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Abstract

~

The minéralogical description of "asbestos" given here is based on a very
special feature common to all forms of commercial "asbestos" -- the property
that permits the minerals to separate into long tubes or fibrils only a few tens
of nanometers thick. This separation can be acccmplished by very light
grinding or agitation: the common ncnfib:ous amphiboles do not separate into
such f£ibrils even after intense grinding. The e;se of such fibril separation
may be caused by the special nature of the crystal structures -of the commercial
washastos” minerals. Repeated twinning on (100) in amosite and crccidclite,.

" the curling of layers of ch:zsotile to form tubes, and the preéence of txiple,
guadruple, and n-tuple chains (“Wadsley" defects) in gmosite, crocidolite,
anthophyllits, and tremolite are the structural Seatures that probably promote
the formation of thin fibrils. §tability diagrams in the system Mgo—Sioz-Hzo
indicate possible geochemical processes by which cormerical "asbestos™ can form.

The relative health risk posed by exposure to the. "asbestos" minerals may
be related to the fihril compositicn, cr&stal structure, size, shape, and
total surface area. The relative cheaical reaéti ity of the fihril surface is
predicted to be

chrysotile < anthoghyllite < amosite < crocidolite
on the basis of the types of oxidation-reduction and exchange reactions that
may occur. According to epidemiological studies relative health risk appears
to be anthophyllite < chrysotile < amosite < crocidolite.

"ashbestos" health risks in the mining and milling industry and environs-is
reviewed. Health studies done in the chrysotile mining district of Québec,
Canada, have presented good evidence that realistic "asbestos" -dust standards

can be set that not only protect the worker and resident of the mining areas

frem undue health risk but also allew the industry to operate economically.
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Introduction

It is generally a rathex straightforward, though often time-consuming
mineralcgical task to describe the physical and chemical properties of
amphiboles and serpentines, including those varieties referred to as
"ashestos”. Exceptions are minerals such as fibrous tremolite and fibrous
talc +hat to date do not have adequate mineralogical descriptions; Defining
minerals that constitute an “asbestos” health hazard is an entirely different
and a mucg mors complex problem, for it involves many factors Qot included
within the science of mineralogy.

This commentary is concezned with the various definitions of "asbestos"
as they relate to: (1) the medical profession, which must determine which
types of mineral particles constitute an "ésbestos" health hazard; (2) the
legal and regulatory professions, which must enact and enforce the laws
relating to "asbestos" use, (3) the mineralogical profession, which must
describe the chemical, s;ructural, and physical properties of such minerals,

and . .
and (4) the miningﬂquarryinq inéust:iesf which may be affectad by thase

definitions.

" What is "Asbestos"?

Three definitions of "asbestos" found in the Glossary of Geology [9, p. 41]

are quoted as follows: "ashbestos (a) A commercial term applied to a group

of highly fibrous silicate minerals that readily separate into long, thin.
strong fibers of sufficient flexibility to be'woven, are heat resistaﬁt and
chemically inert,- and possess a high electric insulation, and therefore are
suitable for uses (as in yaxn, cloth, paper, paint, brake linings, tiles,
insulation, cement, fillers, and filters) where incombustible, nonconducting,
or chemically resistant matexrial is required. (b) A mineral of the ashestos
group, principally chrysotile (best adapted for spinning) and certain fibrous )
varieties of amghibole (a2sp. tremolite, .actinolite,- and crocidolite). (c)

2 +erm strietlv aoopliad to the fibrous variety of actinolite. 1
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The term "asbestos," from a geoscientist's point of view, applies only to

. : : £
the minerals chrysotile (one of the serpentine polymorphs), "amosite" (a ’ v

- >

variety of grunerite), “c:ocido;ite“ (a variety of riebeckite), anthophyllite,
tramolite, and actinolite when they are present in sufficient quantity to ke
commercially valuable for their special physical and chemical properties,

which include fibrous habit, insulation qualities, low electrical conductivity,

fire resistance, and suitability for weaving. Many other minerals sometimes

possess habits described variously as acicular, asbestiform, elongate, fibrous,

bladed, lamellar, filiform, prismatic, or columnar; for examplg, mineral§ of
the zeolite group having acicular habit, fibrous calcité and quartz, acicular
wollastonite,. prismatic pyroxenes, elongate crvstallites éf attapulgige, and
filiform sepiolite. Since these minerals are not exploited for the
‘commercially valuable propertiss listed above, they are not called “asheséos"

.

by geoscientists. e

P

SN

At present; the most widely used definition of "asbestos" by various
groups concerned with envi;camental healéh problems, including the U. S.
Environm;ntal Protection Agency (EP@).and the U. S. Mining Enforcement
and Safety Administration (MESa), is from the notice of proposed rulemaking for
"Occupatioﬁal Exposure to Asbagtos" published in the Federal Register (Oct. ?, 197:

. p. 47652, 47660) by the U. S. Occupational Safety'and Health Administ:ation_(oéﬁa).
In this notice, the n;turally occurring minerals chrysotile, amosite, crocidolite,
tremolite, anthophyllite, and actinolite are classified as “asbestos” if the
individual crystallites or czystal fragments have the following dimensions:
length - greater than 5 micrometers, maximum diameter - less than 5 micrometers
and a iength to diameter ratio of 3 or greater. Any prodq;t contaiﬁ;nq géz_of

these minerals in this size range are also defined as "asbestos.”

