of geological
situations: (1) cross-fiber veins where the fibers have filled
planar fissures, such as in the riebeckite (crocidolite) asbes-
tos and grunerite (amosite) asbestos mines of South Africa;
(2) in shear planes where slip fiber has formed in the plane
of movement of a fault or shear plane; or (3) as dissemi-
nated fiber formed by hydrothermal alteration, such as in
Libby, Montana (Meeker et al., 2003).

The differences in the manner of the formation of
asbestos amphiboles, compared to the prismatic and other
forms, have led to subtle differences in the details of the
crystal structure that, while not sufficient to warrant a dif-
ferent mineral name, nevertheless lead to profound differ-
ences in physical properties (Langer et al., 1991). The
commercial exploitation of the asbestos amphiboles
depended upon these properties, including their capacity
to be readily split into long, thin fibers with high tensile
strength. These physical differences also lead to differences
in the size distributions of dusts formed when the miner-
als are crushed, and arguably properties which impact the
pathogenic potential of the material, especially their car-
cinogenic properties when these dusts are inhaled. Cleav-
age planes are planes of relative weakness along which
certain minerals tend to fracture and are determined by
the crystal lattice geometry. Mica, for example, is
described as having a single perfect cleavage because it
splits easily along the silicate sheet structure. Calcite has
three perfect cleavages that form perfect rhombohedra
when the mineral is crushed. Amphiboles have two sets
of cleavage planes at 126° to each other and parallel to
the long axis of the crystals (and parallel to the dominant
prismatic crystal faces). In addition they also have a
cleavage plane on (100).

These are not perfect cleavages; they are not persistent
across or along the crystals and tend to be more widely
spaced than the separations between the fibers of the asbes-
tos amphiboles. The prismatic amphiboles, including byss-
olites, have relatively low tensile strength and the thin
needle-like crystals fracture easily across the length. They
also fracture along cleavage planes that are parallel to
the length of the crystals. When prismatic amphiboles are
crushed a relatively small proportion of the fragments
formed are elongate with faces determined by the cleavages
along which the crystal fractures. These elongate particles
will often meet the regulatory size criteria for an asbestos
fiber within the asbestos permissible exposure limits, but

differ from the asbestos fibers in critical ways. The cleavage
fragment fibers often show the typical lozenge shape cross-
section as determined by the cleavage faces, at 126° to each
other. The cleavage fragment fibers tend to be thicker than
asbestos fibers because of the spacing of the cleavage
planes, and for any given length the cleavage fragment
fibers are roughly twice as thick as asbestos fibers. Very
few, if any, of the cleavage fragment fibers longer than
10 pm will have diameters less than 1pm. With cleavage
fragment fibers the width distribution is much broader
and width increases with length so aspect ratios tend to
be lower and of narrower distribution. In overall size distri-
butions the asbestos fibers have a very narrow width distri-
bution and the width of fibers is largely independent of
length. As a result, the aspect ratio of fibers increases with
length.

Since the cleavage fragments and asbestiform fibers tend
to be morphologically defined by somewhat different crys-
tal surfaces it is tempting to speculate that this may go
some way to explaining the apparent differences in toxico-
logical properties as described below.

3. Experimental animal studies

Five in vivo experimental animal studies provide infor-
mation on the variation in carcinogenicity of dusts derived
from prismatic or non-asbestos tremolite and tremolite
asbestos. Davis et al. (1985) remain the only inhalation
experiment to be carried out using tremolite asbestos. Pre-
viously, Smith et al. (1979) used a variety of tremolite types
for intrapleural injection in hamsters; Stanton et al. (1981)
used two different tremolites for intrapleural implantations
in rats, while Wagner et al. (1982) report on three different
tremolites for intrapleural injection in rats. Later, Davis
et al. (1991) used six tremolites of different morphology
for intraperitoneal injections in rats. If the actinolite and
ferro-actinolite amphiboles are included the number of
studies increases slightly but is still small. Coffin and Pale-
kar (1978), Coffin et al. (1982, 1983) and Cook et al. (1982)
used a fibrous ferro-actinolite in intrapleural injection and
intratracheal instillation into rats. Pott et al. (1974, 1989,
1991) reported results from intraperitoneal injection of a
granular actinolite and (later) an asbestiform actinolite. A
lifetime (including exposure to the dams and gavage during
the neonatal period) oral ingestion study (1% in the diet) in
rats of ‘blocky’ tremolite did not to show evidence of car-
cinogenic activity (NTP, 1990; McConnell et al., 1983).

Other studies might also be considered as contributing
to the debate about the relative carcinogenicity of amphi-
boles and their asbestiform varieties. Berman et al. (1995)
reviewed the size distributions of all of the asbestos dust
exposures used in the Institute of Occupational Medicine
inhalation studies over many years, including the Korean
asbestos tremolite, and concluded that, while no univariate
measure of exposure could be found to predict lung tumor
incidences, the concentration of total structures longer than
20 pm provided the best fit. Furthermore the best estimate
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for the carcinogenic potency of fibers greater than 0.5 pm
in width was zero. The inhalation and intraperitoneal injec-
tion experiments of Davis et al. (1986) with long and short
fiber amosite, the inhalation studies of various sized chrys-
otile (llgren and Chatfield, 1998; McConnell et ah, 1984;
Wagner et ah, 1984), and the cell studies of Donaldson
et al. (1989, 1991), Donaldson and Golyasnya (1995) and
Brown et al. (1986) were aimed at understanding the rela-
tive importance of fiber length in carcinogenicity and fibr-
ogenicity. Other mechanistic studies such as those by Kane
(1991), and reviews such as those by Oberd6rster and
Lehnert (1991) and Jaurand (1991), among others also
have a bearing on the understanding of the different reac-
tions observed between asbestos particles and other parti-
cles with the same mineral chemistry but different
morphology.

4. Inhalation experiments

Davis et al. (1985) exposed rats (SPF male Wistar, whole
body exposure) to a commercially mined tremolite asbestos

Fig. 2. Length and width distribution of fibers (microns) in elutriated
respirable dust of the Korean tremolite asbestos. This is a typical asbestos
fiber size distribution with most fibers less than 5 pm in length and less
than 0.5 pm in diameter. There are however some thin fibers with length
greater than 10 pm, and some cleavage fragment fibers with diameters
greater than 1pm.

Table 1

form South Korea at concentrations of 10 mg/m3, around
1600 f/mL (>5 pm), for 12 months. Having produced very
high levels of pulmonary fibrosis as well as 16 carcinomas
and two mesotheliomas (rarely found in rat inhalation
experiments) among the 39 treated animals the tremolite
asbestos was described by them as the most dangerous min-
eral ever studied at the Institute of Occupational Medicine,
UK. The Korean tremolite asbestos is the same one used
later in the intraperitoneal injection experiments (Davis
et al., 1991) for which full size distributions of the respira-
ble dust were given, as shown in Fig. 2

The important feature of the size distribution of the
Korean tremolite asbestos is that the vast majority of fibers
are less than 0.5 pm in diameter and shorter than 5 pm in
length, which is typical of asbestos amphiboles. The geo-
metric mean diameter for Korean tremolite asbestos fibers
longer than 0.4 pm was 0.24 pm (SD 1.6) and the mean
length was 1.97 pm (SD 2.11) which are somewhat longer
and thicker than airborne fibers in crocidolite mining
(GM diameter 0.076 pm, GM length 0.98 pm) (Hwang
and Gibbs, 1981).

The high carcinogenicity of the Korean tremolite asbes-
tos was attributed to the much higher airborne fiber con-
centration for fibers longer than 5 pm (1600 f/mL) which
was almost twice that of the UICC amphiboles at the same
10 mg/m3dust mass concentration used grunerite (amosite)
asbestos 550 f/mL and riebeckite (crocidolite) asbestos
860 f/mL (Davis et al., 1978). This is also a reflection of
the finer diameter of the Korean tremolite asbestos.

5. Injection and implantation experiments

Smith et al. (1979) injected a range of tremolites and
tremolitic talcs intrapleurally into hamsters (of unspecified
type) at doses of 10 and 25 mg. The samples were identified
as shown in Table 1

The animals were allowed to survive up to 600 days after
which the final survivors were sacrificed for necropsy. No
tumors were found in the final survivors. The samples used
by Smith et al. (1979) and described as asbestos or asbesti-
form produced higher levels of fibrosis and numbers of
mesotheliomas in the hamsters than those described as
tremolite or tremolitic talc. Most of the tumors were diag-
nosed as mesotheliomas.

Campbell et al. (1979) examined some of the tremolites
used by Smith et al. (1979) and described two of the trem-

Summary of the samples and results of the toxicological testing of Smith et al. (1979)

Sample number Descriptor

14 (or FD-14) Tremolitic talc, New York State,

275 Tremolite selected from NY tremolitic talc

31 Tremolitic talc, unspecified location in W. USA
72 (or FD72) Asbestiform tremolite, unspecified location

72N Asbestiform tremolite

Tumor incidence Composition

10 mg dose 25 mg dose

- 0/35 50% non-asbestos tremolite

0/34 0/31 95% non-asbestos tremolite

1/42 6/30 90% tremolite, possibly asbestiform
3/13 5/23 95% tremolite asbestos

6/25 11/26 95% tremolite asbestos
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olites (275 and FD72) in more detail. The images of the
fibers clearly show FD72 (tumor rate 5/23 and 3/13) to
be asbestos and 275 (tumor rate 0/31 and 0/34) to be a pris-
matic amphibole. This is reflected in the numbers of fibers
of length >10 pm and diameters less than 1 pm in the trem-
olite asbestos, and their absence in the non-asbestos miner-
als. Similarly, in tremolite FD72 many more of the fibers
longer than 5 pm had aspect ratios greater than 10:1 than
in tremolite 275 (23-0 and 19-1 using the petrographic
microscope and the Scanning Electron Microscope,
respectively).

Non-asbestos tremolite 14 (FD14, tumor rate 0/35) was
later evaluated by Wylie et al. (1993) and confirmed to be a
tremolitic talc with very few tremolite fibers in the size
ranges longer than 5pm and less than 1pm diameter.

This study was criticized for being deficient in a number
of ways (Federal Register, 1992). In particular, the fiber
size measurements and fiber characterizations were found
to be inadequate for the purposes of identification of the
materials as tremolite asbestos or prismatic tremolite.
The later characterizations by Campbell et al. (1979) and
by Wylie et al. (1993) improved on the original ones and
the classification of the mineral types appears established.
The higher carcinogenicity of those materials described as
asbestiform compared to those of tremolitic talc or non-
asbestos tremolite is without doubt.

Wagner et al. (1982) used a tremolite from the Califor-
nia talc deposits (A), a prismatic tremolite from Greenland
(B) and a tremolite asbestos from Korea (C), probably
from the same source as the one in Davis et al. (1985) for
a series of intrapleural injection experiments with SPF
Sprague-Dawley and Wistar rats and a range of in vitro
tests. The rats were 8-10 weeks old when injected and were
allowed to live out their lives. Median survival times after
injections were 644, 549 and 557 days, respectively, for
samples A, B and C (Table 2).

The value of the Wagner et al. (1982) injection experi-
ments was impaired by the poor survival rates as a result
of infection of the positive control animals injected with
riebeclcite (crocidolite) asbestos. Nevertheless, the tremo-
lite (C) asbestos was the only one the three tremolites that
showed carcinogenic activity producing mesotheliomas in
14 of 47 rats (30%). Neither of the other non-asbestos
tremolites produced any tumors in the 31 and 48 rats
used. The fiber size data as presented are not amenable
to numerical evaluation, but measurements taken from
the published diagrams show that in the tremolite (C)
asbestos about 25% were longer than 10 pm and less than

Table 2
Tremolite particles per microgram of injected dose in Wagner et al. (1982)

Sample Non-fibrous All Fibers >8 pm long and
particles x 104 fibers x 104 <1.5 pm wide x 103

A 6.9 51 17

B 20.7 4.8 0

C 3.3 155 56.1

0.6 pm in width. The non-asbestos forms had no fibers at
all in that size range (Sample A California, or Sample B,
Greenland). Table 2 shows Wagner’s figures for the num-
bers of particles, fibers longer than 1 pm, and fibers longer
than 8 pm with widths less than 1.5 pm; the differences are
obvious with tremolite C containing many more long
fibers.

The in vitro tests used by Wagner et al. (1982), including
mouse peritoneal macrophage lactic dehydrogenase (LDFI)
and B-glucuronidase (BGL) release, cytotoxicity to V79-4
cells and giant cell stimulation with A549 cells confirmed
the relative toxicity of the different tremolite morphologies
in vivo. So, while the study remains limited by the poor sur-
vival of the positive controls, it is nevertheless useful in that
it reproduces the general findings of Smith et al. (1979).

Stanton et al. (1981) described a series of 70 experiments
where a wide range of different fibers were implanted at
doses of 40 mg in hardened gelatin on to the left pleural
surface of Osborne-Mendel rats by thoracotomy. It should
be noted that in contrast to intrapleural or intraperitoneal
injection, the use of the “hardened gelatin” exposure tech-
nique literally holds the fibers in contact with the target tis-
sue (pleura) and does not allow for potential macrophage
phagocytosis and clearance of the particles. Therefore, this
technique may create the highest effective dose of all of the
exposure methods used for assessing the potential carcino-
genicity of fibers. Stanton et al. (1981) reported on two
tremolite asbestos samples from the same lot, described
as “in the optimal range of size for carcinogenesis” and
“distinctly smaller in diameter than the tremolite fibers
used by Smith et al. (1979)”. As they anticipated the two
tremolites produced mesotheliomas in 21 and 22 animals
out of the 28 used, with a 100% tumor probability. The
tremolites contained very high numbers of fibers in the
Stanton size range (>8 pm in length and <0.25 pm diame-
ter) with 1.63 x 108 and 2.76 xIO7, respectively, in each
dose for tremolites 1 and 2. In addition, the talc (No. 6),
which produced no tumors in the Stanton study, was actu-
ally New York State tremolitic talc (Wylie et al., 1993) with
40-50% non-asbestos tremolite and talc fibers, in fact the
same material as used by Smith et al. (1979) and identified
as FD14. The general relationship between the probability
of developing a tumor in these experiments and the com-
mon logarithm of the number of fibers >8 pm in length
and less than 0.25 pm in diameter per microgram of
implanted dust was highly significant (Fig. 3).

There were however a number of problematic experi-
ments in the Stanton series where tumors developed for test
materials with no fibers in the critical size range, and one
where no tumors had developed even with large numbers
of critical fibers present. Some of these results were attrib-
uted to large numbers of fibers with sizes close to the crit-
ical range, and others to problems of clumping and
fragmentation in the fiber preparations for transmission
electron microscopy analysis.

Figs. 3 and 4 show the general relationships developed,
and described by Stanton as highly significant, between the
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Tremolite: Tremolite

Syn Mins: Synthetic minerals, Silicon carbide, Aluminum oxide, Potassium
octatitanate

Mins: Minerals, Woliastonite, Talc

Glass: Borosilicate glass fibers

Daw: Dawsonite (synthetic)

Clays: Attapuigite, Halloysite

Ash: Asbestos (mostly crocidolite)

Fig. 3. The probability of generating a tumor compared to the log of
numbers of libers per microgram in the dose longer than 8 pm, with
diameter less than or equal to 0.25 pm (Stanton et al.,, 1981).
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Log no of fibres L 4-8, D 0.01-1.5

+ Tremolite H Synthetic Mins A Minerals X Glass O Dawsonite O Clays

+ Asbestos

Fig. 4. Probability of fibers generating mesothelioma compared to the
numbers of fibers per microgram in dose within the size range of 4-8 pm
long with diameters in the range 0.01-1.5 pm (Stanton et al., 1981). The
absence of a clear relationship is obvious, and the lack of tumor response
from some very high doses of short fibers may be important.

numbers of fibers per microgram in the dose and the prob-
ability of tumor development. The statistical relationships
between the fiber numbers in the different sets and proba-
bilities of tumor development have not been evaluated

but the diagrams show that the correlation for the shorter
classes of fiber is much weaker than that for the longer
fibers. It is reasonable to suggest that there must be more
short fibers per microgram in the short fiber dusts than in
the longer fiber dusts so the poorer correlation for short
fibers is, if anything, even more indicative of their lack of
importance in tumor development.

The size distributions given in Stanton et al. (1981) do
not make it easy for full comparison with other size distri-
butions of known asbestos minerals because the size classi-
fication was relatively crude and the method of exposure
(hardened gelatin) was unique. The two tremolite samples
however have sufficient numbers of long fibers with diam-
eters less than 0.5 pm to indicate that their identification
as asbestos is reasonable. The size distributions are some-
what unusual for pure asbestos as is seen in Fig. 5, which
shows tremolite 2 to have a bimodal distribution which
suggests that it is actually a mixture of tremolite asbestos
and prismatic tremolite. Such an occurrence in poor com-
mercial quality tremolite asbestos formations is common.

Wylie et al. (1993) re-examined tremolites 1and 2 as well
as talc 6 that were used in the Stanton studies. They state
that tremolites 1 and 2 are the same material, tremolite
asbestos from California, with all the characteristics of
commercial amphibole asbestos. The two size distributions
given by Stanton differ somewhat but they are similar and
have the appearance of a mixed asbestos—prismatic fiber
assemblage.

In contrast, the size distribution of Stanton’s talc 6
shows the much thinner, shorter distribution (Fig. 6) not
typical of a prismatic tremolite fiber population even
though it consists of 40-50% tremolite. Talc 6 produced
no tumors despite containing more fibers in the “Stanton

Fig. 5. Length and diameter distribution (microns) of tremolite 2 from the
experiments of Stanton et al. (1981) showing the bimodal distribution of
the fibers. The mineral is probably a mixture of the asbestiform and the
prismatic varieties of tremolite.
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Fig. 6. Length and diameter distribution (microns) of talc 6 from the
experiments of Stanton et ah (1981). The talc produced no tumors despite
containing larger numbers of fibers per microgram (7.1 x 107 in 40 mg
dose) in the “Stanton” size range than tremolite 2 shown in Fig. 5
(2.8 x 107).

fiber” range than tremolite 2, and almost as many as trem-
olite 1, both of which had a 100% probability of producing
tumors.

This talc (6), or tremolitic talc, was reported by Wylie
et al. (1993) as being identified in Stanton’s laboratory
notes as Nytal 300. Pure talc is a specific mineral with a clo-
sely defined chemical composition and crystal structure.
Commercial producers however often named their prod-
ucts as ‘talc’ even though they contained less than 50% of
the mineral talc.

Davis et al. (1991) used six tremolites of differing mor-
phologies in a series of intraperitoneal fiber in saline injec-
tion experiments with male SPF Wistar rats. These were
identified as follows:

1 tremolite asbestos from Jamestown, California, United
States;

2. tremolite asbestos from Korea;

3. tremolite asbestos from National Coal Board Labora-
tory, Swansea, Wales, Great Britain;

4. tremolite, long needle-like crystals from Ala di Stura, N.
Italy;

Table 3

5. tremolite, short needle-like crystals from Dornie, NW
Scotland, Great Britain;

6. tremolite, prismatic crystals from Shinness, N. Scotland,
Great Britain.

The tremolite from Korea was the same material as
was used in the earlier tremolite inhalation and injection
experiments by Davis et al. (1991). The fiber size distri-
butions were assessed by counting and measuring 300
fibers of all sizes in a known weight of sample deposited
on to a polycarbonate filter using Scanning Electron
Microscopy. At 10,000 times magnification the effective
minimum diameter that is visible is 0.1 pm, so the effec-
tive minimum length of a counted fiber was 0.4 pm. This
was followed by the counting and measurement of a fur-
ther 100 fibers longer than 5pm. The data were com-
bined to calculate the numbers of fibers in a series of
length and diameter classes in the 10 mg dose adminis-
tered to the rats. In addition, the numbers of particles
(aspect ratio less than 3:1) were also counted and esti-
mated for each dose.

The rats were allowed to live out their full life span or
until they showed signs of debility or tumor formation. Sta-
tistical analysis of the times at which death from mesothe-
lioma occurred was used to calculate survival curves and
these were correlated with the fiber doses received by each
animal.

Table 3 shows the relative hazard ranking, the numbers
of mesotheliomas and the fiber numbers in the doses. The
relative hazard was derived from Cox’s proportional haz-
ards model (Cox and Oakes, 1984) and is a function of
the numbers of animals developing mesothelioma and their
median survival times. The values given in the table differ
from those shown in Davis et al. (1991) only in that the
hazard is expressed arithmetically as a multiple of the low-
est hazard, and the fiber numbers are expressed as those in
the dose.

The main conclusions of the study were: (1) that all of
the materials appeared to have some potential to cause
mesothelioma by intraperitoneal injection in rats; (2) that
fiber numbers alone were not sufficient to explain the differ-
ences in response, nor were the fiber numbers in the ‘Stan-
ton’ fiber class able to fully explain the response and (3)
that the Dornie and Shinness material would be unlikely
to pose a risk of mesothelioma to humans from inhalation

Results of the Davis et al. (1991) intraperitoneal injection experiments with tremolites of differing morphologies

Tremolite No. of No. of Median survival
source animals mesothelioma time (days)
California asbestos 36 36 301

Swansea asbestos 36 35 365

Korea asbestos 33 32 428

Italy non-asbestos 36 24 755

Dornie non-asbestos 33 4 a

Shinness non-asbestos 36 2 a

Insufficient animal death for calculation.

Relative Millions of fibers Millions of fibers (length > 8 pm
hazard in dose injected and diameter < 0.25 pm)
346,939 13,430 121

183,673 2104 8

51,020 7791 48

1020 1293 1

6.4 899 0

1 383 0
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of the dust. The spontaneous occurrence of peritoneal
mesothelioma in male rats of this strain may account for
the small numbers of tumors found in the animals injected
with the latter two dusts (Pott et al., 1991).

Coffin and Palekar (1978), Coffin et al. (1982, 1983) and
Cook et al. (1982) confirmed that ferro-actinolite asbestos
has a high potency for generating mesothelioma in rats.
In each case the ferro-actinolite asbestos had large numbers
of fibers in the ‘Stanton’ range. The papers by Coffin and
his colleagues were based on experiments using intratra-
cheal instillation and intrapleural injection of an actinolite
asbestos from the Mesabi Range (USA) iron ores in com-
parison to UICC amosite. The results were problematical
in that the response from the amosite was lower than
expected from previous experiments (Stanton et al.,
1981). In Coffin et al. (1983) 33.6% of F344 rats injected
intrapleurally with 20 mg of UICC amosite developed
mesothelioma. The response to the actinolite asbestos
was lower than that from the UICC amosite or amosite
in general in terms of the mass dose used, but the response
relative to the numbers of Stanton fibers was higher. Cook
et al. (1982) explained the relatively high response from the
ferro-actinolite as resulting from shortening and splitting
of the fibers in the lungs and on the pleural surface of
the rats.

Pott et al. (1988) reported more than 80% of rats with
tumors two years after intraperitoneal injection of 0.3 mg
of a German actinolite although the given size distribution
of the actinolite is not provided. Pott et al. (1989) then
reported 56% of rats with tumors after an injection with
0.25 mg of (presumably) the same German actinolite. The
size distribution is not detailed but shows 90% of the fibers
as less than 0.2 pm in length and 10% longer than 4.2 pm.
In contrast, when a dose of 4 x 25 mg of ‘granular’ actino-
lite was used in similar experiments (Pott et al., 1974) no
tumors were found.

6,, Grunerite (amosite) asbestos studies

The inhalation and intraperitoneal injection experi-
ments of Davis et al. (1986) used long and short fiber
amosite asbestos. These were produced from the same
bulk batch of amosite, the short form by ceramic ball
milling and the long by elutriation. Importantly, TEM
examination showed no loss of crystallinity in the milled
short fiber sample. In the inhalation studies rats were
exposed for one year (224 days in 12 months) to 119
and 11.6 mg/m3 of respirable dust for the long and short
fiber types, respectively. The aerosols contained 2060 and
70 f/mL for fibers longer than 5pm, and 1110 and 12f/
mL for fibers longer than 10 pm. In the injection studies
two batches of rats received doses of 10 and 25 mg of
the respirable dust collected from the inhalation experi-
ment chambers using a vertical elutriator.

The results showed that rats exposed to the long fiber
grunerite (amosite) asbestos developed significantly higher
levels of pulmonary fibrosis and more lung tumors than

rats exposed to the short fiber grunerite (amosite) asbes-
tos. In fact the animals exposed to the short fiber devel-
oped no more fibrosis than did the control animals, no
pulmonary tumors and only one peritoneal mesothelioma
that was considered to be unrelated to the dust exposure
as the type had previously been reported in untreated rats.
The animals exposed to the short fiber had significantly
higher burdens of asbestos in their lungs immediately
after the inhalation period, and they remained higher
throughout the following six months of clearance. The
injection experiments produced mesothelioma in 88%
and 95% of rats treated with 10 and 25 mg, respectively,
of the long grunerite (amosite) asbestos, while the short
fiber grunerite (amosite) asbestos produced 0% and 4%
(2 animal) tumors with the same respective doses (mass)
(Table 4). The short fiber grunerite (amosite) asbestos
contained about 0.1% of fibers longer than 10 pm and
about 2% longer than 5 pm while the long fiber grunerite
(amosite) asbestos contained more than 11% longer than
10 pm and 3% longer than 25 pm. The diameter distribu-
tions were very similar with about 50% less than 0.5 pm in
width. These results were taken as an indication that the
short fiber grunerite (amosite) asbestos showed a much
lower relative pathogenicity than the long fiber grunerite
(amosite) asbestos.

7. In vitro cell studies

The cell culture studies of Donaldson et al. (1989,
1991, 1992), Brown et al. (1986) and Hill et al. (1995)
have generally confirmed the impression that fibers
shorter than 5pm, and indeed possibly less than 10 pm,
have little pathologic effect other than what might be
expected from a general respirable silicate mineral dust.
Tumor necrosis factor released from macrophages was
shown to be dependent on fiber length as demonstrated
by the long and short fiber grunerite (amosite) asbestos
(Donaldson et al., 1992). The same minerals showed that
release of superoxide anions by macrophages differed sig-
nificantly (Hill et al., 1995). Since such factors are asso-
ciated with the development of inflammation, pulmonary
fibrosis and tumor formation, this supports the view that
fiber length is an important element in determining the
pathogenicity of fibers.

8. Other relevant studies

The studies at IOM (Miller et al., 1999a,b; Searl et al.,
1999) confirm that biopersistence was a significant factor
controlling the pathogenicity in animals of a wide range
of different synthetic mineral fibers, but for durable fibers
the most important factor was fiber length. The fibers used
were: glass microfiber, JM 100/475; MMVF 10, 21, 22 and
Refractory ceramic fibers 1, 2 and 3, from the Thermal
Insulation Manufacturers Association repository of size
selected fibers; a silicon carbide whisker fiber and the long
fiber grunerite (amosite) asbestos as used by Davis et al.
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Table 4

Results from Davis et al. (1986) inhalation and intraperitoneal injection experiments with long and short fiber grunerite (amosite) asbestos

Injection experiments

Long grunerite (amosite) asbestos

Short grunerite amosite

(amosite)
Dose 10 mg 25 mg 10 mg 25 mg
Number (%) of animals with mesothelioma 21 (88%y) 20 (95%) 0 1 (4%)
Mean tumor induction period 535 520 N/A 837
Millions of fibers in dose length > 5 pm 1731 4327 60.3 150.75
Millions of fibers in dose length > 10 pm 932 2330 10.34 25.85
Inhalation experiments Long grunerite (amosite) asbestos Short grunerite (amosite) asbestos
Number (%) of animals with mesothelioma 14 (35%) 1 (2.4%)

Lung contents (mg) Immediately after dusting (SD)
Six months clearance (SD)

(1986). In the intraperitoneal injection studies the best cor-
relation with capacity to produce mesothelioma was with
the in vivo biopersistence factor (derived from measurement
of fibers before and after intratracheal instillation) and the
number of fibers longer than 20 pm with diameters less
than 0.95 pm. In the inhalation studies with the same suite
of fibers the pulmonary tumor production (lung cancer)
was best predicted by a function of the dissolution rate
(measured in continuous flow through with simulated
physiological saline solution) and the numbers of fibers in
the length range greater than 20 pm with diameters less
than 0.95 pm.

