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

1. Exposure Data
1.1 Chernical and physical data
1.1.1 Classification and nomenclature of silica forms

Chem. Abstr. Name: Silica
Chemical name: Silicon dioxide
Structure: CrystalIine, amorphous or cryptocrystalIine
Origin: Mineral, biogenic or synthetic
Classification:
(a) Crystallineforms

natural- cx, ß quartz; cx, ßI' ß2 tridymite; cx, ß cristobalite; coesite; stishovite; moganite
synthetic - keatite; silica W; porosils (zeosils and c1athrasils)

(b) Amorphousforms

natural - opal; biogenic silica; diatomaceous earths; silica fibres (biogenic); vitreous silica
synthe

tic - fused silica; pyrogenic or fumed silica; precipitated silica;

colloidal si1ica; silica gel
(c) Silca rocks (? 90% SiO 2)

quartzite, quartz arenite, diatomite, porcellanite, radiolarite, chert, geyserite
(Frondel, 1962; Coyle, 1982; Flörke & Martin, 1993)
Varietal names
(a) Crystallne forms

natural- a-quartz: agate; chalcedony; chert; flint; Jasper; novaculite;
quartzite; sandstone; silica sand; tripo1i
(b) Amorphousforms

natural- diatomaceous earths: diatomite, kieselguhr, tripo1ite (Benda &
Paschen, 1993)

CAS Reg. Nos: See Table 1.
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Table 1. Chernical Abstracts Registry nurnbers for various forrns of silca
Type of silica

CAS Reg. No.

Silica

7631-86-9; deleted CAS Nos, 179046-03-8; 152787-33-2;
122985-48-2; 1340-09-6; 145686-91-5; 155575-05-6; 155552-

25-3; 50813-13-3; 139074-73-0; 136881-80-6; 126879-30-9;
126879-14-9; 89493-21-0; 127689-16-1; 1133384-41-1;

62655-73-6; 83652-92-0; 55599-33-2; 97709-14-3; 10872771-5; 87501-59-5; 39336-66-8; 83589-56-4; 70563-35-8;
97343-62-9; 78207-17-7; 70536-23-1; 12765-74-1; 12125-13-

2; 56645-27-3; 53468-64-7; 50926-93-7; 61673-46-9; 6716716-2; 52350-43-3; 60572- IL -4; 51542-58-6; 51542-57-5;

50935-83-6; 56731 -06-7; 39372-58-2; 39409-25-1; 37241-251; 12774-28-6; 9049-77-8; 11139-72-3; 11139-73-4; 1273736-9; 12753-63-8; 37220-24-9; 37334-65-9; 37340-45-7;
37380-93- 1; 39443-40-8; 39456-81-0

Crystallne silica
Cristobalite
Quartz
Tripoli
Tridymite
Amorphous silica
Pyrogenic (fumed)
amorphous silicau
Precipitated silica,

including silica gel
Diatomaceous
earth (uncalcioed)

14464-46- 1

14808-60- 7

1317-95-9; deleted CAS No., 12421-13-5
15468-32-3; deleted CAS Nos, 12414-70-9; 1317-94-8

1 12945-52-5 (previously included under 7631-86-9)

1 12926-00-8 (previously included under 7631-86-9); deleted
CAS No., 112945-53-6)
61790-53-2; deleted CAS Nos, 53571-43-0; 77108-41-9;
61970-41-0; 37337-67-0; 56748-40-4; 54990-62-4; 54990-613; 57692-84-9; 81988-94-5; 67417-47-4; 39455-02-2; 5451118-1; 37264-95-2; 50814-24-9; 73158-38-0; 12623-98-2;
55839-10-6; 51109-72-9; 68368-75-2; 67016-73-3; 12750-99-

1; 64060-29-3; 39421-62-0; 37328-66-8; 11139-66-5; 57126-

63-3; 29847-98-1
Vitreous silica,

60676-86-0; deleted CAS Nos, 55126-05-1; 1119573-97-6;

quartz glass, fused

37224-35-4; 37224-34-3)

silica
FIux-calcined
diatomaceous earth

68855-54-9

UDifferent from amorphous silica fume (CAS Reg. No., 69012-64-2)
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Trade names
(a) Crystallne forms

natural- -quartz: CSQZ, DQ 12 (Robock, 1973), Min-U-Sil, Sil-Co-Sil,
Snowit, Sykron F300, Sykron F600 (Fu et aL., 1984)
(h) Amorphousforms

natural - diatomaceous earths: Celatom, Ce1ite, Clarcel, Decalite,
FinalOptima, Skamol (Flörke & Martin, 1993)
synthetic - fused silica: Suprasil, T AFQ

pyrogenic or fumed silica: Aerosil, Cab-O-Sil, HDK, Reolosil
precipitated silica: FK, Hi-Sil, Ketjensil, Neosyl, Nipsi1, Sident, Sipernat,

Spherosil, Tixosil, Ultrasi1 (Flörke & Martin, 1993)

colloidal silica: Baykisol, Bindzil, Hispacil, Ludox, Nalcoag, Nyacol,
Seahostar, Snowtex, Syton (Flörke & Martin, 1993)
silica gel: Art Sorb, Britesorb, Diamantge1, Gasil, KC- Trockenperlen,

Lucilite, Silcron, Silica-Perlen, Silica-Pulver, Sylobloc, Syloid, Sylopute,
Trisyl (Flörke & Martin, 1993)
Description
(a) Crystalline forms

(i) Natural

a-Quartz is the thermodynamically stable form of crystalline silica in ambient
conditions. The overwhelming majority of natural crystalline silica exists as a-quartz.
The other forms exist in a metastab1e state (see Section 1. 1.3). The nomenclature used is
that of a for a lower-temperature phase and ß for a higher-temperature phase. Other

notations exist and the prefixes low- and high- are also used.
The large majority of the experiments reported in Sections 3 and 4 were carried out
with Min-U-Sil or DQ 12 quartz. Min-U-Sil is a trade name under which ground quartz
dust has been sold by different companies. The number that folIows sorne Min-U-Sil
preparations (e.g. Min-U-Sil 5) refers to the particle size of the sample (Min-U-Sil 5 is
s; 5 llm in diameter). The purity is :; 99% quartz. However, the mineraI sources of the
quartz crystals employed for the preparation of the ground dust have varied with time;
consequently, the associated impurities may also have varied. ln one case, a Min-U-Si1

sample was analysed and the presence of trace amounts of iron (-: 0.1 %) was reported
(Saffiotti et al., 1996).
DQ 12 -: 5 llm is a quartz sand with a content of 87% crystallne silica, the remainder
being amorphous silica with smáll contaminations of kaolinite. DQ 12 was described and
provided by Robock (1973) from a geological source in Dörentrup, Germany. AlI DQ 12
samples originate from the same source, but no other descriptions of composition or
particle size have been reported in subsequent years.
(ii) Synthetic

Keatite is obtained under thermal conditions. Silica W is formed at about 1200 °C

from SiO as metastable fibrous woolIy aggregates, unstab1e at ambient temperature
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(Flörke & Martin, i 993). Porosils (zeosils and clathrasils) are crystalline porous silicas
with a zeolitic structure made up from only silicon and oxygen (Gies, i 993).
(b) Amorphous forms
(i) Natural

Opal is an amorphous hydrous silica that may contain cryptocrystalline cristobalite

(Frondel, 1962). Biogenic silica is defined as any silica originating in living matter
(known sources include bacteria, fungi, diatoms, sponges and plants); the two most
relevant biogenic silicas are those associated with fossilized diatoms and crop plants
(Rabovsky, 1995). Diatomaceous earths are the geological products of decayed

unicellular organisms (algae) called diatoms. Vitreous silicas are volcanic glasses;
lechatelierites are natural glasses produced by the fusion of siliceous materia1 under the
impact of meteorites (Frondel, 1962).

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

tic

Fused silica is silica heated up to a liquid phase and cooled down without allowing it
to crystallize. Pyrogenic or fumed silica is silica prepared by the combustion of a volatile
silicon compound (usually SiCI4). Precipitated silica is silica precipitated from an
aqueous solution. Colloidal silica is a stable dispersion of discrete; colloid-sized particles
of amorphous silica in an aqueous solution. Silica gel is a coherent, rigid, continuous
three-dimensional network of spherical particles of colloidal microporous silica (Flörke
& Martin, 1993). The characteristics of synthetic silicas have been the subject of many
reviews (e.g. Iler, 1979; Bergna, 1994). Characteristics of commercial synthetic silicas
have been described recently (Ferch & Toussaint, 1996).

1.1.2 Crystalline structure and morphology of silica particulates
Molecular formula: Si02

Silicon-oxygen tetrahedra (Si04) are the basic units of all crystalline and amorphous
forms reported in Section i. 1.1 (with the exception of stishovite, in which, under extreme
pressure conditions, silicon is forced to bind to six oxygen atoms in an octahedra1 coordi-

nation). ln each si1icon-oxygen tetrahedron, each silicon atom is surrounded by four
oxygen atoms; each oxygen atom is shared by two tetrahedra.

The three-dimensional framework of crystalline silicas is determined by the regular
arrangement of the tetrehedra, which share each of their corners with another tetrahedron. Differences in the orientation and position of the tetrahedra create the differences
in symmetry and cell parameters that give rise to the various polymorphs. ln the case of

quartz, the structural feature is a helix composed of tetrahedra along the
c-axis. The helices have a repeat distance of three tetrahedra. The winding of the helices
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can be left- or right-handed, which results in the enantiomorphism of quartz crystals
(Frondel, 1962).

The phases of silica and their crystalIine structures have been extensively studied and
several surveys have been carried out (e.g. Frondel, 1962; Wycoff, 1963; Sosman, 1965).
Table 2 reports symmetry, lattice parameters (the unit celI dimensions a, b, c), density

and the strongest lines (d values) obtained by X-ray diffraction of the various natural
polymorphs stable or metastable at room temperature.

Table 2. Crystallographic data of silca polyrnorphs
Polymorph

(X-Quartz

(X- Tridymite

(X-Cristobalite

Coesite

Stishovite

Crystal system
Space group
"
Cell parameters

Trigonal

Orthorhombic
C222,

Tetragonal
P4,2,2

Monoclinic
C2/c

Tetragonal
P4/mnm

9.91
17.18

4.970
4.970
6.948
2.318
4.05, 2.485,

7.1464
12.3796
7.1829
2.909

4.1790
4.1790
4.287

3.098, 3.432,

2.959, 1.538,

2.841

2.77

1.981

a
b
c

Density
Strongest
¡,

diffraction lines

P3,21

4.9134
4.9134
5.4052
2.648
3.343,
4.26,

40.78
2.269
4.30, 4.09, 3.80

2.6651

1.817

From Frondel (1962); Roberts et al. (1974); Smyth & Bish (1988)
" ln Angstrom units
l, Source of X-ray: copper

The silicon-oxygen bond is regarded as partially ionic (that is, close to 1 : 1 ionic to
covalent bond character). The mean Si-O distance in tetrahedral polymorphs is 0.161-

0.162 nm and the mean 0-0 distance 0.264 nm. The variation in the Si-O-Si bond
angles and the almost unrestricted rotation of adjacent tetrahedra around the bridging

oxygen atom account for the variability of silica frameworks (Flörke & Martin, 1993).
The 29Si nuclear magnetic resonance (NMR) peaks of the framework of silica polymorphs appear at the highest field of the 29Si chemical shift range of silicates. The shifts

observed for silica polymorphs range from - 1 07 to -121 ppm. The chemical shift
differences observed for the various polymorphs are due only to changes in the structural
arrangement of the Si04 tetrahedra within the silica backbone. Quantitative correlations
between the observed chemical shifts and several geometrical parameters, typically bond

angles, have been established (Engelhardt & Michel, 1987). ln this context, NMR
appears to be a promising technique for a better insight into the crystal structure and for
the identification of the various polymorphs.
The amorphous silica forms are also composed of tetrahedra sharing theIr oxygen
atoms. However, in these silicas the orientation of the bonds is random and lacks any

long-range periodicity. The lack of crystal structure is shown by the absence of sharp
lines in an X-ray diffraction, although some short-range organization may still be
present.
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A large variety of amorphous silicas have been prepared for different uses
(Section 1. 1.1), the properties of which are described by Ber (1979) and Bergna (1994).