Pl

The crushing and wmilling of any rock usually produces some mineral

particles that are within the size range specified in the OSHA rules. Thus,

these regulations present a formidable problem to thmea analvsing for “asbestos"

-=r
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minerals in the multitude of materials and products in which they may be found
in some aﬁgunt. for not only must the size and shape of the "asbestos" .
particles be detarmined, but also an exact mineral identification must be made.

A wide variety of amphiboles is found in many types of comm;n rocks;'manf
of th;se amphiboleé might be considerd "asbestos" depending upon the professional
training of the person involved in their study and the methods used in mineral
characterization. Campkell et al. [3] have carefully describad the differences
between the relatively rare fibrous vgrieties of.the amphiboles and the costmon
nonfibreous forms.

If ;he definition of "asbestos" from the point of view of a health hazard
does include the coammon nonfibrous forms of amphiboie, particulaxly the horn-
blende-and curmingtonite varieties, then we must recognize that "asbestos" is
present in significant amounts in many types of igneous and metamorphic rocks
covering peihaps 30‘to 40 percent of the United Statésl Rocks within the
se:pentin%te belts; rocks within the metamorphic belts higher in grade than
the greenschist facies, including amphibolites and many gneissic rocks; and
.amphiSole-bea:ing igneous rocks such as diabase, basalt, trap rock, and
granite yould be considered "asbes£os“ bearing. Many iron formations and
copper déposits would be "asbestos" bearing, including deposits in the largest
open-pit mine in the world at BingL:sﬁﬁﬂéah. "Asbestos" requlations would thus J/
pertain to many of our country's mining operations, including much of the
construction industry and its quarrying operdtions for.concrete aggregate,

dimension Stone, road metal, railroad ballast, riprap, and the like. The

"asbestos" regulations would also pertain to the ceramic, paint, and cement

-
o

industries and to many other areas of endeavor where silicate minerals are used.
We do not know whethér health investigators will consider other minerals

that commonly possess a fibrous or acicular habit to be health hazards; minerals

such as wollastonite, the fibrous forms of calcite and quartz, acicular minerals

of the zeolite mineral group, the pyroxenes, the ;epiolite
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minerals including attapulgite, and the calcium silicates found in Portland

™

cement. Certainly if the common amphiboles such as hornblende, tremolite,
actinolite, gedrite, and curmingtonite with their typical prismatic
cleavage are considered health hazaxds, the common pyroxenes having similar

habits should also be considered health hazards.

A Mineralogical Descxiption of Commercial "Asbastos"

The commercial.deposits of "asbestos” contain one of the fdllowing
minerals: chrysotile, Mq3Sizos(OH)4: amosite, (Fe2+,Mg)7Siéozz(OH)2 ka
variety o§ grunerite); crocidolite, Naz(Fez*,Mg)3Eeg+Siaczz(OH)Z (a v;rieﬁy
of riebeckite); "fibrous” anthophyllite, (Mg,Fe)7Si8022(OH)2; and "fibrous™
tremolite énd actinolite,.Caz(Mg,Fe)SSiaozz(OH)z. Tremolite and actinolite
are now, as .they were in the pasf, of little ecénomic impqrtancé;
anthophyliite is of little economic importance now. About 95 percent of the-
commercial asbestos now used in the United States is chrysotiie; of which {
about 90 percent is impérted from Canada. No cormercial amosite or
crocidolite has ever been mined in the Qnited‘States.

In addition to being compositionally different, the five zmphibole forms
of commexrcial "aspéstos" have completely different crystal structures from that

of ch;ysotile. The structure of chrysotile consists of ‘double layers, each

tetrahedra that is coordinated to a

-

4
second layer of linked Mgoz(om4 octahedra through the éhgring of oxygen atoms;

consisting of a layer of linked SiO

the compo;ite double layer.rolls up, like a window shade, to form long hollow
tubes. The diameters of the individual tubes are on the order of 25 nm; the
length~to-diameter ratio ;an vary from 5 or 10 to well over 10,000.

The structures of the amphibole minerals, on the other hand, are composed
of strips or ribbons of linked polyhedra, which join together to form the threa-'.

dimmensional cxystal. The individual strips are composed of three elements--pwég.

S
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double chains of linked (Si,Al)O4 tetrahedra that form a “sandwich" with a
strip of linkad Mgos. ?eos, or Alo6 octahedra. The structural re}ationship
of the upper double tetrahedral chain to the octahedral part of the strip is
shown in figure l. The three-dimansional arrangements of these strips or
wT-beams" [26] in orthoamphibole (anthophyllite) and in clinoamphibole
(tremolite, amosite, actinolitea, and cr&éidolite) are shown in figure 2.