9. Discussion

The main question that has been asked of these studies is
to what extent they support the hypothesis that the carcin-
ogenicity of fibers depends upon morphology. A second
question that is being debated to what extent the short min-
eral fibers contribute to the carcinogenicity in humans.
There are limitations to the injection or implantation
assessments of carcinogenicity that reduce their ability to
predict the outcome of inhalation of the same materials
by humans (US EPA, 1986). These include the avoidance
of normal defence mechanisms of the inhalation process,
the unnatural introduction of large doses to sensitive tissue
sites, possible clumping of dusts introducing even higher
doses at some sites, and the reduction of normal lung clear-
ance mechanisms. However, the net result of these limita-
tions is to overestimate carcinogenicity by these methods,
so that a negative finding is a strong indication that a given
mineral dust is unlikely to be carcinogenic when inhaled by
humans.

The early studies of Wagner et al. (1982) and Smith et al.
(1979) are limited by poor survival and uninformative size
distribution measurements. However, both experiments
showed no potential for prismatic amphibole fibers to
cause tumors by inhalation or by injection. So while limita-
tions do exist, they ought not to be seen as grounds for dis-
regarding the results and general concepts derived from the
experimental animal studies indicating that amphibole

3.57 mg (1.59)
3.08 mg (0.37)

5.64 mg (0.37)
4.47 mg (0.58)

asbestos minerals are carcinogenic while the prismatic
amphiboles or cleavage fragments are markedly less active.

Some questions have been raised about the interpreta-
tion of the Davis et al. (1991) study which we will answer.
For example, the authors stated that the response from the
Shinness fiber was no more than would be expected from
control animals, and that the non-asbestos tremolites were
unlikely to pose a specific mesothelioma risk to humans by
inhalation. It was suggested that these two tumors, with the
non-ashestos Shinness dust, were significant since there
were no tumors among animals in many other experiments
from the same laboratory (IOM) (Federal Register, 1992).
The experiments referred to in the Federal Registry were
inhalation experiments with other asbestos fibers, and that,
other than with the Korean tremolite, these have rarely
produced mesotheliomas in rats. The background mesothe-
lioma incidence is higher when the route of administration
is by injection. Furthermore, as was shown with Stanton
et al. (1981) implantation data, a percentage of animals
with tumors in the range of 0- 10% may well be within
the expected range for a 40 mg dose of injected mineral
particles of any type.

The size distributions of the fiber types show that the
tremolite asbestos from different geological locales as
exemplified by the Californian (Jamestown) sample, are
dominated by very much thinner fibers than the prismatic
tremolites, as exemplified by the Shinness sample, which
contain almost no fibers longer than 8 pm and less than
1 pm diameter. While it is true that the response could be
explained simply as a dose response to the numbers of
Stanton fibers, yet this fails to explain all of the variance
in the results between the various growth habits in which
tremolite naturally occurs. It is a distinct possibility that,
as with Stanton’s experiments, the low responses from
the non-asbestos Shinness fibers and the Dornie fibers are
inert dust responses.

A second criticism in the interpretation of these results
stems from the high tumorigenicity of the Italian (Ala di
Stura) tremolite (Davis et al., 1991) This was described in
the paper as a spicular (the same as acicular, a sub-type
of prismatic) non-asbestos variety of tremolite which
would not be expected to produce tumors; so the high
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tumor rate has been used to suggest that acicular and byss-
olite amphiboles do indeed have a similar carcinogenicity
to the asbestos amphiboles. It has been shown that the
Ala di Stura tremolite sample contains a sub-set of asbesti-
form tremolite fibers that appear as extremely long and fine
fibers but which, because of the limitations of fiber sizing,
are not fully expressed in the fiber numbers as reported
in the study (Fig. Ib).

The tumor response from the Ala di Stura tremolite was
unusually high compared to the number of Stanton fibers
in the sample, but an important factor in the response
was the timing of the mesotheliomas in the life spans of
the animals. Two-third of the rats exposed to the Ala di
Stura tremolite developed mesothelioma, but very late in
life (median survival time was 755 days). In contrast the
three asbestos samples had much shorter median survival
times ranging from 301 days to 428 days. (The Korean
tremolite asbestos had a median survival time of 428 days
compared to 325 days in the earlier study with a 25 mg
dose). The median survival time for those animals that
develop mesothelioma appears to be inversely related to
dose, as seen in Davis et al. (1991), so the response from
this dust could be simply that which might be expected
from a trace asbestos component in the dust.

It was also pointed out in the original report that the
tremolite asbestos from Swansea had produced a response
that was much higher than expected given the number of
Stanton fibers in the dose. Both the Swansea tremolite
asbestos and the Korean tremolite asbestos produced the
maximum response in mortality but the high Hazard Index
of the Swansea asbestos, calculated in the statistical analy-
sis, was the result of the much faster tumor induction. It
was suggested that this may have been the result of a mask-
ing of the response to simple fiber numbers by the overdose
of fibers in the ashestos forms, and that a multi-dose-
response experiment might produce a clearer picture of
the relative potencies of these types.

The Stanton studies confirmed the high tumorigenicity
of tremolite asbestos and identified the Stanton fiber range,
fibers >8 pm with diameters <0.25 pm, for which the corre-
lation between fiber numbers and mesothelioma generation
was highly significant. Had the size classes and instillation
method been different, the ‘Stanton fiber’ critical size may
well have been different. The authors stated that shorter
and thicker size classes also correlated with mesothelioma
potency, and that it should not be assumed that they had
no potency. However, as can be seen in Fig. 7, the numbers
of fibers in the different classes are strongly correlated.

So it is to be expected that if the tumorigenicity is corre-
lated strongly with numbers in the long, thin class of fibers
it will also correlate with the fiber numbers in the shorter
classes. That does not necessarily imply a causal relation-
ship, and these short fibers may indeed have insignificant
tumorigenicity. Even particulates that are considered rela-
tively innocuous, e.g. FeO, magnetite can produce tumors
by injection techniques if the dose is high enough (Pott
et al., 1991).

Log no.of fibers L 4-8, D 0.01-1.5

Fig. 7. Numbers of ‘Stanton fibers’ per microgram compared to the
numbers of fibres in the size range 4-8 pm long and 0.01-1.5 pm diameter
showing an obvious relationship (correlation coefficient 0.74) (Stanton
et al., 1981). Samples with no fibers in either class have been omitted.

As can be seen in Fig. 8 many of the mineral and glass
fibers in the experiments had less than 10% probability of
generating mesothelioma despite having huge numbers of
fibers in the administered dose in the size range of
4-8 pm length with no fibers in the longer classes. In partic-
ular, the fibrous talc minerals (5 and 7) produced no
tumors despite having large numbers of short, thin fibers.
The halloysites produced only 5 and 4 tumors despite hav-
ing among the highest numbers of short fibers. Halloysite
has the same tubular morphology as chrysotile asbestos
despite being a little thicker fundamental diameter
(0.07 pm). The attapulgites (palygorskite) produced few
(2/29) tumors with similarly high numbers of fibers shorter

Log no.of fibers

+ Crocidolite O Clays ODawsonite XGlass AWollastonite OTalc HSyn. Mins

Fig. 8. Probability of producing tumor vs. number of fibers per
microgram in the dose that were longer than 4.0 pm with diameter
between 0.1 and 1.5 pm (and no fibers longer than 8 pm) (Stanton et al.,
1981). Very large numbers fibers of clay minerals and dawsonite produced
relatively low response.
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than 8 pm. However, one long fiber attapulgite has been
found by Wagner et al. (1987) to be capable of producing
large numbers of mesotheliomas in rats by intraperitoneal
injection. Both halloysite and attapulgite have been
described as asbestiform but neither fiber-type is asbestos.

The size distributions of the various fibers used by Stan-
ton et al. (1981) are in many cases highly unusual but a
detailed discussion of all their full fiber size distributions
is beyond the scope of this paper; some contained no long
fibers, some contained no short fibers, some contained no
fibers thinner than 0.5 pm, and others contained no fibers
thicker than 0.5 pm. The tremolites however were unusual
in having bimodal distributions consistent with a mixture
of tremolite asbestos and prismatic non-asbestos tremolite.

One important factor in the Stanton studies that has
implications for many other injection and implantation
experiments is the range and distribution of the results
found. There are a large number of dusts producing
between 0% and 10% mesothelioma in experimental ani-
mals even though many of these samples contained more
than 100,000 fibers per microgram of implanted dust. In
a 40-mg dose implanted there are 40,000 times more fibers
present than in a microgram. It is reasonable to conclude
that this range of tumor production may be the ‘normal’
background for his mineral dust implantation technique.
In addition, Stanton’s implantation controls had a 2.8%
incidence of pleural sarcomas and all controls had an
age-adjusted rate of 7.7 £4.2%. Also, Pott et al. (1991)
using intraperitoneal injection stated that tumor rates of
below 10% in small groups should be regarded as spontane-
ously occurring or induced non-specifically. The back-
ground rate of his non-injected controls is 0%, but up to
10% for saline, which is highly significant when compared
to non-injected animals.

One implication of this observation would be that the
testing of materials by the implantation or injection of
unrealistically high doses might be useful a screening test
for mesothelioma potency in humans by inhalation. In
addition, both routes of exposure do not allow for normal
physiological removal as would be expected after inhala-
tion (McConnell, 1995). The Stanton method is particu-
larly problematic in this regard because the fibers are
‘held in place’, i.e. in contact with the mesothelium in the
gelatin vehicle. For these reasons the methods are very use-
ful when a negative result is obtained for the assessment of
fundamental differences between fiber types and concepts
of carcinogenic activity. But positive results are of limited
use as predictors of the risk to humans from inhalation
of more general dusts. Furthermore, the doses to which
the animals are exposed are probably many orders of mag-
nitude higher than would be expected from exposure of
humans to airborne dust.

10. Conclusions

The conclusion that should be drawn from the evalua-
tions of this set of studies is that there is very little evidence

of carcinogenicity from exposure of animals to mineral
fragments or short fibers formed from normal prismatic
amphibole minerals. No positive carcinogenicity has been
found with any experiment using non-asbestos amphibole
dust (llgren, 2004). Furthermore, when genuinely short
fiber amphibole asbestos has been used in inhalation or
injection experiments they have also been shown to have
no carcinogenic properties. Evidence from experiments
with other mineral fibers suggests that fibers in excess of
20 pm and with diameters less than 1 pm are necessary to
cause cancer. This is probably because such long fibers can-
not be phagocytized by resident macrophages and there-
fore, cannot be removed from the lung (Lippmann et al.,
2000). This explains the lack of carcinogenicity of cleavage
fragment fibers of amphiboles since these rarely if ever con-
tain fibers of these critical dimensions.
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Abstract

Asbestos fibers are highly fibrous silicate fibers that are distinguished by having a large aspect (length to diameter) ratio and are crys-
tallized in an asbestiform habit that causes them to separate into very thin fibers or fibrils. These fibers are distinct from nonasbestiform
cleavage fragments and may appear as thick, short fibers which break along cleavage planes without the high strength and flexibility of
asbestiform fibers. Since cleavage fragments of respirable dimensions have generally proven nonpathogenic in animal studies, little data
exists on assessing well-characterized preparations of cleavage fragments in in vitro models. The available studies show that cleavage frag-

ments are less bioreactive and cytotoxic than asbestiform fibers.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

‘Asbestos’ is a commercial and regulatory designation
for a family of naturally occurring asbestiform fibers.
Asbestos fibers are recognized as human carcinogens and
also cause pleural and pulmonary fibrosis, i.e., asbestosis
in occupationally exposed individuals (Mossman et al.,
1990; Mossman and Churg, 1998; Mossman and Gee,
1989). Mineralogical and biological differences exist
between various types of asbestos fibers, and much
research has focused on the characteristics of fibers that
are associated with the causation of lung disease. The dif-
ferent types of asbestos include chrysotile [Mgé Si4 Oi0
(OH)s], the only asbestos in the serpentine family of miner-
als, and other types of asbestos classified as amphiboles.
These include crocidolite [(Na2 (Fe3+)2(Fe2+)3 Si8 022
(OH)Z], asbestiform grunerite or amosite [(Fe,Mg)7 Si8
0 2 (OH)?2], anthophyllite [(Mg,Fe)7 Si8 0 2 (OH)2], tremo-
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lite [Ca2 Mg5 Si8 0 22 (OH)2], and actinolite [(Ca2 (Mg,Fe)5
Sis 0 2 (OH)2], These formulae are indeed ideal, and natu-
ral amphiboles differ to varying degrees from these as the
chemical environment, pressure, and temperature at the
time of formation control the mineral chemistry. Other fac-
tors such as shear stresses and directed pressures determine
whether or not an amphibole that crystallizes is asbesti-
form. Although various types of asbestos are different
chemically, structurally, and biologically, they are common
in that they are highly fibrous silicate minerals that are
crystallized in an asbestiform habit, causing them to sepa-
rate into thin fibers or fibrils (Klein, 1993; Veblen and
Wylie, 1993). In addition, asbestos fibers are distinguished
by having large aspect (length to diameter) ratios, generally
from 20:1 or higher for fibers >5 pm in length. Smaller
fibers (<0.5 pm in width) appear by microscopy as very
thin fibrils, as defined by the American Society of Testing
Materials in 1990. In contrast, nonasbestiform cleavage
fragments, although sometimes elongated with aspect
ratios of >3:1 which can be defined as fibers, have widths
much larger than asbestos fibers of the same length.
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Though the more common nonasbestiform analogs of
asbestos share the same, or essentially the same chemical
composition, they do not share the same crystal structure
(the crystals form or grow differently).

Cleavage fragments of amphiboles lack the tensile
strength of asbestos amphiboles and are traditionally
regarded by mineral scientists as distinctly different from
asbestos fibers, primarily based on their morphology, and
lack of strength or flexibility. For example, in the report
of the Committee on Nonoccupational Health Risks of
Asbestiform  Fibers commissioned by the National
Research Council (National Research Council, 1984),
cleavage fragments were categorized as distinctive from
asbestiform fibers, i.e., ““Cleavage refers to the preferential
breakage of crystals along certain planes of structural
weakness. Such planes of weakness are called cleavage
planes. A mineral with two distinct cleavage planes will
preferentially fracture along these planes and will produce
acicular fragments. Minerals with one cleavage plane pro-
duce platy fragments and those with three or more cleavage
planes yield polyhedral fragments...Cleavage cannot pro-
duce the high strength and flexibility of asbestiform fibers”
(National Research Council, 1984).

These definitions were also recognized by the members
of the panel of the Health Effects Research-Asbestos
Research in their report on Asbestos in Public and Com-
mercial Buildings (Health Effects Institute-Asbestos
Research, 1991). Because epidemiologic and animal studies
have not suggested that nonasbestiform amphiboles or
cleavage fragments are pathogenic or biologically active,
they have not been used in many in vitro models, except
as negative or nonpathogenic controls for testing of asbes-
tos fibers. Moreover, the results of numerous epidemiol-
ogic, animal, and in vitro studies, have led scientists to
conclude that short asbestos fibers (<5 pm in length) are
inactive or much less active biologically than long, thin
asbestos fibers (ATSDR, 2003; Health Effects Institute-
Asbestos Research, 1991). Thus, it is unlikely that cleavage
fragments of respirable dimensions (i.e., less than 3 pm in
diameter) will be pathogenic or targeted extensively for
in vitro fiber testing in the future. The results of limited
work with these minerals from our laboratory and others
are summarized below.

2. Advantages and caveats of in vitro mineral studies

In vitro studies have been used historically to compare
the effects of different types of minerals on cells or organ
(explant) cultures (Mossman and Begin, 1989). Regardless
of cell type, asbestos fibers, in comparison to a variety of
other nonpathogenic, synthetic or naturally occurring
fibers (glass, cellulose, etc.) or particles, have been most
biologically active in these models. In addition to elucidat-
ing the properties of minerals (size, fibrous morphology,
surface charge, chemical composition, etc.) that are associ-
ated with toxicity (cell injury or death), DNA damage, pro-
liferation, and/or alterations in cell function that may be

predictive of their pathogenic potential, in vitro studies
have shed light on the complex features of bioreactive min-
erals that may be important in reactions with cells and their
ability to cause disease. Cell and organ culture models are
also much more inexpensive than animal testing. Thus,
they have been suggested as screening tools for new syn-
thetic fibers developed for industry.

However, there are also caveats that must be recognized
in in vitro work with minerals. First, dependent upon the
cells used in these models, cell type and species-specific
responses may exist. Thus results from lab to lab working
with the same mineral might be inconsistent. Although
the most appropriate in vitro cell types to use in these mod-
els are normal cells of respiratory tract origin, i.e., epithe-
lial or mesothelial, these are notoriously difficult to
isolate and maintain in a differentiated state for prolonged
periods of time. It also should be acknowledged that con-
centrations of minerals used in short-term in vitro assays,
where weighed amounts of fibers or particles are precipi-
tated on cells, do not mimic normal clearance patterns
and long-term dissolution patterns after inhalation into
the human lung, factors that are important in dosimetry
and disease causation (Mossman et al., 1990). Lastly, dif-
ferent minerals are generally evaluated in in vitro studies
on an equal weight basis, which might be misleading based
on the facts that different weights of dissimilar fiber types
or particles may reflect vastly different total numbers of
fibers and surface areas. Regardless of these caveats, how-
ever, in vitro studies have helped to establish mechanisms
of fiber carcinogenesis and differentiated between responses
to asbestos fibers and nonasbestiform particles.

3. Studies using tracheal explants

In comparison to cell cultures, tracheal explant cultures
can be maintained for weeks in a differentiated state in
which the respiratory epithelium is maintained in a normal,
mucociliary phenotype. We have used this model to show
that crocidolite and chrysotile fibers (asbestos) and long
glass fibers cause squamous metaplasia, a reversible but
often premalignant lesion, and increased DNA synthesis,
a signature of injury and proliferation of fibers that might
be important in tumor promotion and progression and/or
repair (Woodworth et al., 1983). In contrast, the non-
fibrous mineral analogs of these asbestos types, riebeckite
(similar in chemistry to crocidolite) and antigorite (similar
in chemistry to chrysotile) failed to induce these changes
at a range of concentrations and exposure times. Though
a number of these riebeckite and antigorite particles were
elongated, they were thick, short single crystal cleavage
fragments. These studies highlight the importance of fibrous
geometry, crystal growth and aspect ratio in bioreactivity.

4. Studies using cell types of lung or pleural origin

The antigorite and riebeckite preparations used in the
Woodworth et al. (1983) study (above) were also evaluated



S202 B.T. Mossman | Regulatory Toxicology and Pharmacology 52 (2008) S200-S203

in cell cultures of hamster tracheal epithelial cells (HTE)
for their ability to induce ornithine decarboxylase (ODC),
an enzyme associated with cell proliferation and tumor
promotion in mouse skin models of cancer, with asbestos
fibers (Marsh and Mossman, 1988). These studies showed
that crocidolite and chrysotile (fibers >10 pm in diameter)
will be pathogenic or in length) fibers stimulated ODC,
but neither of the two nonasbestiform (cleavage fragment)
preparations were bioreactive. Subsequent studies revealed
that both antigorite and riebeckite were less potent than
crocidolite (asbestos) in stimulating survival or prolifera-
tion of HTE cells in a colony-forming assay (CFE) in
which proliferation was measured directly over a 7 day per-
iod in low-serum containing medium (Sesko and Mossman,
1989). Experiments in HTE cells also revealed that antigor-
ite and riebeckite were less cytotoxic than crocidolite or
chrysotile to these cells when release of radioactive chro-
mium, a marker of cell damage, was measured (Mossman
and Sesko, 1990).

Another exciting development in our laboratory was the
observation that crocidolite (asbestos) generated reactive
oxygen species (ROS) which have been linked to cell injury,
inflammation, mutagenesis, and the development of many
cancers, (Shukla et al., 2003). In a study in which we iso-
lated alveolar macrophages (AMs) from rodents and mea-
sured release of the ROS, superoxide, after addition of
crocidolite and riebeckite (nonasbestiform analog of cro-
cidolite) to these cells, as well as nonasbestiform mordenite
(note that all particle diameters and/or fiber lengths were
measured by scanning electron microscopy), the nonasbes-
tiform particles were taken up, i.e., phagocytized, by cells,
but were much less bioreactive than crocidolite at compa-
rable concentrations, only causing release of superoxide
at concentrations 5 to 10-fold higher than asbestos in
the rat cells and never causing significantly increased
release in the hamster macrophages (Hansen and Moss-
man, 1987). It should be emphasized that lung epithelial
cells, mesothelial cells and fibroblasts are target or progen-
itor cells of lung cancers, mesotheliomas, and pulmonary
fibrosis, respectively, and that alveolar macrophages are
inflammatory cells that first encounter asbestos and may
contribute to and/or alternatively, be important in lung
defense from pathogenic minerals. This is an important
question that has yet to be resolved by scientists. However,
alveolar macrophages are studied because these cells accu-
mulate in the lung at sites of deposition of inhaled particles
or fibers and responses of alveolar macrophages to dusts
are known to produce ROS after phagocytosis of minerals.

In recent years, we have used riebeckite and antigorite
preparations as nonasbestiform control minerals to deter-
mine whether early response proto-oncogene (fos/jun can-
cer-causing genes) (Janssen et al., 1994) or signaling
pathways leading to activation of these genes (Janssen
et al., 1997, Zanella et al., 1996, 1999) are selectively
induced by asbestiform, cancer-causing fibers (crocidolite
and chrysotile asbestos, erionite) in HTE cells, rat lung epi-
thelial cells (RLE) and isolates of normal rat pleural meso-

thelial cells (RPM). These studies have consistently
revealed that these nonasbestiform minerals are inactive,
regardless of endpoint. Moreover, they are incapable, in
contrast to asbestos fibers, of causing alterations in cell
proliferation or death in RPM cells (Goldberg et al., 1997).

Comparative studies in HTE and RPM cells with well-
characterized mineral samples of crocidolite and chrysotile
(asbestos) and three mineral samples containing various
proportions of fibrous talc have also been useful in illus-
trating fundamental differences in response to asbestos
fibers and fibrous talc preparations based on various dose
parameters including equal weight concentrations, equiva-
lent surface areas and numbers of fibers >5 pm in diameter)
will be pathogenic or in length (Wylie et al., 1997). Using
the CFE assay described above to document proliferative
potential (increased numbers of colonies as compared to
untreated control cells) or cytotoxicity (decreased numbers
of colonies as compared to untreated control cells), expo-
sure of RPM cells to both asbestos types, but not fibrous
talcs, elicited cytotoxicity in RPM cells that was more strik-
ing at higher weight concentrations of asbestos. In con-
trast, HTE cells proliferated in response to asbestos at
nontoxic lower concentrations, but not to fibrous talcs.
Since cell responses could not be correlated directly with
the presence of mineral fibers >5 pm in diameter) will be
pathogenic or in length or aspect ratios, mineral type rather
than fiber length per se appeared to be a more important
determinant of bioreactivity. This study suggests that while
fiber morphology is important, it is not the only factor
important in biologic responses. This has also been noted
by critics of Stanton’s famous pleural implantation studies
in rats (Oehlert, 1991; Wylie et al., 1987).

5. Studies using in vitro models of non-respiratory cells

As detailed above, cytotoxicity testing in cells of nonre-
spiratory origin was used decades ago to determine differ-
ences in fiber-cell interactions and the ability of asbestos
fibers to induce cell death or lysis. Since dead cells cannot
give rise to cancers, the extrapolation of these results, espe-
cially to mechanisms of cancer causation, is questionable.
However, studies by Palekar and colleagues (Palekar
et al., 1979) used sheep red blood cells (RBC) and Chinese
hamster ovary (CHO) cells to test the hemolytic potential
and cytotoxicity of four samples of cummingtonite-grune-
rite including amosite asbestos fibers, and three other sam-
ples of various crystallization habits, predominantly
asbestiform cummingtonite, acicular cummingtonite, and
acicular grunerite. At the same surface areas of dose, these
minerals were found to be hemolytic and cytotoxic in this
same order, again showing the increased potency of amphi-
bole asbestiform fibers.

6. Summary and conclusions

The results summarized above represent a large body of
work showing that nonasbestiform minerals are less potent
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than asbestos fibers in a number of in vitro bioassays. In
most assays, these cleavage fragments or non-fibrous min-
erals are virtually inactive. These observations have been
incorporated into the conclusions of several panel reports
that should be recognized by regulatory agencies. For
example, the HEI-Asbestos Research Panel (pp. 6-75,
1991) concluded: “Good evidence exists that thick fibers
(>2-3 pm in diameter) will be pathogenic or in diameter)
are less harmful than thin fibers” and “Support for the
importance of fiber length in the production of biological
effects has been obtained from the use of non-fibrous ana-
logs of asbestos and other fibers. In general, these materials
produce no detectable biological effects, or do so only at
high dose levels”.
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Rapporteur’s Report Session 5: Experimental animal and
epidemiological studies of asbestos and non-asbestos
tremolite including ingestion studies:

Bertram Price

Paper 1: Risk of gastrointestinal cancers from inhalation and
ingestion of asbestos, John F. Gamble

Selikoff suggested the hypothesis that asbestos exposure
is causally associated with increased risk of gastrointestinal
(GI) cancers in an early study of insulation workers. In this
paper, John Gamble reports on his extensive review and
reanalysis studies that address the relationship between
asbestos exposure and GI cancers. The purpose of the re-
view was to evaluate the association between asbestos
exposure and risks of stomach, colorectal, colon, and rectal
cancers separately.

Gamble evaluated exposure-response (E-R) relation-
ships using surrogate exposure methods “because few
individual studies of GI cancer have reported exposure-
response analyses.” The principal asbestos exposure sur-
rogates are: (1) the rate ratio (RR) for lung cancer; and
(2) the percent of mesothelioma among exposed workers.
Analyzing SMRs for Gl cancers from individual studies
versus the risk of lung cancer and mesothelioma provides
crude estimates of E-Rs for asbestos exposure and Gl
cancer. Briefly, Gamble justifies the surrogate approach
as follows:

9 Asbestos exposure causes lung cancer and mesothelioma
and the risks are dependent on the level of exposure.

* Higher risks of lung cancer and mesothelioma are asso-
ciated with higher asbestos exposures in the worker
cohort studies.

* Therefore, using SMRs for GI cancers from individual
studies and stratifying by risk of lung cancer and meso-
thelioma provides crude estimates of E-R for asbestos
exposure and Gl cancer. Mesothelioma risk is consid-
ered the better indicator since asbestos exposure is the
best known/most common cause of mesothelioma;
smoking does not appear to increase the risk of meso-
thelioma, so the mesothelioma risk is relatively uncon-
founded by smoking or other factors. On the other
hand, a major cause of lung cancer is smoking, so the

doi: 10.1016/j.yrtph.2007.11.011

lung cancer SMR might be overestimated (biased)
because of higher smoking among asbestos-exposed
workers than among the comparison group.

Gamble found that E-R trends based on the surrogate
asbestos exposure methods were not consistent and the
strengths of associations were weak or non-existent. Gam-
ble summarized results for the four cancers he analyzed as
follows:

For stomach cancer the data show a consistent
pattern of weak associations with a high propor-
tion of SMRs less than 1.0. There are no biological
gradients using surrogate exposure estimates and a
consistent lack of E-R in the few individual studies
where a gradient was assessed.

For colorectal cancer, the weight of evidence sug-
gests asbestos is not a cause because there is a con-
sistent lack of associations in external comparisons
and lack of E-R using surrogate exposures as well
as individual-level assessments. When there are
associations, they are weak and not related to sur-
rogates of exposure.

For colon cancer, the analysis provides similar
relationships to those observed for colorectal can-
cer, but with somewhat less data and greater heter-
ogeneity in the risk estimates. The strength of the
association is consistently weak. Of the two statis-
tically significant findings, one has a risk ratio sig-
nificantly less than 1.0 and the other a risk ratio
significantly greater than 1.0, but neither of these
statistically significant findings is related to surro-
gate exposures.