These amorphous silicas ditter in particle form and size, porous structure and residual
water content.

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

dependent upon the procedure used in their preparation.

The surface areas of ground samp1es of crystalline or vitreous si1ica depend on the
grinding procedure and vary between 0.1 and 10-15 m2/g. Diatomites have a rather broad
range of surface areas, which, after calcination, falI most1y into the range 2-20 m2/g.

Pyrogenic amorphous silicas have surface areas ranging from 50 to 400 m2/g. Precipi-

tated amorphous silicas have a very variable specifie surface area ranging between 50
and nearly 1000 m2/g because of their porous structure and the small size of the particles.
Quartz particles often have a perturbed external amorphous layer (known as the
Beilby layer; Fubini, 1997). Removal of this layer by etching improves the crystallinity
and increases the fibrogenic potentia1 of the dust (King & Nagelschmidt, 1960).
1.1.3 Physical properties and domain of thermodynamic stabilty

The stability of the polymorphs of silica is related to temperature and pressure (Klein
& Hurlbut, 1993). a-Quartz is stable over most of the temperatures and pressures that
characterize the earth' s crust. Tridymite and cristoba1ite are formed at higher temperatures, while coesite and stishovite are formed at higher pressure. The conversion from

one crystalIine structure to another requires the rupture of si1icon-oxygen bonds and the
reconstruction of new ones. This process requires a very high activation energy.
Although a-quartz is the only silica phase stable under ambient conditions, other silica
polymorphs, namely a-tridymite, a-cristobalite, coesite and stishovite, exist with metastability at the earth's surface. Their conversion to a-quartz under ambient conditions is,
in fact, immeasurably slow. ln contrast, the a ~ ß conversion in quartz, tridymite and
cristobalite requires only the rotation of silicon bonds; this can occur rapidly at the interconversion temperature. Consequently, only the a (low) forms can exist in ambient

conditions.
The temperature ranges of stability of the most important si1ica polymorphs are

reported in Table 3.
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Table 3. Dornain of therrnodynarnic stabilty and rnetasta-

bilty of silca polyrnorphs at arnbient pressure"
Polymorph

Stable

Metastable

(X-Quartz

Up to 573°C

ß-Quartz

From 573 °C to 870°C

ß, - Tridymite
ß,- Tridymite
(X-Cristobalite

ß-Cristobalite

Aboye 870 °C

Uptol17°C

(X- Tridymite

From 870°C to 1470 °C

From 117°C to 163°C
Aboye 163°C
Up to 200-275 °C

From 1470 °C to 1713 °C
(melting-point)

Aboye 200-275 °C

" From Deer et aL. (1966)

The folIowing polymorphs are obtained at high pressure: coesite, produced at 450-

800°C and at 38 000 atmospheres (3.8 x 106 kPa), found in rocks subjected to the impact
of large meteorites; keatite, synthesized at 380-585 °C and 330- 1200 atmospheres (33-

121 x 10' kPa), not commonly found in nature; and stishovite, synthesized at temperatures above 1200°C and at 130000 atmospheres (13 x 106 kPa), detected in Meteor
crater, Arizona, United States.

These forms of silica are metastable under ambient conditions and can be converted
into other polymorphs upon heating (Cerrato et aL., 1995). Silica glass exists at room

temperature up to about 1000°C; the rate of crystallization rapidly increases as
temperature increases beyond this point. Silica glass is unstable at temperatures below
1713 cC.

The interconversion from one polymorph to another upon heating or cooling may be
schematized as follows (Frondel, 1962):
Double arrows indicate a rapid interconversion.

570°C 870 °C
a-quartz

· ß-quartz · ß2-tridymite

1470°C 1723 °C
· ß-cristobalite 4 . fused silica

L i 63°C

L 200-275 °C

ßi-tridymite

a-cristobalite

quenching

L 11 7 °C

a-tridymite

silica glass

The different arrangements of tetrahedra in the various polymorphs and the presence
of octahedrally coordinated silicon in stishovite imply remarkable differences in density
se
and in the distance between the silicon and oxygen atoms. A relationship between the
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parameters and some biological responses (i.e. hydroxyproline as a measure of fibrosis
in vivo and percentage haemolysis as a measure of red blood cellmembrane Iysis) have
been proposed (Wiessner et aL., 1988). Atom distances, bonding angles and percentage
volume occupied by the atoms in the unit celI have been related to the biological
responses elicited (Mandel & Mandel, 1996).
The general features of the formation and reversion of the amorphous phases of silica
are reported by Sosman (1965). Conversion from the crystalIine to amorphous form may
occur by grinding (Steinicke et al., 1982, 1987) or by melting and rapidly cooling down

the melt. The vitreous phase is metastable and under ambient conditions remains in that
state for long periods of time (years). Conversely, crystalIization into various forms may
take place during heating or under geothermal conditions. Biogenic silicas are readily
converted into cristobalite under relatively mild temperature conditions (c. 800°C), weIl

below the temperature range of thermodynamic stability of cristobalite (Kadey, 1975;
Jahr, 1981; Rabovsky, 1995).

The so-called cryptocrystalIine forms of quartz - cha1cedony, agate, flint, chert,
novaculite - are the products of geological crystallization into fine-grained varieties of
quartz (FrondeL, 1962)

1.1.4 Chemical properties
(a) Solubility in water

Silica is rather poorly soluble in water and solubility is higher for the amorphous than
for the crystalIine morphologies. The solubility of the various phases of silicas is very
complex and depends upon several factors (Iler, 1979). Solubility increases with temperature and pH and is affected by the presence of trace metals. Particle size influences the

rate of solubility. The external amorphous layer in quartz (the Beilby layer) is more
soluble than the crystalline underlying core.
(b) Reacti vit

Y

Silica is attacked by alkaline aqueous solutions, by hydrofluoric acid and by catechol
(lier, 1979). The rates of etching in hydrofluoric acid vary in the folIowing sequence
(King & Nagelschmidt, 1960; Flörke & Martin, 1993): stishovite oe coesite oe quartz
oe tridymite, cristobalite oe vitreous silica (Coy

le, 1982).

Etching in hydrofluoric acid eliminates the Beilby layer (Fubini et aL., 1995) on

quartz (see Section 1.1.2). Stishovite is almost insoluble in hydrofluoric acid and coesite
reacts at a much lower rate than quartz or vitreous silica. Hydrofluoric acid solutions can
thus be used to separate the various polymorphs (Stalder & Stöber, 1965).
1.1.5 SU/face properties

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

The surface of silica reacts with water vapour from the ambient air to foril an
external layer of silanols (SiOH). This process may be extremely slow (smooth surfaces

with stable siloxane bridges, Si-O-Si) or very fast (fresh defective surfaces, strained
siloxane bridges). The part of the surface covered by a dense layer of silano1s is is

hydrophobic (Bolis et al., 1991). Under the same conditions of humidity, the various
polymorphs show a different degree of hydrophilicity - quartz and stishovite being the
most hydrophilic and pyrogenic amorphous silica the most hydrophobie (Cerrato et al.,
1995).
(h) Meclianical fracture

Cleavage seldom occurs on defined crystal planes and fractures are conchoidal. Dusts
originated by quartz grinding have a peculiar reactivity arising from the homo1ytic and
heterolytic rupture of the silicon-oxygen bonds, which leaves unsatisfied va1encies as

unpaired electrons (surface radicals) and surface charges (Antonini & Hochstrasser,
1972; Fubini et al., 1989). A similar, even more pronounced effect takes place wIth
tridymite and cristobalite (Fubini et al., 1989, 1990). The effect is less pronounced with
coesite and does not occur with stishovIte (Fubini et al., 1995). If grinding is performed
in dry air, oxygen or hydrogen peroxide aqueous solutions, reactive oxygen species
(ROS) - SiO~ and Si+O~ - are formed (Dalal et al., 1989; Fubini et aL., 1989, 1990;
Fubini, 1997). Conversely, if grinding takes place in a wet atmosphere, silanols are
formed rather than surface radicals (Volante et aL., 1994).

ln aqueous suspensions, freshly ground surfaces generate ROS (Vallyathan et al.,
1988). Whether the ROS arise trom the silica itself or from certain impurities exposed at
the surface during the grinding procedure is still under debate; acid washing decreases
the radical yield (Miles et al., 1994).
(c) Thermal treatments

The presence and extent of silanols at the surface of a silica sample determines its
hydrophilicity. Upon heating, silanols condense into siloxanes with elimination of water:

This reaction progressively con

2SiOH -7 Si-O-Si + HiO
verts hydrophilic surfaces to hydrophobie ones (Fubini

et al., 1995). When cooling down under ambient conditions, sorne water uptake takes
place, with partial reconversion of siloxanes into silanols. However, high temperature
and pro10nged heating stabilize surface siloxane with consequent inhibition of
rehydroxylation. The surface is thus metastably hydrophobie and remains as such for
very long periods of time.

The above reaction occurs more readily with amorphous silicas, in which the silicon
tetrahedra are able to move more easily than in the crystalline forils where the si1anols
are stabilized in ordered arrays. As a consequence, crystallne particles are more

hydrophilic than amorphous ones when submitted to the same heating procedure.
Heating also removes defects and radicals originated by grinding (Fubini et al., 1989).
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(d) Etching

Etching with hydrofluoric acid, alkaline hydroxides or catechol modifies the surface
of silica samp1es (Her, 1979). External layers are attacked with the progressive elimination of surface radicals (Costa et al., 1991). With hydrofluoric acid, the external

surface is smoothed out and the specifie surface area decreases. This effect is due to the
smoothing out of the fracta1 part of the surface and to the total dissolution of smaller
particles rather than the simple reduction in the dimensions of each particle (Fubini et al.,

1995). As a consequence, the size distribution of an etched samp1e reveals a higher
proportion of larger particles.

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

Metal impurities modify the surface reactivity of silica samples. Aluminium decreases

silica solubility (Her, 1979). Transition metal ions (typically iron), adsorbed at the
surface, activate the production of free radicals in aqueous suspensions (Vallyathan et al.,
1988).
1.1.6 lmpurities

Major impurities in crystalline silica polymorphs include aluminium, iron, titanium,
lithium, sodium, potassium and calcium (Frondel, 1962). The concentrations of these
impurities vary from specimen to specimen but are generally below 1.0% in weight as
oxide (Heaney & Banfield, 1993). Aluminium readily substitutes for si1ica in a tetra-

hedral framework. This substitution is generally coupled with the introduction of a
monovalent or divalent cation into a vacant site. Alkali cations are too large to substitute
for silicon but offset the charge imbalance created by other substitutions located in the
open cavities within the framework. Iron may be present in silica polymorphs at either
position up to a few tenths of a percentage by weight (Guthrie & Heaney, 1995). Very

pure quartz is rare. Even the pure quartz dust with the trade name of Min-U-Sil, sold in
different particle sizes, was found to contain iron in traces (Daniel et al., 1993 ). Very
pure samples can be obtained from purification of the melt.

Commercial products derived from silica sand, sandstone and quartzites are granular
materials with a high silica content, mostly quartz. lmpurities in this case may be up to

25% but are usually about 5%. Different particle sizes may be found among these
products; those consisting of very fine grains are called si1ica flours.