One featurs is commog to the six "asbestos" minerals: their ready
segaiation into long fibrils or tubes only a few tens of nanometexrs in
diameter. This sépa:ation can ke acccmplished by very light grinding or
by agitation in water by means of an ultrasonic separator. The commen
nonfibrous amphiboles do not sepaxrate into'such fibrils even after inteﬁse
grinding; instead, they break up along cleavage planes into rathexr shoxt
stubby p:isms--chéugh the length-to-diameter ratio may still be greater
than 3.:1.

What causes the special type of fibril sepération found in commercial
forms of "asbestos" but genexrally not in the noniibrous amphiboles? Three
obsexvations are pertinent:

(1) Chrysotile, which forms individuval hollow tubes, can separate into
fibrils as thin as the diameter of the individual tube. The chemical bonding
between tubes is very weak and perhaps is éue only to van dexr Waals forces;
thus, the ttbes are easily separated from one ancther.

{2} Amosite and crocidolite'“asbestos" from South Aérica is repeatedly
twinned on (100) as has been observed in electron :icroécope studies {4, 15, 25,
34]. This "polysynthetic” twinning, which produces repeated planar faults .
parallel to (100), is extremely ravre in the nonfibrous calcium-rich amphiboles

temolite, hornblende) and uvncommon in nonfibrous amphiboles of the cuming-

tonite-grunerite series [30, 31, 32].
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.(3) pAmosite, crocidolite, f£ibrous anthophyllite, and fibrous tremolite P

have been shown to possess chain defects, also called "Wadsley" defeéts (s, 15, ;
36, 37, 38]. These defects are caused by the formation of expanded "I-beams"
that are composed of tripie, cuadruple ...etc. chains of linked (Si,Al)o4
cetrahedra rather than the double chains found in all amphibole crystal struc-
+ures. If these "I-beams" are expanded indefinitely, the resulting strip )
becomes identical with the single talc layer of comgosiﬁion M965i802°(08)4
recall that the composition of anthc?hylliée is Mg75i8022(OH)2. These expanded
"I-heams" units can inte:mix_with the xegqular amphibole “f-beams" to form a
variety of minerals that I refer to as "talcholes" in allu;ion to their hybrid
character--between talc and amphibole. Veblen (38] has described ‘the detailed
structures of four of these ntalcholes" obtained from specimens originally
descrihed as "fibrous anthophyllite.™ In these crystal structures, "I-beams"

of one or two.types form an ordered three-dimensional structure. Veblen (38] R
showed evidence, ;s did Hutchison et al. ([15], that disordered arrangements
- of these structural units also occur. _ Hutchison et al. [15] reported the

presence of expandad "I-beams" structures in fibrous tremolite, and Franco

et al. (8] .reported the apparant presence of t:iple;chain lamellae, ssen as

planar faults on (010), in crocidolite from Western Australia.

Formation of "Asbestos”

How do chrysotile and the “talcboles" form? Modes of origin can he
inferred from the stability relationships among talc, anthophyllite,
enstatite, forxstarite, an;igo:ite, and chrysotile given by Hemley et al. [13].
Their mineral stability fields at 1 kbaﬁ?zo, in terms of crystalliz;ticn
temperature and molality of aqunous silica, are given in figure 3. This

-Fas‘r-:-‘l'lm "Yf

figure shows a number of relationships pertinent to the problem of "asbestlform"
{
h 4

minerals. As the temperature decreases, forsterite (Mg-rich olivine) can react
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to form antigorite or chrysotile depending on the silica concentration in the
aqueous sclutions to which the olivine-bearing rock is exposed. One chemical
reaction that may lead to the formation of brucite-bearing serpentinite is:

269,510, + 3H,0 - Mg Si 0, (OH)  + Mg(OH),

4
fosterite chrysotile brucite

This rgdction may explain the origin of éhe very long brucite needles, referred
to as "nemalite,"™ that are found in various serpentinites. Thirty-centimetar-
long needles of this mineral were collected by C. E. B:o&n (U.S. Geol. Sur&ey)
from a Quebec serpentinite locality and were examined by single-crystal X-ray
methods (Malcolm Ross, unpub. data). The brucite needles show hexagonal
symmetry, 2 = 0.315 nm, ¢ = 0.474 nm, and the long direction of the neeéles
are parallel to the brucite a-direction. The rather marked lina.broadeuing
that appears in the X-ray pattern suggests that the b:uciteAneedles are composed
of ﬁany small crystallites oriented so that their a-axes ave parallel to the
fiber direction. The brucite needles are intexgrown with chrysotile, for
chzysoéile X-ray reflections are superimposed on the diffraction
paétet& of brucite, and extremely long chrysotile fibrils remain when the brucite
needles are dissolved by dilute ENOB.

at higher concentrations of aqueous silica forsterite may alter to talc by
the reaction:

3mg,Si0, + :5 (8 si0) 2:««;3,5:'.'40lo (om), + 8 0

At silica concentrations near the quartz saturation curve, anthophyllite can

alter directly to talc by the reaction:

+ Mg,Si. 0, (OH), + 4HO -

3Mq7518022(0H)2 + 4(H25104)aq 4°10

This reaction may be of importance for the formation of fibrous anthophyllite

and talc. As the temperature decreases and the HZO, Mg2+, and silica

8
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activities remain within geologically reasonable limits one probable reaction

Lot ™S
.

sequence is: . R
enstatite - anthophyllite + talc.