For rectal cancer, because of consistently weak
associations and lack of any apparent biological
gradient, the available evidence does not support
the hypothesis that asbestos exposure is a cause.

The report “Asbestos: Selected Cancers” published by the
National Academy of Sciences (NAS) in 2006 was an
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assessment, among other things, of the hypothesis of a cau-
sal relationship between asbestos and stomach cancer and
between asbestos and colorectal cancer. Gamble completed
his review before the NAS report was published and the
NAS report did not refer to Gamble’s work. Many of the
studies analyzed by Gamble were also analyzed in
the NAS review. The NAS committee concluded that the
evidence is suggestive but not sufficient to infer a causal
relationship between asbestos exposure and stomach
cancer or between asbestos exposure and colorectal cancer.
A comparison and synthesis of Gamble’s methods and
results with the methods and results of the NAS report
may further illuminate the hypothesis of asbestos causality
for digestive system cancers.

The next three papers in Session 5 address the health risk
of exposure to non-asbestiform amphibole particles (cleav-
age fragments) that has been the subject of intense debate
for more than 20 years. The papers in this session address
three approaches for analyzing the disease-causing potential
of non-ashestiform amphiboles: studies of worker cohorts;
animal studies; and cellular studies. Each paper is a review
of research completed through the first few years of the 21st
century. Taken together the conclusions from these reviews
indicate that exposure to non-asbestiform amphiboles is
not associated with the same level of heath risk as exposure
to asbestiform amphiboles, and non-asbestiform amphibo-
les are an unlikely cause of asbestos-related cancer.

Notwithstanding the conclusions presented in the three
review papers in this section, in February 2007 NIOSFI pub-
lished Asbestos and Other Mineral Fibers: A Roadmap for
Scientific Research, which, among other things, revisits the
cleavage fragment debate. NIOSFI described the Roadmap
as a first step in a science reappraisal effort, which includes
NIOSH’s current understanding of occupational exposure
and toxicity issues concerning asbestos and other mineral
fibers. The Roadmap outlines a research program intended
to address three strategic goals including the development
of “a broader understanding of the important determinants
of toxicity for fibers and fiber-like cleavage fragments.”

The three papers in this session were not publically avail-
able for review by NIOSH during the preparation ofits Road-
map. However, the reference lists for the Roadmap and the
three papers in this session contain a number of articles in
common. It would be of some interest to understand the
divergence of opinions; specifically NIOSH concluding that
a broader understanding of the toxicity of cleavage fragments
is needed and the authors contributing to the current session
concluding that non-asbestiform amphiboles (cleavage frag-
ments) are an unlikely cause of asbestos-related disease.

Paper 2: An evaluation of the risks of lung cancer and
mesothelioma from exposure to amphibole cleavage
fragments, John F. Gamble and Graham W. Gibbs

This paper reports on an in-depth review conducted to as-
sess whether amphibole cleavage fragments pose the same
risk of lung cancer and mesothelioma characteristic of

amphibole asbestos fibers. The authors 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. Lawrence County, NY. Positive controls (cohorts ex-
posed to asbestiform amphiboles) and negative controls (co-
horts exposed to the mineral, e.g. talc that does not contain
amphiboles) were employed to refine the analysis of expo-
sure-response trends for the non-amphibole cohorts. The
authors’analysis goes beyond simply relating the occurrence
of lung cancer cases and mesothelioma cases to measures of
exposure. They address and account for the effects of smok-
ing among lung cancer cases and latency periods for meso-
thelioma cases. The authors reported that cohorts exposed
to non-asbestiform amphiboles had no excesses of lung can-
cer or mesothelioma. Similar results were observed in the
negative control groups in contrast to the excess risks of
asbestos-related disease found in the asbestos cohorts. The
authors conclude that the weight of evidence fully supports
a finding that non-asbestiform amphiboles do not increase
the risk of lung cancer or mesothelioma.

Paper 3: A review of carcinogenicity studies of asbestos and
non-asbestos tremolite and other amphiboles, John Addison
and Ernest E. McConnell

The authors have conducted a thorough review of pub-
lished studies, including studies they conducted, that ex-
posed animals to mineral particles. Their analysis of the
studies addressed two questions: (1) to what extent is there
support for the hypothesis that the carcinogenicity of fibers
depends upon morphology; and (2) to what extent do short
mineral fibers contribute to carcinogenicity in humans. The
authors discuss the limitations of injection and implantation
studies for projecting human health outcomes associated
with inhalation of mineral particles. They conclude that
there is very little evidence of carcinogenicity from exposure
of animals to mineral fragments or short fibers formed from
normal prismatic amphibole minerals. No positive carcino-
genicity has been found with any experiment using non-
asbestos amphibole dust. Furthermore, when genuinely
short fiber amphibole asbestos has been used in inhalation
or injection experiments they have also been shown to have
no carcinogenic properties. Evidence from experiments with
other mineral fibers suggests that fibers in excess of 20 pm
and with diameters less than 1 pm are necessary to cause can-
cer. The authors assert that cleavage fragments of amphibo-
les rarely if ever are found with these critical dimensions.

Paper 4: Assessment of the pathogenic potential of
asbestiform vs. non-asbestiform particulates (cleavage
fragments) in in vitro (cell or organ culture) models and
bioassays, Brooke T. Mossman, Ph.D

As an introduction, the paper explains that cleavage
fragments of respirable dimensions have generally proven
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nonpathogenic in animal studies. The author explains,
therefore, that little data exists on assessing well-character-
ized preparations of cleavage fragments in in vitro models.
In vitro studies have been used historically to compare the
effects of different types of minerals on cells or organ (ex-
plant) cultures. Regardless of cell type, asbestos fibers, in
comparison to a variety of other nonpathogenic, synthetic
or naturally occurring fibers (glass, cellulose, etc.) or parti-
cles, have been most biologically active in these models.
In vitro studies have shed light on the complex features of
bioreactive minerals that may be important in reactions
with cells and their ability to cause disease. Because they
are much more inexpensive than animal testing, cell and or-

gan culture models have been suggested as screening tools
for new synthetic fibers. However, uncertainties associated
with in vitro work and minerals exist; these uncertainties
are presented and discussed in the paper.

The paper describes research and results, including
studies conducted by the author, involving three models:
tracheal explant cultures; cell types of lung or pleural
origin; and non-respiratory cells. The author states that
the results represent a large body of work showing that
non-asbestiform minerals are less potent than asbestos fi-
bers in a number of in vitro bioassays. In most assays,
these cleavage fragments or non-fibrous minerals are vir-
tually inactive.
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Abstract

Since the promulgation of the first Federal Asbestos Standard by the Occupational Safety and Health Administration in 1972, other
federal agencies have modified the standard to better carry on their own unique missions. The instruments used to identify and measure
ashestos, the sampling protocol, and the criteria used to define asbestos, have been modified to some degree. The Mine Safety and Health
Administration regulates and controls asbestos dust in the mining and mineral commodity industries. However, crushed stone and pro-
cessed ores contain mineral fragments that are frequently difficult to distinguish from asbestos. Mineral nomenclature, instruments for
particle analysis, and sampling strategy must be accommodated to some degree to make asbestos control workable and meaningful. Prec-
edent in other agencies has made consideration of these changes possible. Newly identified amphibole asbestos minerals have further
complicated the agency’s regulatory charge. Changes in its Asbestos Standard are now being considered. Crushed taconite ore in the

Eastern Mesabi highlights many of these issues.
© 2008 Published by Elsevier Inc.
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1. Introduction

The first national Asbestos Standard in the United
States was promulgated through the Occupational Safety
and Health Administration in 1972. The permanent stan-
dard, which superseded the initial emergency standard,
was set at 5 fibers per milliliter of air (as a time-weighted
average) in concert with a “hierarchy of controls”. Expo-
sure excursions were permitted as well. The membrane fil-
ter technique was introduced as a means of dust collection
and asbestos was defined as one of six minerals (one ser-
pentine mineral, and five amphibole minerals) that exhib-
ited specific morphological characteristics. A fiber was
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0273-2300/$ - see front matter © 2008 Published by Elsevier Inc.
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defined on the basis of particle length (greater than 5 pm,
less than 100 pm) exhibiting an aspect ratio (length-to-
width) of 3:1 or greater. The instrument for asbestos assay
was the phase-contrast light optical microscope employed
at 430x magnification.

For mines, mills, fabrication plants, and places where
asbestos-containing products were known to be present,
handled, processed, or manipulated, the protocol and pro-
scribed counting strategy in the standard could be success-
fully employed. Long, thin, objects were assumed to be
asbestos without requiring further habit characterization
or more positive mineral identification.

The Food and Drug Administration (FDA) followed
OSHA'’s technique and protocol in their studies of “asbes-
tos” in talc but found the identification criteria and assay
instrumentation oversimplified and flawed. The issue
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central to their problems was the nature of the mineral
itself. Were the recognized amphibole particles asbestiform
or the result of crushing, i.e., cleavage fragments? The
agency hosted a conference in 1976 in Pennsylvania State
University where analytical issues and protocols were
described and discussed. [It is noted that the resulting pub-
lication carried many non-government laboratory proto-
cols for talc analysis, e.g., Langer et al., 1977]. The
Environmental Protection Agency (EPA) in their asbestos
pollution studies of the outdoor ambient air found the
OSHA instrumental protocol limited for their purposes.
This agency concluded that transmission electron micros-
copy (TEM) was required. Modification of their Asbestos
Standard followed and TEM became the analytical instru-
ment in the agency’s indoor air pollution studies as well.

Mine Safety and Health Administration (MSHA) espe-
cially experienced difficulties in the application of the
OSHA Asbestos Standard. The mining and mineral-pro-
cessing environments were replete with fragments of miner-
als, especially fragments of minerals with the same
amphibole name that appeared in the Federal Asbestos
Standard. These difficulties were articulated in the MSHA
proposed rule changes governing their asbestos exposure
limit and instrumentation in 2005. Nowhere has this prob-
lem been highlighted better than along the Eastern Mesabi
Range where the nature of the amphiboles in the taconite
iron-ores has been an issue for more than 35 years. MSHA
has proposed modifications to their existing asbestos pro-
tocol, including instrumentation change from light to ana-
Iytical electron microscopy.

2. Early Asbestos Standard

The Occupational Safety and Health Act of 1970 estab-
lished both the National Institute for Occupational Safety
and Health (NIOSH) and the Occupational Safety and
Health Administration (OSHA) (Sunstein, 2002). The orga-
nizations were to collaborate in developing regulations
regarding control of biologically active agents (toxic sub-
stances) in the workplace. The standards were to be based
on existing science (NIOSH), epidemiological findings con-
cerning the health experience of exposed workers (NIOSH),
and available exposure data (OSHA). Asbestos was at the
top of the OSHA “to be regulated” list. Data from consum-
ing industries indicated hazards existed beyond those
included in historical data sets (i.e., asbestosis). Of special
concern were malignancies, which were occurring in num-
bers greater than those expected among the working popu-
lations studied. With asbestos applications on the rise, the
size of the exposed populations increased correspondingly.

At the time of OSHA’s creation, there were approxi-
mately 5 million workplaces in the United States employing
about 90 million workers. OSHA replaced the authority
covered under existing federal and state legislation. The
entire US workforce at that time experienced about 2 mil-
lion injuries per year resulting in lost time, with about 14
thousand deaths. The figure for workers developing

chronic disease was placed at about 100 thousand per year
(Froines, 1996). The Asbestos Standard was to be devised
to protect against pneumoconiosis (asbestosis), not malig-
nancies. The issue facing OSHA was daunting.

Prior to this time, in the 1960s, the USPHS began to refo-
cus on workplace exposure to asbestos. Its industrial
hygiene group in Cincinnati was evaluating the British pro-
tocol for fiber assay. The United States at that time was
using the midget impinger collection device and measuring
total visible particulates in a dust cloud with bright field
light optical microscopy. The British Occupational Hygiene
Society’s position was that asbestosis was caused by the
inhalation of asbestos fiber and not total dust (fiber plus
particulates). The membrane filter protocol was beginning
to be used for work place assay and came to be adopted
in the US following a period of evaluation (read the mem-
brane filter evaluation in the UK in Holmes, 1965 and US
protocol in Edwards and Lynch, 1968). An overview con-
cerning asbestos exposure, measured indices, and their bio-
logical relationships are outlined in Lynch et al. (1970).

Based on information provided by the BOHS, and the
British asbestos industry, the USPHS agreed that the most
convenient and practical exposure index was the greater
than 5 pm fiber length. The asbestos-containing dust cloud
was collected on a membrane filter and the phase-contrast
optical microscope employed at a magnification of 430x
was the recommended analytical tool for fiber count
(Edwards and Lynch, 1968). The experience of the British
industrial hygiene community, beginning in 1931, provided
both the technical protocol and its rationale (Addingley,
1965; Addingley, 1966). The dust cloud was noted to vary
among the asbestos consuming industries; included among
the variables were fibers with differing length and width dis-
tributions, fiber number per mass unit of dust, and a variable
ratio of fiber to particulate. The OSHA assay protocol, like
all others, provided only an index of exposure.

The measurement of solid particles dispersed in a stable
aerosol has always been an issue within the industrial
hygiene community (Glenn and Craft, 1987). Drilling and
blasting in mines, and crushing and grinding in mills, pro-
duce particulates that are visible to submicroscopic in size.
Instruments for assay must necessarily vary.

The OSHA efforts regarding the development of a new
Asbestos Standard replaced the provisions in the Walsh-
Healey Public Contracts Act of 1960, the McNamara-
O’Hara Act of 1966, and the Construction Safety Act of
1969. These regulatory attempts required employers
engaged in business with the Federal Government to com-
ply with “safety and health standards” developed by the
Bureau of Labor Standards in the US Department of
Labor (US DOL) (Froines, 1996). As Froines pointed
out, these efforts were fragmented and, in retrospect, lar-
gely inadequate. Importantly, these acts did not specifically
cover coal, metal and non-metal mines, railroads, or
atomic energy installations.

OSHA supplanted the right of states to follow their own
Asbestos Standard if they allowed higher exposures than
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permitted in the Federal Standard. The states themselves
had dissimilar standards. Dreessen et al.’s (1938) tentative
standard of 5 million particles per cubic foot (mppcf) of
air was adopted by many states but South Carolina’s stan-
dard was 15 mppcf of air during this same time period.
Some might regard this as ironic as both Drs. Lynch and
Smith, pathologists in the state medical school in Charles-
ton, were the first pathologists in the US to report primary
carcinoma of the lung (found during routine autopsy) in
two *“asbestos-silicosis” cases who had worked in a
Charleston South Carolina asbestos textile plant (Lynch
and Smith, 1935). Their case report was prescient as lung
cancer was to become the most prevalent malignancy
found in excess among asbestos-exposed workers.

The OSHA emergency Asbestos Standard of 1971 was
set at 12 fibers per milliliter of air based on data provided
by the ACGIH. The data came from the US American
Conference of Governmental Industrial Hygienists
(ACGIH), the organization that focused on a permissible
asbestos exposure level (then called a threshold limit value
or TLV) for general industry in the United States since
1946 (Selikoff, 1980; Brownson, 1998). [Parenthetically,
the ACGIH never had regulatory authority or enforcement
power for any of its recommendations during the time per-
iod 1946-1972.] An overview of the mechanisms required
for the establishment of a new standard or the modification
of an existing standard was outlined by NIOSH (1976).

Changes in major provisions within the Asbestos Stan-
dard occurred over more than 35 years (Selikoff and Lee,
1978). Among the important modifications was the lower-
ing of the permissible exposure level (PEL) over time.
Other than the recognition of the differences in degree of
hazard of cleavage fragments and their asbestiform ana-
logues in the Asbestos Standard in 1994, the minerals reg-
ulated since 1971 have remained the same. The mineral
names are given in Table 1 The instrument used for envi-
ronmental assay has remained the same as well, i.e., the
phase-contrast optical microscope (PCOM). However,
other federal agencies, through necessity, have changed
many of the analytical details of the Asbestos Standard
to fit their unique charges and responsibilities.

3. The nature of asbestos

Assume that the name asbestos confers upon a mineral a
specific set of physical properties (Speil and Leineweber,
1969; Ampian, 1976; Virta, 2001). Assume further that the
six minerals cited in the OSHA Asbestos Standard usually
display these specific properties to greater or lesser degree:

» They occur in nature as fibers. They require no unique
processing or manipulation to produce fiber. Milling
separates fiber from host rock, increases the concentra-
tion of fiber downstream in the process, and opens fiber
bundles.

* The fibers are all polyfilamentous (they are composed of
bundles of smaller, more narrow units called fibrils).

Table 1
Minerals regulated as asbestos in the United States

Asbestos name in
mineral literature

Mineral as defined
by crystal structure

Asbestos name in the
OSHA Asbestos Standard

Chrysotile Serpentine Chrysotile

Actinolite3 Amphibole Actinolite asbestos
Amosite Amphibole Grunerite asbestos
Anthophyllite3 Amphibole Anthophyllite asbestos
Crocidolite Amphibole Riebeckite asbestos
Tremolite3 Amphibole Tremolite asbestos

The earliest regulatory nomenclature did not reference specific mineral
habit (“asbestos”) for actinolite, anthophyllite or tremolite. The minerals
with separate names were grunerite asbestos (amosite) and riebeckite
asbestos (crocidolite). OSHA specifically identifies six minerals as asbestos
as these six were recognized as commercial asbestos fibers by the USBM
since the 1930s (see Bowles, 1937).
Two additional amphibole asbestos minerals have been found in ore
deposits in the United States, asbestiform winchite and asbestiform rich-
terite. Both have been identified in association with vermiculite ore in
Libby, Montana and both are thought to be present in some talc deposits
in the Death Valley region of California. They have never been, nor are
they now, listed in any US Agency Asbestos Standard.

a These minerals are not distinguished on the basis of habit. It is inferred
by their appearance on the OSHA asbestos list that they are asbestos in
habit.

« Fiber bundles may be broken open (disaggregated) upon
mechanical manipulation.

* Fibers removed from an ore seam often display splayed,
unraveled, fiber ends.

» Most fibers are flexible to some degree (depending on
the fiber type); some fibers may be woven into a mineral
fabric.

« All fibers display high tensile strength that is diameter
dependent.

« All fiber types possess stability in extreme chemical and
thermal environments (stability in acidic or alkaline
environments depends on fiber type as well).

Many of these properties are described in Speil and Lei-
neweber (1969) and Virta (2001). The US Bureau of Mines
(USBM) (Campbell et ah, 1980) further characterized
properties of commercial asbestos and non-fibrous tremo-
lite. The USBM materials were prepared and characterized
for use by the National Toxicology Program in its bioassay
systems. The above “properties” are gross descriptives.
However, the asbestos minerals possess a set of crystallo-
graphic anomalies, most recently described in Verkouteren
and Wylie (2002), which impart the mineral fiber with
anomalous properties. These are produced by an abun-
dance of crystal defects that are useful in distinguishing
asbestos from non-asbestos mineral analogues. They are
also important in explaining the biological properties of
the asbestos dust cloud.

The six minerals that appeared in the 1972 standard
were enumerated in early USBM documents, e.g., in Bow-
les’ (1937) report on asbestos. Interestingly, Bowles listed
additional amphibole mineral names in the asbestos listing
but were not considered commercially important, but as
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“mineral curiosities”. Hornblende asbestos was among
them. Today, the hornblende asbestos might be one of sev-
eral newly described amphibole asbestos types, among
them fluor-edenite asbestos, winchite asbestos, and richte-
rite asbestos.

Based on the crystallographic properties that define
asbestos, i.e., high frequency of closely spaced twinning
and Wadsley defect structures involving chain dimensions
(Chisholm, 1973; Hutchison et al., 1975; Champness
et al., 1976; Franco et al., 1977; Harlow et al., 1985), fault
offsets between adjacent twin planes (Seshan and Wenk,
1976; Crawford, 1980), disorientation of unit fibrils parallel
to the long fiber axis (Franco et al., 1977), the amphibole
asbestos minerals form thin fibrils within the fiber’s com-
posite bundle, with the fibrils randomly oriented around
the c-axis. These features are summarized in Dorling and
Zussman (1987) and Langer et al. (1991).

The non-asbestiform analogues also have twin plane
defects as well as chain-width errors (Veblen et al., 1977).
However, the frequency of occurrence of the defects is less
and distances over which they repeat are far greater, as
found by Harlow et al.’s (1985) study for amosite. But as
noted in Verkouteren and Wylie, a fibrous particle lying
on a twin plane can occur in non-asbestiform amphiboles
as well.

The asbestos minerals that are mechanically manipu-
lated generate dust particles that are longer and thinner
and disproportionately higher in particle number as com-
pared to non-asbestos minerals manipulated in the same
way. This is especially true when comparing the non-asbes-
tos analogues of the same mineral (Harlow et al., 1985;
Wylie, 1988). Compare the mineral populations in Figs. 1
and 2. Consider for comparison a I-pm diameter ortho-
rhombic prism and a 0.125-Jam diameter orthorhombic
fibril with their c-crystallographic axes the same length.
The same mass of mineral in the 1-pm prism would crush
to yield 64 particles with 32 times greater surface area
(chemical potential) if reduced to the sizes cited above.

Are these size differences biologically important? The
smaller fibril diameter would form a more stable aerosol,
would possess greater inhalation potential, could penetrate
the pulmonary architecture to the pleura more easily, and
could “hit” many more cell targets. The state of aggrega-
tion of dust controls its biological potential (Langer and
Nolan, 1986).

Because of their unusual crystallographic properties, the
asbestos minerals may be distinguished from their non-
asbestiform analogues based on their anomalous optical
behavior in polarized light (Wylie, 1979, 1988). Verkouter-
en and Wylie cautioned that the application of these char-
acteristics would depend on the crystal symmetry of the
particle, the size of the unit fibrils, and their crystallo-
graphic orientation with respect to the optical axis of the
instrument. The physical behavior of these materials, and
their resulting population following crushing, is therefore
useful in assisting the analyst in distinguishing asbestiform
from non-asbestiform mineral populations. It is when sin-

Fig. 1 (a) Tremolite fragments in crushed industrial grade talc. X-ray
diffraction analysis of the “talc” specimen in (a) indicated that it was
composed of ~35% tremolite. This photomicrograph was obtained in
plane-polarized light (PLM). Particles of tremolite are cleavage fragments
with aspect ratios varying from less than 3:1 to 20:1. The habit of tremolite
is non-fibrous (non-asbestiform). Note some high aspect ratio fibers
present as well, with optical properties consistent with talc and talc-
anthophyllite intergrowths. Magnification marked, (b) Tremolite sepa-
rated from crushed carbonate (marble) sand. The photomicrograph was
obtained with Hoffman optics. The image is of three tremolite fragments,
two (fragments A and B) displaying prismatic cleavage surfaces charac-
teristic of the amphibole mineral group. The habit of tremolite is non-
fibrous (non-asbestiform). Magnification marked. From Langer et al.
(1991).
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Fig. 2. (A) Tremolite asbestos fiber from a Mediterranean whitewash
(stucco). Tremolite asbestos fiber bundle as seen in plane-polarized light
(PLM). The fiber bundle is approximately 110 pm in length. From Langer
et al. (1991). Some tremolite cleavage fragments are visible in the field as
well. (B) Tremolite asbestos fibrils disaggregated from a fiber bundle by
ultrasound as seen by transmission electron microscopy. Population of
particles dominated by high aspect ratio amphibole fibrils.

gle isolated particles appear on a filter, or in a sample
obtained in environments in which asbestos is not expected
or thought to occur, that identification uncertainty
increases.

4. Examples of Asbestos Standard accommodations

The US Environmental Protection Agency (EPA)
required an assay instrument capable of resolving small air-
borne particulates in the ambient environment whose size
was for the most part well beyond the resolution of the
light microscope. The instrument of choice was found to
be the transmission electron microscope (TEM). With time
the TEM necessarily became an analytical instrument with
chemistry and crystallographic data incorporated into the
identification protocol. The diagnostics for single isolated

particles were initially described in Langer and Pooley
(1973).

The EPA eventually modified its counting protocol for
the indoor air environment of schools so that fibers greater
than 0.5 pm in length were included in the assay count with
the length-to-width aspect ratio of the fibers increased from
3.1 to 5:1 and greater. It was noted at that time that these
changes had limited biological relevance.

Historically, the EPA required a modified collection
technique for airborne particulates. The initial studies of
the asbestos content of ambient air in large urban areas
required collection of particulates from very large volumes
of air (many cubic meters) onto membrane filters. The first
high volume filters were glass fiber pads that on consider-
ation were deemed inappropriate for a fiber assay. The col-
lection filters, made of methyl cellulose ester (MCE), were
found overloaded with combustion products that obscured
any asbestos that might be present. The direct technique
for filter preparation (used in the workplace setting) was
abandoned through necessity and the indirect filter prepa-
ration technique was introduced for environmental assay.
The modified protocol required ashing or burning off of
organic matter, re-dispersion of the heat-resistant residual
particulate load into a material capable of forming a sup-
port film substrate for the particulates, sizing fiber length
on the TEM screen, TEM identification of single, isolated
particles, and assay based on conversion of fiber dimen-
sions to mass. Fiber concentrations were expressed as mass
units, nanograms of mineral per cubic meter of air. The
fiber found in virtually every instance was chrysotile that
exhibited a reasonably constant fibril diameter rendering
mass calculation relatively straight forward (Nicholson
and Pundsack, 1973). The rationale used by the investiga-
tors at that time (to report mass rather than fiber number
and concentration) was based on concern that the manipu-
lation of the filter load introduced fiber number artifact,
and to a lesser extent fiber size artifact. Conversion to fiber
units from units defining millions of particles per cubic foot
of air was attempted in a range of occupational and envi-
ronmental settings later in time (NIOSH, 1976).

5. Work hazards in mines and mills pre MSHA

Concern regarding mining hazards in the United States
evolved in the latter part of the nineteenth century. Impor-
tant legislation by Congress followed the Monongah Coal
Mine disaster of 1907 in which 362 miners were killed in an
explosion. That year no less than 20 mine disasters were
reported with the loss of 4192 lives. Accidents, fires, explo-
sions and other agents and factors accounted for the loss of
life. Mining for mineral commodities and metals, other
than coal, claimed many lives as well. That year, Congress
established the US Bureau of Mines charged with mine
safety.

The Federal Coal Mine Safety Act (1952) followed the
Centralia disaster in Illinois and important legislative mod-
ifications to the Act was passed in 1969, spurred by the
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MSHA on the national level, and state authorities on the
local level). Low-temperature iron silicate minerals that
characterized the Biwabik Iron-Formation southwest of
the Virginia bend had been transformed (“destroyed”)
through contact and regional metamorphism with the
Duluth Gabbro into high temperature assemblages that
included amphiboles.

The taconite iron ore in the eastern Mesabi is principally
magnetite and quartz, which is admixed with grunerite
(grunerite-cummingtonite), actinolite, hornblende, rie-
beckite and a sodium hornblende. Amphibole intergrowths
are common as well. These minerals are not homoge-
neously distributed through the stratigraphic members that
define the Biwabik, but range in concentration outward
with distance from the thermal and metasomatic effects
of the gabbro body. These minerals have elemental compo-
sitions that are similar making it difficult to distinguish
actinolite from some common forms of iron-rich horn-
blende (Gundersen and Schwartz, 1962). There are also
issues involved in distinguishing between thin, acicular,
grunerite cleavage fragments and grunerite asbestos (amo-
site). Descriptions of these mineral assemblages and char-
acterization issues are in Gundersen and Schwartz (1962)
and French (1968).

Matters changed dramatically in 1973. Crushed taconite
ore examined by industrial hygienists was found to contain
amphibole minerals a fraction of which were morphologi-
cally fibrous. Some argued that these particulates con-
formed to the then existing Federal definition of asbestos.
In particular grunerite and actinolite fibers were present
with morphological traits that OSHA used to define asbes-
tos—qgreater than 5 jamin length with an aspect ratio of 3:1
or greater. These fragments were eventually dumped as
tailings (in slurry form) into a containment dam in Lake
Superior following iron mineral extraction in a wet-mag-
netic process in Silver Bay, Minnesota (Langer et al.,
1979). Questions arose as to whether these objects were
actually asbestos and whether they constituted a health
threat to those who breathed the air in Silver Bay or drank
the water drawn from Lake Superior.