Diatomaceous earths have a variable silica content usually between 86 and 94%.
Being sedimentary rocks, other sediments are usualIy associated. The chemica1 compo-

sition of diatomite ores from different countries has been reported by Kadey (1975). All
have been found to contain, a1beit in different percentages, AI20" Fe201' Ti02 and the

following elements in ionic form: calcium, magnesium, sodium and potassium; sorne
also contain phosphates. The crystallne si1ica content of uncalcined diatomaceous earth

is 0.1-4.0%. Commercial products are calcined at temperatures far below those required
for the conversion of quartz into the other po1ymorphs. Under these conditions, a large
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proportion of the material is converted into cristobalite (Kadey, 1975; Fubini et al., 1995;
Rabovsky, 1995); traces of tridymite may also be produced (ElIer & Cassinelli, 1994).
The cristobalite content of straight-calcined flux products is typically 10-20% and that of
flux-calcined products 40-60% (Champeix & Cetilina, 1983).
Synthetic amorphous silicas are generally of very high purity. Pyrogenic silica after
drying is typically ? 99.8% silica, with alkali and heavy metals in the low ppm range and
the hydrochloric acid content -( 100 ppm. Precipitated silicas initially contain residues
from the salts formed in the production process and other metal oxides in trace amounts.
Silica gels and special precipitated grades are subjected to washing steps, which reduce
their contamination by metal oxides (such as Al"0l' TiO", Fe20) to the 100-1000 ppm
level (Ferch & Toussaint, 1996).
1.1.7 Sampling and analysis
(a) Air sampling and analysisfor silica

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

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

One standard procedure in the United States for crystalline silica (NIOSH Method
7500) employs a sampling train fitted with a lü-mm nylon cyclone and a polyvinyl
chloride (PVC) membrane filter, running at al. 7 L/min flow rate. After sampling is
complete, the fil

ter is removed and subjected to low-temperature ashing or dissolutiòn,

and the resulting dust is assessed for crystalline silica using X-ray diffraction. NlOSH
Method 7602 is similar, but uses IR for analysis.
ln NIOSH Method 7501 for amorphous silica, the sample is subjected to X-ray
diffraction analysis before and after heating to 1500°C (fumed si1ica) or to 1100 °C

(other amorphous silica). The concentration of amorphous silica is calculated from the
difference in the two cristobalite concentrations (ElIer & Cassinelli, 1994).
Quartz, tridymite and cristobalite can be distinguished by X-ray diffraction because
their strongest reflections (i.e. peaks in the diffractograms) aredifferent (see Section
1.1.2). The detection limit in respirable dust samples is about 5 /lg for quartz and 10 /lg
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for cristobalite~ these limits approximate to an atmospheric level of 0.01-0.02 mg/m' for
a 0.5 m'air sample (Bye et al., 1980; Bye, 1983).
(h) Surface analysis

ln view of the most recent resu1ts, bulk analysis alone does not appear to be sufficient
to predict the level of biological activity - it is largely the exposed surface of silica that

determines its toxicity. Clay occlusion of respirable quartz particles may be detected by
low-voltage scanning electron microscopy X-ray analysis (WalIace et aL., 1990). An

alternative way is to determine the surface composition by laser microprobe mass
analysis, which examines the outermost layers of individual particles (Tourmann &

Kaufmann, 1994). The technique uses a laser to vaporize and ionize a small volume of
material near the surface of a single particle. The ions generated are identified with a
time-of-flight mass spectrometer.
Several techniques can be used to examine the various surface properties of parti-

culate materials such as adsorption capacity, hydrophilicity and potential for free radical
release; these techniques are described in Fubini (1997). Detailed surface analysis can be
carried out with X-ray photoelectron spectroscopy, scanning electron microscopy with
energy dispersion X-ray analysis, and several adsorption techniques. These techniques

are too sophisticated for routine analysis.
Recent data reveal variation in the biologie

al responses to crystalline silica samp1es

that are identical in their bulk properties (Hemenway et al., 1994; Daniel et al., i 995;

Fubini et al., 1995). These differences must be related to surface properties - hydrophilicity, surface radica1s, defects - or to different levels of surface impurities. ln both

hypotheses, surface analysis is required to define the potential hazard of a given dust.
1.2 Production and use
1.2.1 Production

Most silica in commercial use is obtained from naturally occurring sources. Several
synthetic amorphous silicas (listed in Section 1. 1.1) are, however, prepared for various
purposes, and cultured quartz monocrystals are used in particular applications.
(a) Sand and gravel

Silica-bearing deposits are found on every continent and from every geo10gical era.
The majority of deposits that are mined for silica sands consist of free quartz, quartzites
and sedimentary deposits, such as sandstone (Harben & Bates, 1984).
lndustrial sand and gravel, often referred to as 'silica sand' and 'quartz sand', include

high-silica-content sand and gravel (United States Department of the Interior, 1994).
Table 4 summarizes recent data on the production of si1ica sand in major producing
countries.
Processing operations depend both on the nature of the deposit and on the end product

required. They generally include crushing and miling for refining particle size and
wet/dry screening to separate very fine partic1es (Davis & Tepordei, 1985).
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Table 4. Silca sand and gravel production a
Region/country

Africa
Asia
Oceania
Europe
Belgium
France
German y

Italy
Netherlands
Spain
United Kingdom
North America
Canada
Mexico
USA
South America

Argentina
Brazil
Others

Production (106 tonnes)
1990

1994

2.6
8.2
2.6

2.6
8.2
3.3

2.6
3.5
11.2
4.3
25.1
2.2
4.3

4.0
20.0
2.0
3.6

2.1
1.2

1.6
1.4

25.8

27.9

0.3
2.7
3.5

0.4
2.7
4.0

2.5

6.0
10.0

a From United States Department of the Interior 1994)

(h) Quartz crystals

Two different kinds of production may be distinguished: (i) the processing of naturally occurring quartz; and (ii) the hydrothermal culturing of quartz.
The largest reserves of highly pure quartz occur in BraziL. Minor deposits are found in
Angola, India, Madagascar and the United States.
Hydrothermally cultured quartz crystals are of major economic importance and their
use is growing rapidly. Hydrothermal synthesis consists of crystal growth or reaction at
high pressure and temperature in aqueous solution in sea1ed steel autoclaves (Flörke &
Martin, 1993). Synthetic quartz crystal production is concentrated in Japan, Russia and
the United States. Smaller production capacity exists in Belgium, Brazil, Bulgaria,
China, France, Germany, the Republic of South Africa and the United Kingdom (United
States Department of the Interior, 1994).
(c) Refractory silica

Silica bricks are manufactured from mixtures of ground quartz arenite and quarzite

and are fired at 1450-1600 0e. They are used in certain high-temperature processes and
are generally produced in batches. Si1ica used in refractories must contain ;: 93% in
weight Si02. Quartz is mostly transformed into cristoba1ite, but tridymite is also formed

under the action of mineralizers (main1y CaO). The brick consists of nearly equal
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amounts of cristobalite, tridymite, residual quartz and a glass phase (Flörke & Martin,
1993 ).

(d) Diatomite

Diatomite is obtained from sedimentary rocks that are mainly composed of the
skeletons of diatoms. These skeletons are composed of opa1-like amorphous silica and

exhibit a wide range of porous fine structures and shapes, which are altered upon calcination. Even the calcined and crystallized product, however, partially retains the original
biogenic micromorphology (Iler, i 979). Particle-size distribution, shape and fine
structure vary from one deposit to another (Benda & Paschen, 1993).
The most notable commercial source of diatomite is in California, United States,
where there is a marine deposit ofunusual purity over 300 m thick. Other major deposits
that are mined occur in Algeria, Denmark, France, Iceland and Romania (Dickson, 1979;
Reimarsson, 198 i; Harben & Bates, 1984; Benda & Paschen, 1993).
Diatomite is mined almost exclusively by opencast methods, using bulIdozers and

other similar equipment to remove the materiaL. Some diatomite is mined underground in

Europe, Africa, South America and Asia. ln one operation in Iceland, where the minerai
lies under water, slurried material is transferred by a pipeline to a processing plant

(Kadey, 1975). The processing methods for crude materia1 are fairly uniform worldwide.
The general procedure is described by Benda & Paschen (1993) and can be schematized
as folIows:
Preliminary size reduction ~ drying, grinding ~ dried, fine diatomite
Dried, fine diatomite ~ furnace, 800- 1 000 °C ~ grinding ~ calcined diatomite
Calcined diatomite ~ alkaline flux, 1000- 1200 °C ~ grinding ~ flux -calcined
diatomite
Calcination and, even more so, flux calcination yield a considerable amount (up to
65%) of crystalline material (cristobalite) (Benda & Paschen, 1993). During calcination,
porosity area and specifie surface strongly decrease. Some chemical and physical

properties of commercially available diatomites used for filtering or as fillers are
reported in Table 5.
The major producing country is the United States, followed by Denmark and France.
Diatomite production by region during the years 1970-94 is presented in Table 6.
(e) Synthetic amorphous silicas

Commercial/synthetic amorphous silicas have been classified (Ferch & Toussaint,
1996) as 'wet process' silicas (including precipitated silicas and silica gels), pyrogenic
('fumed') silicas and surface-modified silicas. Surfaces of the modified silicas have been
rendered hydrophobic, for example, by silylation with dimethyl dichlorosilane.
W orldwide production of synthetic amorphous silicas in 1995 was estimated at 1100
thousand tonnes, including 900 thousand tonnes precipitated silicas, 90 thousand tonnes
silica gels and 110 thousand tonnes pyrogenic silicas (Ferch & Toussaint, 1996).

Table 5. Chernical and physical properties of sorne cornrnercial diatornites a
Property

Colour
SiO, (%)

Filter,
dried,
American

Danish

White
grey
89.0

Yellow
brown
72.5

AI,O, (%)

3.5
0.9

Fe,O, (%)
CaO (%)
Na,O, K,O (%)

Ignition loss (%)
Bulk density (glL)
pH value
Water uptake (%)
Specifie surface area (m2/g)

Average particle size ().m)
Wet density (g/L)
Permeability (Darcy)

1. 1

0.8
2.0
107

7.0
255
19.2
14.2
228

Crystallne content (%)

0.06
2.0

Filler,
ca1cined,

Filter,
ca1cined,
American
Pink

7.1

90.7
3.9

5.0

1.4

1.2
1.4

0.5
0.9
0.5
120
7.5
250
15.2
15.9

4.7
290
5.2
200
25.4
19.3

280
0.09
2.2

271

0.28
7.6

Filter

Filter

Filter, tlux-

Filter, tlux-

ca1cined,

ca1cined,

ca1cined,

ca1cined,

ca1cined,

French

German

American

French

Spanish

Yellow
brown
87.5
4.3
2.9

Brown

White

White

White

86.0
2.8
4.7
0.6
0.7
0.3

89.5

90.7
3.9

91.5

2.1
1.0

0.7

2.5

4.4

0.7
0.9
0.4
209
6.7

1.9

0.8
0.7
140
6.9
205
13.0

125

7.0

14.1

201
16.1
13.9

255
0.09
9.2

209
0.08
9.8

4.1
1.6

0.5
3.6
0.2

229
10.0
156
1.9

22.5
297
1.20
58.1

3.5
0.1

200
9.7
160
1.6
30.1

290
1.60

59.7

Filter, tlux-

1.6

1.9
0.1
195

9.5

200
3.0
6.5
350

-

62.7

Filter,
ca1cined,
German

Yellow
brown
90.2
2.8

-nC/

l'

~

196
10.6
14.7

357
0.08
10.3

a From Benda & Paschen (1993)

Ui
Ui
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Table 6. W orld diatornite production 1970-94a
Region

Europe
North America
Asia
South America

Africa
Australia

Major producer

France
USA
Republic of Korea
Peru
Algeria

Production (thousands of tonnes)
1970

1980

1990

1992

1994

778
578

733
686

757
655
87
59

611

8

27

IL

31

854
692
60
50

12

7

8

5

79
56
6

10

IL

IL

3

3.6

671

" From British Geological Survey (1995)
(i) Silicas based on the 'wet process'

This manufactUfing process is based mainly on the precipitation of amorphous silicon
dioxide particles from aqueous alkali metal silicate solution by acid neutra1ization.