If the alteration of a chain silicate to talc proceeds by an igggggrénulax
reaction, "talchole-type" phases may form as intermediates between

anthoghjllite and talc d;ring 1ow-temperﬁture alteration. Figure 4.shows

the stability fields of forsterite, enstatite, anthophyllite, and talc in

terms of temperature and molality of aqueous silica (13]. A stability (or
metastability) field for the "talcholes" (labeled "asbestos") is superimposed

on this diagram, overlapping the fields of talc and anthophyllite. The fibrous
nature of the "talcboles" can be explained if the alteration process of-a
-chain silicate (anthophyllite) to a sheet siiicate_(talc) proceeds by reforming
+he double chains at the unit-cell level.  In figure 4, the phase boundary

between enstatite (a pyroxene having the forﬁula MgZSiZOG) and ;chophyllite é..
suggests tAe poésibility of having mixed single chain (pyroxene) and double '
chain (amphibole) st:uc;ureﬁ. . . L.

‘The fibrous nature of commercial aﬁosite and crocidolite appears to be

“related to';he crystal growtﬁ mechanism; perhaps ihe crystalliteé nucleate at
many centers and grow as individual fibers only a few teﬁs of nanometers thick
(see Franco et éi. {8, figures 1, 2]). The presence of (100) twinning and

"Wadsley" defects may be the result of rapid growth and, in addition, may

hinder growth in a direction perpendicular to the fiber axis.
L 4

Properties of "Asbestos" that mav be Related to Health Risk

Eealth studies suggest that of the four economically important forms of
"asbestos," crocidolite has been responsibhle for the greatast health risk,

followed by amosite, then chrysotile, and lastly anthophyllite [1l]. If we

1]

Borahet
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assume that the health hazard causad by the commercial "asbestos" minerals is
due to some combination of their chemcial, stxuctural, and physical properties, ’
we can make some predictions about their relative biological activity.

All commercial "asbestos" minerals separate into very thin fibrils;
possible reasons for this have been discussed previously. The th;ckness,
length, and flexibility of the fibrils %ppgrently is importaant in determining
to how the £ibrils loége in puman tissue and how re;dil9 they are cleared from
the lung areas. T@é straight fibrils of small diametar, particularly those of
crocidolite, can more readily move to the periphery of the lung, where they
are in a position to penetrate the pleu:a'and thus producs mesot?eliomas {11].
That curly fibrils, especially those of chrysotile, are more readily ar;ested_
in the upper respiratory tract, is-given as a reason for the low incidenct of
mesotheliomas in chrfstotile miners and millers‘[ll, 19, 231. Assessment of
the xole of fisril size in relation to lung cancer is less clear [1l]; however, .
Gross [12] cited evidence that.“ashastos" fikers less than 5 pm long cause
negligible pathogenicity, both of the lung and pleura.

The problém of £ibril size in relation to cancer incidence’is of some °
importance, for the average ambient airborne "asbestos" fiber is shorter than
the average fiber in the whole rock. Brulqtte {2] reported that the average
concentratiop of airborne dust paztiéigg;;n the ch:YSotile'ﬁining district of
Thetford Mines, Quebec, was 80,506 né/m3 during active mining and 39,600 ng/m3
during a S-month period when the mines were closed. If we assume that the rock
contains 4 weight percent.chrysotile, these measurements suggest a minimum
chrysotile dust concentration in the ambient air of 3220 and 1584 ng/m3.l/

The total surface area of thz inhaled fibrils and the chemical reactivity

of this surface may have an important influence in the production of cancer.

10.
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1/ . .
Conversion of these figures (nanograms chrysotile per cubic meter of air) 1

to numbers of "fibers" per cubic cantimetar of air (the value usually given

in health studies) is estimated by using the following relations:

(1) density of chrysotile ;2.Sg/cm3 =2.5 x logng/cm3

(2) volume of 1 ng chrysotils = 4x10™1%=3 = 400 um3
‘ ritla £1 : 3,3 - (ng/m3)
(3) volume of chrysotile fibers in um”/cm ~5300—

(4) if a fiber having dimernsions 1l um x 1 pm x 5 um (Sum3) is
designated as a "standaxd fibex," then - l
1 ng chrysotile = 80 “standaxd fibers"

« 3 .
(5) number of chrysotile "standard fibers"/cm3 = é%Sé%al
. . 4

o

s

.11

11
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Researchers have not yet determined whether this surface plays a direct part
in the formafion of cancerous tissue, or whether a carcinogenic chemical
adheres to the mineral surface and the chemical itself later reacts with the
tissue or in some way catalyzes the carcinogenic process. The high incidence
of lung cancer in men who worked in the "asbestos" trades (textiles, brake-
lining frabrication, insulating) and who also smoked [33] indicates that
carcinoéenic chemicals in éﬁe tobacco smoke may somehow intexact with the
“asbestos"” fibrils. if many of the fibrils are not easily éleared from the
lung, they may adsorb these.chemicals and hold them indefinitely. Injection
of "asbdstos" fibrils directly into the pleura of animals caus;s a high
incidence of mesothelioma [40). These experiments suggest a direct .
relationship between the active fibril suxrface and production of pleural
cancer. However, othex dissimilar substances injected'into animals also
cause tumors; for examgle,-nonfibrous hematite (Fe203), sanidine (kAlSi308),
and corundum (A1203). [27}.