Analyses performed in the ESL-Mt. Sinai in New York
were eventually published as several reports. The last of
these reports, based on particle analysis by analytical elec-
tron microscopy (Langer et al., 1979), concluded that the
number of particles of grunerite that were indistinguishable
from amosite constituted only a very small fraction of the
total amphibole particle population. Many of the papers
presented at this symposium outline some of the difficulties
involving mineral characterization encountered by analysts
in their efforts to distinguish between asbestos fiber and
cleavage fragment.

9. MSFIA and its current Asbestos Standard
Based on the health outcome among the mine and mill

workers at Libby Montana, MSHA has proposed changes
to its existing Asbestos Standard. [Many of these same

issues were observed during EPA’s investigation into the
contamination of Lake Superior with taconite tailings in
the early 1970’s (Langer et al., 1979).] In 2005, MSHA pro-
posed that its PEL be lowered from 2.0 f/ml of air to the
current OSHA level of 0.1 f/ml of air, its excursion level
lowered to 1.0 f/ml of air over a 30 min time period, and
the instrument of assay, to improve mineral identification,
would be the analytical transmission electron microscope.
If followed, the ability to distinguish amphibole asbestos
fibrils from cleavage fragments would be greatly improved.

As if the MSHA community did not have enough to
consider, there has been a spate of new “asbestos” minerals
found in places both inside and outside of the United States
that have been implicated as possible agents of disease.
Fibrous balangeroite and fibrous carlosturanite have been
identified within the chrysotile deposits of the Piedmont
in Italy where they are considered agents of disease causa-
tion (mesothelioma) rather than the chrysotile itself (Astolfi
et al., 1991). Fluor-edenite asbestos (Bruni et al., 2006) and
arfvedsonite asbestos (Shcherbakov et al., 2001), both min-
erals with amphibole structures, have been described. Arfv-
edsonite asbestos was mined and exploited in Russia in the
northern Urals. The fiuor-edenite occurs in a volcanic
aggregate in Sicily and its fibers have been found in the
lung tissue study of a person who died of pleural mesothe-
lioma in the local town. The arfvedsonite ashestos is sus-
pected as an agent in mesothelioma causation in the
Urals (Shcherbakov et al., 2001). Winchite asbestos and
richterite asbestos have been identified in ore deposits in
the United States.

10. Conclusions and recommendations

Among its many responsibilities, MSHA is concerned
with protecting the mineral industry workforce from the
hazards associated with asbestos exposure. The agency rec-
ognizes that some amphiboles that are common rock form-
ing minerals may, under special geological circumstances,
form asbestos deposits. The agency also recognizes that
when the massive non-asbestiform varieties of these com-
mon minerals are crushed during mining and milling a por-
tion of the mineral particle population closely resembles
asbestos. These are cleavage fragments and they have been
found to possess far less biological activity than their ashes-
tiform analogues. [OSHA removed cleavage fragments
from their Asbestos Standard in 1994.] MSHA has grap-
pled with this problem since its inception and analytical
and counting strategies were modified to assist in distin-
guishing between habits of the same mineral.

Polarized light microscopy has occasionally been substi-
tuted for PCM in that it yields information regarding habit.
Single crystal fragments (cleavage fragments) may be easily
distinguished from polyfilamentous fiber bundles (asbestos)
(Wylie, 1979). The PLM, when used with immersion oils, is
a powerful analytical tool in the hands of an experienced
microscopist (Crane, 1992). The anomalous optical behav-
ior of amphibole asbestos, as compared to its non-asbestos
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analogues, was described in Wylie (1979). The crystallo-
graphic defects of the amphibole asbestos minerals, and
the random orientation of the fibrils in the ab plane, impart
parallel to sub parallel extinction to fibers and only two
indices of refraction parallel to and across fiber length.

Single isolated fragments with widths or thicknesses
greater than 1pm are probably cleavage fragments (see
the population data in Wylie, 1988). If the sample is amphi-
bole asbestos, the population of particles will invariably
contain fibrils with thicknesses much less than this value
(Table 3). Langer et al.’s data (1974) obtained on the UICC
Reference Asbestos standards also highlighted this charac-
teristic of the asbestos minerals.

The MSHA assay for asbestos has in the past included
X-ray diffraction analysis. In the continuous scan mode,
with a high intensity X-ray source, minor concentrations
of minerals may be detected, identified and quantified. This
technique has been used in the Salt Lake City laboratory.
Mineral identification is obtainable but morphological
habit is not. The technique is rapid and assisted with pow-
der diffraction file search programs.

MSHA proposed in 2005 that the analytical transmis-
sion electron microscopy (ATEM) be used as an assay tool.
The microscopist would count only phase-contrast equiva-
lent fibers, i.e., those greater than 0.2 pm in diameter. Min-
eral identification would be greatly improved with
acquisition of structural data by means of electron diffrac-
tion studies.

Although the issue has been informally discussed, the
chemistry of some amphiboles may be used to distinguish
amphibole asbestos fibrils from thin diameter cleavage
fragments. The aluminum content of some amphiboles
has been considered important in this regard (Verkouteren
and Wylie, 2002; Ross et al., 2008). An issue that has
emerged is whether or not energy dispersive spectrometry
can resolve the chemical differences as well as the standard
probe crystal spectrometry technique.

The use of an analytical transmission electron micro-
scope allows the assay for fibers that cannot be visualized
by any light microscopy method (lying below the con-
straints imposed by physical nature of light, i.e., Abbe’s
Law).

ATEM also provides information regarding principal
planes of separation of the amphibole particles. The ability
of the analyst to obtain an interpretable diffraction pattern
on an amphibole fragment requires a sufficiently thin plate
that will allow passage of the diffracted electrons through
the crystal (Whittaker, 1979; Dorling and Zussman,
1987). Thin twin planes, which lie on the (100) twin plane
surface, are frequently expressed by amphibole asbestos
fibrils. Diffraction nets and the planes on which fragments
of minerals lie have been used to distinguish amphibole
asbestos fibrils from cleavage fragments (Langer et al.,
1991).

It might well be that each and every mineral deposit,
processing mill, and aggregate quarry in the United States
will require investigation for the presence or absence of

asbestos. This was suggested by Walter Banks’ report to
the USBM (1980). The USEPA had also become involved
in these issues because of asbestos fiber entering the general
environmental. [It is important to note that the precursor
organization to the US EPA initiated the studies concern-
ing asbestos air pollution in major urban centers well
before this time. The National Air Pollution Control
Administration (NAPCA) held international conferences
pertaining to air pollutants in the environment and their
health effects. This writer presented a paper, co-authored
with Dr. Selikoff, concerning chrysotile air pollution in
New York City, chrysotile asbestos in the lungs of NYC
residents (Langer and Selikoff, 1971).] With the Federal
Asbestos Standard as a guide, the mining and mineral com-
munities will continue to make modifications to its own
standard.

MSHA might explore the implementation of a tier-sys-
tem of analysis. Investigations have found that the study
of asbestos begins with the determination of its presence
or absence on a field inspection scale. The ATEM is not
a universal solution to the identification problem. It is
important to note that the number of laboratories
equipped with ATEMs is limited, the personnel with the
expertise required for the interpretation of diffraction data
are small, the ability of real-time workplace assay (based
on acquisition of all three particle diagnostics) for worker
protection does not exist. Consider the time required for
specimen preparation and analysis.

The report by Van Gosen et al. (2004) concerning the talc
deposits in the Death Valley region of California found that
the presence ofamphibole minerals could be predicted on the
basis of the geological process and rock type. Field survey by
a member of MSHA’s geology staff appears a reasonable
first step. Is serpentine present? Are amphiboles present?
The determination of mineral habit is a separate issue.
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Abstract

Exposure-response relationships between the relative risk of lung cancer and quantitative measures of exposure to asbestos are avail-
able from a number of epidemiological studies. Meta-analyses of these relationships have been published by Lash et al. (1997) [Lash,
T.L., Crouch, E.A.C., Green, L.C., 1997. A meta-analysis of the relation between cumulative exposure to asbestos and relative risk
of lung cancer. Occup. Environ. Med. 54, 254—263] and Hodgson and Darnton (2000) [Hodgson, J.T., Darnton, A., 2000. The quanti-
tative risks of mesothelioma and lung cancer in relation to asbestos exposure. Ann. Occup. Hyg. 44, 565-601], In this paper, the risks
derived in these meta-analyses have been compared. Lash et al., concentrated on process and found that the risk of lung cancer increased
as the asbestos is refined by processing. Hodgson and Darnton concentrated on fibre type and found that the risk was highest for expo-
sure to amphibole asbestos (crocidolite and amosite), lowest for chrysotile and intermediate for mixed exposure. Some of the differences
between the conclusions from the two meta-analyses are a consequence of the choice of studies included. The range of asbestos types
included in the studies in the analysis of Hodgson and Darnton was wider than that in Lash et al., enabling differences between fibre
types to be analyzed more readily. There are situations where occupational exposure to chrysotile asbestos has shown no detectable
increase in risk of lung cancer. Taconite miners have shown no increased risk of mortality due to lung cancer.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Mesothelioma; Amosite; Grunerite; Taconite; Crocidolite; Tremolite; Anthophyllite; Winchite; Risk assessment; Etiology

1, Introduction based on direct study in addition to extrapolation from
occupational situations.

The association of lung cancer with exposure to asbestos
has been beyond dispute for more than 50 years following
the epidemiological study of asbestos textile workers 2. Meta-analyses and measures of effect
reported by Doll (1955). In the following decades there ) )
have been many studies of particular situations reported, Meta-analyses_ Of_ exposure-response  relationships
and in some quantitative data on exposure have been  Detween the relative risk (RR) of lung cancer and cumula-
available allowing consideration of exposure-response  tive exposure to asbestos (d) have been published by Lash
relationships. The more recent work on quantitative expo- €t al. (1997) and by Hodgson and Darnton (2000). Lash
sure-response relationships has enabled risk estimates to be €t al. included 15 cohorts, and fitted the linear dose-
derived including estimates due to environmental exposure  response model within each cohort:

RR = A(l + kd)
Corresponding author. where A is an intgrcept term, that_ is the r(_alative _risk for
E-mail address: geoffb@health.usyd.edu.au (G. Berry). zero exposure, k is the slope, or increase in relative risk
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per unit of exposure, and d is the cumulative exposure
(fibres/ml years).

Hodgson and Darnton included 17 cohort studies in
their analysis and fitted the average dose-response effect
estimated for each cohort. They defined an average effect as

RI = 100*(SMR- 1)/X,

where SMR is the ratio of observed to expected lung cancer
deaths for the whole cohort, and X is the mean exposure
(fibres/ml years) of the cohort. RL is the percentage excess
risk per unit of exposure and was taken as the slope of the
relationship

RR = 1+RLd/U)O.

The intercept, relative risk for zero exposure, was taken as 1

The relationships used in the two meta-analyses were
similar, but a difference was that since Lash et al. fitted
exposure-response relationships within each study, they
were able to estimate the intercept, as well as the slope,
of the relationship. In contrast Hodgson and Darnton
included studies where only the average exposure was
available and thus were forced to assume that the intercept
was unity in order to estimate the slope. Although this
seems a reasonable choice, since zero exposure clearly gives
no associated increase in risk, the intercept is not necessar-
ily equal to unity because the reference population, from
which death rates are taken for the calculation of expected
deaths, may not correspond exactly to that of the workers
in a study due to differences in other local factors or in
smoking levels (Liddell and Hanley, 1985).

The relationship between the slopes used in the two
meta-analyses is

R1 = 100k

Another way of expressing the slope is by its inverse which
gives the cumulative exposure at which the relative risk is
doubled

D(RR = 2) = 100/Ry = \/k.

Lash et al. (1997) concentrated their analysis on process
(Table 1) and concluded that the risk of lung cancer in-
creases as the asbestos is refined by processing (mining/
milling—cement products—textiles/manufacturing). They
found that adding a multiplicative term for predominantly
chrysotile use added no significant information. The esti-
mate of the multiplicative term was 0.19 (95% confidence
interval 0.02-1.6).

Table 1
Estimates of k (increase in relative risk per fibre/ml year of exposure) by
industry from the meta-analysis of Lash et al. (1997)

k D(RR = 2)
All studies 0.0026 385
Mining and milling 0.00025 4000
Cement products 0.0034 294
Manufacturing/textiles 0.0077 130

Table 2
Values of RL (the percentage excess risk per fibre/ml year of exposure) by
fibre type from the meta-analysis of Hodgson and Darnton (2000)

R1 £>(RR = 2)
Crocidolite 4.2 24
Amosite 5.2 19
Mixed (amphibole/chrysotile) 0.47 213
Chrysotile 0.062 1613

Hodgson and Darnton (2000) concentrated on fibre type
(Table 2) and found the highest risk for the amphiboles,
crocidolite and amosite, a much lower risk for chrysotile,
and an intermediate risk for exposure to mixed amphibole
and chrysotile.

3. Comparison of “Lash et al.” and “Hodgson and Darnton”

There were 11 studies in common to the two meta-anal-
yses so that the values may be compared:

1 Paterson insulation factory processing amosite (Seid-
man et al., 1986);

2. Ontario asbestos cement plant using chrysotile and
crocidolite (Finkelstein, 1984);

3. Pennsylvania textile factory processing mainly chrys-
otile and amosite (McDonald et al., 1983);

4. Vocklabruck asbestos cement factory using chrysotile
and crocidolite (Neuberger and Kundi, 1990);

5. Rochdale male textile factory workers processing
mainly chrysotile but with some crocidolite (Peto
et al., 1995);

6. Johns Manville retirees working in production or
maintenance with mixed exposures to chrysotile, cro-
cidolite and amosite (to 1980, Enterline et al., 1987,
to 1973, Henderson and Enterline, 1979);

7. New Orleans asbestos cement (plant 1) using mainly
chrysotile, small amounts of amosite and later crocid-
olite irregularly (Hughes et al., 1987);

8 South Carolina male textile factory workers using
chrysotile (Dement et al., 1994);

9. Connecticut friction products plant processing chrys-
otile (McDonald et al., 1984);

10. Quebec chrysotile miners and millers (to 1992, Liddell
et al., 1997; to 1989, McDonald et al., 1993);

11. Balengero chrysotile miners (Piolatto et al., 1990).

The values of RL from both meta-analyses are given in
Table 3 and Fig. 1 Excluding those studies with a zero
value of R1 in either analysis, the range of values is of over
two orders of magnitude. For six of the studies the two
meta-analyses give fairly similar values. For Paterson
(study 1) and Ontario (study 2), Hodgson and Darnton
give a value about 7 times higher than Lash et al. For both
of these studies Lash et al. estimated the value of A as over
3, that is, they found a high rate of lung cancer for zero
exposure. The opposite occurred for Pennsylvania (study
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Table 3

Values of (the percentage excess risk per fibre/ml year of exposure)
from the meta-analyses of Hodgson and Darnton and Lash et al. for the
11 cohort studies in common to the two analyses

Value of R1
H&D Lash et al.
1 Paterson insulation factory 5.8 0.88
2 Ontario asbestos cement plant 5.2 0.69
3 Pennsylvania textile factory 0.8 3.6
4 Vocklabruck asbestos cement factory 0.45 0
5 Rochdale textile factory (men) 0.37 0.41
6 Johns Manwville retirees 0.21 0.25
7 New Orleans asbestos cement (plant 1) 0 0.066
8 South Carolina textile factory (men) 4.6 24
9 Connecticut friction products plant 0.8 0
10 Quebec chrysotile miners and millers 0.06 0.02
n Balengero chrysotile miners 0.03 0.02
10
o*1]
8 1. e 9 3
P :
A -
01 - 10
«» 11
00l -
o7
0001 T- i E 2 1
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Fig. 1 Values of Rj_ (the percentage excess risk per fibre/ml year of
exposure) from the meta-analyses of Hodgson and Darnton and Lash
et al. for the 11 cohort studies in common to the two analyses. The points
are labelled by the study number (text and Table 3). (To facilitate plotting
on the log scales, the three zero values have been plotted at 0.002.)

3), where Lash et al. give a value over 4 times higher than
Hodgson and Darnton, and the value of A was only 0.5.
For Connecticut (study 9) and Vockalbruck (study 4),
Hodgson and Darnton give moderate values of RL whilst
Lash et al. give zero. Again for both of these Lash et al.
found a high lung cancer rate for zero exposure (1.6 and
2.1). For New Orleans (study 7) Hodgson and Darnton
found no excess risk overall but Lash et al. found an expo-
sure-response relationship within the study.

For the Ontario study there were only 21 lung cancer
deaths and examination of the plot of the exposure-
response data shows no clear pattern of effect. No reliable
exposure-response relationship may be fitted (the 95% con-
fidence interval given by Lash et al. for Rh is from 0 to 25)
and it is not surprising that the two methods differ.

Some of the differences between the conclusions from
the two meta-analyses are a consequence of the choice of
studies included. Lash et al. included two mining popula-
tions, both chrysotile mining. Consequently once the indus-
try was taken into account there was no possibility of

Table 4
Mortality due to lung cancer at Ferodo friction products factory
(Newhouse and Sullivan, 1989)

Lung cancer deaths

Observed Expected SMR
Men 229 2214 103
Women 12 211 57
Total 241 2425 99

finding a fibre type effect within this industry. In contrast
Hodgson and Darnton included the two chrysotile mines
but also crocidolite mines in Australia and South Africa,
and an amosite mine in South Africa. Of the 19 sub-groups
analysed by Hodgson and Darnton there were 3 with expo-
sure to crocidolite, 2 to amosite, 5 to chrysotile, and 9 with
mixed exposure to chrysotile and amphibole. Lash et al.
included 15 cohorts but for two an exposure-response rela-
tionship could not be fitted and another was of a vermicu-
lite mine with tremolite in the ore. Of the other 12, 1
involved exposure to amosite, 4 to chrysotile, and 7 mixed
exposure to chrysotile and amphibole, of which 5 were pre-
dominantly to chrysotile. There was less variation in fibre
type between the studies included by Lash et al., compared
with those included by Hodgson and Darnton, and conse-
quentially there was less opportunity to explore differences
in effect between fibre types.

Chrysotile has been processed with no detectable
increase in lung cancer, as shown by the study of workers
manufacturing friction products at the Ferodo factory in
the north of England (Table 4) (Newhouse and Sullivan,
1989).

4. Problems in estimating exposure

There are uncertainties in the measurements of expo-
sure, arising from changes in instrumentation, problems
in conversion of results obtained using old types of instru-
ments to modern methods, a lack of systematic sampling in
early years, and consequentially the use of “guestimates”
of early exposure (Rogers, 2001). A consequence of this
is that exposure-response relationships which may be qual-
itatively valid within a study because relative exposure lev-
els are reasonable, can be invalid outside the study because
absolute exposure levels are incorrect.

5. Taconite and cummingtonite-grunerite

A cohort study of miners at the Reserve Mining Com-
pany was reported by Higgins et al. (1983). Five thousand
seven hundred and fifty-one workers employed for a year
or more between 1952 and 1976 were followed up until
1976 (a maximum of 24 years). For all causes of death there
were 298 deaths, compared with an expected number of 344
(SMR = 87). For mortality due to respiratory cancer, there
were 15 observed deaths, compared with an expected num-
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ber of 18 (SMR = 84). These include deaths soon after
exposure, and after 15 years latency, there were 103 deaths
(expected 115, SMR = 90) including 8 respiratory cancer
deaths (expected 7.9, SMR = 102). There were no apparent
exposure-response trends.

Another cohort study of Minnesota taconite miners and
millers was reported by Cooper et al. (1988, 1992), in which
the mortality experience of 3431 men employed for 3
months or more between 1947 and 1958 in either the Erie
or Minntac operations was compared with both US and
Minnesota white males death rates. The Minnesota death
rates are less than the US rates for all causes and for respi-
ratory cancer. The observed and expected mortality to 1983
and 1988 for deaths due to all causes and respiratory can-
cer, compared with expected numbers calculated using
Minnesota rates, are shown in Table 5.

Mortality due to respiratory cancer was analysed by
time since first exposure (Table 6). There was clearly no
excess mortality due to respiratory cancer after a 10-year
latency period.

Three studies of miners exposed to cummingtonite-
grunerite at the Homestake mine in South Dakota have
been reported. These studies overlap so that the results
are not independent. The first study was of 440 men
employed for at least 5 years underground by 1960 (Gillam
et al., 1976). Observed mortality was compared with
expected mortality calculated using the death rates for
South Dakota. In the period 1960-1973, there were 71
deaths due to all causes (expected 53, SMR 134), and 10
deaths due to respiratory cancer (expected 2.7, SMR
370). Analysing mortality due to respiratory cancer with
respect to time since first exposure, the SMR was greater
in the first 20 years than later.

The second study was of 1321 men employed for at least
21 years by 1973 (McDonald et al., 1978). Expected deaths
were calculated using South Dakota rates. Between 1937
and 1973, there had been 631 deaths (expected 550, SMR
115). For respiratory cancer there were 17 deaths (expected

Table 5

Mortality of taconite miners and millers at the Erie and Minntac
operations in Minnesota, compared with Minnesota death rates (Cooper
et al., 1988, 1992)

All causes Respiratory cancer

Observed Expected SMR  Observed Expected SMR
To 1983 801 820 98 41 48 85
To 1988 1058 1165 91 65 67 97

Table 6

Mortality due to respiratory cancer of taconite miners and millers at the
Erie and Minntac operations in Minnesota, compared with Minnesota
death rates by time since first exposure (Cooper et al., 1992)

Time since first exposure Observed SMR
—10 years 7 145
10-19 years 12 75
20+ years 46 99

16,5, SMR 103). The results were examined in terms of
exposure-response relationships. Clear relationships were
found for pneumoconiosis and respiratory tuberculosis,
but not for respiratory cancer.

The third study was 3328 men employed underground
for at least a year during 1940-1964 (Brown et al., 1986).
Deaths occurring in the period 1941-1977 were analysed,
with expected deaths calculated using US rates. There were
861 from all causes (expected 769, SMR 112). After 15
years latency there were 41 deaths due to lung cancer
(expected 40, SMR 102). Restricting this analysis to those
with 10 or more years of exposure there were 21 deaths
due to lung cancer (expected 18.2, SMR 115).

Taking all these studies there is no convincing evidence
of an increase in deaths due to lung cancer in the Homes-
take miners. The excess reported by Gillam et al. (1976)
is not supported by the other two studies, and attributing
this excess to the exposure in the mine is questionable given
that the relative risk was higher within the first 20 years
since first exposure than later. The results have been
reviewed by Ross et al. (1993).

6. Environmental exposure

Camus et al. (1998) reported a study of women living in
two chrysotile asbestos mining areas in Quebec, over the
period 1970-1989. The average cumulative exposure was
estimated as 25 fibres/ml years, with a plausible range from
5 to 125 fibres/ml years, equivalent to 105 fibres/ml work-
ing years, after converting to the measure used for occupa-
tional exposure over 40 h a week.

There had been 71 deaths due to lung cancer, compared
with 71.4 expected from rates in unexposed areas. Predic-
tions based on an EPA model (RR = 1+ 0.01 cumexp)
gave a relative risk of 2.05 and 146 lung cancer deaths
(excess of 75). Clearly the EPA model was inappropriate.
Using the risk estimate for Quebec mining and milling from
Hodgson and Darnton (RR = 1+ 0.0006 cumexp) gives a
relative risk of 1.06 predicting 76 lung cancer deaths (excess
of 5). The risk estimate for this industry from Lash et al. is
RR = 1+ 0.00025 cumexp) which gives a relative risk of
1.025 predicting 73 lung cancer deaths (excess of 2). Thus,
both these estimates are in accord with the observed num-
ber of 71 when taking account of chance variation. How-
ever, for such a low relative risk, whether there is any
actual excess or not, is not detectable.

7. Risk at low exposure

A linear dose-response relationship between relative
risk of lung cancer and exposure is often used (“a widely
accepted and scientifically reasonable compromise rather
than an established scientific principle” (HEI, 1991)).
Non-linearity and/or the existence of a threshold at low
levels of exposure are very difficult, perhaps impossible,
to detect from epidemiological data (Liddell, 2001).
Depending on the potency of the agent low exposures
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can result in risks that are so low that they are undetectable
from epidemiological studies.

8. Summary

Asbestos exposure increases lung cancer incidence.
There are situations where occupational exposure to chrys-
otile asbestos has shown no detectable increase in risk. Tac-
onite miners have shown no increased risk of mortality due
to lung cancer.
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Abstract

The current state of knowledge concerning mesothelioma risk estimates is reviewed. Estimates of the risk of mesothelioma exist for the
commercial asbestos fiber types chrysotile, amosite and crocidolite. Data also exist on which to assess risks for winchite (sodic tremolite)
and anthophyllite asbestos. Uncertainty in estimates is primarily related to limitations in measurements of exposure. Differences in the
dimensions of the various fiber types and of the same fiber types at different stages of processing add a further complication. Neverthe-
less, in practical terms, crocidolite presents the highest asbestos related mesothelioma risk. The risk associated with sodic tremolite (win-
chite) appears to be similar.

In chrysotile miners and millers, the mesothelioma risk has been linked with exposure to asbestiform tremolite. Exposure to chrysotile
in a pure form seems likely to present a very low if any risk of mesothelioma. While the majority of mesothelial tumors result from expo-
sure to the asbestos minerals, there are other well established and suspected etiological agents.

While a practical threshold seems to exist for exposure to chrysotile, it is unlikely to exist for the amphibole asbestos minerals, espe-
cially for crocidolite. To date there is no indication of an increased risk of mesothelioma resulting from non-commercial fiber exposure in

the taconite industry.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

While there had been isolated reports of primary malig-
nant mesothelial tumors since at least the 18th century, the
link between asbestos exposure and mesothelioma was not
established until 1960 when Wagner et al. (1960) published
their classic paper on the occurrence of this tumor in per-
sons working and living in the vicinity of crocidolite (blue
asbestos) mines in Cape province, South Africa. Since that
time, research has examined the relationship between this
tumor and other asbestos fiber types, certain naturally
occurring non-asbestos fibers (e.g., erionite, fluoroedenite),
certain synthetic fibers (e.g., vitreous fibers) and to a lim-
ited extent potential non-fiber etiological factors (e.g., ther-
apeutic radiation, SV40).

Corresponding author. Fax: +1 780 987 2883.
E-mail address: ggibbs@xplornet.com (G.W. Gibbs).

0273-2300/$ - see front matter © 2007 Elsevier Inc. All rights reserved,
doi: 10.1016/j.yrtph.2007.10.003

In order to estimate the risk of mesothelioma for work-
ers and the general public, mathematical models have been
developed and the risk of mesothelioma associated with
each commercial asbestos fiber type estimated. In this
paper, we will attempt to answer the questions what are
the causes of mesothelioma, is fiber type important, what
are the levels of risk, is there a threshold and is there evi-
dence of an increased risk of mesothelioma in taconite
miners?