UsuaIly, su1furic acid is used, although carbon dioxide and hydrochloric acid can be

used. Depending on the final pH of the solution, the following two different classes of
synthetic amorphous silicas can be obtained: precipitated silicas - obtained in neutral or
alkaline conditions; silica gels - obtained under acidic conditions. The main manufactUfing steps include precipitation, filtration, washing, drying and grinding (Kerner et al.,
1993; Welsh et al., 1993).
(ii) Pyrogenic silicas

The manufacturing process for pyrogenic silicas is based mainly on the combustion of
volatile silanes, especially silicon tetrachloride, in an oxygen-hydrogen burner. Primary

particles (7-50 nm particle size) of amorphous silica fuse together in the high-temperature flame to yield stable aggregates of between 100 and 500 nm in diameter. These
aggregates form inicron-sized agglomerates. The finely divided silica is separated from
the hydroch10ric acid-containing off-gas stream in filter stations. The hydrochloric acid
an 100 ppm by desorbing the
hydrochloric acid with air in a fluid-bed reactor. Pyrogenic silica appears as a fluffy
white powder (Ettlinger, 1993; Ferch & Toussaint, 1996). Physico-chemical characteristics of pyrogenic and 'wet-process' silicas are given in Table 7.
content of the product is commonly reduced to 1ess th

(iii) Surface-modified (after-treated) synthetic amorphous silicas
All forms of synthetic amorphous silicas can be sUfface-modified either physically or

chemicaIly. Methods for chemica1 modification of the silica particle surface (e.g.
silylation) are many and various. Most common treating agents are organosilicon
an 10% of the total production volume of
synthetic amorphous silica is surface-modified.

compounds (Ferch & Toussaint, 1996). Less th
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Table 7. Characteristic properties of synthetic arnorphous silcas
Pyrogenic

Wet process
Precipitated

Silica gel

1-3

30-800
3-7
5-9
50-500
3-7

250-1000
3-6
3-8
500-1000
3-15

2.5-3.5
7-50

5-6
5-100

5-6
3-20

1-40

1-20
NA
2.0
100-350

Specification properties

Specifie surface area (BET)" (m~/g)

50-400

Loss on drying" (%)

.: 2.5

pH'

3.6-4.3
50-150

Tamped density" (g/L)
Ignition loss' (%)
Typical (descriptive) properties
Silanol group density (SiOH/nm~)
Primary particle size' (nin)

Aggregate size (/lm)
Agglomerate size (/lm)
Specifie gravit
y' (g/mL)

.: 1

1-100

3-100

2.2

1. 9-2.1

OBP absorption" (mL/IOO g)

250-350

Pore size (nm)
Pore size distribution

NA
NA

175-320
;: 30

2-20

Very wide

NarlOw

From Ferch & Toussaint (1996)

"DIN 66131; "OIN iso 727/2;' OIN iso 787/9; .lOIN iso 787/11; 'DIN 55921;
'Primary particles not existent as individual units; 'OIN iso 787/1 0; "OIN 53601
NA, not applicable; BET, Brunauer-Emmett- Teller

1.2.2 Use
(a) Sand and gravel

Silica sand has been used for many different purposes for many years; its most
ancient and principal use throughout history has been in the manufacture of glass (Davis

& Tepordei, 1985). Sands are used in ceramics, foundry, abrasive, hydraulic fracturing
applications and many other uses (Table 8).
As ilIustrated in Table 8, several uses require the material to be ground. ln some uses
(e.g. sandblasting, abrasives), grinding also occurs during the use.

Refractory silica bricks, in which silica is converted by heat into cristobalite and
tridymite are used in sprung arches of open-hearth furnaces, covers of electric furnaces,
roofs of glass-tank furnaces, blast pre-heaters and coke and gas ovens (Flörke & Martin,
1993).
(h) Quartz crystals

Quartz has been used for several thousand years in jewelIery as a gem stone (e.g.
amethyst, citrine). Large quantities of pure crystals were required when the application of

pure quartz in the electronics industry was discovered. At present, the major demand
cornes from both electronics and optical components industries.
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Table 8. Industrial sand and gravel sold or used by United States
producers in 1994, by rnajor end usea
Sand
Glass-making

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

Foundry
Metall urgical

Abrasives

Moulding and core, moulding and core facing (ground),
refractory
Silicon carbide, flux for metal smelting
Blasting, scouring cleansers (ground), sawing and sanding,
chemicals (ground and un-ground)

Fillers
Ceramic
Filtration
Petroleum industry

Recreational

Rubber, paints, putt

y, whole grain fillers/building products

Pottery, brick, tile
Water (municipal, county, local), swimming pool, others
Hydraulic fracturing, well packing and cementing
Golf course, baseball, volleyball, play sands, beaches,
traction (engine), roofing granules and filers, other (ground

Gravel

silica or whole grain)
Silicon, ferrosilicon, filtration, non-metallurgical flux, other

a From United States Department of the Interim (1994)

An electronic-grade quartz crystal is a single-crystal silica that is free from defects
and has piezoelectric properties that permit its use in e1ectronic circuits for accurate

frequency control, timing and filtering. These uses generate most of the demand for
electronic-grade quartz crystals. A smalIer amount of optica1-grade quartz crystal is used
in windows and lenses in specialized devices, including some lasers. Cu1tured (synthetic)
quartz has replaced natural crystal in most of these applications (United States

Department of the Interior, 1994).
(c) Diatomites

The main uses of diatomites are in filtration (60% of world production), as fi1ers
(25% of world production) and in other uses (insulators, absorption agents, scourer in
polishes and c1eaners, catalyst supports, packing material) (Benda & Paschen, 1993).
The intricate microstructure and high pore-space volume of diatomite have made it a
major substrate for filtration. Diatomite has been used to filter or clarify dry-cleaning
solvents, pharmaceuticals, beer, wine, municipal and industrial water, fruit and vegetable
juices, oi1s and other chemical preparations (Kadey, 1975).

The next most important application of diatomite is as a filler in paint, paper and
scouring powders. It imparts abrasiveness to po1ishes, flow and co10ur qualities to paints
and reinforcement to paper. It is a1so used as a carrier for pesticides, a filler in synthetic
rubber goods, in 1aboratory absorbents and in anti-caking agents (Kadey, 1975; Sinha,

1982).
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(d) Synthetic amorphous silicas
Consistent with their physico-chemical and morphologie
classes of synthetic amorphous si1icas find uses in very different are

al properties, the different

as of application.

However, most of the applications are related to the reinforcement of various elastomers,
the thickening of various liquid systems, the free-flow of powders or as a constituent of
matting, absorbents and heat insulation material (Ferch & Toussaint, 1996). Table 9 lists
the major applications of synthetic amorphous silicas.

Table 9. Major applications of finely divided synthetic arnorphous silcasa
Silica type Application

Critical properties

Precipitated silica Rubber reinforcement

Particle size, surface area
Aggregate size, porosity
Aggregate/agglomerate size
Aggregate size
Porosity
Aggregate size
Aggregate/agglomerate size
Surface area, purity, structure
Aggregate size, purity
Surface chemistry, aggregate/
agglomerate size

Free-flow, anti-caking

Toothpaste: cleaning, rheology control
Paints: flatting
Silica gels Desiccant, adsorbent

Paints: flatting
Toothpaste: cleaning, rheology control
Pyrogenic silica Silicone rubber reinforcement

Heat insulation
Rheology control (numerous liquid
systems)
a From Ferch & Toussaint (i 996)

1.3 Occurrence and exposure
1.3.1 Naturaloccurrence

Silicon is the second most abundant chemical element, after oxygen, in the earth' s

crust accounting for 28.15% of its mass (Carmichael, 1989). Silicate minerais (such as
plagioclase, alkali fe1dspars, pyroxenes, amphiboles, micas and clays, excluding si1ica)

comprise together 80% by volume of the earth' s crust, while quartz, by far the most

common form of silica in nature, comprises 12% by volume of the crust (Klein, 1993).
Note that standard mineraI composition tables often combine silica and silicates as
percentage SiOz (or percentage silica).

Crystallne silca
Quartz in its a form is abundant in most rock types, sands and soils. Table 10 reports
the average quartz composition of major igneous and sedimentary rocks. Important

differences can be observed in the composition of the various rocks. ln igneous rocks,

quarz is a common component of acid (granitic) and intermediate (e.g. syenites,
andesites) plutonic rocks. However, quarz occurs at very low levels or is absent from the
basic and ultra-basic varieties (e.g. trachytes, gabbros, olivines, peridotite). Quarz may
also be present in a varety of volcanic tuffs (United States Bureau of Mines, 1992).

lARC MONOGRAPHS VOLUME 68

60

Table 10. Average quartz cornposition of rnajor
igneous and sedirnentary rocksQ

Rock type

Quartz-containing rock

% Quartz
(by weight)

Igneous

Rhyolites
Alkali granites

33.2
32.2

Alkali rhyolites

31. 1

Gran i tes

29.2

Quartz latites

26.1

Quartz monzonites

24.8

Quartz diorites

24.1

Granodiorites
Rhyodacites
Dacites
LatIte andesites
Andesites
Syenites
Monzodiorites

21.9
20.8

Alkali syenites

Sedimentary

Diorites
Sandstones
Greywackes
Shales

19.6

7.2
5.7
2.0
2.0
1.7

0.3
82
37
20

" From Carmichael (i 989)
Quartz, being a hard, inert and insoluble mineraI, endures through the various

weathering processes and is found in trace to major amounts in a variety of sedimentary
rocks. It is a major component of soils, composing 90-95% of aIl sand and silt fractions
in a soiL. There are a variety of sandstones, including orthoquartzite in which the grains
are 95% quartz and the cement is a precipitate or a film of clay. Greywacke is considered
a variety of sandstone. Quartz is also common in siltstone. Sand is composed of quartz
predominantly, while gravel is of variable composition. Argilaceous rocks, including
shales, clays and mudstones, may contain substantial amounts of quartz, depending on
the varieties. Wyoming bentonite, a va1uable clay, contains up to 24% crystalline si1ica

(quartz and cristobalite). ln coal, quartz constitutes typically up to 20% of the mineraI
matter (Greskevitch et aL., 1992). Ilinois coal has been reported to contain 1.2-3.1%

quartz. Diatomaceous earth typically contains 0.1--% quartz. Limestones may contain a
small proportion of quartz (Atkinson & Atkinson, 1978; Harben & Bates, 1984; United
States Bureau of Mines, 1992; Klein, 1993; Ross et al., 1993; Parkes, 1994; Weil et al.,
1994 ).

ln metamorphic rocks, quartz is a common constituent either an an original constituent, as a product of the metamorphic process or by crystallization from si1ica-bearing
fluids. It is an important constituent of metamorphic phyllites, mica schists, migmatites,
gneiss and quartzites. It has been reported to comprise 31--5% of the mineraI content of
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Ardennes slate and 20-50% of taconite (Atkinson & Atkinson, 1978; United States
Bureau of Mines, 1992; Heaney & Banfield, 1993; Ross et al., 1993).

Quartz is the primary gangue (or matrix) minerai in the metalliferous veins of ore
deposits. ln nature, quartz can also be found in important colour varieties - amethyst,
citrine, smoky quartz, morion, tiger' seye - which are valued as semi-precious stones.
Quartz crystals are frequently found in cavities and also occur in hollow globu1ar forms

called geodes (Atkinson & Atkinson, 1978).