As a generalization, the relative chemical reactivity of the exgposed
£ibril surfaces of the four impoxrtant forms of commercial "asbestos” in

agueous solutiocns is:

chrysotile < anthophyllite < amosite < crocidolite.

Chrysotile, the least reactive of the four, is composed of rolled-up layers
that poss;ss no broken chemi&al bonds except wh;re the edges of the layexrs
are exzosad at the ends of the tubes. ‘The three éﬁphiboles, on the ather
hand, have broken chemical bonds on-all surfaces of the fibrils.
Anthophyllite can alter to various other silicates in aqueous solﬁtions,
as has been explained azbove. Similar alteration mechani%ms might als9 exist

for cracidolite and amosite, zlthough to my knowledge, these have not been

12

-y
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doé;ented. However, studies of the geochemlst*y of silicates indicate that

-,

the exposed su..faces of these two amphiboles present some interesting
possibilities for chemical change. Amosite (and also crocidalita) can under-
go oxidation>-reduction reactions of the type, .
2+gi
Fe., 51'8022

Ernst and Wai [6] have demonstrated that th:.s reaction takes place in irxon-

(0m) zFe§+E‘e3 Sig0,,0, + H,
hearing sodic amphibolés at 705°C. The complete reversibility of such a
reaction in the chémically similar silicate mineral biotite, has been
demonstrated by Wones [42] and by Takeda and Ross [35]. In the experiments
of Wones, auto-oxidation was accomplished in a neutral atmosphere (flowing
argon) at 500° to 700°C. Reduction was accomplished by passing hydrogem gas
over the crystals. Analogous reactions can take place at much lower
tempez:atures,b.ut also at much lower rat:ésg. -

Catic;n' exchange reactions take place in ﬁxe amphiboles known as £
richterites [14]; exchange is accemplished within the A-site of the amphibole
structure at 775-850°C by the reaction

} . oy . ‘ +
(Na)CaNaMgSS:LaOzZ (OH,E{‘)2 + K ;:>_(x<)CaNaMgSSJ.8022 (OH,F)Z + Na .

Crocidolite having a partially filled A-site such as that frem Bolivia [41]
can also undergo exchange reactions with postassium being replaced by sodium
and possiblyi);xonim and ammonium ions. Crocidolite with a partially or
completely vacant A-site may undergo exchange reactions coupled wi!:h
oxidation~reduction, e.qg.

O\IazFez“'E'ez 518022 (oH), + RM+ =@ 1Na,Fe 42 Fe3+818 22 (OH) 5

where RY = k', nat, H3O , or NH4, and O = a vacant site. .

13
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Whether such reactions can take place within animal tissue i# not known,
but the charg%‘and reactive surfaces of crocidolite and amosite fibwils appear
to offer excellent sites or templates for the initiation of complex chemical
changes.

The suxrface ar%?available for a28sorption is, of course, directly
related to £ibril thickness ox diémete:.' The specific surface of chrysotile,
as measured both by nitrogen adsorptién and permeability, is abéut twice that
of amoéite and crocidolite [28]. Because chrysotile f&rms hollow tubes, this
larger area for adsorption in chkrysotile is predictable if ‘the average fibher
thickness is similar for all three minerals.

The strain-free layer of chrysotile has a radius of curvature of about
8.8 nm [5]; thus, the minimum dizmeter of éhe tube should not be much less

_than 17 nm. 'The most frequently measured tube diameter is about 26 nm. Bates
and Comer [l] found in a study of chrysotile from Arizona and Quebec, a range
»of AQiametars from ll.4 to 85 nmm; tse averége diameter was 25 nm. The fiber
size ranges in the other forms of commercial "asbestos" have not come to my
attention,  althoush some crocidolite fibers from Western Australia [8] appeax

to be on the order of 50 nm wide.

"Asbestos" Eealth Risks in the Mining and

Milling Industry and Environs

s e

Although a significant health risk for those who work in the "asbestos"
t;ades, particularly for those who smoke, has been well documented, such a
risk is not clearly doctmented for those in the "asbestos” mining and milling
industxy and for those who reside in areas of such acqivitf. The mosé
detailed study of an "asbestos™ nmining community is that of the chry$9tile

mining areas of Quebec, Canada; the studies were started in 1966 and continue

14
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to the pres_ent {20, 21, 22, 23]. Similar studies of chrysotile miners on a P
smaller scale have besen undertaken by Koga;n et al. [16] in the Urals, U.S.S.R., ."-.-
and by Vigliani [39] in Italy. According to Mcnonald- (17, iB] these other

studies came to the same conclusions on health risk as the Quebec studies, the
latter of which have led the way in making some assessmené of the health risk
relative to the amount of dust to wnich .the workexrs were exposad. Health-risk
studies of workers in the masbestos” trades » for the most part, have not given
reliable dust-exposure figures, or even the relative amounts and types of

- Yasbestos” inhaled.