2. Epidemiologically established causes of Mesothelioma

There is little doubt that the amphiboles amosite,
crocidolite, anthophyllite and “tremolite” asbestos fibers
are associated with increased risks of mesothelioma
(Table 1). While it seems clear that chrysotile contami-
nated with tremolite at the same levels as encountered
in the Quebec chrysotile mines and mills in the past is
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Table 1
Mesothelioma in various cohorts3

Study

Crocidolite

Gas mask manufacture Canada (McDonald and McDonald, 1978)
Gas mask manufacture (Acheson et ah, 1982)

Mining blue asbestos— Australia (Berry et ah, 2004)

Mining blue asbestos—South Africa (Sluis-Cremer et ah, 1992)
Blue asbestos cigarette filter production (Talcott et ah, 1989)

Amosite

Amosite factory (Seidman et ah, 1979)

Amosite factory UK (Acheson et ah, 1984)

Mining amosite asbestos—South Africa (Sluis-Cremer et ah, 1992)
Amosite factory—Tyler Texas—USA (Levin et ah, 1998)

Mixed fiber types

Insulation workers—NY —NJ (Selikoff et ah, 1979a)

Insulators in shipyards—Sweden (Jarvholm and Sanden, 1998)
Insulation workers—USA and Canada (Selikoff and Seidman, 1991)
Dockyards UK (Rossiter and Coles, 1980)

Insulators in shipyards—USA (Selikoff et ah, 1979b)

Asbestos factory workers in London—UK (Newhouse et ah, 1985)

Tremolite
Vermiculite mining—USA (McDonald et ah, 2002, 2004)

Anthophyllite
Anthophyllite miners—Finland (Karjalainen et ah, 1994)
Anthophyllite miners—Finland (Meurman et ah, 1994)

Chrysotile
Chrysotile miners & millers (McDonald et ah, 1997)

Chrysotile mining chrysotile Italy (Piolatto et ah, 1990)

Chrysotile textile plant (Hein et ah, 2007)

Chrysotile products factory (Weiss, 1977)

Asbestos cement plant (Thomas et ah, 1982)

Chrysotile gas mask filter workers (Acheson et ah, 1982)

Friction materials manufacture—USA (McDonald et ah, 1984)
Friction materials manufacture—UK (Newhouse and Sullivan, 1989)

Total cohort Dead Number of cases and
proportional mortality
199 56 (28%) 9 (16.1%)
757 219 (28.9%) 5 (2.3%)
6908 2549 (36.9%) 231 (9.1%)
3430 423 (12.3%) 20 (4.7%)
35 28 (80%) 5 (17.8%)
820 528 (64.4%) 14 (2.7%)
5969 422 (7.1%) 5 (1.2%)
3212 648 (20.2%) 4 (0.6%)
1130 315 (27.9%) 6 (1.9%)
632 478 (75.6%) 38 (7.9%)
248 86 (34.7) 7 (8.1%)
17,800 4951 (27.8%) 458 (9.2%)
6292 1043 (16.6%) 31 (3.0%)
440 79 (17.9%) 8 (10.1%)
M 4255 975 (22.9%) 73 (7.5%)
F 684 274 (39.5%) 25 (9.1%)
406 285 (70.2%) 12 (4.2%)
999 503 (50.3%) 4 (0.8%)
735 137 (18.6%0) 4 (2.9%)
Total 9780 8009 (81.9%) 38 (0.47%)
Thetford 5041 4125 25 (0.61%)
Asbestos4031 3331 8 (0.2%)
Factory 708 553 5 (0.9%)
1,058 427 (40.4%) 2 (0.46)b
3072 1961 (63.8%) 3 (0.15%)
264 66 (25%) 0
1,970 351 (17.8%) 0
570 177 (31.1%) le
3,641 1,267 (34.7%) 0
13,450 2577 (19.2%) od

a Not all studies are independent as some involve overlaps and others follow-up of the same or very similar cohorts. The results of the latest follow-up

are shown.
b Amphibole fibers have been milled at this mine.

¢ This case was also considered to have been exposed to blue asbestos at another factory. There was also an excess number of persons with cancer of the
ovary at the blue fiber plant. These were considered by the authors to possibly be additional mesotheliomas.
d There were 13 mesotheliomas in total; 11 had contact with crocidolite; of the two working with chrysotile, 1diagnosis uncertain, 1 work history was

not well established.

capable of increasing the risk of mesothelioma, the
potential of “pure” chrysotile to induce mesothelioma
in humans is still open to debate.

2.1. Crocidolite

Since the first report by Wagner et al. (1960), increased
risks of mesothelioma have been demonstrated in Austra-
lian crocidolite miners and millers (Armstrong et ah,
1988), in manufacturers of crocidolite filters for cigarettes
(Talcott et al., 1989), in crocidolite gas mask workers
(McDonald and McDonald, 1978; Acheson et ah, 1982)

and in crocidolite railroad brake manufacturers (Berry
and Newhouse, 1983) among others. The potency of cro-
cidolite is high with a “little crocidolite going a long way”.

2.2. Amosite

Amosite (fibrous grunerite) has been linked to an
increased risk of mesothelioma, but, remains a curiosity
in that the risk in mining appears to be much lower (Slu-
is-Cremer et ah, 1992) than appears to be the case in down-
stream manufacturing industries (Seidman et ah, 1986;
Acheson et ah, 1984). However, this may be follow-up per-
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iod, difficulties of ascertainment in South Africa or fiber
dimension changes with processing.

2.3. Anthophyllite

Anthophyllite has been shown to increase mesothelioma
risk, but the risk appears to be far less than with the other
amphibole fibers (Table 1).

2.4. Tremolite

In a vermiculite mine in Montana, the mineral winchite,
which is soda tremolite, has been linked with a high risk of
mesothelioma (McDonald et ah, 2002, 2004). The carcino-
genic potency (for mesothelioma) of this asbestiform min-
eral from the Montana vermiculite mine appears to be
similar to the potency of crocidolite (McDonald et al.,
2002, 2004).

2.5. Chrysotile

There is little doubt that the mesothelioma risk is ele-
vated in Quebec chrysotile miners and millers (McDonald
et al., 1997), but this increased risk is associated with
mines where workers were also exposed to asbestiform
tremolite (Rowlands et al., 1982; McDonald and McDon-
ald, 1995). The likelihood that the mesothelial tumors are
related to tremolite fiber exposure is supported by the
extremely low rates of mesothelioma in downstream
chrysotile only industries where asbestiform tremolite
exposure would be expected to be much lower than
encountered by the Quebec miners and millers (Gibbs,
2001,.

2.6. Non-asbestos fibrous minerals

Mesothelioma has now been shown to be associated
with exposure to erionite, a fibrous zeolite (Baris et al.,
1987; Wagner et al., 1985) and there is evidence that the
tumor is also associated with exposure to the fibrous flu-
oredenite amphibole (Comba et al., 2003).

3. Experimental production of mesothelioma

Experimentally, many fibers with appropriate dimen-
sions and biopersistence have been shown to be capable
of producing mesothelioma. For example, it is now reason-
ably well established that synthetic vitreous fibers which
are respirable, biopersistent and of certain dimensions,
can induce mesothelioma (Stanton, 1973; Stanton and
Wrench, 1972; Stanton et al., 1977; Davis, 1991; Pott and
Roller, 1996). However, the evidence, to date has not
shown increased risks of mesothelioma in workers exposed
to synthetic vitreous fibers. Other fibers of sufficient biop-
ersistence, if they are respirable, long and thin are also
capable of inducing primary malignant mesothelial tumors
in experimental animals.

4. Suspected causes of mesothelioma in humans

While there have been several agents postulated as
responsible for mesothelioma, they remain to date as sus-
pected links. Therapeutic radiation, on anecdotal evidence
seems highly likely to be an occasional cause of mesotheli-
oma (Hoffman et al., 1994), although the limited studies
that have been done to date have not supported the associ-
ation. There is some evidence that thorotrast treatment
increases the risk of mesothelioma (Andersson et al.,
1995). The virus SV40 has been shown to be capable of
inducing mesothelioma experimentally (Carbone et al.,
1999) and fragments of DNA from this virus reported in
mesothelioma tumor (Gibbs et al., 1998). In spite of claims
of synergy with asbestos exposure there is as yet no evi-
dence that the SV40 virus is responsible for mesothelioma
in humans. However, research to establish whether or not
it does have a role continues although recent evidence sug-
gests that it may not have a role (Manfredi et al., 2005).
There are also several chemicals including potassium bro-
mate, plutonium, beryllium and 2:6 dichloro benzonitrile
and a virus that have been shown experimentally to induce
mesotheliomas or are suspected of being capable of causing
mesothelioma (Kurakawa et al., 1983; Sanders, 1992; Oels
et al., 1971; Donna et al., 1991; Gold and Kathren, 1998;
Peterson et al., 1984).

5. The risk of mesothelioma by fiber-type

There is now little doubt that there are significant
differences in the risk of mesothelioma associated with
the various asbestos fibers. An indication of the order
of magnitude of likely differences was evidenced by the
very large differences in the proportional mortality of
mesothelioma in various industries using various fiber
types (Table 1). A criticism that can be justifiably levelled
at proportional mortality ratios (PMRs), as in the case of
mesothelioma, is that they increase steeply with increas-
ing length of follow-up. Hence, comparisons must be
made at similar periods since first exposure. A further
complication is that exposure level influences risk and
PMRs. One way to overcome these criticisms is to relate
risk to level of estimated exposure as done by Hodgson
and Darnton (2000). They produced models to estimate
risk which were non-linear.

5.1. Crocidolite, amosite and chrysotile

The risks associated with these fiber types as reported by
Hodgson and Darnton (2000) are shown in Table 2. The
experiences of workers in other industries shown in Table
1 are supportive of these findings.

5.2. Tremolite asbestos

Hodgson and Darnton did not estimate the risk associ-
ated with asbestiform tremolite or with winchite. However,
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as shown in Table 1, McDonald et al. (2002) reported 285
deaths in a cohort of 406 vermiculite miners and 12 mesot-
heliomas for a PMR of 4.12%. The cohort of workers was
exposed to an average concentration of 18 f/cc (McDonald
et al., 2002).

5.3. Chrysotile

The risk estimates based on Hodgson and Darnton are
shown in Table 2. In this table, all the studies are of workers
with known exposure to chrysotile only (with the exception
of the Carolina textile plant) where crocidolite yarn was used
for some years and the Balengero mine where it has been
reported (Gruber, 1999) that some crocidolite was milled.
Recently it has been suggested that crocidolite may have
played arole in the occurrence of mesothelioma in chrysotile
miners from Thetford Mines, Que. (Egilman et al., 2003). In
fact, there is good evidence that this was not the case, as stud-
ies of the lung tissue of workers from the Thetford Mines
area have not shown the presence of crocidolite, only chrys-
otile and tremolite (McDonald et al., 1997). This is not the
result of an analytical problem as crocidolite was found in
the lungs of workers at Asbestos where crocidolite was used
inafactory (McDonald et al., 1997). As the claimed source of
the crocidolite is a riebeckite granite at one mine only, it
would not explain the distribution of the mesotheliomas
described by McDonald and McDonald (1995) as the mine
in question would have been in the peripheral lower risk of
mesothelioma mines.

It can be seen from Table 2 that the mesothelioma risks
in the chrysotile mining industry are very different from

Table 2
Risk of mesothelioma per fiber/ml-year as reported by Hodgson and
Darnton (2000) (adjusted for age at first exposure)

Percentage total expected
mortality per f/ml-year

Crocidolite

Massachusetts 0.6S
Wittenoom 0.48
South Africa crocidolite mines 0.59
Total crocidolite 0.51
Amosite

Paterson 0.12
South Africa amosite mines 0.06
Total amosite 0.10
Chrysotile

Carolina (Men)! 0.0130
Balangero! 0.0025
Quebec 0.0009
Carolina (Women) 0
New Orleans 0
Connecticut 0

Total chrysotile 0.0010 (<0.0009)a

a Excluding industries where some crocidolite used.

those in the crocidolite mining industries. Indeed, many
of the chrysotile studies had an expected mesothelioma
mortality of zero. The total expected number of mesothe-
liomas based on the Hodgson and Darnton (2000)
approach, but eliminating all studies in which crocidolite
was a potential issue was less than 0.0009/f/ml-year. If
we further consider the evidence put forth by McDonald
and McDonald (1995) that the mesothelioma risks are
higher in the mines with tremolite exposure (demonstrated
by tissue burden studies) the findings would suggest that
“pure” chrysotile (ie: tremolite free) would pose an even
lower risk.

Based on their analysis, Hodgson and Darnton report
that the relative potency for causing mesothelioma by the
commercial asbestos types, crocidolite, amosite and chrys-
otile is in the ratio of 500:100:1 respectively. This estimate
assumes that the commercial chrysotile may be contami-
nated by tremolite. In a final draft document prepared
for the US EPA, it was suggested that the best estimate
for the potency of chrysotile for causing mesothelioma
may be less than 1/750th of that of the amphiboles and
“the possibility that pure chrysotile is non-potent for caus-
ing mesothelioma cannot be ruled out by the epidemiology
data” (Berman and Crump, 2004). Yarborough (2006) in a
detailed review of concluded that: “The review of 71 asbes-
tos cohorts exposed to free asbestos does not support the
hypothesis that chrysotile, uncontaminated by amphibolic
substances, causes mesothelioma.”

6. Estimates of risk

Camus et al. (1998) reported a study of women living in
two chrysotile asbestos mining areas in Quebec, over the
period 1970-1989. The average cumulative exposure was
estimated as 25 fibers/ml years, with a plausible range from
5 to 125 fibers/ml years, equivalent to 105 fibers/ml work-
ing yrs, after converting to the measure used for occupa-
tional exposure over 40 h a week.

Based on the EPA model of risk for mesothelioma,
Camus et al. (2002) predicted that there should be 150
(range 30-750) mesothelioma in the Town of Asbestos.
In fact there was | peritoneal mesothelioma. Based on
the same model, 500 (range 500-2500) mesotheliomas
were predicted to occur in the town of Thetford Mines.
In fact 10 pleural mesothelioma were found. These mod-
els of prediction were based on risk parameters derived
from mixed asbestos fiber type exposures and were
clearly wrong. Based on the risk of 0.0009/f/ml-yr from
Hodgson and Darnton (2000), the relative risk of meso-
thelioma, assuming linearity in this range would have
been (1 +0.0009 cum exp) = 1.09. Therefore the number
of mesothelioma that would have been predicted in Thet-
ford Mines would have been 9 deaths and at Asbestos
would have been just less than 1 which is quite close to
the observed numbers. Clearly the EPA model is incor-
rect and the Hodgson and Darnton estimates much closer
to reality.
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6.1. Uncertainties

Unfortunately, as with virtually all studies involving
humans, there are uncertainties. The main uncertainties
relate to the exposure estimates which of necessity often
depend on extrapolation into the past. It has been
necessary to convert measurements made with midget
impingers (Gibbs and LaChance, 1974) and thermal
precipitators (HEI-AR, 1991) to membrane filter phase
contrast microscopy equivalents with the associated limita-
tions on the conversions. The shape of the relationship
between mesothelioma and asbestos exposures at very
low doses is also subject to some debate.

In spite of the limitations, it can be seen in Tables 1and
2 that there is a fair degree of consistency in the risk
estimates for the various fiber types.

6.2. Threshold of risk

It is scientifically impossible to prove the negative.
Never-the less, the evidence does exist that supports the
existence of at least a practical threshold, that is a level
at which for practical purposes the risk of mesothelioma
is undetectable (Browne and Gibbs, 1998). In addition to
the studies in which the risks were 0 in Table 2, there are
several other studies where there is no evidence of chryso-
tile related mesothelioma (Table 1). Berry and Newhouse
(1983) and Newhouse and Sullivan (1989) found no chrys-
otile related mesothelioma in a study involving friction
product manufacturing workers followed from 1946 to
1986. The study clearly found crocidolite-related mesothe-
lioma even though crocidolite had only been used for two
short periods at the plant to manufacture railroad brakes.
Studies of automobile brake mechanics (Table 3) show no
increased risk of mesothelioma in studies in the USA,
Spain, Germany and Canada. Further the UK propor-
tional mortality study by Hodgson et al. (1997) shows no
increased risk of mesothelioma in garage mechanics
(PMR approx. 0.33). A more recent study by McElvenny
et al. (2005) reported on mesothelioma in males aged Ib-
74 in Great Britain for the years 1980-2000 (excluding
1981). They found the PMR for motor mechanics was
0.48 (Cl 37-62). Registry studies in Scandinavia (Malker
et al., 1985; Jarvholm and Brisman, 1988) also failed to
show any increased risks. It has been claimed that the expe-
rience of brake mechanics in Australia demonstrates an

Table 3
Studies of friction product repair workers (from Wong et al., 2001)
showing no increased risk of mesothelioma

Relative risk

0.9 (0.39-2.13)
0.8 (0.20-2.30)
0.65 (0.08-5.52)
0.87 (0.46-1.64)
0.62 (0.17-2.25)
1.00 (0.90-1.60)

Study

US garage workers (McDonald and McDonald, 1980)
Canada (Teschke et al., 1997)

US Connecticut (Teta et al., 1983)

Germany (Woitowitz and Rodelsperger, 1994)

Spain (Agudo et al., 2000)

US (Spirtas et al., 1994)

increased risk (Leigh and Driscoll, 2003), but to date a sys-
tematic controlled study has not been carried out. The pos-
tulated increased risk is based on a series of cases from the
Australian Mesothelioma Register. This contains extensive
details on cases over about a 20-year period but, like most
cancer registries, it does not have details on a comparison
group of those without mesothelioma. This limits the con-
clusions that can be drawn.

Wong (2001) carried out a meta-analysis on the studies
in Table 3 and found an overall RR of 0.90 (CI 0.66-1.23).
While this does not reach significance, the consistency of
the independent studies from various countries is highly
significant statistically. The meta-analysis of Wong may
perhaps be criticized on the grounds that in some of the
studies the comparison was of vehicle mechanics compared
to not being a vehicle mechanic that is the risk is relative to
the average risk over all other occupations, including some
occupations with a high mesothelioma risk. However, for
three of the six studies (McDonald, Teschke, Agudo) there
is an analysis that excludes those who had exposure to
asbestos in high-risk occupations, and so this criticism is
certainly invalid as far as these three studies are concerned.
For the other three studies more information is necessary
to be definite either way. If the analysis was restricted to
the former three studies, the combined estimate would be
0.80 with 95% confidence interval of 0.44-1.49. While this
estimate does not rule out a small increased risk it certainly
rules out a large one. Wong (2006) reported further on the
issues to consider in interpreting the automotive mechanic
study result and concluded that the epidemiology of meso-
thelioma in auto mechanics was “consistent and over-
whelming” and that automechanics do not have an
increased risk of mesothelioma as a result of their brake
and clutch work. A similar conclusion has been reached
by other researchers (Laden et al., 2004; Goodman et al.,
2004).

The absence of a single mesothelioma in workers
employed for less than 2 years in the Quebec asbestos min-
ing industry where exposures were high is indicative of a
threshold. In that industry, out of a total cohort of about
11,000 men born 1891-1921, 8000 had died by 1992, so
the pattern of results is unlikely to change significantly.

Another argument that might be made concerning a
threshold for ashestos relates to fiber size. The Interna-
tional Agency for Research on Cancer did not classify atta-
pulgite with fibers of length less than 5pm in length as
carcinogenic. Studies by Stanton and Wrench (1972), Stan-
ton (1973), Stanton et al. (1977) and Stanton and Layard
(1978) showed that fibers greater than 8 pm in length and
less than 0.25 pm in diameter had a higher probability of
producing tumors than did shorter and larger diameter
fibers. They also demonstrated that reducing the length
of fibers by pulverization decreases the carcinogenicity as
far as mesothelial tumor production is concerned. They
concluded that pulverized blue asbestos of length less than
1.25-3.75 pm could be discounted in mesothelioma
production.
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6.3. Pleural vs. peritoneal mesothelioma

In the study of chrysotile miners and millers in Quebec,
there were 38 cases of mesothelioma, none of which was a
primary peritoneal mesothelioma and only one of which
invaded the peritoneum. In other chrysotile only industries,
peritoneal mesothelioma rarely if ever occur. Thus, it
appears that chrysotile may not cause peritoneal mesothe-
liomas. This would be quite consistent with the observation
that mesotheliomas in the mining industry are related to
asbestiform tremolite exposure. A very large exposure to
chrysotile contaminated with tremolite would be necessary
to give adequate tremolite exposure to increase the pleural
mesothelioma risk. Further analysis shows that the ratio of
the slopes for peritoneal and pleural mesotheliomas is
between 2.4 and 3.2, with the risks of peritoneal mesotheli-
oma and pleural mesothelioma being identical at 90 f/ml-yr
for crocidolite and 55 f/ml-yr for amosite (Hodgson and
Darnton, 2000). This means that at lower concentrations,
there is a predominance of pleural mesothelioma with per-
itoneal mesotheliomas occurring more frequently only
when the exposure is higher. In the chrysotile mines, the
tremolite as a contaminant is rarely if ever adequate to
cause the peritoneal mesothelioma.

7. Predicting incidence

The risk of mesothelioma depends on the nature of the
fiber to which the person is exposed (fiber type and dimen-
sions), duration of exposure, time since first exposure, age
at exposure and rate of elimination of fibers from the lung.
It is now reasonably well established that the risk of meso-
thelioma increases with time since first exposure to the
power of 3”"h Equations expressing the relationship
between mesothelioma incidence and exposure level, expo-
sure duration and time since first exposure have been
derived and can even take into account the rate of elimina-
tion of fibers from the body as shown below (Berry, 1999).
This depends on the constants k which has been developed,
based on various studies by various authors. The simple
model is shown below (a). The models taking account of
elimination are shown in (b and c).

(@ Simple model

I{t) = KC[t2 —(t—d)32} where t > d.

K = constant; C = fiber concentration; t = time since
start of exposure; d = duration of exposure (Hughes,
1989).

(b) Elimination model

I[(T) =~ 1(t-wyt - W)3 for T >w.

I(T) = incidence at time T; ¢ = afd where a is a con-

stant; / is the fiber concentration and d = duration of

exposure. L = elimination rate. T = time since the

start of exposure and w is a lag period (Berry, 1999).
(c) Simplified elimination model

I(T) = o I1tT3,

I(T) —incidence at time T; ¢ = afd where a is a con-
stant; / is the fiber concentration and d = duration
of exposure. L = elimination rate. T = time since
the start of exposure (Berry, 1999).

8. Taconite mining

The studies that have been conducted in the taconite
mining industry are shown in Table 4. The table includes
the results of studies conducted at the Homestake Mine
where workers were exposed to non-asbestiform cumming-
tonite grunerite. There were three studies at this mine
(McDonald et al., 1978; Steenland and Brown, 1995; Gil-
liam et ah, 1976; Brown et ah, 1986) but a single case of
mesothelioma, not considered to be associated with the
mining exposure was reported in only one of the studies
(McDonald et ah, 1978). That study included persons with
more than 20 years of service, so there was definitely ade-
quate latency to detect mesothelioma. While the study by
Higgins might be criticized for inadequate latency, the
studies by Cooper et ah (1988, 1992) did allow an adequate
time from first exposure to permit the detection of meso-
thelioma. To date there is no evidence of an increased risk
of mesothelioma associated with taconite exposure.

A recent study by Brunner et ah (2007) found that
between 1984 and 1998 there were 17 cases of mesotheli-
oma that had ever worked as a taconite miner in Minne-
sota. All but one had had exposure to commercial asbestos.

9. Conclusions

Risk estimates exist for each of the main asbestos fiber
types. The main limitation in these estimates is the mea-

Mesothelioma

1 (did not work in mine; dubious pathology + other exposures)
0
0

Table 4

Mortality from mesothelioma in workers exposed to cummingtonite-grunerite and “fibers” in taconite mines
Study Deaths

“Homestake (McDonald et al., 1978) 631

“Homestake gold miners (Steenland & Brown, 1996) 1551

Reserve (Higgins et ah, 1983) 298

bTwo taconite mines (Cooper et ah, 1992) 1058

1 (pleural)—taconite exposure began only 11 years before death.

“ These cohorts have some overlap so cannot be considered as independent studies.

b There were two follow-up periods. Results for latest follow-up shown.
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surements of exposure. There are large differences in meso-
thelioma risks associated with the different fiber types and
it seems probable that chrysotile in a pure form may not
cause mesothelioma in humans. Because, experimental evi-
dence suggests that different lengths of fibers pose different
mesothelioma risks, comparisons should be done on a size
basis, but in practice such comparisons are not possible.
However, it is possible that some of the differences in risk
between industries using the same fiber type may be due
to differences in fiber dimensions. A practical threshold
seems to exist for exposure to chrysotile, but is unlikely
for amphiboles.

Existing taconite studies are limited for evaluation of
mesothelioma risks, but to date do not suggest any
increased risk of mesothelioma resulting from exposure
to non-commercial fibers or cleavage fragments encoun-
tered in this industry.

References

Acheson, E.D., Gardner, M.J., Pippard, E.C., Grime, L.P.,, 1982
Mortality of two groups of women who manufactured gas masks
from chrysotile and crocidolite asbestos: a 40 year follow-up. Br. J.
Ind. Med. 39, 344-348.

Acheson, E.D., Gardner, M.J., Winter, P.D., Bennett, C., 1984. Cancer in
a factory using amosite asbestos. Int. J. Epidemiol. 13, 3-10.

Agudo, A. et al., 2000. Occupation and risk of malignant pleural
mesothelioma: a case-control study in Spain. Amer. J. Ind. Med. 37,
159-168.

Andersson, M., Carstensen, B., Storm, H.H., 1995. Mortality and cancer
incidence after cerebral arteriography with or without thorotrast.
Radiat. Res. 142, 305-320.

Armstrong, B.K., De Klerk, N.H., Musk, A.W., Hobbs, M.S.T., 1988.
Mortality in miners and millers of crocidolite in Western Australia. Br.
1 Ind. Med. 45, 5-13.

Baris, 1., Simonato, L., Artvinli, M., Pooley, F. Saracci, R,
Skidmore, J., Wagner, C., 1987. Epidemiological and environmen-
tal evidence of the health effects of exposure to erionite fibres: a
four year study in the Cappadocian Region of Turkey. Int. J.
Cancer 39, 10-17.

Berman, D.W., Crump, K.S., 2004. Final draft: Technical support
document for a protocol to assess asbestos related risk. Prepared for
the Office of Solid Waste and Emergency Response. US Environmental
Protection Agency, Washington.

Berry, G., Newhouse, M.L., 1983. Mortality of workers manufacturing
friction materials using asbestos. Br. J. Ind. Med. 40, 1-7.

Berry, G., 1999. Models for mesothelioma incidence following exposure to
fibres in terms of timing and duration of exposure and the biopersis-
tence of the fibres. Inhal. Toxicol. 11, 101-120.

Berry, G., de Klerk, N.H., Reid, A., Ambrosini, G.L., Fritschi, L., Olsen,
N.J., Merler, E., Musk, A.W., 2004. Malignant pleural and peritoneal
mesotheliomas in former miners and millers of crocidolite at Witte-
noom, Western Australia. Occup. Environ. Med. 61, el4.

Brown, D.P., Kaplan, S.D., Zumwalde, R.D., Kaplowitz, M., Archer,
V.E., 1986. Retrospective cohort mortality study of underground gold
mine workers. In: Goldsmith, D., Winn, D., Shy, C. (Eds.), Silica,
Silicosis, and Lung Cancer. Praeger, New York, pp. 335-350.

Browne, K., Gibbs, G.W., 1998. Chrysotile asbestos-thresholds of risk. In:
Chiyotani, K., Hosoda, Y., Aizawa, Y. (Eds.), Advances is in the
Prevention of Occupational Respiratory Diseases. Elsevier Science BV,
pp. 304-309.

Brunner, W., Williams, A. N., Bender, A.P., 2007. Investigation of
exposures to commercial asbestos in northeastern Minnesota iron
miners who developed mesothelioma. Toxicol. Pharmacol., in press.

Camus, M., Siemiatycki, J., Meek, B., 1998. Non-occupational exposure
to chrysotile asbestos and the risk of lung cancer. N. Engl. J. Med. 338,
1565-1571.

Camus, M., Siemiatycki, J., Case, B.W., Desy, M., Richardson, L.
Campbell, S., 2002. Risk of mesothelioma among women living near
chrysotile mines versus US EPA asbestos risk model: preliminary
findings. Ann. Occup. Hyg. 46 (Supplement 1), 95-98.

Carbone, M., Fisher, S., Powers, A., Pass, H.l., Rizzo, P., 1999. New
molecular and epidemiological issues in mesothelioma: role of SV40. J.
Cell. Physiol. 180, 167-172.

Comba, P., Gianfagno, A., Paoletti, L., 2003. Pleural mesothelioma cases
in Biancavilla are related to a new fluoroedenite fibrous amphibole.
Arch. Environ. Health 58, 229-232.

Cooper, W.C., Wong, O., Trent, L.S., Harris, F., 1992. An updated study
of taconite miners and millers exposed to silica and non-asbestiform
amphiboles. J. Occup. Med. 34, 1173-1180.

Cooper, W.C., Wong, O., Graebner, R., 1988. Mortality of workers in two
Minnesota taconite mining and milling operations. J. Occup. Med. 30,
506-511.