Tridymite and cristobalite, formed during the devitrification of siliceous volcanic
glass, canbe found as fine-grained crystals in acid vo1canic rocks. Furthermore, cristobalite is present in some bentonite clays and may be present as traces in diatomite

(Heaney & Banfield, 1993; Ross et al., 1993; Parkes, 1994).
Coesite and stishovite have been found in rocks that equilibrated in short-lived high
pressure environments, such as meteoritic impact craters. Keatite has been found in highaltitude atmospheric dusts, which are believed to originate from vo1canic sources

(Heaney & Banfield, 1993; Guthrie & Heaney, 1995).

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

Silica glass forms as volcanic glass (obsidian) from extrusive magmas, as lechatelierite within tektites associated with meteorite impact craters and as fulgurite resulting
from lightning strikes on unconsolidated sand or soil (Heaney & Banfield, 1993).
Silica of biological origin is produced by diatoms, radiolarians and sponges which
extract silica dissolved in water to form their structures or shells. Biogenic amorphous
silica levels in diatoms vary with species and range from less than 1 % to a1most 50% by
weight. Siliceous oozes on the sea floor, which derive from the ske1etons of diatoms,

solidify to form opaline deposits. Opaline materials characterize diatomaceous earth

deposits and are also found in bentonite clays. Diatomaceous earth is typically 90%
amorphous silica (Heaeny & Banfield, 1993; Ross et al., 1993; Rabovsky, 1995).

Biogenic silica is also produced by a variety of plants. InternaI silicification of plant
tissues promotes structural integrity and affords protection against plant pathogens and

insects. The silica content is especially high in grasses, and silica can account for
approximately 20% of the dry weight of rushes, rice and sugar cane. Amorphous silica in

plants may be deposited as nodules or phytoliths - very tiny pure amorphous silica
y plants and trees (Heaney & Banfield,
1993). Some of the amorphous silica in plants (e.g. sugar cane, canary grass, wheat, rice,

grains of a myriad of shapes and sizes - in man

conifer needles) exists as fibres or spicules of various forms. Plant biogenic silica is
released to the soil through burning or normal decay; soil concentrations are typically in
the range of.( 1 to 3% (Newman, 1986; Boeniger et al., 1988; Lawson et aL., 1995).
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1.3.2 Occupational exposure

Crystallne silca
Because of the extensive natural occurrence of crystallne silica in the earth' s crust
and the wide uses of the materials in which it is a constituent, workers may be exposed to
crystalline silica in a large variety of industries and occupations. Thus, between 1980 and
al Safety and Health Administration found respirable quartz to be present in samples taken in 255 industries of
differing Standard Industrial Classification codes, excluding mining. ln 48% of those
industries, average overall exposure exceeded permissible exposure levels (Freeman &
1992, comp1iance officers of the United States Occupation

Grossman, 1995).

Crystalline silica is probably one of the most documented workp1ace contaminants;
the severity of its health effects and the widespread nature of exposure have been long
recognized. Reviews on occupational exposures to crystalline silica can be found in a
number of reports (United States National Institute for Occupational Safety and Health,
1974, 1983; World Health Organization, 1986; Hilt, 1993; Weil et aL., 1994). Table 11
presents a number of industries, jobs or operations where occupational exposure to

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

Table 11. Main activities in which workers rnay be exposed to crystallne silcall
Industry lacti vit

Y

Agriculture
Mining and related miling
operations

Quarrying and related milling
operations

Specifie operation/task

Source material

Ploughing, harvesting, use of machinery

Soil

Most occupations (underground,
surface, mill) and mines (metal and nonmetal, coal)
Crushing stone, sand and gravel

Ores and associated rock

processing, monumental stone cutting

and abrasive blasting, slate work,

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

diatomite calcination

Construction

Glass, including fibreglass
Cement

Abrasive blasting of structures,
buildings
Highway and tunnel construction
Excavation and earth moving
Masonry, concrete work, demolition
Raw material processing
Refractory installation and repair
Raw materials processing

Abrasives

Silicon carbide production

Ceramics, incIuding bricks,

Abrasive products fabrication
Mixing, moulding, glaze or enamel
spraying, finishing

tiles, sanitary ware, porcelain,
pottery, refractories, vitreous

enamels

Sand, concrete
Rock
Soil and rock
Concrete, mortar, plaster

Sand, crushed quartz
Refractory materials
Clay, sand, limestone,

diatomaceous earth
Sand
Tripoli, sandstone
Clay, shale, flint, sand,
quartzite, diatomaceous
earth
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Table Il (contd)
Industry /acti vi ty

Specifie operation/task

Source material

Iron and steel mills

Refractory preparation and furnace
repair
Raw materials handling

Refractory material

Silicon and ferro-silicon
Foundries (ferrous and
non- ferrous)

Casting, shaking out
Abrasive blasting, fettling

Sand
Sand
Sand
Refractory material
Sand

Metal products including

Furnace installation and repair
Abrasive blasting

structural metal, machinery,
transportation equipment
Shipbuilding and repair

Abrasive blasting

Rubber and plastics

Raw material handling

Paint

Raw materials handling

Soaps and cosmetics
Asphalt and roofing felt

Abrasive soaps, scouring powders
Filling and granule application

Agricultural chemicals
Jewellery

Raw material crushing, handling

Phosphate ores and rock

Cutting, grinding, polishing, buffing

Semi-precious gems or
stones, abrasives

Sand blasting, polishing
Abrasive blasting
Coal-fired boilers

Sand, abrasives

Sand
Fillers (tripoli,
diatomaceous earth)

Fillers (tripoli,
diatomaceous earth, silica
flour)
Silica f10ur

Sand and aggregate,

diatomaceous earth

Dental material

Automobile repair
Boiler scaling

Sand
Ash and concretions

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

Although not exhaustive, the folIowing section focuses on representative data in the
main industries where quantitative exposure leve1s are available in the published

literature and/or where major occupational health studies have been conducted. These
include mines and quarries, foundries and other metallurgical operations, ceramics and
related industries, construction, granite, crushed stone and related industries, sandblasting
of metal surfaces, agriculture and miscelIaneous other operations.
The reporting of exposure levels to crystalIine silica in the scientific literature has
changed considerably over the years with the evolution of the various sampling

techniques and strategies, the development of improved anal ytical methods and the
formulation of occupational exposure limits reflecting advances in the understanding of
particle penetration and effects in the respiratory system.
ln the first halfof the twentieth century, sampling techniques varied from country to

country, and airborne particles were collected with a variety of devices, such as koni-
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meters, Owen' s jets, electrostatic or thermal precipitators, and impingers (Patty, 1958;
Ayer, 1969; HaITis & Lumsden, 1986). Exposure levels were usually reported as number
of particles per unit volume, with particles counted by microscopy. No relationship could
be established between the results of these various older methods.
ln the United States, impinger methods (Greenburg-Smith or midget impingers) were
commonly in use until the early 1970s. Dust levels, whether based on counts from an
impinger or on mass colIected on a filter, were associated frequently with data on the
crystalIine silica content of the dust. Considerable differences in estimates of crystalline
silica content obtained by these methods may result, depending on the nature of interfering materials, on the analytical techniques used (whether chemical, petrographie or
spectroscopie) and on the origin of the dust sample being analysed (Patty, 1958; Harris &
Lumsden, 1986).

an in
settled dust and in respirable than in total airborne dust (Ayer, 1969; Hearl & Hewett,
Crystalline silica content has been found to be usually smaller in airborne th

1993). However, there are exceptions to this general rule (Jorna et al., 1994).

Various limitations of the impinger method led to its decreasing use; sampling times
were too short 00-30 min), the complexity of the sampling procedure prevented
pers

on

al samples being taken, the impinger could not trap particles , c. 0.5-0.7 ¡.m in

size, and there was also found to be large inter-observer variability (Patty, 1958; Ayer,

1969; Hearl, 1996). On the other hand, however, total mass concentration, as collected
on a filter, had the disadvantage of not being able to take into account particle size,
which plays a major role in the hazards associated with crystalline silica inhalation
(Ayer, 1969).

The introduction in the 1970s and the CUITent generalized use of respirable mass

sampling methods in most countries has made it possible to compare data realistically

between various studies. ln addition, conversion factors can be applied to filter-respirable
mass concentration (in mg/ml) and impinger-particle count levels (in million particles per

cubic foot; mppcf) to integrate past and present evaluations. Conversion factors may
differ, however, depending on the nature of the dust (Sheehy & McJilton, 1987;
Montgomery et aL., 1991).

A number of factors remain to be taken into account when evaluating present data.
There are uncertainties in the interpretation of analytical data for microcrystalline silica,
or data taken in the presence of various interfering substances; in addition, in cases where
the particle size distribution is widely different from that of the standards used, interpretation can be uncertain (Hearl & Hewett, 1993). More importantly, the representativeness
of the data has to be evaluated in view of the sampling strategy used, recognizing that

compliance inspection data usualIy have been obtained using a worst-case scenario

strategy (Hearl & Hewett, 1993; Lippmann, 1995). A further complication resu1ts from

the fact that respirable crystalline silica exposure levels are most often not reported
direct1y in mg/m' but indirect1y in terms of a total respirable mass concentration. This
total respirable mass concentration has to be compared (e.g. in the form of a severity
factor) with an occupational exposure 1imit that varies with the content of crystalline
silica in the dust. Furthermore, the CUITent practice of collecting only respirable dust has
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been questioned by Lippmann (1995) who has argued that thoracic particles (i.e. those
available for deposition within the airways of the thorax) may be more important for endpoints such as lung and stomach cancer. Finally, it may be noted that industrial hygiene
measurement practices do not take into account the surface area of particles, which may

weIl be a relevant indicator of exposure. During the 1960s, crystalline silica dust
exposure was measured in a study of South African go

Id mines as respirab1e surface area.

This measurement was reported to be more strongly related to silicosis than the
respirable particle count (Beadle, 1971).
(a) Mines
Occupational exposure to crystallne silica in mines onginates from the dust

generated from the ore being extracted or its associated rock. Mines are usually classified

as surface or underground, coaL, metal or non-metal; mines may be associated with
various ililling operations. ln the United States, coa1 is the main mineraI being mined
primarily underground, together with antimony, lead, tungsten, mo1ybdenum and silver.

Surface mining accounts, however, for most of the metallic and non-metallic ores
(Burgess, 1995). Exposure to crystalline silica in quarries, the crushed stone and related
industries is detailed in a separate section. Exposure to silica in coa1 mines is covered in
the monograph on coal dust in this volume.
The quartz content was determined in 2075 bulk sett1ed dust samples collected from
1984 to 1989 in a representati ve sample of United States mines (491) from 66 ditferent
minerai commodities, including coaL. Approximately 50% of all samples had a percentage of quartz above 5%; the overall average was 14%. Commodities with an average
quartz percentage above 40% were sand/gravel and sandstone; those between 20 and
40% were copper, granite, lithium, mica, molybdenum, phosphate rock, shale, slate,
stone, titanium and uranium-vanadium. For most commodities, wide variations were
observed between the various samples. Labourers (surface) and bin pulIey/truck loader
workers were potentially exposed to bulk dust containing the highest percentage quartz.
These data are only indicative of potential risk since sett1ed dust composition may not be
representative of inha1able or respirable dusts. Ninety-one per cent of samples ana1ysed
for cristobalite yielded non-detectable leve1s (.. 0.75%) and only 4% contained more than
1 % cristobalite, most of which came from diatomite calcining facilities (Greskevitch
et al., 1992).