Chrysotile has been mined. in the Thetford Mines, Black Lake, and Asbestos
localities of Quebec for naarxly a century, beginning in 1886. Production has
increa.sed steadily since then, rsaching 907,000 metric tons in 1956.a.nd 1,500,000
met.ric.;:ons in 1976. A tremendous amount of ambient dust has been generated
ove:." the yea.rs‘ both by mining activities and by the _winds blowing over -the {
huge tailings piles. Even in 1974,. when dust-emission controls had much '
improved over those of the earlier years (72 million particles pex ££3 in 1950
to 4 million particles per £t3 in 1975 [20]) as a result of wet drilling,
watering of ha;ll roads, etc., emissions of particles frem chrysotile mining
and milling operations in the Province of _Quebec amou.;zted to 140,000 metric
tons, of which about 4 percent (5600 metric tons) was “asbestos®™ dust [2]. The
ambient dust levels for this region have already been discussed.

Is there a high incidance of cancer of the lung and pleura among the
35,000 residents of the Thetford Mines area of Quebec, 10 percent of whom
are employed in the chrysc;tile industry? According to McDonald et al. (17,

18, 19, 20, 21, 22, 23], the cancer incidencs for the male employees in the

Quebec chrysotile industry is similar to the male ‘cancer incidence in the

whole of Canada. In table 1 is given the proportional mortality from lung

-
-

. -~
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cancer and hesothelioma for the Quebec and North Italian chrysotile miners and‘
millers and.a;so for the entire populations of various countries in the year 1970.
In the period 1936-1973 seven cases of mesothelioma have been reported in the
Quebec mining and milling industry [19, table 12]. The world-wide inéidence of
mesothelioma in those who worked in the chrysotile mining and milling industry-
for the period 1958 to.1976 is 1l cases [19, table 4]. The Canadian studias do
show an increased lncldence (2 1 to 3.6 t.mé;) of lung cancer for those workers
exposed to the highest concentrations- of dust -- 400 to 800+ mucf~zrgl Eowever,
these studies show that little health risk is experienced ﬁy warkers breathing
less than 200 mpcf-vr for a working life of 50 years. u

An unusually high number of deaths caused by lung cancer in Homestake
geld mineﬁs dur;né the period 1960 to 1973 has been reported by Gillam et al. {10}.
The cohort consisted of 440 individuals who in 1960 had worked 5 years or more
* underground. Gillam et al. attributed the higﬁ inciden;e of lung cancer to
inhalation of cummingtcnite amphibole. They did not specify whether the hormblende
amphibole, also oresent in the rock belng nined, also contributed to health risk.
In rebuttal to this work, McDonald et al. [24] repoxted on a health analysis of a
cchort of 1351 Homastake miners whose working period was from as far back as 1937
to‘the end.of 1973; each of the miners had morg than 21 years mining ;ervice.
Deatbs resulting from malignant neoplasm Were very close to those expected (93
gbserved, 90.5 expected); this includes the subcategories of malignant naoplasm -
respiratory, gastro-inte§tinal, and "other" éanée:s. The excess death found in
+he Homestake mingrs was due in fact to,silicosis, silico-tuberculosis, and
heart disease. McDonald et al. (24] stated, “The pattern of mortality of men

with long employment in this
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2'/This unit expresses (in millions) the average number of particles (includ-

ing approkimately 4% chrysotile) contained in each cubic foot of air inhaled
during a worker's career jin the mines or mills times the number of yeaxs the

worker was employed. If the dust is assumed to contain 4% chrysotile, then

working for Sd years at a dust level of 16 mpcf (800 mpcf-yr) is roughly

equivalent to inhaling 23 chrysotile particles for every cm3 of air taken
into the lungs during the employment lifetime. A figure of 200 maci-yr is
roughly equivalent to 6 particles of chrysotile/cm3. Conversion from dust

particle measurements to chrysotile fibers per 3 is difficult because

.

chrysotile abundance varies from place to place.

]
i

Lot
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industry indicates a serious cneumoconiotic hazaxd characteristic of hard
rock miners But not of cancer."

Fears [7] has made an epidemiclogical study of cancer risk, including
respiratory cancer, in 97 U. -S. counties in 22 States known to be mining
chrysotile or amphibole "ashestos.” He found no excess of cancer mortality
compared with ;ancer moxrtality rates in'194 demographically matched counties
in which such miﬂerals are not known to be mined; cancer mortality in both
groups of counties was signif‘canély below the national averﬁge.