Davis, J.M.G., 1991. Information obtained from fibre-induced lesions in
animals. In: Liddell, F.D.K., Miller, K. (Eds.), Mineral Fibers and
Health. CRC, Boca Raton, pp. 250-263.

Donna, A., Betta, P-G., Robutti, F., Bellingeri, D., 1991. A one year
carcinogenicity study with 2,6-dichlorobenzonitrile (Dichlobenil) in
male Swiss mice: preliminary note. Cancer Detection and Prevention
15, 41714,

Egilman, D., Fehnel, C., Bohme, S.R., 2003. Exposing the “myth” of
ABC, “anything but chrysotile”: a critique of the Canadian asbestos
mining industry and McGill University chrysotile studies. Am. J. Ind.
Med. 44, 540-557.

Gibbs, G.W., 2001. Health effects associated with mining and milling
chrysotile asbestos in Quebec and the role of tremolite. In: The
Health Effects of Chrysotile Asbestos: Contribution of Science to
Risk-Management Decisions. Can. Mineral, (Spec. Publ. 5), pp.
165-175.

Gibbs, G.W., LaChance, M., 1974. Dust exposure in the chrysotile mines
and mills of Quebec. Arch. Environ. Health 24, 189-197.

Gibbs, A.R., Jasani, B., Pepper, C., et al., 1998. SV40 DNA sequences in
mesotheliomas. In: Brown, E., Lewis, A.M. (Eds.), A Possible Human
Polyomavirus. Karger. Basel, Dev. Biol. Stand. 94, 41-45.

Gilliam, J., Dement, J., Lemen, R., Wagoner, J., Archer, V., Blejer, H.,
1976. Mortality patterns among hard rock gold miners exposed to an
asbestiform mineral. Ann. N. Y. Acad. Sci. 271, 344-366.

Gold, B., Kathren, R.L., 1998. Causes of death in a cohort of 260
plutonium workers. Health Phys. 75, 236-240.

Goodman, M., Teta, M.J., Hessel, P.A., et al.,, 2004. Mesothelioma and
lung cancer among motor vehicle mechanics: A meta-analysis. Ann.
Occup. Hyg. 48, 309-326.

Gruber, U.F.,1999. Unpublished communication, Medichem Symposium,
Vienna.

HEI-AR, 1991. Asbestos in public and commercial buildings. Health
Effects Institute, Cambridge MA.

Hein, M.J., Stayner, L.T., Lehman, E., Dement, J.M., 2007. Follow-up
study of chrysotile textile workers: cohort mortality and exposure-
response. Occup. Environ. Med. 64, 616-625.

Higgins, I.T., Glassman, J.H., Oh, M.S., Cornell, R.G., 1983. Mortality of
reserve mining company employees in relation to taconite dust
exposure. Am. J. Epidemiol. 118, 710-719.

Hodgson, J.T., Darnton, A., 2000. The quantitative risks of mesothelioma
and lung cancer in relation to asbestos exposure. Ann. Occup. Hyg. 44,
565-601.

Hughes, J.M., 1989. The Derivation and use of Asbestos Risk estimates.
In: Proceedings—Symposium on Health Aspects of Exposure to
Asbestos in Buildings, Harvard University, Cambridge December 14-
16 1988. pp 267-277.

Hodgson, J.T., Peto, J., Jones, J.R., Matthews, F.E., 1997. Mesothelioma
mortality in Britain: patterns by birth cohort and occupation. Ann.
Occup. Hyg. 41, 129-133.



S230

Hoffman, J., Mintzer, D., Warhol, M.J., 1994. Malignant mesothelioma
following radiation therapy. Am. J. Med. 97, 379-382.

Jarvholm, B., Brisman, J., 1988. Asbestos associated tumours in car
mechanics. Br. J. Ind. Med. 45, 645-646.

Jarvholm, B., Sanden, A., 1998. Lung cancer and mesothelioma in the
pleura and peritoneum among Swedish insulation workers. Occup.
Environ. Med. 55, 766-770.

Kurakawa, Y., Hayashi, Y., Maekawa, A., Takahashi, M., Kokubo, T.,
Odashima, S., 1983. Carcinogenicity of potassium bromate adminis-
tered orally to F344 rats. J. Natl. Cancer Inst. 79, 965-971.

Karjalainen, A., Meurman, L.O., Pukkala, E., 1994. Four cases of
mesothelioma among Finnish anthophyllite miners. Occup. Environ.
Med. 51, 212-215.

Laden, F., Stampfer, M.J., Walker, A.M., 2004. Lung cancer and
mesothelioma among male automobile mechanics: a review. Rev.
Environ. Health 19, 39-61.

Leigh, J., Driscoll, T., 2003. Malignant mesothelioma in Australia, 1945-
2002. Int. J. Occup. Environ. Health 9, 206-217.

Levin, J.L., McLarty, JW., Hurst, G.A., et ah, 1998. Tyler asbestos
workers: mortality experience in a cohort exposed to amosite. Occup.
Environ. Med. 55, 155-160.

Malker, H.S., McLaughlin, J.K., Malker, B.K., Stone, B.J., Winer, J.A.,
Erickson, J.L., Blot, W.J., 1985. Occupational risks for pleural
mesothelioma in Sweden. J. Natl. Cancer Inst. 74, 561-566.

Manfredi, J.J., Dong, J., Liu, W.-j., et ah, 2005. Evidence a role for SV40
in human mesothelioma. Cancer Res. 65, 2602-2609.

McDonald, A.D., McDonald, J.C., 1978. Mesothelioma after crocido-
lite exposure during gas mask manufacture. Environ. Res. 17, 340-
346.

McDonald, J.C., Gibbs, G.W., Liddell, F.D.K., McDonald, A.D., 1978.
Mortality after long exposure to cummingtonite-grunerite. Am. Rev.
Resp. Dis. 118, 271-277.

McDonald, J.C., McDonald, A.D.,
mesothelioma. Science 267, 775-776.

McDonald, A.D., McDonald, J.C., 1980. Malignant mesothelioma in
North America. Cancer 46, 1650-1656.

McDonald, A.D., Fry, J.S., Woolley, A.J., McDonald, J.C., 1984. Dust
exposure and mortality in an American chrysotile asbestos friction
products plant. Br. J. Ind. Med. 41, 151-157.

McDonald, A.D., Case, B.W., Churg, A., Dufresne, A., Gibbs, G.W.,
Sebastien, P., McDonald, J.C., 1997. Mesothelioma in Quebec
chrysotile miners and millers: epidemiology and aetiology. Ann.
Occup. Hyg. 41, 707-709.

McDonald, J.C., Harris, J., Armstrong, B., 2002. Cohort mortality study
of vermiculite miners exposed to fibrous talc: an update. Ann. Occup.
Hyg. 46 (Supplement 1), 93-94.

McDonald, J.C., Harris, J., Armstrong, B., 2004. Mortality in a cohort of
vermiculite miners exposed to fibrous amphibole in Libby, Montana.
Occup. Environ. Med. 61, 363-366.

McElvenny, D.M., Darnton, AJ., Price, M.J., Hodgson, J.T., 2005.
Mesothelioma mortality in Great Britain from 1968 to 2001. Occup.
Med. (Lond.) 55, 79-87 (supplement data).

Meurman, L.O., Pukkala, E., Hakama, M., 1994. Incidence of cancer
among anthophyllite asbestos miners in Finland. Occup. Environ.
Med. 51, 4217125.

Newhouse, M.L., Berry, G., Wagner, J.C., 1985. Mortality of factory
workers in east London 1933-80. Br. J. Ind. Med. 42, 4-11.

Newhouse, M.L., Sullivan, K.R., 1989. A mortality study of workers
manufacturing friction materials; 1941-86. Br. J. Ind. Med. 46, 176—
179.

Qels, H.C., Harrison, E.G., Carr, D.T., Bernatz, P.E., 1971. Diffuse
malignant mesothelioma of the pleura: a review of 37 cases. Chest 60,
564-570.

Peterson, J.T., Greenberg, S.D., Biffler, P.A., 1984. An asbestos-related
mesothelioma. A review. Cancer 54, 951-960.

Piolatto, G., Negri, E., La Vecchia, C., et ah, 1990. An update of cancer
mortality among chrysotile asbestos miners in Balangero, Northern
Italy. Br. J. Ind. Med. 47, 810-814.

1995. Chrysotile, tremolite and

G. W. Gibbs, G. Berry / Regulatory Toxicology and Pharmacology 52 (2008) S223-S231

Pott, F., Roller, M., 1996. Carcinogenicity of synthetic fibres in exper-
imental animals: its significance for workers. J. Occup. Health Safety—
Aust. N. Z. 12, 333-339.

Rossiter, C.E., Coles, R.M., 1980. HM Dockyard, Devonport, 1947
mortality study. In: Wagner, J.C., (Ed.), IARC Biological effects of
Mineral Fibres, vol. 30, pp. 713-721.

Rowlands, N., Gibbs, G.W., McDonald, A.D., 1982. Asbestos fibres in
the lungs of chrysotile miners and millers—a preliminary report. Ann.
Occup. Hyg. 26, 411-415.

Sanders, C.L., 1992. Pleural mesothelioma in the rat following exposure to
239Pu02. Health Phys. 63, 695-697.

Seidman, H., Selikoff, 1.J., Hammond, E.C., 1979. Short-term asbestos
work exposure and long term observation. Ann. N. Y. Acad. Sci. 330,
61-89.

Seidman, H., Selikoff, 1.J., Gelb, S.K., 1986. Mortality experience of
amosite asbestos factory workers: dose-response relationships 5 to 40
years after onset of short-term work exposure. Am. J. Ind. Med. 10,
479-514.

Selikoff, 1.J., Hammond, C.E., Seidman, H., 1979a. Mortality experience
of Insulation workers in the United States and Canada, 1943-1976.
Ann. N. Y. Acad. Sci. 330, 91-116.

Selikoff, 1.J., Lilis, R., Nicholson, W.J., 1979b. Asbestos disease in United
States shipyards. Ann. N. Y. Acad. Sci. 330, 295-311.

Selikoff, 1.J., Seidman, H., 1991. Asbestos-associated deaths among
insulation workers in the United States and Canada, 1967-1987.
Ann. N. Y. Acad. Sci. 643, 1-14.

Sluis-Cremer, G.K., Liddell, F.D.K., Logan, W.P.D., Bezuidenhout,
B.N., 1992. The mortality of amphibole miners in South Africa 1946—
1980. Br. J. Ind. Med. 49, 566-575.

Spirtas, R., Heineman, E.F., Bernstein, L., Beebe, G.W., Keehn, R.J,,
Stark, A., Harlow, B.L., Benichou, J., 1994. Malignant mesothelioma:
attributable risk of asbestos exposure. O.E.M. 51, 804-811.

Stanton, M.F., 1973. Some etiological considerations of fiber carcinogen-
esis. In: Bogovski, P., Gilson, J.C., Timbrell, V., Wagner, J.C. (Eds.),.
In: Biological Effects of Asbestos, vol. 8. IARC Scientific Publications,
Lyon, pp. 289-294.

Stanton, M.F., Wrench, C., 1972. Mechanisms of mesothelioma induction
with asbestos and fibrous glass. J. Nath Cancer Inst. 48, 797-821.
Stanton, M.F., Layard, M., 1978. The carcinogenicity of fibrous minerals.

In: Gravatt, C.C., Lafleur, P.D., Heinreich, K.F.J. (Eds.), Workshop
on Asbestos, Definition and Measurement Methods (NBS Special
Publication 506). National Measurements Laboratory, Washington

DC, pp. 143-151.

Stanton, M.F., Layard, M., Tegaris, A., Miller, E., May, M., Kent, E.,
1977. Carcinogenicity of fibrous glass: pleural response in the rat in
relation to fiber dimension. J. Nalt. Cancer Inst. 58, 587-597.

Steenland, K., Brown, D., 1995. Mortality study of gold miners exposed to
silica and non-asbestiform amphibole minerals: an update with 14
more years of follow-up. Am. J. Ind. Med. 27, 217-229.

Talcott, J., Thurber, W., Kantor, A., et ah, 1989. Excess lung cancers and
mesotheliomas in a cohort of manufacturers of asbestos-containing
cigarette filters. N. Engl. J. Med. 321, 1220-1223.

Teschke, K., Morgan, M.S., Checkoway, H., Franklin, G., Spinelli, J.J.,
van Belle, G., Weiss, N.S., 1997. Mesothelioma surveillance to locate
sources of exposure to asbestos. Can. J. Public Health 88, 163-168.

Teta, M.J., Lewinsohn, H.C., Meigs, J.W., Vidone, A., Mowad, L.Z,
Flannery, J.T., 1983. Mesothelioma in Connecticut. J.O.M. 15, 749-
756.

Thomas, H.F., Benjamin, L.T., Elwood, P.C., Sweetnam, P.M., 1982.
Further follow up study of workers from an asbestos cement factory.
Br. J. Ind. Med. 39, 273-276.

Wagner, J.C., Sleggs, C.A., Marchand, P., 1960. Diffuse pleural mesothe-
lioma and asbestos exposure in the northwestern Cape Province. Br. J.
Ind. Med. 17, 260-271.

Wagner, J.C., Skidmore, J.W., Hill, R.J., Griffiths, D.M., 1985. Erionite
exposure and mesothelioma in rats. Br. J. Cancer 51, 727-730.

Weiss, W., 1977. Mortality of a cohort exposed to chrysotile asbestos.
J.0.M. 19, 737-740.



G W. Gibbs, G. Berry | Regulatory Toxicology and Pharmacology 52 (2008) S223-S23I S231

Woitowitz, H.-J., Rodelsperger, K., 1994. Mesothelioma among car Wong, O., 2006. The interpretation of occupational epidemiologic data in

mechanics? Ann. Occup. Hyg. 38, 635-638. regulation and litigation: Studies of auto mechanics and petroleum
Wong, O., 2001. Malignant mesothelioma and asbestos exposure among workers. Regul. Toxicol. Pharmacol. 44, 191-197.
auto mechanics: appraisal of scientific evidence. Regul. Toxicol. Yarborough, C.M., 2006. Chrysotile as a cause of mesothelioma: An

Pharmacol. 34, 170-177. assessment based on epidemiology. Crit. Rev. Toxicol. 36, 165-187.



Available online at www.sciencedirect.com

Regulatory
Toxicology and
Pharmacology

ScienceDirect

ELSEVIER Regulatory Toxicology and Pharmacology 52 (2008) S232-S245

www.elsevier.com/locate/yrtph

Risk assessment due to environmental exposures to fibrous
particulates associated with taconite ore

Richard Wilson a™*, Ernest E. McConnellb, M. Rossc, Charles W. Axtenc, Robert P. Nolanc

aDepartment of Physics and the Centerfor Risk Assessment, 9 Oxford Street Rear, Harvard University, Cambridge, MA 02138, USA
bToxPath, Inc., 3028 Ethan Lane, Laurdale Estates, Raleigh, NC 27613, USA
0Centerfor Applied Studies of the Environment and Earth and Environmental Sciences, The Graduate School and University Center,
The City University of New York, 365 Fifth Avenue, New York, NY 10016, USA

Received 25 October 2007
Available online 28 November 2007

Abstract

In the early 1970s, it became a concern that exposure to the mineral fibers associated taconite ore processed in Silver Bay, Minnesota
would cause asbestos-related disease including gastrointestinal cancer. At that time data gaps existed which have now been significantly
reduced by further research. To further our understanding of the types of airborne fibers in Silver Bay we undertook a geological survey
of their source the Peter Mitchell Pit, and found that there are no primary asbestos minerals at a detectable level. However we identified
two non-asbestos types of fibrous minerals in very limited geological locales. Air sampling useful for risk assessment was done to deter-
mine the type, concentrations and size distribution of the population of airborne fibers around Silver Bay. Approximately 80% of the
airborne fibers have elemental compositions consistent with cummingtonite-grunerite and the remaining 20% have elemental composi-
tions in the tremolite-actinolite series. The mean airborne concentration of both fiber types is less than 0.00014 fibers per milliliter that is
within the background level reported by the World Health Organization. We calculate the risk of ashestos-related mesothelioma and
lung cancer using a variety of different pessimistic assumptions, (i) that all the non-asbestos fibers are as potent as asbestos fibers used
in the EPA-IRIS listing for asbestos; with a calculated risk of asbestos-related cancer for environmental exposure at Silver Bay of 1excess
cancer in 28,500 lifetimes (or 35 excess cancers per 1,000,000 lifetimes) and secondly that taconite associated fibers are as potent as chrys-
otile the least potent form of asbestos. The calculated risk is less than 0.77 excess cancer case in 1,000,000 lifetimes. Finally, we briefly
review the epidemiology studies of grunerite asbestos (amosite) focusing on the exposure conditions associated with increased risk of
human mesothelioma.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

A risk assessment for the effects of fibrous particles in
taconite ore is simultaneously very simple and somewhat
complex. It is simple because there have been good epide-
miological studies of the health of miners, workers, and
nearby residents, that have been exposed to such particu-
lates at historically higher concentrations than exist today
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0273-2300/$ - see front matter © 2008 Elsevier Inc. All rights reserved,
d0i:10.1016/j.yrtph.2007.11.005

(Ross et al., 1993; Brunner et al., 2008; Gamble and Gibbs,
2008). No statistically significant increase in cancer risk has
been found due to fibrous particulates commonly associ-
ated with taconite ore. Although sufficient time has passed
to allow for the long latency commonly associated with
human cancer. In the intervening years dust concentrations
both in air and water have been much reduced—perhaps by
a factor of 50. Since adverse effects are expected to be
reduced at least as much as the concentrations although
zero divided by 50 is still zero, one can estimate thereby
that there will be no directly measurable risk.
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But this simple argument, while correct, is inadequate to
satisfy legitimate concerns of public health authorities and
of public emotions. This we see as follows. An epidemio-
logical study of a new agent has never been accepted as sole
evidence that this agent causes adverse health effects unless
the probability of an adverse outcome is at least doubled.
Technically this means that the Risk Ratio, or RR, must
be greater than 2, if an agent has already been accepted
as the cause of adverse effects at higher concentrations,
then a RR as low as 1.3 has sometimes been accepted as
evidence of increased risk. For example, RR > 1.3 has been
accepted as evidence that second-hand cigarette smoke
causes cancer since it is well known that cigarette smoking
causes cancer. EPA has accepted a much smaller RR of
1.05 as evidence for an effect of air pollution since we
know, for example, that in December 1952, over 4000 peo-
ple died in London with RR > 2. A RR > 13 is accepted
that X-rays in pregnancy can cause childhood leukemia
since radiation is known to be dangerous.

But few would accept a Risk Ratio of 1.05 as evidence
by itself of adverse effects. Below we estimate for residents
of Silver Bay a much smaller RR of 1.0005, (risk of
4 x 10~5) which obviously cannot be measured by direct
epidemiological evidence. Yet in 1975, when risks from
the taconite mines was first being seriously discussed, the
US EPA was trying to regulate risks at a one in a million
per lifetime level, pessimistically calculated. For lung can-
cer that was a Risk Ratio of 1.000013.

2. Origin of the problem

Concern about exposure to fibrous minerals at North-
shore Mining Company originated when Reserve Mining
Company began an effort to commercially process the tac-
onite iron ore from the Peter Mitchell Pit. Northshore’s
operation is located in the eastern part of Minnesota’s
Mesabi Iron Range which contains vast quantities of taco-
nite ore. Processing the ore to pellets suitable for commer-
cial sale required more water for the wet magnetic
separation than was available at the mine site and so
Reserve Mining decided to move the iron ore by rail to
the shore of Lake Superior and develop a processing facil-
ity at that site, i.e., Silver Bay, Minnesota. In 1948 the
Army Corp of Engineers issued the required permit to
Reserve Mining for disposal of the waste rock generated
from the processing facility in a deep trough (900 feet) in
Lake Superior off-shore from Silver Bay (Bartlett, 1980).
The Northshore Mining Company began operating the Sil-
ver Bay facility and Peter Mitchell Pit in 1994,

Lake Superior supplied all of the water the facility
required and the iron ore product could then be trans-
ported by ship. The initial plan called for disposing of
the waste rock into Lake Superior, which would eventually
reach 67,000 tons/day. Concern initially focused on the
possibility that the waste rock would have long-term
adverse effects on the ecology of the lake (Bastow, 1986).
Also of concern was the light scattering from the fine par-

ticles suspended in the water which caused surface clouding
and discoloration sometimes appearing as green water
caused by the movement of the particle plume. Analysis
by X-ray diffraction and transmission electron microscopy
of these suspended particulates revealed the presence of
particles suspended in the lake water a percentage of which
were reported to be asbestiform amphiboles (Cook et al.,
1974). The predominant fibrous amphibole in the water
was reported to be in the same cummingtonite-grunerite
series as we found in the air samples collected about 25
years later. However, we did not find the population of
fibers to have morphological characteristics consistent with
grunerite asbestos or any other type of amphibole asbestos.
Cook et al., 1974 reported that analysis by X-ray diffrac-
tion revealed about 23% of the suspended particles in the
lake were amphiboles but the type of amphibole and the
percentage that were asbestiform are not reported. These
early studies did not include a geological survey of the mine
to identify the origin of the asbestiform fibers. Generally
air and water samples from other locations were used as
negative controls to determine if the levels fibers in Silver
Bay were increased.

The taconite ore contains approximately 30% amphibole
minerals which are a group of silicates commonly found in
the earth’s crust. In addition to quartz, three types of
amphiboles were identified as predominantly present—
hornblende, cummingtonite-grunerite and tremolite-actin-
olite. Amosite is the commercial name given to grunerite
asbestos. Analysis of airborne fibrous particles by analyti-
cal transmission electron microscopy indicated elemental
compositions indistinguishable from two amphibole miner-
als that can occur as asbestos, cummingtonite-grunerite
and tremolite-actinolite were present meriting further con-
sideration. At the time attention was focused on the cum-
mingtonite-grunerite fibers and if exposures to them
particularly in potable water present a risk similar to amo-
site asbestos where exposure to airborne dust for just one
year increased the rate of gastrointestinal cancer (Selikoff
et al., 1972). Whether or not the health hazards of these
two types of amphiboles were the same as those of asbestos
fibers was not clearly established. Of less concern was the
presence of tremolite-actinolite fibers at that time little evi-
dence of health effects existed and of least concern was
hornblende which can form fibers but rarely, if ever, forms
asbestos and other minerals commonly found in ambient
air (Langer et al., 1979; Veblen and Wylie, 1993).

During this same time period in the early 1970s, workers
with heavy occupational exposure to commercial asbestos,
were found by epidemiological studies to have more gastro-
intestinal cancer than would normally be expected (Selikoff
et al.,, 1972; Selikoff and Hammond, 1979). These impor-
tant findings stimulated questions about the potential for
the fibrous amphiboles discarded into Lake Superior to
increase the risk of gastrointestinal cancer. As several com-
munities used unfiltered water from Lake Superior for
drinking, there was concern that ingesting fibrous particles
associated with taconite could increase the risk of develop-
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ing gastrointestinal cancer in the same way that the asbes-
tos workers had increased risk from exposure to similar
mineral fibers by inhalation (Hills, 1979). Studies indicate
that the potential ingestion of these fibers did not pose
the same level of risk that was affecting asbestos workers
(Moore, 1978).

The grunerite asbestos workers were exposed to mark-
edly higher concentrations airborne fiber than the work-
force at Reserve Mining (Nolan et al., 1999; Ribak and
Ribak, 2008). In addition the gastrointestinal tract of
asbestos insulation workers had been exposed by inhala-
tion either by directly swallowing airborne fibers or by
coughing up and swallowing inhaled asbestos fibers leading
to an increased risk of gastrointestinal cancer. The expo-
sure from Lake Superior would be primarily from drinking
water containing mineral fibers although concern was also
expressed about the potential of inhalation exposures from
the re-entrainment of fibers remaining on the floor after the
water from Lake Superior used to wash them evaporated.
Inhalation is a more common route of asbestos exposure
and the health effects are better understood and might pro-
duce asbestos-related disease in the general population
(Mason et al., 1974; Levy et al., 1976; Sigurdson et al.,
1981; Sigurdson, 1983).

The findings of Selikoff (1974) properly raised the public
health concern about asbestos. Workers with occupational
asbestos exposures could be experiencing up to 25% excess
mortality from asbestos-related diseases (Selikoff et al.,
1979). Two points learned in these studies underscored the
concern about the exposures in Silver Bay. Firstly, the asbes-
tos-related cancers have a very long latency period with little,
if any, disease occurring less than 20 years after first being
exposed. Therefore any disease which might be associated
with disposing of the waste rock in the lake would not be
observable for a considerable period of time. The second
concern was the build-up of fibers in the lake water that could
turn out to be a human carcinogen. If the concentration of
fibers in the lake water increased with time so that in 20
years—when the increased risk of gastrointestinal cancer
would be expected to become observable—fewer options
would be available to reduce the risk of fiber related gastro-
intestinal cancer in the already exposed population.

The Eighth Circuit Court of Appeals rendered its deci-
sion in the Reserve Case on March 14, 1975 (Reserve Min-
ing, 1975). At that time it was decided to monitor the
airborne and waterborne fibers in Silver Bay using an indi-
rect sample preparation technique and analytical transmis-
sion electron microscopy (ATEM). In 1975 there was no
standard in the scientific or medical literature worldwide
to evaluate the non-occupational cancer risks which might
be associated with exposure to the various types of fibrous
minerals being found in and around Silver Bay (National
Research Council, 1984). The measurements of the air-
borne fibers in the non-occupational environment were
unreliable and no risk assessment models existed to predict
the risk of asbestos-related cancer related to any exposure
measured (Peters and Doerfler, 1978).

Ultimately the solution for the Silver Bay facility was to
end the practice of discharging the waste rock into the lake
and dispose of the material in a facility on land. Duluth’s
drinking water was filtered by November, 1976 and the dis-
posal of the waste rock in Lake Superior ended by July,
1980. To limit the exposure to the fibers present in the
waste rock by inhalation, they were to be placed under
water in a large in land disposal basin. Clear evidence of
a public health problem did not drive the steps taken at
that time, but rather the decisions were made based on
extrapolation, judgment and a desire to do no harm
(Schaumburg, 1976; Bartlett, 1980; Bastow, 1986). This
would now be called the Precautionary Principle. It can
be satisfied by an open and effective use of evidence based
risk assessment (Richter and Laster, 2004).

Occupational exposures were monitored by phase-con-
trast light microscopy counting the number of fibers equal
to or greater than 5pm in length with a length to width
ratio of 3:1 or greater, reporting the number of such fibers
per milliliter of air (Langer et al., 1991). Occupational
exposure to asbestos is controlled using an index of expo-
sure not by measuring the total number of fibers to which
a worker is exposed. In 1971, the asbestos standard was
12 f/mL and the initial goal of the standard was to elimi-
nate the development of asbestosis. By 1994 the standard
had been lowered on four occasions to the current standard
of 0.1 f/mL mainly to reduce the risk of asbestos-related
cancer (Fig. 1).

The decision in the Reserve Mining Case ordered St. Paul
to be used as a control city to assess Silver Bay exposures.
The theory was that if the airborne concentrations of fibrous
mineral (ofall lengths) in Silver Bay were below those for air-
borne asbestos in St. Paul, then the levels would be presumed
to be safe and further steps to reduce the concentration ofair-
borne fibers in Silver Bay would not be necessary. This con-
trol city protocol was not benchmarked to the risk of
asbestos-related cancer, the levels of airborne asbestos in
St. Paul were simply assumed to be safe.