Respirab1e quartz levels of nearly 22 000 samp1es taken by inspectors from 1988 to
1992 in United States mines are summarized by commodity in Table 12. Mean exposure
levels were usually be10w 0.1 mg/m' but a significant percentage of samp1es were found
to exceed the compliance limit. Mean quartz content of samples by commodity was
an 15%. Occupations at greatest risk of overexposure were found to be
scoop tram, crusher, jackleg stoper dril and load-haul-dump operators (underground
occupations); jackhammer and pneumati~ dril operators (surface occupations); and
packing, packaging or loading, labourer and buIlgang workers (rnillng occupations). The
authors indicate various limitations to the representativeness of this data set, the main
ones being the compliance sampling strategy and the exclusion of samples containing
rarely greater th
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an 1 % quartz or corresponding to less than 0.1 mg/m' respirable dust. These effects
would tend towards an overestimation of the exposure indicators (Watts & Parker, 1995).
less th

Table 12. Respirable quartz exposures by cornrnodity in United
States rnines (1988-92)
Commodity

No. of Quartz (/lg/m') %? PEL

Mean %

samples

quartz

GM GSD
Underground
Silver
Coppel'

139
109

87
80

Uranium
Uranium and vanadium
Gold

67
73
238

shed limestone
Lead and zinc

Surface
Dimension granite

Cru

64
64

2
2
2
2

53.2
53.2
43.3

51

3

31. 1

256
78

42
40

2
2

28.5
25.6

477

78
45
52
42
46

3

44.0
27.8

3

51

3
3

129

42
40
38

2684

Iron

180

Gold

547

Crushed traprock

159

Crushed stone
Crushed sandstone
Crushed granite
Sand and gravel
Corn
mon clay
Crushed limestone
Mill

Non-metallic minerais NEC
Crushed sandstone
Gold
Crushed traprock

Crushed stone
mon clay
Crushed granite
Iron
Sand and gravel
Crushed limestone
Corn

3

3
3

41. 1

26.1

13.3

7.0
9.7
7.5
9.0
3.4
6.1

13.5
13.0
12.6
10.7

25.8
25.4
24.3

1 1.3

13.1

2

19.9
17.4
16.3

32

3

15.1

7.0

151

107

3

843
334
245
306
578
529
360

74
64
52

3

42.7
27.7

3

51

3

53

2
2

55.6
38.4
35.0
33.5
30.7
30.5
25.5
24.7
23.4
22.4

355
412
826
3843

3664
2094

50
47
48
39

3

3

3
3
3

19.5
12.6
10.7

15.3

9.7
13.2

8.2
13.4
13.7
16.1

7.3

From Watts & Parker (1995)

GM, geometric mean; GSD, geometric standard deviation; PEL, permissible
exposure level; NEC, not elsewhere classified

Estimates of exposure to respirable crystalIine silica during the period 1950-87 in 20

Chinese mines (10 tungsten, six iron-coppef and four tin) have been derived from
industrial hygiene data and other historical exposure information. A lO-fold decrease was
found between the periods 1950-59 and 1981 -87 and the following arithmetic mean
levels of respirable silica dust in mg/m' wereestimated to be as follows (older and most
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recent period, respectively): underground mining (4.89, 0.39), surface mining (1.75,
0.27), ore dressing (3.45, 0.42), tungsten mines (4.99, 0.64), iron and copper mines (0.75,
0.20) and tin mines (3.49, 0.45). ln the surface mining operations, transport and service
occupations generally had higher 1eve1s of exposure than mine production occupations;
the opposite pattern was true in underground mining occupations, whi1e the ore preparation workers were generally more exposed than ore separation or service workers in
ore-dressing operations (Dosemeci et al., 1995).

Indications of past and present exposure leve1s of gold miners have been reported in a
number of epidemio10gical studies. ln South Africa, a high crystalline silica content of
30% in respirable dust at the Witwatersrand mine was reported. The levels of dust
exposure were reduced during the 1930s to a level ranging from 0.05 to 0.84 mg/m' for
respirable quartz in underground dust (Beadle & Bradley, 1970). At the Homestake gold
mine (South Dakota, United States), respirable dust contained 13% crystalline silica and,

since engineering improvements in the early 1950s, levels of respirab1e silica have
decreased substantially to within legal limits (Brown et al., 1986). ln Ontario (Canada)
gold mines, crystalline silica content in hard rock has been reported to vary from 4 to
12% and, based on konimeter data, past levels could have been significantly above
current exposure limits (Kabir & Bilgi, 1993).

ln two Sardinian mines (one for lead ore and the other for zinc ore), simi1ar concentrations of respirable dust were estimated to be 3-5 mg/m'in 1945-60 and 1.6-1.7 mg/m'
in 1981-88. However, quartz content differed significantl y between the two mines
(median values of 1.2% and 12.8%, respectively) because of differing wall rock compo-

sition (Carta et al., 1994). ln a copper mine in Finland, respirable dust contained on
an concentration of respirable quartz in the general mine air
decreased from about 0.16 mg/m' before 1965 to 0.08 mg/m' after 1981 and the mean
concentration where loading operations took place decreased from 0.8 before 1965 to
average 18.3% quartz; the me

0.15 mg/m' since 1975. ln an old copper mine, respirable quartz was estimated to be
above 2 mg/m' during dry-drilling operations before 1940 (Ahlman et al., 1991). The
mining and miling of diatomaceous earth may entail exposures to crystallne si1ica,
notably to cristobalite formed from amorphous silica during the calcination process.
Further details on occupational exposures in the diatomaceous earth industry may be
found in the section on amorphous silica.
Beside crystalline silica, severa1 other toxic hazards can be found in mines, such as

carbon monoxide and nitrogen dioxide from blasting and engine exhausts, nickel and
arsenic, depending on rock composition, aldehydes and polycyclic aromatic hydrocarbons from diesel engine exhausts, various metallic and non-metallc compounds such
as asbestos, and ionizing radiation from radon daughters (Burgess, 1995). The extent of
such exposures is strongly dependent on work practices and varies with commodity and

specifie vein composition. ln the gold mines in the United States and Canada (Ontario)
and the Sardinian lead and zinc mines mentioned above, and in a tin mine in south-east
China, average working 1evels of radon daughters have been reported as ranging up to

0.3, which is within the accepted standard; substantia1 leve1s of radon daughters have
been observed in Chinese copper mines and in sorne South African gold mines (Brown
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et al., 1986; Hnizdo & Sluis-Cremer, 1991; Wu et al., 1992; Kabir & Bilgi, 1993; Carta
et al., 1994; Fu et al., 1994). Arsenic has been measured at average levels of a few ~g/m3
Id mine, amphibole
asbestos fibres have been measured at mean levels of 0.44 and 1.16 fibres/mL for miners
and surface crushers, respectively (Brown et al., 1986).
in the United States and Canadian gold mines; at the United States go

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

Granite rock, containing from lOto about 30% quartz, is obtained in quarries and
shed for road materials. Other
rocks rich in crystalline silica such as sandstone, f1int and slate are a1so subjected to
various quarrying, milling and processing operations to produce building or road

further processed into structural (dimensional) stone or cru

Il et al., 1994; Burgess, 1995). Respirable quartz exposure levels measured
in various countries for various jobs in the granite quarrying and processing industries as
shed stone and related industries are summarized in Table 13. Exposure
data collected by inspectors in the United States appear in Table 12.
materia1s (Wei

weIl as the cru

Respirable crystalline silica levels are related to the crystalline silica content of the
rock being quarried or miled; for ex

ample, leve1s have been found to be higher with f1int

than with granite (Guénel et al., 1989a), and with granite or sandstone than with

limestone or traprock (Davies et al., 1994; Kullman et aL., 1995). The higher exposure
levels have usually been associated with the following jobs or operations: rock and stone
drilIing and cutting in quarries; dimensiona1 stone cutting and finishing in sheds usually
outside quarries; rock crushing, sieving and transport within or outside quarries. ln three
Russian quarries producing sand and grave1 mixtures, the average respirable quartz levels
in 1990 ranged from (0.44 to 4.46 mg/m~) for various stone crusher locations in cold
periods of the year and from (0.77 to 1.87 mg/m3) in hot periods (Kise1ev, 1990). ln

Hong Kong quarries producing crushed stone, average respirable quartz levels in 1982
were measured at 0.93 mg/m3 for rock drilers, from 0.10 to 0.42 mg/m3 for various
crusher locations and from 0.11 to 0.19 mg/m~ for screening locations (Ng et al., 1987a).
ln United States granite quarries and sheds, control measures put in place during the late
1930s and the 1940s resulted in 10-100- fo1d reductions in what were very elevated dust
levels (Davis et al., 1983). Granite stone-cutting is now usually associated with mean
levels of respirable quartz below 0.1 mg/m~. ln the industry as a whole, present control

measures include water-mist injection during driling, local exhaust ventilation, wet
methods for cutting granite and the use of control cabins (Health and Safety Executive,

1992a; Davies et al., 1994; Burgess, 1995).

The presence of cristobalite has been reported in a limited number of samples in the

road materials industry in Denmark (Guénel et al., 1989a) and traprock crushing
operations in the United States (Kullman et al., 1995). Asbestos fibres and other fibrous
mineraIs were found in one of 19 stone crushing facilities investigated in the United

Id depend on the
mineraI being mined or milled (e.g. silicates, carbonates) (KullIIan et al., 1995) and
could inc1ude abrasives such as silicon carbide and aluminium oxides (Eisen et al.,
States (Kullman et al., 1995). Other constituents of the dusts wou

1984 ).

Table 13. Occupational exposure to crystallne silca in the granite quarrying and processing industries and the crushed
stone and related industries in various countries
Country, year of
survey
(no. of plants)

Finland, 1970-72
(32)

Sweden, 1976-88
(NR)
Denmark,
1968-80 (NR)

Industry

No. of
samples

Air concentration in personal
breathing zone (mg/m')

Granite quarries,
processing yards and
crushing plants
Granite crushing
plants
Road and building
material (1968-77)
Stone-cutting (1977-

Drilling
Block surfacing
Other
Crushers

NR
NR
NR
42 workers

Mean

Range

1.47 GM
0.82 GM
(0.12-1.44) GMh

0.3-4.2
0.2-4.9
0.02-3.6

0.16'

Granite processing

Drilling, crushing,
sieving, granite, flint
Cutting granite,
marble
Various

220

Granite processing

Various

Malmberg

Various, 1970

80

2.1'/ (severity)'

0.2-135

21

0.6.1 (severity)'

0.3-6.3

(0.055-0.088) GMl,

0.011-0.210

255

(0.027-0.063) GMl,

0.004-0.83

467
535
295

0.034 GM
0.043 GM
0.04
0.06
0.04
0.04 GM
0.09 GM

0.003 GSD
0.003 GSD

75

(severity)'

Guénel et al.
(1

989b )

45

(severity)'

Granite processing

USA,
1979-82 (19)

Crushed stone
mining and milling

Various, 1976

Quarrying and
crushing sandstone

Various, limestone

Granite
Traprock
Overall
Crushers, screens

143
121

119

Donaldson

19

(18.3)

;:

Eisen et al.

ND-0.43

10

(1984)
Kullman

ND-O.28

22

et al. (1995)

ND-0.48

7

4.0 GSD
2.2 GSD

..t"
..n
C/

(35.9)

et al. (1982)

USA, Vennont,
1970, 1976 (NR)

1989-91 (1)

Koskela
et al. (1987)

et al. (1993)

1973-74 (12)

UK, Scotland,

Reference

(%)

71

1973-74 (5)

USA, Georgia,

Proportion
of samples

::OEL"

80)

USA, Vennont,

Job

Davies et al.
(1994 )

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

(/OEL, occupational exposure limit, defined as 0.1 mg/m'of quartz or calculated with the following fonnula for respirable quartz dust:
10 mg/m'/(% SiO?+ 2)
h Range of geometric means for various jobs

'Average of individua1 assessments for each worker based on yearly dust measurements
dMedian

'Severity defined as the concentration of respirable dust divided by the threshold limit value for quartz

0\
\0
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Slate-pencii workers in India are exposed to respirable crystalline silica originating

from the sawing of silica-rich (c. 40-50%) slate slabs. A survey of five plants in 1991
found personal respirable dust levels of 0.06-1.12 mg/m' (average, 0.61 mg/m'; mean
free silica content, 15%). Previous surveys in 1982 and 1971, before control measures
were imp1emented, had found levels 10- 1 00- fold higher (Fulekar & Alam Khan, 1995).
(c) F oundries

Occupational exposure to crystalIine silica in foundries originates mainly in the use of
Ids and cores. These sands have quartz contents of 5 to nearly
100%. Quartz and cristobalite, the latter being formed from quartz during the pouring of
metal, may further contaminate the work environment during the knocking-out or
sands in the making of mou

shaking-out operations and during the removal of adherent sand from the castings by
grinding or abrasive blasting operations. Other potential sources of crystalline silica are
Ids as well as the maintenance
and repair of silica-rich refractory materials used in furnaces and ladIes (Weil et al.,

parting powders such as silica flour applied on the mou

1994; Burgess, 1995). Detailed descriptions of meta1 founding operations can be found in
McBain & Strange (1983), IARC (1984) and Burgess (1995).