At present, people are concerned about the possible health hazards
associated with the cuarrying of serpentine rock at Hunting Hill quarry near
Rockville, MD, and its use as a suxrface ma§erial for roads, playgrounds; and
parks. The ro;ks being quarriad here are very similar geologically to those

of the chrysotile mining localities of Quebec, except that they contain much

less ch:ysotilé -~ about 0.5 weight percent. Rohl et al. [29] from Mount

Sinai Hospital reported chxysotile fiber abundances of 500 to 4700 ng/m3 of
air sampled adjacent to roads and a parking lot paved yith loose crushed stone
from the Hunting Hill quaxry. The highest figures were measured during
"noderate” motor vehicle use. The Mt Sinai figures are equivalent to 0.2

to 1.9 um3 of chrysctila per a3 of air or 0.04 to 0.4 "standard fibexrs® per
em3 of air. Air samples taken near the perimeter of the H;nting Hill quarry
gave ch:ysotile.mass concentrations of from 0.02 to 64 ng/m> or 2 X 1076 to
5 x 1073 "standard fibers" pex 3 of air (U. S. Bureau of Mines, State of .
Maryland, and McCrone Assoc.,unpublished data). The present U. S. Government
limits for "asbestos" content of air ars 2 fibers/cm3 (0SEA) and 5 fibers/cm3
(MESA) where a fiher is defined as longer than 5 um, less than S ym wide,

and having a length-to-width ratio of 3:1 or greater.
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The publicity atout the possible health risk because of dust emission (’
from the Hunting Hill quarry and its rock products had caused the quarry to
lose about 30 percent of its business by July 1, 1977. Hontgomery County,
MD, expected to pay about $2.3 million in its initial effort to seal tha
roads so as to reduce dust emissions and to remove loose stone from the

parks (The Council Revort, Montgomery County, vol. 6, no. 22, July 1, 1977}.

Apparently, other mining and quarrying operations alor}g the "'serpentine
pelt" of the eastern U. S. from Maine to Alabama also will be considered
health risks to the general publié {29]. Réhl et 21l. [591 suggestad that
exploitation of crushed amphibolite rock also raises the possibility of

-

contamination of the air by "asbestos"-~like minerals.

The dancer’ipc%@eﬁce among those employed in the chrysotile mining and. .
milling industry does not appear to be excessive when eoﬁpared to national
populations (takle 1). However, the incidence of cancer among those employed
in the “asbestos" t;ades is vexy high (Eable 1); incidence of lung cancer being
3 to 4 times that of the.ave:age population, incidence of mesothelsoma éeing
130 to 226 times that of tﬁe avarage poéulation . The "asbestos" tradess
generally utilized a variety of "asbestos” minerals including amosite and/or
cr;cidolite, sqgetimes mixed into a paste for lagging. If we consider that
80 to 90 ﬁercenﬁ of all the commercial "asbestos” ever mined was chrysotile
and that there is a low incidence of cancer in the chrysotile mining industry,
we are led to conclude that either amosite and crocidolite are vegy hazardous
or that there is an additional factor relaéing to health risk in the "asbestos”
trades which has not yet been discovered. Previously, I have discuésed some
reasons why these two minerals |may be more chemically reactive than chrysoéile.{? :
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Definitive epidemiological studies of the amosite mining region§ of
South Africa and the crocidolite mining regions of §outh Africa, Bolivia,
. and Australia appear to be lacking:; such studies are needed in order to
understand the high cancer incidence in certain trades utilizing these
minerals. It is important éo point out that the "asbestos" minerals
should be considered separately when anélysing their effects on the
workex's hgalgh.' Reasoning by analogy is dangerous; high cancer incidence
associated with one form of "asbestos™ in a particular occupation does not
necessarily mean that there will be the same incidence when utilizing
another form of "asbhestos” in that or another occupation. Unfcrtunaéy%y,
this type of reasaning has led many to assume that any amphibole in 552:
environﬁent will cause high cancer mortality.

The.operational probhlems in defining and characterizing fine mineral
particles and the unknown health effects on humans by minerals not generally
regarée& as "asbestos” appears to be causing‘more and more investigators to
aécept rather broad definitions for "asbestos.™ The present analytical tech-
niques used by the EPA and OSHA do not -distinguish between amphibole cleavage
fragments and the minerals geoscientists generally consider to be true
"asbestos.” In fack, if electron diffraction is not used expertly, many
pyroxenes might be c;lled "asbestos.” For example, bronzite, a common
ozthopyroxene.having the composition (Mg,Fe)8518024, is very similar chemically
+o awphiboles of the cummingionite-grunerite series, (Ng,?e)7SiBQ22(OH)2.
Also, orthopyroxene gives.an electron diffraction paftern similar to that
of cummingtonite ~-- both patterns possess 0.52 nm spacings between the

iffaction row lines in the gggkreciprocal latticg net. A full interpretation

of the patterns is necessary for positive identification. Similarly, calcic

pyroxenes might be confused with amphiboles of the temolite-actinolite series
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or with hornblende. Curmingtonite (and possibly hornblende) is considered an ¢
“ashbestos" héalth hazard by health investigators from the National Institqte

of Occupational Safety énd Bealth (NIOSH), as reported by Gillam et al. {10}.

The Mt. Sinai group (29] suggested that crushed amphibole-bearing rocks
(amphibolite) used as road-surfacing material may result in wide-spread
"asbestos" cogtamination of community air.