The air samples collected and analyzed to comply with
the 1975 court decision, which continue to this day, are pre-
pared using the indirect method and uses analytical trans-
mission electron microscopy as instrument of choice. The
airborne particles were collected on membrane filters, the
filters were then dissolved and the fibers dispersed in water.
An aliquot of the suspension is than filtered onto a new fil-
ter at a lower particle loading. As the air monitoring pro-
gram began to compare the airborne fiber levels in the
two locations—those in Silver Bay (0.0048 f/mL,
N= 155) were consistently ~5-fold lower than in St. Paul
(0.023 f/mL, N —35) (Fig. 1). The airborne fibers in St.
Paul were predominantly chrysotile asbestos while in Silver
Bay fibrous particle associated with taconite predominated.
Eventually the air sampling in St. Paul was discontinued
and the ongoing air monitoring in Silver Bay is now only
compared to the airborne concentrations of fibers already
determined historically in St. Paul and Silver Bay. In
March of 2006 the Minnesota Pollution Control Agency
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Fig. 1. The airborne concentration of taconite associated fibers greater than 5 |tm in length is less than 0.00014 f/mL in Silver Bay, Minnesota which is at
the low-end of background for airborne asbestos concentration and orders of magnitude less than the historically high occupationally exposed of the past.

has started to collect air samples in St. Paul again. Indirect
sample preparation has been largely abandoned although
the analytical transmission electron microscopy remains
the instrument of choice for monitoring the non-occupa-
tional environment for asbestos.

For comparison, occupational exposure to airborne
asbestos in 1975 was held below 5f/mL by regulation, as
determined by phase-contrast optical microscopy (PCOM)
using a direct transfer sample preparation method and
counting only fibers greater than or equal to 5 pm (Fig. 1).
Thus, even if the fibers from Silver Bay were asbestos, the lev-
els monitored in Silver Bay are at least 700 times lower than
the current permissible exposure level for asbestos.

Ambient air in all natural settings contains airborne par-
ticulates, among them asbestos, and Silver Bay is no excep-
tion. Airborne asbestos has been found on small isolated
Pacific Islands without naturally occurring asbestos and
in 10,000-year-old ice samples from Antarctica indicating
airborne asbestos pre-dates its industrial use (Kohyama,
1989). Bowes et ah, 1977 report asbestos to be present in
the Greenland ice cap indicating airborne asbestos was
present in both hemispheres prior to industrial use. Of all
the particles in the air only a small percentage are fibers
and generally a sub-population of these are asbestos. Since
the air in Silver Bay contained very few fibers it was neces-
sary to sample large volumes of air to determine if there

was any asbestos present. The air samples, required by
the court decision, were continuously collected over three
days of sampling the air at 16.7 1of air per minute (Axten
and Foster, 2008).

After this long period of air sampling, the filters on which
the particles deposited are too heavily loaded for direct
examination of the small number of the fibers collected.
The particles collected on the filter, the filter was dissolved
using chemicals or low-temperature ashed and re-dispersed
in water. An aliquot was then filtered onto a new membrane
filter at a lower particle density for counting purposes. By
selecting aliquots of various volumes the loading can be
adjusted to an optimum for fiber counting. The use of the sec-
ond membrane is called indirect sample preparation and can
alter the particle number and size distribution. The transfer
to the second filter to reduce the fiber density changes the
fiber size distribution and counting fibers of all lengths rather
than only those greater than or equal to 5 pm cause the indi-
rect sample preparation method not to use when air sampling
for the purpose of asbestos risk assessment.

3. Changes in the state of knowledge regarding asbestos and
other fibers

It is now more than 30 years since the 1975 court deci-
sion ruling the Reserve discharge into Lake Superior posed
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a potential health threat. Additional information about the
health effects of asbestos and other fibers has become avail-
able relevant to the decision in the Reserve case. Even
among those with high-occupational exposure to asbestos
there is no consistent increase in the risk of gastrointestinal
cancer (Gamble, 1994; Weiss, 1995; Gamble and Gibbs,
2008) and therefore no risk assessment model exists. Drink-
ing potable water carried in asbestos cement pipes or drink-
ing water from a source high in naturally occurring
asbestos was suspected of causing increased risk of gastro-
intestinal cancer. However, recent comprehensive reviews
of the epidemiology does not show any increased risk of
gastrointestinal cancer or any other asbestos-related dis-
ease from drinking water contaminated with fibrous parti-
cles (Kanarek, 1989; Hillerdal, 1999; Browne et ah, 2005;
Gamble and Gibbs, 2008).

The preponderance of evidence from experimental ani-
mal studies with rats and hamsters living a lifetime with
asbestos in their food have shown little or no increased risk
of gastrointestinal cancer or any other disease of the gas-
trointestinal tract (Moore, 1978; McConnell et ah,
1983a,b). Nor have experimental animals exposed to asbes-
tos by inhalation developed such diseases. The lack of evi-
dence for the ingestion or inhalation of asbestos causing
gastrointestinal cancer in experimental animals leads to
questions about causality in those ecological studies of
asbestos ingestion where a small effect is shown (Doll,
1989). Gastrointestinal cancer involves cancer at a number
of sites the most common of which is stomach cancer.
Markedly different incidence rates of this disease exist
between different regions of the world and between differ-
ent races living in the same city (Higginson et al., 1992).
Although on the decline it remains the most frequently
occurring human cancer in the world and we have no idea
of the cause(s) so it is difficult to understand the reasons for
fluctuation in the incidence rates. Similarly the World
Health Organization and other national and international
health organization emphasized the extremely low-risk of
health effects from asbestos in water (WHO, 1986, 1989,
1999). On the basis of current knowledge no epidemiolog-
ical study support a claim of adverse health effects from
disposing of waste rock in the lake.

When President Ronald Reagan signed the Asbestos
Hazard Emergency Response Act (AHERA) into law in
1986, interest again began to focus on monitoring ashestos
levels in indoor air post-asbestos abatement. A direct prep-
aration technique was adopted for the preparation of the
air samples and analytical transmission electron micros-
copy (ATEM) would be used for the fiber analysis (ISO,
1995). ATEM is useful when a significant percentage of
the airborne fibers present are not asbestos and it is impor-
tant to know the concentration of very short and/or thin
fibers. AHERA air sampling strategy requires the direct
counting of fibers greater than or equal to 0.5 pm in length
(one tenth of the OSHA exposure index fiber) and a slightly
higher value for the length to diameter ratio of 51 or
greater. The air was sampled at approximately 16 1of air

per minute but only for 4-6 h rather than the 72h used
in Silver Bay.

In 1986, the United States Environmental Protection
Agency published the Airborne Asbestos Health Assessment
Update. The risk assessment is derived from the increased
incidence of lung cancer and mesothelioma among cohorts
occupationally exposed to asbestos. The assessment uses
the occupational exposure index noted above. It assumes
linear (no threshold) dose-response curve. The risk calcu-
lated using the Airborne Asbestos Health Assessment
Update would be accurate if one were to assume the fiber
exposures in Silver Bay were all equivalent to the average
asbestos potency derived from the results of epidemiology
studies of asbestos-exposed cohort of workers. This assess-
ment is also the basis for the overall risk coefficient for
asbestos-related cancer risk listed in the Integrated Risk
Information System (IRIS) (see United States Environ-
mental Protection Agency (IRIS) http://www.epa.gov/
iris/subst/0371.htm) which became available in 1988. Nei-
ther the air sampling protocols for non-occupational expo-
sure nor the asbestos-related cancer models were available
at the time of the Reserve Mining Case.

4. United states consumer product safety commission and the
occupational safety and health administration address
cleavage fragments

The most interesting development since 1975 has been
the results of a geological survey showing that the North-
shore fibers associated with taconite ore are an assortment
of cleavage fragments and alteration products and not
asbestos (Ross et al., 2008a,b). Associated with this is the
determination that such cleavage fragments are less potent
in producing human cancer as well as cancer in experimen-
tal animals (Davis et al., 1991; Nolan et al., 1991; Federal
Register, 1992; llgren, 2004; Gamble and Gibbs, 2008).

The definition used for the regulation of asbestos has
been an issue at least since 1971 (Federal Register, 1971).
The morphological counting criteria that accompanies the
definition of asbestos used in the OSHA regulations has
been incorrectly as including certain types of rock frag-
ments occurring in a fibrous form commonly called cleav-
age fragments and alteration products as if these fiber
were asbestos (Langer et al., 1991). The fibers had to be
one of the six regulated asbestos minerals, visible by
phase-contrast microscopy, greater than or equal to 5pm
in length and have a length to width (or aspect ratio) of
3:1 or greater. Several different types of mines (including
St. Lawrence tremolitic talcs in New York State, vermicu-
lite from Enoree, South Carolina and taconite) had fibers
meeting morphological counting criteria, which were not
asbestos. Some in public health researchers became con-
cerned that exposures to potentially dangerous fibers
would be ignored due to the arcane mineralogical criteria
defining asbestos, which were not relevant to any health
hazard evaluation (Health Effects of Tremolite, 1990;
Nolan et al., 1991; Federal Register, 1992). This position
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was in part rationalized by the results of experimental ani-
mal studies by Stanton et al. (1981) showing the impor-
tance of morphology.

The new scientific evidence since 1971 has weakened the
rationale for regulating non-asbestos amphibole fibers
under the asbestos standard. The new evidence has been
obtained from high-resolution transmission electron
microscopy examination revealing unique structural prop-
erties of asbestos, experimental animal studies showing
much lower risk for non-asbestos amphibole fibers com-
pared with amphibole asbestos and epidemiological studies
showing little or no increase in asbestos-related diseases
among workers occupationally exposed to non-asbestos
amphibole fibers (Langer et al., 1991; Nolan et al., 1991;
Veblen and Wylie, 1993; Ross et al., 1993; Ross and Nolan,
2003; llgren, 2004; Gamble and Gibbs, 2008).

At various times OSHA had administrative orders,
which limited the impact of asbestos regulation on non-
asbestos fibers, although these could be reversed at the dis-
cretion of the agency. This loose end of the asbestos regu-
lations led to a claim in 1986 that tremolite asbestos was
present in children’s play sand. This issue was addressed
by the Consumer Product Safety Commission (CPSC)
(Germine, 1986, 1987; Langer and Nolan, 1987). The
CPSC found that tremolite in the play sand was not asbes-
tos but rather cleavage fragments. Of the 2-4% tremolite
asbestos originally claimed in the New England Journal
of Medicine to be present approximately 0.01% of the
tremolite was in the form of fibers with size distributions
similar to asbestos. Once these two types of fibers are
recognized to be different and the health effects of the
non-asbestos fibers are separated those of asbestos the
non-asbestos fibers are clearly less active than asbestos
therefore should not be regulated using the asbestos per-
missible exposure limit (Langer et al., 1991; Nolan et al.,
1991). After careful review and public hearing both CPSC
and OSHA found insufficient cause to regulate non-asbes-
tos fibers (Federal Register, 1992). In the public hearings,
Terence Scanlon, the Chairman of the CPSC at the time,
likened calling cleavage fragments asbestos to hollering fire
in a crowded theater.

The disharmony between these two federal regulatory
agencies concerning the types of fiber that should be regu-
lated as asbestos put further pressure on OSHA to re-eval-
uate this long-standing matter and render some type of
final decision. Public hearings were conducted by OSHA
to gather information concerning the matter as well as writ-
ten comments and documents submitted to the rulemaking
docket. After a careful review, of over two years, the
agency’s final rule appeared in the Federal Register on June
8th, 1992 (Federal Register, 1992). The non-asbestos
amphibole minerals were not to be regulated as asbestos.
National Institute of Safety and Health (NIOSH) had rec-
ommended that “... for regulatory purposes that cleavage
fragments of the appropriate aspect ratio and length from
the non-asbestiform mineral should be considered as haz-
ardous as fibers from the asbestiform minerals” OSHA dis-

agreed with NIOSH’s recommendation and stated “...
OSHA does not believe the current record provides an evi-
dentiary basis to determine “the appropriate aspect ratio
and length” for determining pathogenicity.” OSHA con-
cluded “... the discussion indicates that populations of
fiber and populations of cleavage fragments can be distin-
guished from one another when viewed as a whole. For
example, one can look at the distribution of aspect ratios
or even widths for a population of particles as being asbes-
tiform or non-asbestiform. However when one looks at
individual particles (e.g., particles from air sampling filters)
sometimes these mineralogical distinctions are not clear.”
Later in our report we will show Northshore fibers have
population characteristics which are not consistent with
asbestos, but are consistent with a population of non-
asbestos fibers.

OSHA also concluded “... for most mineral deposits,
asbestos and non-asbestiform habits are distinguishable.”
“OSHA has determined that non-asbestiform ATA and
asbestos anthophyllite, tremolite and actinolite should be
defined separately for regulatory purposes to conform to
common mineralogic usage.” The rule making focused on
only three of the five amphibole asbestos minerals regu-
lated under the asbestos standard. The reason for this is
that the commercially less important anthophyllite, tremo-
lite and actinolite asbestos but not have specific have spe-
cific commercial asbestos names. Therefore grunerite
asbestos and riebeckite asbestos known commercially,
respectively, as amosite and crocidolite were not included
in the rulemaking. Although logically the non-asbestos
fibers formed by any of the five amphiboles should not
be regulated as asbestos.

OSHA concluded that mineral fibers should be regu-
lated based on using mineralogical criteria to define them
rejecting the similarity in morphology as an acceptable cri-
teria for inclusion in the asbestos standard. This regulatory
action eliminated any justification for claiming a federal
definition for asbestos that differs from the mineralogical
definition described by Ross et al., 1984, 2008b. The OSHA
ruling eliminated any justification for claiming a federal
fiber definition.

OSHA concluded that, “.. .currently available evidence
is not sufficiently adequate for OSHA to conclude that
these mineral types pose a health risk similar to asbes-
tos.” Although the non-asbestos amphibole fibers were
not shown to be non-carcinogenic the evidence available
was adequate to demonstrate their carcinogenic potency
was clearly less than that of asbestos. OSHA recognized
that a small percentage of populations of cleavage frag-
ments and asbestos would be indistinguishable but
accepted that each is a unique mineral with different
potential for causing a health hazard. One critical point
is that it is difficult to find environments where a high-
concentration of non-asbestos amphibole fibers is present
in the air. This is consistent with the information avail-
able for fibers released at the Northshore facility in Silver
Bay, Minnesota.
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Based on the information that became available after
the 1975 decision in the Reserve Mining case we decided
to take the following steps to fill in the data gaps which
existed at that time:

1 We undertook a geological survey of the Peter Mitchell
Pit, near Babbitt, Minnesota focused on determining if
asbestos and/or other fibrous minerals are present. A
summary of the geological survey will be presented
here the details are in Ross et al. (2008a).

2. Conduct environmental air sampling in Silver Bay, Min-
nesota to determine the concentration and type of air-
borne fibers that were greater than or equal to 5 pm in
length.

3. Compare the airborne concentration of fiber in Silver
Bay to the background ambient airborne levels of
asbestos fiber worldwide as reported by the World
Health Organization.

4. Determine the size distribution of airborne fibers in Sil-
ver Bay and compare the size distribution to respirable
grunerite asbestos (amosite). Using the criteria OSHA
described in 1992 that on a population basis cleavage
fragments have a size distribution different from respira-
ble airborne asbestos (Federal Register, 1992).

5. The risk assessment model used here to evaluate the risk
of ashestos-related disease in Silver Bay, Minnesota is a
simple linear relationship between dose and response.
Several alternate risk coefficients for this relationship
were considered. First a coefficient derived from EPA’s
Integrated Risk Information System (IRIS). Then we
used the coefficients suggested by Hodgson and Darn-
ton (2000) to evaluate each type of asbestos-related can-
cer separately and specifically for the type of asbestos
most similar in elemental composition to the airborne
fibers at Silver Bay, Minnesota and for the least active
of the asbestos fiber types—chrysotile asbestos. The
assumptions are described in detail below.

6. Critically review the epidemiological and non-human
primate studies designed to determine if grunerite
asbestos (amosite) causes mesothelioma at exposures
below the historical occupational exposures.

5. Geological survey of the peter mitchell pit

As noted above, asbestos is a mineralogical and eco-
nomic geology term which is used to describe a highly
fibrous group of commercial minerals (Ross et al., 1984,
2008a). These minerals form in rather high-concentrations
as seams in dilated rock. These seams can vary from
approximately 1mm to several centimeters in width.
Before measuring the airborne fiber concentrations in Sil-
ver Bay, 49 bulk samples were collected from the Peter
Mitchell Pit near Babbit, Minnesota to survey for asbestos
in the ore. A priority was given to examining areas in the
pit where there appeared to be geological faults and shear
zones looking for slip fibers along limbs of tight folds.

Asbestos can form in these areas and in addition the
amphibole minerals within these types of rock are particu-
larly susceptible to a geological process called weathering
which occurs via low-temperature alterations due to the
infusion of rain water coupled with oxidation and rock
shearing. Two types of alteration of amphiboles minerals
were noted:

1 The Type | samples contained the amphibole ferroactin-
olite that has partially altered to very fibrous crystallites,
red-brown in color indicative of a hydrous iron oxide
mineral. The fibrous crystallites usually form as a mass
of fiber bundles. In the incompletely altered material,
amphibole grain areas can be seen within the fiber bun-
dles where the ferroactinolite is green in color, non-
fibrous and pristine. It is suggested that rain water mov-
ing through the shear zones altered and oxidized the ori-
ginal amphibole to a red-brown acicular product. Where
the alteration is incomplete, some of the pristine amphi-
bole remains. It also appears that some iron was
removed from the amphibole grains during this weath-
ering process to recrystallize as iron oxide, probably in
the form of goethite [FeO (OH)] which can form on
grunerite asbestos (amosite) too, and appears as brown
masses associated with the weathered fibrous material.
Examination by analytical transmission electron
microscopy of two samples representative of Type |
reveal fibers similar to those of the ferroactinolite used
by the EPA in experimental animal studies (Coffin
et al., 1983). After injection of the ferroactinolite into
the experimental animals the fiber number increased
with time by separating along the altered zones produc-
ing mesothelioma in the rat.

2. The Type 2 samples contained ferroactinolite amphi-
bole that is much more altered than Type |. The
amphibole crystals have been degraded to a ropy to
platy mass with only a small amount of the original
material left. The platy mass gives X-ray diffraction
lines that suggest the amphibole is altered to ferros-
epiolite or hydrobiotite. Examination of two Type 2
samples by analytical transmission electron micros-
copy reveal highly fibrous minerals with an elemental
composition similar to sepiolite and unlike any regu-
lated asbestos mineral.

The conclusion of the fiber survey is that only a tiny
fraction of less than 1% of the total rock mass in the
Peter Mitchell Pit is fibrous. The fibrous ferroactinolite
is a low-temperature alteration product of non-fibrous
amphiboles; it does not occur in the manner of common
commercial asbestos, which crystallizes as a primary min-
eral from hydrothermal solution into open veins within
deformed rock. There was no evidence of a geological
process of alteration for cummingtonite-grunerite form-
ing fibers similar to the ferroactinolite. No primary
asbestos minerals were found in the Peter Mitchell Pit
(Ross et al., 2008a).
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6. Risk assessment for asbestos
6.1. General comments

Ifthe distribution of the asbestos fiber types and morphol-
ogy were the same in the Northshore environmental samples
as in the various occupational asbestos exposures from
which the risk coefficients were derived, the risk assessment
would be relatively straightforward. But that is not the case
(Gamble, 2008; Nolan et al., 2008). The risk coefficients are
indexed to the fibers greater than or equal to 5 pm in length
having length to width ratios of 3:1 or greater and short-
fibers are not counted. All of the coefficients in the risk assess-
ment models for asbestos-related cancer are derived from
occupational exposure to airborne asbestos where only fibers
equal to or greater than 5pm in length are counted. EPA
takes an average value for the various types of asbestos fiber
and does not in the risk assessment model address the ques-
tion of whether some asbestos fibers types have different
potency nor do they address the potency of non-asbestos
amphibole fibers. Hodgson and Darnton (2000) reanalyze
the data (including several new epidemiology reports partic-
ularly on amphibole asbestos-exposed cohorts) and con-
clude there are large differences between the various
commercial asbestos fiber types that should be considered.
However they do not address cleavage fragments or other
types of non-asbestos fibers. Our analyses of Northshore
fibers indicate that on a population basis their size distribu-
tion is consistent with non-asbestos amphibole fibers rather
than asbestos. Because these are still issues being discussed
(and may therefore be considered controversial) we estimate
the risk by using several different risk coefficients to illustrate
how fiber type impacts the outcome. We note that under all
reasonable possibilities the risk of asbestos-related cancer
from environmental exposure is small. There should be no
controversy about this statement.

6.2. EPA-IRIS aggregate risk coefficient

We calculate an aggregate lifetime risk using the EPA-
IRIS system, noted earlier, that provides a summed risk
for two asbestos-related cancers. The risk is an average
of the risk to a standard US population. This uses an
“absolute risk” model for mesothelioma and a “relative
risk” model for lung cancer. It is conservative (or one
might say pessimistic) in that the model assumes a linear
no threshold (LNT) increase in cancer risk.

According to the LNT model any exposure, no matter
how small, increases the aggregate cancer risk and the
model assumes continuous exposure over a 70-year life-
time. As the model is linear very small increases in exposure
correspond to very small increases in the cancer risk. The
model predicts an average risk for exposure based on
asbestos-related cancer among workers occupationally
exposed to the three principal commercial asbestos fiber
types—chrysotile, riebeckite asbestos (crocidolite) and
grunerite asbestos (amosite) and indexes the relative risks

to fibers greater than or equal to 5 pm. Asbestos fibers less
than 5pm are not included in the exposure index. The
EPA-IRIS model uses the following equation:

Screening value = Target cancer risk/Inhalation unit risk

* Screening value (SV) is the exposure to fibers equal to or
greater than 5 pm in length given as f/mL, at which the
Risk equals the Target cancer risk.

 Target cancer risk (TR) is the lifetime cancer risk for
example, 1 asbestos-related cancer death in 10,000 life-
times is reported as a frequency of how often it occurs—
0.0001 or 10~4.

* Inhalation unit risk (IUR) is the upper bound excess life-
time cancer risk estimated to result from continuous life-
time exposure to asbestos given in the EPA-IRIS as
0.23 mL/f.

SV = TR/IUR = 0.0001/0.23 = 0.0004 f/mL

Using the EPA-IRIS risk coefficient we predict one asbes-
tos-related cancer death over the lifetimes of 10,000 people
exposed continuously for 70 years to an average daily
asbestos exposure of 0.0004 f/mL. It is important to realize
that it could never be proven directly that a risk of this
small magnitude exists.

7. Exposures to fibrous minerals in Silver Bay, MN

The EPA-IRIS aggregate risk coefficient assumes that the
exposure is estimated from the concentration of fibers
greater than 5 pm with an aspect ratio of 3:1 or greater. This
exposure had not previously been determined for the resi-
dents of Silver Bay as the air sampling mandated by the court
case counted fibers with lengths less than 5 pm and is there-
fore not useful for risk assessment. To determine the concen-
tration and exposure we selected the air sampling station
closest to the residential area because it would be most repre-
sentative of the level of exposure the residents would experi-
ence. Twelve air samples were collected between October 24
and December 9, 1998. Three of the air samples were col-
lected in duplicate therefore nine values of the average fiber
concentration greater than or equal to 5 pm over a 24-hour
period were determined. Each of the air samples was pre-
pared by the direct transfer technique for examination by
analytical transmission electron microscopy using the proto-
col described in 1SO, 1995. The grid openings were scanned
directly on the screen at 20,000x magnification. Any object,
which had a length three times greater than its width was con-
sidered a fiber. Energy dispersive X-ray spectra were
obtained for each fiber and a digital image was recorded.
The fibers were sized from the printout of the digital image.
Only two fiber types having an elemental composition simi-
lar to any of the asbestos minerals were found and used for
the exposure estimates. These were cummingtonite-grunerite
(79%, N= 15) and tremolite-actinolite (21% 7= 4)."The
results of this analysis are shown in Tables 1and 2.

The concentration on average was 0.00014 f/mL. This is
about 35% of the level IRIS predicts will cause one cancer
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death in 10,000 lifetimes (Table 2). We assume that the res-
idents of Silver Bay will be exposed to this concentration for
their lifetimes. According to the linear no threshold dose-
response relationship the lower exposure determined here
will be associated with | excess asbestos-related cancer
death in about 28,500 lifetimes (or 35 asbestos-related
cancer deaths in 1,000,000 lifetimes). Considering the pop-
ulation of Silver Bay is about 2500 the pessimistic conserva-
tive model predicts that at worst one excess cancer death
related to fiber exposure in more than 10 lifetimes of the
entire Silver Bay population. Since about 22% of the US
population die of cancer by age 70 about 6240 cancer deaths
from all types of cancer would be expected in this time per-
iod, including about 10 background mesothelioma cases not
related to asbestos exposure (Price and Ware, 2004) and 627
lung cancer cases. The lung cancer deaths assume 2.2% lung
cancer mortality among residents of Silver Bay.

The IRIS asbestos-related cancer risks are based on
exposure to asbestos fibers. The air sampling protocol used
in Silver Bay determined the airborne fiber concentration,
which is predominantly non-asbestos fibers, is at the low-
end of background measurements for asbestos fibers in
other communities. If present in Silver Bay, asbestos fibers
would be at an even lower concentration. On the basis of
the geological survey of the Peter Mitchell Pit we doubt
whether any significant fraction of airborne fiber is ashes-
tos. The fibrous ferroactinolite associated with the alter-
ation products found in the geological survey occur at
small concentration in the pit and only about 20% of the
Northshore fibers in the air samples have elemental compo-
sitions consistent with ferroactinolite and only a sub-popu-
lation of these have morphology consistent with the
alteration products. The concentration of airborne fibers
in Silver Bay is at what World Health Organization reports
as the low-end of background for airborne asbestos (WHO,
1986, see Fig. 1).

To further examine the type of airborne fiber in Silver
Bay we looked at the size distribution of 387 fibers of all
lengths found in the ambient air in and around Silver
Bay and compared the size distribution with 288 fibers of
respirable grunerite asbestos (amosite) lofted for experi-
mental animal studies (Hesterberg et ah, 1999; McConnell
et al., 1999). We choose grunerite asbestos (amosite) for
comparison because approximately 80% of the airborne
fibers at Silver Bay had elemental compositions consistent
with cummingtonite-grunerite (Tables 1and 2). The North-
shore fibers increase in diameter, to a significantly greater
extent than asbestos, as the fiber length increases. We con-
clude from this observation that the airborne fibers in Sil-
ver Bay are predominantly non-asbestos fibers (Table 3).

8. Comparison with EPA led task force working group doing
risk assessment for asbestos exposure world trade center
post-9/11

We now compare our approach to that of the EPA for
the World Trade Center post-9/11. The initial air sampling
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Table 2

Summary of the results of the air sampling at station N° seven for risk assessment

Air sample Weather N° of fibers detected Fiber type Volume of air Total airborne fiber concentration
length >5 pm Cummingtonite/  Tremolite/ scanned (in mL)  f/mL with length >5 pm
grunerite actinolite
1 No precipitation 6 4 2 25,110 0.00024
2 No precipitation 4 4 0 13,823 0.00029
3 0.06" Precipitation 0 0 0 13,607 <0.000073
4 No precipitation 4 3 1 14,209 0.00028
5 1.96" Precipitation 0 0 0 27,229 <0.000074
6 No precipitation 1 1 0 28,097 0.000035
7 No precipitation 0 0 0 14,016 <0.000071
8 No precipitation 1 1 0 13,558 0.00007
9 No precipitation 3 2 1 28,578 0.00011
Mean<0.00014+ 0.001
Table 3

Comparison of the length distribution of grunerite (Amosite) asbestos and the 387 airborne fibers of cummingtonite-grunerite and tremolite-actinolite

collected at the perimeter of the Northshore pellet plant

Samples Fibers sized

<5 pm
Grunerite(Amosite) ashestosa 288 47.2
Average diameter 288 0.27 £ 0.17 pm
Average aspect ratio 288 15+ 12
Northshore fibers 387 65.9
Average diameter 0.60 £ 0.27 pm
Average aspect ratio 6.2 +3.7

N° of % in each length range

>5 to <10 pm > 10 to <20 pm <20 pm

23.6 15.6 135

0.39 £ 0.30 pm 0.37 + 0.29 pm 0.70 + 0.75 pm
27+22 57 £40 120 + 116
235 9.6 10

1.13 + 0.56 pm 212+ 1.02 pm 3.65 + 2.63 pm
9.1 + 10.9 84+7.1 10+ 5

The aspect ratios of the Northshore fibers are independent of length while the aspect ratio of a population of grunerite (amosite) asbestos fibers increases
with length. This difference is the morphological basis for differentiating asbestos and cleavage fragments.