Respirable quartz exposure levels measured for various jobs in foundries of various
countries are summarized in Table 14. ln general, the various studies concur in identifying high-exposure jobs as being related to sand preparation and reclamation, knockingout or shaking-out, cleaning of castings (fettling, grinding, sandblasting), furnace and
ladle refractory relining and repair. ln two United States foundries where mullite sand
was used as a refractory in moulds, personal respirable dust samples contained cristobalite up to 41 % and the occupation

al exposure limit was exceeded lOto 20 times in

several operations, depending on the plant, notably during dipping, grinding and shakingout. Cristobalite was present in the original mullite refractory and was also generated by
heating the colloidal silica binder used in mou1d making (Janko et al., 1989). Lower
levels usually found in non-feITous foundries compared to iron and steel foundries have
been explained by the lower pouring temperatures of the meta1, which results in lower
sand contamination of the castings. Other factors may be re1ated to the size of foundries,
the size of castings and production rates (Oudiz et aL., 1983).

lmprovement in plant ventilation and work practices have been credited in a 10-20fold lowering in respirable crystalline silica exposure levels of fett1ers and coremakers
between 1977 and 1983 in a United States grey iron foundry (Landrigan et al., 1986).

Effective controls include well-designed and maintained local ventilation, baffles and air

jets on the ventilation equipment of grinding machines, good housekeeping, use of
vacuum systems and of wet sweeping, as weIl as isolation to prevent cross-contamination
(Ayalp & Myroniuk, 1982; United States National lnstitute for Occupational Safety and
Health, 1983; O'Brien et al., 1987, 1992; Health and Safety Executive, 1992b). The

substitution of siliceous sands with olivine (olivine is a magnesium iron silicate that
contains almost no free silica; Davis, 1979) sands results in decreased exposure levels
(Gerhardsson, 1976; O'Brien et al., 1992), but contamination from processes using si1ica
sand must be controlled (Davis, 1979). Silica flour parting powders can be replaced by

Table 14. Occupational exposure to crystallne silca in foundries in various countries
Country, year of
survey (no. of
plants)

Sweden, 1968-71

(87)

Type of foundry

Job

No. of

Air concentration in personal

samples

breathing zone (mg/m')

(60)
USA,

1976-81

(205)

Iron
Steel
Iron
Steel
Iron
Steel
Aluminium
Brass
Other non-ferrous

AlI combined

Varous
Various, quarz sand
Varous
Varous
Varous
Varous
Varous
Varous
Varous
Melting
Pouring
Sand system

Coremakng
Moulding
Cleaning
Miscellaneous

Canada (Alberta),
1978-80 (9)

Reference

? 1.2 PEL"

821

Various, olivine sand

Finland, 1972-74

Proportion
of samples

Ferrous

1073

342
1149
287

Mean

Range

(0.63)
(0.275)
(0.130)

(0.20-.21 )b

Gerhardsson
(1976)

(0.18-0.38)
(0.0- 0.38)

(0.19-2.25t
(0.19-5.26t
41

54.4
29.8

171

iis

Siltanen et al.
(1976)
Oudiz et al.
(1983)'

-l'n
C/

23
35

20

56.4
29.9
45.8

55

52
202
89
397
779
166

~

14.6
29.7
49.0
35.5

Shakng-out
with control
no control
Mou1ding
with control
no control
Sand preparation
with control
no control

(%)

17
10

0.63-2.60
0.40-21.3

32
47

0.35-3.40
0.95-6.13

16

0.74-16.80

IL

2.4416.70

Ayalp &
Myroniuk
(1982)

....
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low-silica powders such as those containing olivine or zircon (Landrigan et al., 1986,
WeilI et al., 1994).
Although crystalline silica represents a major potential air contaminant, the foundry
environment is complex and several other exposures have been documented. For

example, polycyclic aromatic hydrocarbons may originate from the thermal decomposition of organic mateÜ~! (such as coal-tar pitch, coat, minerai oils, synthetic resins,
vegetable matter) present as adiiitives or binders in sands. Other exposures include
various metal fumes and c,'sts depending on type of metal or alloy produced, carbon

monoxide, sulfur dioxide, nitrogen oxides, formaldehyde, amines, phenols, furfuryl
alcohol and aliphatic and aromatic hydrocarbons (e.g. benzene) (IARC, 1984; Palmer &
Scott, 1986; Burgess, 1995).

(d) Other metallurgical operations

al exposure to crystalline silica may occur during
the instalIation and repair of refractory material in the lining of furnaces, ovens, troughs
ln iron and steel mills, occupation

and runners (Webster, 1982). ln a Canadian electric arc steel making plant, whole-shift

personal respirable crystalIine si1ica levels were at or be10w 0.03 mg/m', except for those
associated with the tundish conditioner which were at 0.08 mg/m' (Finkelstein & Wilk,
1990). ln the production of silicon, ferrosilicon and various silicon-containing alloys,
quartz-containing materials are charged and melted in electric arc furnaces. Crystalline

silica has been reported in proportions of 1-20% in airborne dust (Corsi & Piazza, 1970;
Prochazka, 197 i). ln a United States ferroalloy plant, respirable crystalline silica levels
were highest in the mix house (up to 0.223 mg/m') while little or no exposure was found
in other departments, except for a lad1e worker involved in spraying sand (0.065 mg/ml)
(Cherniak & Boiano, 1983).
(e) Ceramics, cement and glass industries

ln the manufacture of structural clay products (bricks, pipes, tiles), exposure ta
crystalIine silica depends mainly on the quartz content of the clay or shale that is the
principal raw materiaL. Refractory bricks are made with mineraIs of very high quartz
content. ln the case of pottery and sanitary ware, flint (i 00% quartz) is added to clay as a

raw material going into the manufacture of the slip. Sand, which may be used as dusting
powder, may also contribute to airborne silica in the ceramics industry, as weIl as the
decorative material (glaze) that may be added to the surface (Weill et al., 1994; Burgess,
i 995).

Respirable quartz exposure levels measured for various jobs in the ceramics industry
of various countries are summarized in Table 15. Mixing, moulding, glaze spraying and
finishing jobs have been associated with the higher exposure levels, often in the range of
0.1-0.3 mg/ml. Successful reduction of exposure leve1s has been accomplished by simple
control measures such as enclosure, use of moisture or water rnist, use of non-siliceous
dusting compounds, better housekeeping and ventilation (Buringh et al., 1990; Health
and Safety Executive, 1992c; Cooper et al., 1993; Burgess, 1995). it has been estimated
that silica dust exposure 20-30 years ago in Italian ceramics factories was three- to five-

fold higher than in the early 1990s (Cavariani et al., 1995). Cristobalite may be released
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Table 15 (contd)
Country,
year of survey
(no. of plants)

Industry

Job

No. of

Air concentration in personal

samples

breathing zone (mg/m3)

United Kingdom,
NR (1)
United Kingdom,
NR (4)

Sanitary ware
Sanitary ware

Casters

58

United Kingdom,
(NR)

12 sectors of the

Various

pottery industry

280
Uobs)

1974-75

Building bricks

Mixing

21

USA,

19

Range

0.135 GM

2.44 GSD

Varous other
Clay pipes

Various

132

47

(0.01-0.187)
0.085

0.113 GM
(0.021-0.072)' GM
(0.014-0.043)' GM

0.024-0.427
0.0004-0.692
0.008-0.200

Brickworks

Varous

29

0-0.230

Bloor et al.
(1971)
Fox et al.
(1975)
Anderson

--l'
n
C/

:i

et al. (1980)

Anderson

Myers et al.
( 1989)

Brickworks

Varous

30

0-1.20

Buringh
et al. (1990)

1986-88 (4)

USA, 1980 (2)

(10)

et al. (1980)

(3)

Netherlands,

Higgins

18

(2)

South Africa, NR

Reference

et al. (1985)

(4)

USA, 1974-75

Fettlers

Mean

Proportion
of samples
;:OEL"
(%)

Refractory bricks

Various

8

-0 0.004-0.143

Salisbury &
Melius
(1982)

..Ul

--

0\

Table 15 (contd)
Country,
year of survey
(no. of plants)

Industry

Job

No. of

Air concentration in personal

samples

breathing zone (mg/m')

Mean

China, 1950-87
(9)

Pottery ú

AlI jobs
Mud preparation
workers
Mud forming workers
Finishing workers
Service workers

770"
131'

Range

Proportion
of samples
::OEL"

Reference

..
;p

id

(%)

0.71

Dosemeci

(0.45-4.70,/

et al. (1995)

n
3:
o
z
o

Ci
135'

395'
109"

(0.46-0.63,/
(0.37-0.69,/
(0.32-0.38,/

id

;i
'\
::
C/

~

NR, not reported; GM, geometric mean; GSD, geometric standard deviation
"OEL, occupational exposure limit, defined as 0.1 mg/m3 or calculated with following formula for respirable quartz dust:
h Range of medians for various jobs
10 mg/m1/(%SiOo+ 2)

C

, Range of geometric means for various jobs
d Historical estimates developed using industrial hygiene data and other historica1 exposure information

3:
m

, Number of historical estimates
fRange of arithmetic means for various job titles

F- ----

ol'

0\

00
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during repair of refractory materials used in the fabric of kilns (Health and Safety
Executive, 1992c).

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

ln the cement industry, crystalline silica exposure may occur during the handling of
raw materials that may contain some quartz, such as clay and volcanic tuff, as weIl as the
sand dust may be added in the process. However, once manufactured, normal Portland

cement contains little crystallne silica (Prodan, i 983). ln a Swedish plant, the quartz
content of dust was generally .: 5% and respirable quartz concentrations in areas where
raw materials were handled was generally less than 0.1 mg/m'. Substantially lower
concentrations are reported for workers handling clinker and finished cement (Jakobsson
et al., 1993).
ln a survey of 17 Italian cement factories, median respirable dust concentrations

varied from 0.9 to 7 mg/m' depending on sites, but most samp1es contained .: 1 %
crystalIine silica (Pozzoli et al., i 979).

Sand is a major raw material in the manufacture of glass (IARC, 1993), including
fibreglass. When washed sand is used, airborne dust from the mixed batch common1y
contains only 1-5% crystalline silica. ln the manufacture of fibreglass, the si1ica is added
to the batch as a finely divided powdered sand of 98.5% or higher silica content (Powell,
L S'82). ln the glass industry in general, the manual un10ading of dry sand and the use of

crushed quartz are considered to be hazardous procedures. Hazards associated with hand
t, have been eliminated in the
filling of pots in the pot process, more common in the pas

more modern tank process. Refractory blocks and bricks used in the construction of
furnaces and tanks contain crystalline silica including cristobalite and tridymite and
exposure may occur during their cutting, sawing and chipping to size (Cameron & Hill,
1983).