Alonq with the general use of bro;der.definitions of "asbestos" is a
trend toward setting lower and lower limits on the acceptable amount of
*ashbestos™ permitted in the environment (at present the OSHA standard is 2
fibers/cm3; the MESA standard is § fibers/cm3, but it will soon be changed
to the OSHA value). ’

A more stringent "asbestos" health standard is presently being proposed

by-thé‘National Institute for Occupational Safety and Health (Reexamination

. e

and Uopdate of Information on the Health Effects  of Occupational Exvosure to ,iwx

Asbestos, December 1976; document prepared by NIOSH for transmittal to OSHRA,

as requested by the Assisfant Secretary of Labor). This document‘sgates
(p. 92-93): "Evaluation of all available human data provides no evidence for
a threshold or for a safe level of asbestos exposure."

"In view of the above, the standard should be set at the lowest level
detectable by available analytical techniques——=-."

“Since phase contrast microscopy is the only generally available and
practical analytical technique at the present time, this level is défined as
100,000 fibers >5 um in 1en§th/m3 (0.1 f£ibers/cc)e==="

A definition of "asbestos™ to include many amphiboles, chrysotile, and
possibly.other minerals that appear fibrous or aciculax in the electron

microscope coupled with a fiber-concentration standard of 0.1 fibers/cm3 { .

should serve to shut down a large number of- our hard rock mines and quarr}es.

LI
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Also, nothing has yet been said about the effect of such standards on con-
struction workers building highwgys, tunnels, bridges, or dams on amphihole-~
bearing rock, noxr of the agricultu=al workers who are'exposed to fiber-
containing dust-while working the croplands. I£ the present concept of low
or "zero thrashold” health risk and broad use of "asbestos" defintions
continue, much of the crust of the ea:th.could be considered a health
hazard.

A way of minimizing the effect on the mining industry of the present
and proposed “"asbestos" standards, yet still maintaining a good level of
health safety,is presented by the Canadian studies of the Quebec chrysotile
workers. Here J. C. McDonald and his collgagues G. W. Gibbs, aA. D. Mcoénald,
M. R. Becklake, J. Siemiatycki, C. E. Rossiter, F. D. K. Liddell, '
0. A. IL Attar, A. Harper, and many others [17, 18, 19, 20, 21, 22, 231
have undertaken not only to delineate areas of health risk in the Quebec
énvironme;t but also to assess the exposure limits of rock dust where the
inciden;e of cancer and other diseases is at an acceptably low level. No

occupation can be considered to have a zexo health risk. It would seem that

similar studies in this £iéld would be of value in the United States.

I
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TABLE l. Proportional mortality from lung cancer and

mesothelioma for selected male populations.

Cohort Déaths ¥
Group No. men All causes % lung cancer ¥masotheliom

‘Ganeral pooulations 2/

Canada (1970) 82,052 5.3 0.03

gsa (1970) 988,620 5.1 0.03

inland (1970). 22,332 7.1 0.04

Italy (1970) 252,795 4.7 -

England - Wales (1970) 278,617 8.9 0.06
Chrvsotile mining-milling b/ .

Quebec (1936-73) 10951 3938 5.7 0.18

N. Italy (1932-70) 1038 270 2.2 0
Anthophvllite mining-milling &/

Finland (1936-67) 29Q0 216 9.7 Q
“Asbestos” trades &

Insulators 26505 2137 19.6 6.7.

Asbestos factory 10781 1422 15.0 3.1

¢ g

{19, table 12; 20, p. 525]

e/ [19, table 12]

4/ Composite figures [19, table 12]
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FIGURES _ -

Figure 1. Structural relationship between the upper double chain of
linked (Si,Al)o4 tetrahedra and the octahedra paxt of the
arphibole strip or "I-beam." The circles represent Mg,Fe, or
Al atoms in chaheéral coordination; at the apices of the poly-
hedra are oxygen atoms. Tetrahedral Si and Al atoms ‘are not
shown. The “I-beams" extend infinitely in a direction- '
parallel to the c-axis (the fiber axis). The widt# of the
"I-beam" in the b-direction is three octahedra. Figure is

modified from Papike and Ross [26]. .

Figure 2. rangement of the amphibole strips or "I-beams" in (A) ortho-
amphibole (space gxoup Eggg) and (B) clinoamphibole (space
. group C2/m). fhe ¥I-beams" axe viewea end-on (parallel to the {12
fiber.g;axis). The central portion of the "IJbéém" is corposed .
of (Mé,Fe,Al)os.octahedra;~the upper and lower portions are

composed.of double chains of (Si,AlO4) tet:ahedra.. The "“I-beams"

are stacked in two ways: (1) ... (clinocamphibole), and (2)

+ - 4+ - .... (orthcamphihole)}. Figure mcdified from Papike and

Ross [26].

Figqure 3. .Mineral stability relations in the system Mgo-sioz-Hzo as a
function of log of molality of agueous silica and temperature,

at 1 ki lobar 320 pressure. Figure modified from Hemley et al. ([13].

S

Figure 4. Adaptation of the enstatite-anthophyllite-talc-forsterite étability
relationships at 1 kbar azo to show a-possible stability or

metastability field of "talchole asbestos" (stippled). Figuxe - {-
modified from Hemley et al. [13]. Anth. = anthophyllite.
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