Determine from photographs and digital images obtained by transmission electron microscopy.

a The grunerite (amosite) asbestos used for comparison is a respirable sample lofted for the studies by Hesterberg et al., 1999; McConnell et al., 1999.

undertaken by a multi-agency Task Force focused on out-
door air (World Trade Center, 2003). Measurements of air-
borne asbestos concentrations in Lower Manhattan post-9/
11 were evaluated against a 70 structures per millimeter-
squared standard, which corresponds to 0.021 f/mL count-
ing all fibers greater than 0.5 pm with aspect ratios of 5:1
(Office of Inspector General, 2003). Once ashestos expo-
sures were below this level EPA recommended that resi-
dents be allowed to return to their homes in Lower
Manhattan. The outdoor concentrations of asbestos fibers
considered acceptable in Lower Manhattan were 58-fold
higher than the mean for the predominantly non-asbestos
concentrations of fibrous particle of all lengths associated
with taconite that were measured in Silver Bay (Table 2).
The EPA value is not based on lifetime asbestos-related
cancer risk but rather it was derived from the background
contamination on the membrane filters used to collect the
air samples. Values up to 0.021 f/mL could be simply con-
tamination on the filter and do not represent the airborne
asbestos level. Concern about the high-background con-
tamination on the membrane filters date to the period of
the AEIERA Act in 1986, our controls indicate contamina-
tion is much lower and generally chrysotile asbestos (Nolan
and Langer, 2001). If the concentration of asbestos in the
ambient air in Lower Manhattan was below this level it

could be considered acceptable based on the fact that the
debris removal would only last a year and the consequent
exposure would be acceptable for that period of time.
Exposure to a concentration of 0.021 f/mL for one year
gives the same cumulative exposure as exposure to
0.0003 f/mL for a 70-year lifetime. Not all structures are
fibers and the fiber counting criteria use a length of
0.5 pm or greater therefore the exposure is more protective
than 1 ashestos-related cancer death in 10,000 lifetimes.
After 9/11 the EPA decided to assist residents in clean-
ing of their apartments in Lower Manhattan. The agency
used the IRIS model to set a health-based benchmark for
when the apartments would be cleaned to an acceptable
standard (World Trade Center, 2003). The Task Force
decided that 1 excess asbestos-related cancer in 10,000 life-
times would be the Target Cancer Risk (TR) corresponding
to a Screening value (SV) of 0.00043 f/mL for asbestos
fibers with a length greater than or equal to 5 microns.
The Task Force further concluded that the arithmetic mean
background concentration was between 0.00003 and
0.0060 f/mL and decided a residence would be clean and
acceptable for re-occupation if some form of aggressive
air sampling demonstrated the airborne concentration of
asbestos to be less than 0.0009 f/mL (accepting a concen-
tration of airborne asbestos about 6-fold higher in Lower
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Manhattan apartments than ambient airborne fibers in Sil-
ver Bay). This Lower Manhattan exposure corresponds to
1 excess asbestos-related cancer in 10,000 lifetime for 35
years of continuous exposure rather than the 70 years cor-
responding to a Screening value (SV) 0.00043 f/mL having
a length greater than is equal to 5 pm.

Therefore the upper limit of predominantly «on-asbestos
fiber concentrations in Silver Bay is six times lower than the
post-asbestos clean up level for asbestos fibers EPA used
for residents near the World Trade Center.

9. Hodgson and Darnton (2000) asbestos fiber type specific
risk coefficients for each asbestos-related disease

Approximately 80% of the airborne Northshore fibers in
Silver Bay have elemental compositions in the cumming-
tonite-grunerite series. The remaining fibers are in the trem-
olite-actinolite series. For the Hodgson and Darnton
(2000) risk assessment we will make two alternate assump-
tions that we did not need to make for the IRIS model. Ini-
tially we will assume that all the airborne fibers in Silver
Bay are as potent in producing asbestos-related cancer as
the asbestos fiber type with the same elemental composi-
tion. Then we will calculate the asbestos-related cancer risk
assuming the Northshore (non-asbestos) fibers are only as
potent as the least dangerous form of commercial asbestos
which is chrysotile asbestos. This last assumption seems
consistent with the conclusion by CPSC and OSHA that
the non-asbestos fibers are less active than asbestos.

First, we will assume the Northshore fibersare all grune-
rite asbestos (amosite) as approximate 80% of Northshore
have elemental compositions in the cummingtonite-grune-
rite series and there is no risk assessment model yet avail-
able for tremolite-actinolite asbestos. For this we use
Hodgson and Darnton’s coefficient for grunerite asbestos
(amosite). We would argue that this assumption seriously
over estimates the risk for asbestos-related disease among
the long-term residents of Silver Bay. It was the default
assumption during the period of the Reserve Mining con-
troversy and represents the upper limit of an asbestos-
related cancer risk. Our second assumption is that the
Northshore fibers are no more active than the least active
asbestos fiber types. We make this assumption consistent
with OSHA’s conclusion that non-asbestos fibers are less
active than asbestos (Federal Register, 1992). At this time
we will not make any statement as to how much less the
Northshore fibers are than the least potent asbestos fiber
type. Accordingly we calculate two alternate values for
the mesothelioma risk the total expected mesothelioma
mortality (RM) expressed in fiber/mF x years. We choose
the total value for amosite cohorts to predict the mesothe-
lioma incidence if the Northshore fiber were all grunerite
asbestos(amosite) (Rm= 0.1 fiber/mL x years) (alternate
1) and the total chrysotile excluding South Carolina textile
workers assuming Northshore fibers to be equivalent to the
least potent asbestos fiber type (RM= 0.001 fiber/
mL x years) (alternate 2).

The number of asbestos-related mesothelioma cases
(Om) depends on the type of asbestos to which one is
exposed, the cumulative exposure and the age at which
exposure first occurs (Hodgson and Darnton, 2000) and
can be calculated by:

- Rm * L(ax TpQo
om-~ 100

Where:

* Rm—Risk of mesothelioma as a percentage of the total
expected mortality per (f/mL) year. The RMused, 0.1, is
obtained from Hodgson and Darnton, 2000 (entry “Total
amosite cohort” in their Table 1) (adjusted to 30 years of
age at first exposure) the value of R Mis specific for grune-
rite asbestos (amosite). This is derived from occupational
exposure, assumed to be 8 h/day for 250 days per year.

* ECa—The environmental concentration of grunerite
asbestos (amosite) is 0.00014 f/mL and needs to be con-
verted to an occupational concentration from which the
risk coefficients are derived. We assume an 8 h/day for
250 days per year. This is done by taking the environ-
mental concentration (0.00014 f/mL) and multiplying
by 4.38 to the equivalent occupational concentration
of 0.00061 f/mL. We assume this exposure goes on for
40 years so we multiply 0.00061 f/mL by 40 to obtain
the cumulative concentration of 0.0245 f/mL x years.

» Tpop—Adjusted total exposed population for Silver Bay.
The total population is 2500 residents.

This equation is basically the same equation as in Hodg-
son and Darnton, 2000, page 566 but there X is used in
place of Eca and Eay is the total expected deaths from all
causes which we here set equal to the total population Tpop
on the plausible assumption that everyone will die some-
time. It is similar but with different notation to the equa-
tion used with the EPA-IRIS risk coefficients.

By solving for 0 M we find that 0.061 mesothelioma
cases among the 2500 residents of Silver Bay (or 24 meso-
thelioma cases per 1,000,000) might be caused by the total
fiber exposures. This assumes that the Northshore fibers
are all as potent in producing cancer as grunerite asbestos
(amosite) from which we derived the lifetime risk of 24
mesothelioma cases in 1,000,000 lifetimes (alternate 1).
Assuming, however, that the Northshore fibers are only
as active in producing mesothelioma as the least potent
asbestos fiber type which is chrysotile asbestos this estimate
is reduced to 0.24 mesothelioma cases in 1,000,000 (alter-
nate 2). This can be compared to the background rate of
mesothelioma not related to asbestos exposure which has
recently been estimated to be 350 cases in 1,000,000 life-
times (Price and Ware, 2004).

Again we select two values this time for the lung cancer
risk (RI) the percentage expected lung cancer mortality
expressed as fiber/mL x years. We chose the total value
for amphibole asbestos [exposure to riebeckite asbestos
(crocidolite) and/or grunerite asbestos(amosite)] cohorts
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[excluding Republic of South Africa (SA) miners] to predict
the percentage increase in lung cancer assuming the North-
shore fiber were as potent as amphibole asbestos (RL= 5.
1fiber/mL x years) (alternate 3) and the best estimate of
the lung cancer risk for chrysotile asbestos assuming
Northshore fiber to be equivalent to the least potent asbes-
tos fiber type (RL= 0.1 fiber/mL x years) (alternate 4).

For a given cumulative asbestos exposure, the risk of
developing lung cancer will increase as a percentage of
the existing lung cancer risk in the population. We will
assume that on average 8% of cigarette smokers develop
lung cancer, 90% of the lung cancers are found in smokers,
and 25% of the residents of Silver Bay smoke. Lung cancer
mortality in Silver Bay would be 2.2%. The risk of lung
cancer increases linearly with cumulative asbestos exposure
following the relationship:

ObsL = EXpI:J-r RI X Efsox ExpL

2.2025% = 2.20000% + 0.0025%

We calculate the increase in the observed number of asbes-
tos-related lung cancers (ObsL) assuming exposure to
Northshore fibers is as potent as asbestos.

» RI—Risk of lung cancer expressed as a percentage of lung
cancer deaths per f/mL X years of asbestos exposure. The
R 1used is 5.1 obtained from Hodgson and Darnton, 2000
(entry “ex. SA amosite” in their Table 2) and although an
average is specific for amphibole asbestos.

» Eca—The cumulative chrysotile asbestos environmental
concentration (assumed to be continuous) 0.00014 f/
mL X years is converted to the equivalent occupational
concentration of 0.00061 f/mL x years. Assuming 40
years of exposure the ECAis 0.0245 f/mL X years.

» ExpL—Expected background of lung cancer deaths,
55.5, among the 2500 residents of Silver Bay. This back-
ground rate is determined by solving equations that
reflect the relationship between the percentage of smok-
ers who get lung cancer and the percentage of lung can-
cers that occur in smokers. Specifically, 0.9 x (N° of
lung cancers) = 0.08 x (Silver Bay Population)
= 0.08 x 0.25 x 2500/0.9 = 555.

Using these values ObsL= 55.5 lung cancers expected
plus 0.069 of a case increase from assuming Northshore
fibers are as potent as amphibole asbestos. The increase is
equivalent to 27 lung cancer cases per 1,000,000 lifetimes
(alternate 3). The lung cancer risk falls to 0.53 cases per
1,000,000 assuming the Northshore fibers are as potent as
the least active form of asbestos (chrysotile with a
R1 = 0.1 fiber/mL X years) (alternate 4).

10. Conclusions

The total risk for the asbestos-related cancers assuming
the Northshore fibers have a potency equivalent to that of

grunerite asbestos (amosite) and the least active asbestos
fiber type—<chrysotile asbestos—is, respectively, 51 or
0.77 asbestos-related cancers per 1,000,000 lifetimes
according to Hodgson and Darnton (2000) or 1 asbestos-
related cancer in 28,500 lifetimes according to EPA’s IRIS
an average for all the asbestos fiber types which corre-
sponds to 35 ashestos-related cancers in 1,000,000 lifetimes.

However we believe, as did the Consumer Product
Safety Commission and the Occupational Safety and
Health Administration, that the potency of non-asbestos
fibers to induce cancer is far less than the potency of asbes-
tos to do so. Comparison of the size distribution of air-
borne Northshore fibers with respirable grunerite
asbestos (amosite) indicate the Silver Bay exposures are
predominantly non-asbestos fibers and not asbestos. Even
in South Africa were grunerite asbestos (amosite) was com-
mercially mined for more then 70 years no environmental
mesotheliomas are known to occur and mesothelioma
among the large mining population has been and remains
a rare disease (Murray and Nelson, 2008).

There is only one epidemiology report in the world med-
ical literature whose goal was to determine if asbestos-
related diseases were developing from neighborhood expo-
sure to grunerite (amosite) asbestos.

We have established that the airborne fiber levels in Sil-
ver Bay are at the low-end of background for asbestos
worldwide (Fig. 1). Although the EPA-IRIS provides use-
ful information and allows us to compare the fiber associ-
ated cancer risks in Silver Bay with EPA’s recent approach
to asbestos post-9/11 in Lower Manhattan, it does not
allow us to fully explore the issues about asbestos fiber type
that are critical to understanding cancer risk from North-
shore fibers in Silver Bay (Nolan et al., 1999, 2005). As
asbestos risk assessments specific for fiber type are now
available (Hodgson and Darnton, 2000) we selected the
least potent form of asbestos for the upper limit of the
mesothelioma and lung cancer risk and found it to be less
than 0.77 cases per 1,000,000 lifetimes from exposure to
Northshore fibers in Silver Bay, Minnesota.

We further conclude that the steps to dispose of the
waste rock on land were sufficient to reduce the risk of can-
cer from fiber exposure among the general population
around the Silver Bay facility to a combined excess risk
of lung cancer and mesothelioma of approximately 1
1000 of the background risk (Price and Ware, 2004). The
disposal method selected for the waste rock is highly likely
to prevent the build-up of fibers in the environment. Noth-
ing has occurred to indicate that additional steps need to be
taken to further reduce the health hazards in Silver Bay
related to exposure to Northshore fibers.

We emphasize that the conclusions are based upon using a
model that has a linear dose-response relationship. However
many scientists believe that there is a threshold exposure
below which asbestos fibers do not cause cancer. If we were
to believe such a threshold model and the exposures in Silver
Bay below threshold, the predicted effects would approxi-
mately zero and our conclusions correspondingly enhanced.
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1. Paper 1—dentification and enumeration of asbestos fibers in
the mining environment: mission and modification to the
federal asbestos standard

Arthur M. Langer

Asbestos-related disease is increased with cumulative expo-
sure (the concentration of asbestos in the air and duration of
exposure). The maximum duration is assumed to be a working
lifetime so federal agencies control cumulative exposure by lim-
iting the airborne concentration of asbestos fibers equal to or
greater than 5pm in length. Air samples are collected in the
environment of interest by entraining the airborne particulates
including fibers on membrane filters and then counting the
number of fibers using phase-contrast light microscopy. In addi-
tion to length, the fibers must have a length to width ratio of at
least 3 to 1. This ratio is also referred to as the aspect ratio.
Some counting strategies placed an upper limit on the fiber
width restricting the counting to respirable fibers. Airborne
asbestos is controlled by monitoring a sub-population of the air-
borne asbestos. No asbestos fibers shorter than 5 pm or fibers of
any length having widths less than the resolution of the light
optical method are counted. In the non-occupational environ-
ment, the Environmental Protection Agency requires the use of
analytical transmission electron microscopy and fibers and
counting fibers with lengths of 0.5 pm or greater and aspect ra-
tios of 5 to 1 or greater are counted.

The permissible exposure limit for asbestos has been reduced
by more than 120-fold since 1969, when the standard was 12 fi-
ber/ml and the current monitoring methodology was developed.
The manufacturing and mining worksites are regulated by two dif-
ferent federal agencies and the asbestos exposure limit was higher
in the mining environment until recently (Mine Safety and Health
Administration 30 CFR Part 56, 57, and 7, Federal Registry, Febru-
ary 29, 2008). Currently the permissible exposure limit (PEL) is
the same in both types of workplace and it is 0.1 fibers per millili-
ter (fiber/ml) over an 8-h shift as a time-weighted average (TWA).
Amilliliter (ml) is equivalent to a cubic centimeter (cc) and some-
times this standard is reported as 0.1 f/cc. As the phase-contrast
methodology was used to monitor lower exposures and environ-
ments, other fibrous mineral particulates were incorrectly charac-
terized as asbestos. These occurred in talc deposits and taconite
ores from the Eastern Mesabi Range.

The nature of asbestos is discussed and how it differs from other
types of fibrous minerals that commonly form in other geological
processes different from asbestos. Asbestos forms as a primary
mineral in bundles of fibers making them polyfilamentous. The
growth mechanism disorientates the a-b plane causing monoclinic
amphiboles to have anomalous optical properties. The unidirec-
tional growth of ashestos imparts the mineral with unique physical
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properties important in its commercial use and are described in the
paper. Asbestos minerals have narrow distribution of widths be-
cause of how they grow so the width does not increase much as
the fibers grow in length. Other types of mineral fiber form by
cleavage and alteration from other primary minerals. Fibrous par-
ticulate formed by these processes tend not to have width as small
as asbestos and widths increase significantly with length.

2. Paper 2—An overview of the risk of lung cancer in
relationship to exposure to asbestos and of taconite miners

Geoffrey Berry, Graham W. Gibbs

The paper includes a review of meta-analyses of the relation-
ship between cumulative exposure to asbestos and increased risk
of lung cancer. The risk of lung cancer was found to increase as
asbestos is processed into manufactured products compared to
mining and milling. Also, the type of ashestos is an important fac-
tor with exposure to the amphibole asbestos minerals—erocidolite
and amosite—having higher lung cancer risk than chrysotile. in
most analyses, the exposure-response relationship is assumed to
be linear and have no threshold. So every exposure no matter
how small increases the risk of lung cancer. One should note that
small exposures cause small increases in the lung cancer risk that
often cannot be observed using epidemiology but can only be cal-
culated using risk assessment.

The linear model was treated differently in the two important
meta-analyses presented here. In one meta-analysis, it was as-
sumed that where no exposure occurred the relative risk (RR)
was similar to the general population and the intercept was set
equal to 1 (number of observed cases equals the number of ex-
pected cases). In the other meta-analysis, the slope of the line
and the intercept were both estimated for each study and interest-
ingly for some studies, the intercepts were greater than 1 For these
the fitted line indicated that for no asbestos exposure the RR of
lung cancer was higher than the general population. One possible
explanation for this is that smoking is more common among the
asbestos exposed population than the reference population.

Cumulative asbestos exposures are quantified by multiplying
the intensity of the exposure (in fiber/ml) by the duration of the
exposure (in years). Working a lifetime (of 45 years) at the current
asbestos exposure limit (0.1 fiber/ml) would correspond to a life-
time cumulative exposure of 4.5 fiber/ml x years. This can be com-
pared to the cumulative exposure in the various asbestos cohorts
that would double your risk of lung cancer for RRof 2. In chrysotile
mining and milling, it takes a cumulative exposure of 4000 fiber/
ml x years to double the lung cancer risk while in chrysotile man-
ufacturing and textiles the same risk is acquired after a cumulative
exposure of just 130 fiber/m! x years. The importance of asbestos
fiber-type can be seen because exposure to 24 fiber/ml x years of
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crocidolite doubled the lung cancer risk while for chrysotile it re-
quires 1613 fiber/ml x years.

The United States Environmental Protection Agency developed
a model to estimate increased risk of ashestos-related lung cancer.
The model was parameterized using the high historical asbestos
exposures. An effort to validate that model has been done using fe-
males in the asbestos mining towns of Quebec where environmen-
tal exposure to asbestos are estimated to be 105 fiber/ml x years.
The EPA model predicted twice the number of lung cancer actually
observed among the Quebec women.

The risk of lung cancer has been studied in three cohorts ex-
posed to the fibrous particulates associated with taconite ore.
The workers were miners and millers at Reserve Mining (cur-
rently called Northshore Mining), Erie or Minntac both in Min-
nesota and Homestake in South Dakota. No convincing evidence
for an increase lung cancer risk has been identified among
workers exposed to the fibrous mineral particulates found in
taconite.

3. Paper 3—Mesothelioma and asbestos

Graham W. Gibbs, Geoffrey Berry

Mathematic models have been developed describing the rela-
tionship between mesothelioma and cumulative exposure to the
three most important commercial asbestos fiber-types: crocidolite,
amosite and chrysotile. Mesothelioma was first identified in 1960
among South Africans exposed to crocidolite. About 40% of the
cases in this cluster had only environmental exposure. Few of these
tumors were found among the South African amosite miners but
were found to be far more common among the workers exposed
while processing the amosite into products. Amosite was estab-
lished as a cause mesothelioma in 1971, when an increased inci-
dence of the disease was reported in a Paterson, New Jersey
factory. Increased risk of mesothelioma among chrysotile-exposed
workers is limited to miners and millers with significant occupa-
tional exposure.

The general causation argument for chrysotile causing meso-
thelioma is weak as this paper clearly points out. Mesothelioma
causation relies almost exclusively on chrysotile miners and mill-
ers where all the mesotheliomas are pleural with no cases support-
ing a claim for peritoneal mesothelioma caused by chrysotile.
There is considerable evidence supporting the claim that tremolite
asbestos is an important confounder in these cases. While it is dif-
ficult to exclude a small effect there are important epidemiological
studies indicating an effective threshold for chrysotile described in
this paper. Such studies do not exist for the crocidolite and
amosite.

Although anthophyllite mining in Finland started in 1918, it
was not until 1994 that evidence-linking anthophyllite asbestos
exposure to increased risk of mesothelioma was reported. It is
common to read in the literature that amphibole asbestos is
more mesotheliomagenic than chrysotile but the evidence for
anthophyllite asbestos is not supportive of this statement. No
mathematical model for anthophyllite asbestos causing mesothe-
lioma has yet been developed due to the small number of cases,
just four.

The vermiculite deposit near Libby, Montana contains fibrous
minerals in the calcic amphibole group. Epidemiological studies
of this cohort are often taken as evidence for the tremolite
asbestos causing mesothelioma. Gibbs and Berry report the po-
tency of this calcic amphibole as high based on McDonald et
al. (2004) where 12 mesotheliomas occurred among 286 deaths
or 4.2%. However, Sullivan (2007) recently reported a follow-up
study where 767 deaths have occurred (an addition of 481
deaths) where only three new mesotheliomas occurred. Twelve
mesotheliomas in the first 286 deaths with just three in the next

481 deaths the percentage of mesothelioma deaths decreased
from 4.2% to 2% for the cohort. One peritoneal mesothelioma
was reported among the three new cases, the other 14 were
all pleural mesotheliomas.

Total No. of

mesotheliomas/
deaths (%)

12/286 (4.2%)

Asbestos fiber-type Cohort name

McDonald et al.
(2004)
Sullivan (2007)

Tremolite-actinolite
asbestos

Miners,
Libby, MT
15/767 (2%)

McDonald, J.C, Harris, J., Armstrong, B, 2004. Mortality in a
Cohort of Vermiculite Miners Exposed to Fibrous Amphiboles in
Libby, Montana. Occup. Environ. Med. 61, 363-366.

Sullivan, P.A, 2007. Vermiculite, Respiratory Disease, and
Asbestos Exposure in Libby, Montana: update of a Cohort mortality
study. Environ. Health Perspect. 115, 579-585.

These results bring into question the claim that proportional
mortality ratios increase sharply with increased length of follow-
up. Exposures among the early deaths in the Libby cohort may
have been higher and decreased with time making mesothelioma
less common disease in the follow-up study.

Among the four major cohorts exposed to crocidolite during
mining and manufacturing the mesothelioma mortality ranges
from 2.3 to 17.8 (overall about 8.2) %or about 4-fold higher than
the among the vermiculite workers based on the more recent fol-
low-up data.

Gibbs and Berry present a convincing argument for the impor-
tance of asbestos-fiber-type in developing risk assessments for
mesothelioma. The US EPA has long favored averaging the potency
of the commercial asbestos fiber-types to develop risk assessment
for asbestos-related cancer. This clearly over estimates the risk of
chrysotile only exposures. Chrysotile specific risk assessments for
mesothelioma predict values close to the observed numbers of
cases, validating the fiber-type specific model.

There are four epidemiological studies of three cohorts exposed
to the types of fibrous particulates associated with taconite ore.
Among these workers, 2907 deaths have occurred with 2 of these
deaths from mesothelioma making mesothelioma the cause of
0.07% of the deaths. Among males in the US general population
0.17% of the deaths are from mesothelioma. The workers in these
three cohorts exposed to fibrous particulates associated with taco-
nite experienced about half the mesothelioma risk of males in the
general population.

4. Paper 4—Risk assessment due to environmental exposure to
fibrous particulates associated with taconite ore

Richard Wilson, Ernest E McConnell, Malcolm Ross, Charles W.
Axten, Robert P. Nolan

The authors of this paper point out that the processing of taco-
nite iron ore in the Silver Bay magnetic extraction mill has gener-
ated much public health interest since the early 1970s. This has
stemmed from the early impressions concerning the nature of
the mineral dust, i.e., that several of the amphibole minerals were
in fact asbestiform. The Silver Bay facility, where milling and
extraction takes place, is associated with release of fibrous gangue
minerals, amphiboles of the cummingtonite-grunerite and tremo-
lite—actinolite series. These mineral fibers have been found in the
town air of Silver Bay.

The air of Silver Bay has been monitored for the past 35 years
and much data have accumulated. The mean concentration of
these suspect amphiboles has been found to be 0.00014 ml of air,
which the authors point out are within the background level
reported by the World Health Organization foi asbestos in the
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ambient air of urban environments. To place this level of dust in
perspective, Wilson and colleagues state that the Silver Bay level
was found to be consistently five-times lower than asbestos levels
found in the air of the city of St. Paul. The public health community
in Minnesota, placed their focus on the air of Silver Bay. The issue
before Wilson and colleagues was “what is the risk of asbestos dis-
ease (mesothelioma and excess lung cancer) in Silver Bay resulting
from these airborne fiber exposures?”

To calculate risk, Wilson and colleagues made several important
assumptions: (1) the amphibole "“fiber” monitored in the air of Silver
Bay over time was as potent a carcinogen as asbestos.
[Parenthetically, the authors comment that a recent mineralogical
survey of the Peter Mitchell pit failed to find asbestos. Therefore the
amphibole“fiber”wasactuallyapopulationofnon-asbesliformcleav-
age fragments. [Theriskcalculation isthereforea “worst-case”;(2) the
average value 0f0.00014 f/ml ofair was representative ofthe concen-
tration ofthese fibers over theentire time period ofair monitoring: (3)
the linear, no-threshold, models for asbestos and lung cancer and
mesothelioma holds for low-level exposure to these fibrous particles;
(4) exposure-response data exist for occupationally exposed groups
ofasbestos workers and may be used to calculate risk following these
exposures as well; (5) An exposure to 0.00014 f/ml of air took place
every day, 24 h aday (3x),three hundred sixty-five days ayear, over
alifetime of 75 years. The cumulative lifetime exposure to fibrous par-
ticulates inthe air in Silver Bay calculates to 0.0479 f/cc-years.

Using dose-response data available in the literature, and basing
risk on cumulative dose over a 75-year lifetime, Wilson and col-
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leagues calculated an excess cancer risk (lung and mesothelioma),
based on an amphibole exposure, of one excess cancer in 28,500
lifetimes, or 35 excess cancers in one million lifetimes. Using the
data available specifically for the chrysotile type of asbestos, the
excess cancer risk drops to less than 0.77 excess cancer deaths in
one million lifetimes.

How did these exposures impact the citizens of Silver Bay?
The population of the town, given in the year 2000 (US Census
data), was 2068. The risk of an excess cancer death of one in
28,500 lifetimes translates into a Silver Bay excess cancer death
of one in almost 14 generations. This is a worst-case calculation
based on the fibrous particles in air being asbestos. Using the
chrysotile-exposed cohorts the risk is 45-fold lower. The calcula-
ble risk of observed cancer/expected cancer drops to values so
low as to be impossible to distinguish by epidemiological study.
Using a national figure of US lung cancer deaths of about one per
200 deaths, the Silver Bay Relative Risk for lung cancer calculates
to: RR=1.007.

The authors review the data for amosite ashestos and contrast
the mortality differences between the mining and milling popula-
tions in the Transvaal amosite mines of South Africa and the mor-
tality observed in manufacturing sites, especially in Paterson, New
Jersey. The explanation for these different outcomes may lie in the
final size distribution of the fibers subjected to vigorous manipula-
tion during the manufacturing process. Manipulation decreases
width dimension as the fibers are “opened” and thereby increases
their biological potential.
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