Respirable quartz and cristobalite have been measured in the range of 0.0040.71 mg/m'and 0.1-0.25 mg/m', respectively, in United States man-made mineraI fibre
plants (ManviIle, CertainTeed and Owens-Corning Fiberglass companies, 1962-87).
ln seven European ceramic fibre plants, respirable crystalline silica was detected in
eight of 17 groups where samp1es were collected. ln general the levels were 10w _

individual measurements ranged from 0.01 to 0.25 mg/m'. Cristobalite was found in a
single sample collected from a bricklayer dismantling de-vitrified ceramic fibre insulation (CheITie et al., 1989). Exposures to man-made mineraI fibres in the glass
manufacturing industry have been covered previously in the IARC Monographs series
(IARC, 1988, i 993).
if Construction

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

Concrete finishers and masons in the United States invo1ved in operations such as
les through concrete walIs, grinding concrete or mortar surfaces, cutting
crete floors, blocks, walls or pipe and power cleaning concrete forms have

drilling ho

through con

been shown to be exposed to respirable quartz levels far exceeding the permissible
exposure limit of 0.1 mg/m3. The worst exposures were found for dry grinding or cutting

in enclosed areas, which presented the potential for exposure to exceed 50 times the
permissible exposure limit. The nature of the data - inspections targeting the worst-case
scenarios - renders these leve1s only indicative (Lofgren, 1993).
Hong-Kong caisson workers involved in pneumatic driling and manu

al excavation of

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

Construction site cleaners in Finland have been shown to be exposed to high concentrations of respirable quartz (mean level and range, 0.45, 0.01-2.1 mg/m3; mean sampling

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

(g) Sandblasting of metal surfaces

Siliceous sands have been used in the past as abrasives in sandblasting operations

designed to remove surface coatings, scale, rust and fused sand from metal surfaces in
preparation for subsequent finishing operations. This inc1udes indoor operations in metal
fabrication facilities as weIl as outdoor operations on large equipment such as ships,
trucks, trains, bridges, towers and water tanks (Burgess, 1995). This practice is still
current in sorne industries in several countries including the United States and Canada.
Occupational exposure to respirable crystallne si1ica dust was determined in United
States steel fabrication yards. ln one study, the average external exposure level was 4.8
mg/m3 for sandblasters (63 samples); when measured inside non-air-supplied hoods,

average levels exceeded the occupational exposure limit by four to 80 times depending
on the rate of work; for sandblasters using air-supplied hoods average concentrations still
exceeded the occupational exposure limit by three to 34 times. Suspended dust generated
by sandblasting resu1ted in crystalline silica exposure leve1s of helpers, abrasive-pot
handlers, painters, welders and other jobs, aIl unprotected, exceeding the occupational

exposure limit by 7.4, 5.8, 2.2, 1.9, and 1.4 times, respectively (Samimi et al., 1974). ln
another study, respirable sandblasting dust was shown to spread to such an extent that

risk may be unacceptable without sorne sort of respiratory protection as far away as
approximately 700 m from the blasting site. Isolation, personal protection, substitution
and recycling of abrasives as well as cleaning/coating of steel before fabrication have
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been cited as possible control measures (Centers for Disease Control, 1992; Brantley &
Reist, 1994).

(h) Agriculture

It is recognized that farming operations may produce large quantities of dust,
especially in dry and windy conditions and during the use of machinery. Dust samples

obtained from tractor cab filters in rural Alberta (Canada) contained 1-17% quartz
(Green et aL., 1990), while in North Carolina (United States) quartz leve1s in the respirable fraction of sandy soils were consistently higher than in clay soils (29% versus 2%)
(Stopford & Stopford, 1995).

ln California (United States), median concentrations of respirab1e particulates ranging
from 0.50 to 0.95 mg/mJ, depending on crop, with a quartz content of 1-12% have been

reported for fruit harvesters and from 0.007-0.07 mg/mJ as respirable quartz for rice
farming activities; levels of up to approximately 1 mg/mJ of respirable silica have been
reported during certain crop processing operations (Popendorf et al., 1982, 1985; Lawson
et al., 1995; Stopford & Stopford, 1995). Exposure to biogenic silica fibres during
farming operations is presented in the section on amorphous silica.
(i) Miscellaneous operations

ln denture manufacturing workshops, crystalline silica may originate from refractory
leshift personal exposure leve1s to crystallne silica measured in 32 workshops in France
were above the occupationa1 exposure limit (Peltier et al., 1991). ln Hong Kong gemstone workers, mean respirab1e quartz levels for grinder-po1ishers and buffers of 0.10
(n = 7) and 0.16 mg/mJ (n = 19), respectively, resulted main1y from the use of si1ica flour
coatings, sanding products, polishing pastes and pumice. Eighteen percent of 66 who

as an abrasive (Ng et al., 1987c). ln lndia, agate workers have been found to be heavi1y

exposed to respirable dust during grinding activities (186 mg/mJ, with 70% of free silica
(duration not stated)) (Rastogi et al., 1988).

Refractory plasters containing high proportions of quartz and/or cristobalite resulted
in two out of four personal crystallne silica levels measured in jewellery manufacturing
workshops in France to exceed the occupational exposure limit (Peltier et al., 1994). ln
the United States, refuse burning, transfer and landfill activities were shown to result in
personal respirable quartz leve1s of up to 0.20 mg/m J (Mozzon et al., 1987). ln another
study of waste incinerator workers in the United States, respirab1e quartz 1evels were

shown to be low (on1y two of 27 samp1es contained respirable silica: 0.018 and
0.036 mg/mJ) (Bresnitz et al., 1992). ln two reports on wildland fire-fighters, personal
respirable quartz exposure levels were shown to be usually well below 0.1 mg/m J (Kelly,
1992; Materna et al., 1992).

The concentrations of quartz and cristobalite were determined in personal samples in
two Canadian silicon carbide manufacturing plants using high-purity crystallne si1ica as
raw material charged into the furnace. Mean quartz leve1s ranged from not detected to
0.112 mg/mJ, while cristobalite ranged from not detected to 0.036 mg/mJ. Tridymite was
shown to be absent from the

se two plants (Dufresne et al., 1987).
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Airborne respirable dust collected in grain elevators in Canada was found to range up

to 76 mg/m', depending on work area, and to contain an average of 1.2-6.5% quartz,
depending on grain type and stage of treatment. The origin of the quartz is unknown, but
its content in the dust seems to be affected by the extent to which the grain has been
cleaned (Farant & Moore, 1978).
During the biennial stoppage of a major chemical plant in France, outside contractors'
employees were exposed to crystalline silica originating from the removal of refractory
brick in a sulfuric acid concentration shop. Personal respirable dust contained up to 3%

quartz and 13% cristobalite, resulting in overalI crystalline silica levels exceeding the
al exposure limit in 10 of 14 samples and reaching up to 70 and 80 times that
occupation

limit (Héry et al., 1995).
Personal respirable crystalline silica exposure levels of maintenance-of-way railroad
workers using granite-based ballast has been evaluated in the United States. For broom

operators and ballast regulators, 15 and 23% of samples respectively exceeded the
permissible exposure limit of O. 1 mg/m' (Tucker et aL., 1995).

Arnorphous silca
Even though it may be present in a variety of work environments, exposure to

amorphous silica has been the object of on1y a few quantitative published reports. This
can be explained in good part by the fact that most varieties of amorphous silica have
been considered to be of low toxicity compared to other occupational contaminants such
as crystalline silica. Also, amorphous silicas have often not been reported specifically,

being part of 'nuisance dusts' measured by non-specific gravimetric methods. Dust leve1s
reported in a few studies, including a large compilation of data from the synthetic

amorphous silica industry, can be found in Table 16.
(a) Diatomaceous earth

Occupational exposure to amorphous silica dust contained in diatomaceous earth may
occur during its extraction, its treatment by calcination and through the hand1ing of the
calcined product in a variety of end-use industries as filtration agent, minerai charge,
refractory, abrasive, carrier or adsorbent. Additionally, small amounts of quartz originating from sand may be present, but this rarely exceeds the level of 4% (Champeix &
Catilina, 1983; Anon., 1986). Furthermore, cristobalite formed from amorphous silica

during calcining operations has been reported to represent 10-20% of the respirable
fraction of the dust of the calcined product and 20-25% in the case of the flux-calcined

product (Checkoway et al., 1993).
Bagging and bulk handling occupations are considered the dustiest; mechanization,
the use of respiratory protection and dust control by local ventilation and application of
water serve to reduce worker exposure.
(h) Synthetic amorphous silica

Occupational exposure to the various forms of synthetic amorphous silica may occur

during their production and use as filers and carriers in a variety of industries. The

Table 16. Occupational exposure to different types of arnorphous silca
Type of amorphous silica

Industry, occupation

Level

Remarks on nature of dust

Reference, country

Diatomaceous earth

Production plant

28.2 mg/m' respirable dust

4% quartz content

Gerhardsson et al.

(1974)
S weden

Mining and processing

0.1-2.0 mg/m' respirable dust

Mining and processing

-( 1.05 mg/m' respirable dust

-( 5% quartz in respirable dust,
up to 75% cristobalite in sorne
ca1cined products
Natural product (-( 1 %

cristobalite)

Synthetic amorphous
silica

Chemical plant, production of
amino-acids and vitamins
2 plants

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

-( 0.21 mg/m' respirable dust
-( 0.14 mg/m' respirable dust

Ca1cined (10-20% cristobalite)

0- 10.5 mg/m' total dust
0-3.4 mg/m' respirable dust
-( 1.0-1 0 mg/m' total dust

Precipitated amorphous silica

0.61-6.5 mg/m', range of

medians, total dust, personal
samples (1991-96)
0.2-2.1 mg/m', range of

Reimarsson (1981 )

1celand

Cooper & J acobson
(1977)
USA

;p

Flux-calcined (40-60%
cristobalite)

Precipitated amorphous silica

Particle size:
primary (7-50 nm)
aggregate (-( 1 /lm)
agglomerate (1-100 /lm)

,.l'
,.
n
C/

Choudat et al. (1990)

France
Wilson et al. (1979)
USA
CEFIC (1996)
Europe

medians, respirable dust,
pers
on al samples

00

,.

00

N

Table 16 (contd)
Type of amorphous silica

Industry, occupation

Level

Remarks on nature of dust

Reference, country

Synthetic amorphous

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

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

Precipitated silica paricle size:
primary (5-100 nm), aggregate

CEPIC (1996)
Europe

packing, cleaning, blending

0.5-2.1 mg/ml, range of

si Ii

ca (contd)

medians, respirable dust,
personal samples

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

ci

Manufacture of fumed silica

2-7 mg/ml total dust

Volk (1960)
Germany

Fused quartz laser cutting

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

Tharr (1991 )

USA

up to 0.9 mg/ml (8 h),

Silica fume

Ferrosilicon industry

respirable dust, area samples
7.3 mg/ml, median, total dust

0.27-2.24 mg/ml, respirable
dust

~
~
'"
::
rz
~

0l"
C

Diameter -( 1.5 llm, 22.3%
silica (amorphous + crystalline)

Ferrosilicon and silicon

industry
Maintenance (tappers)

~
~

n
~
0
Z
0

(1-40 llm), agglomerate (3-

20 llm)

Fused silica

.-

Amorphous silica

Corsi & Piazza
(1970)
Italy
Cherniak & Boaino
(1983)
USA

~
tT

0\
00

Table 16 (contd)
Type of amorphous silca Industry, occupation

Level

BiogenIc silca fibres Manual harvesting of sugar-

cane
Buming
Cutting
Area
MechanIcal harvesting of
sugar cane and sugar miling
Buming (area)
Harvesting

Sugarll

Remarks on nature of dust

Reference, country

Inorganic fibres, length: 3.565 ¡im, diameter: 0.3-1.5 ¡im

Boeniger et al.
(1988)
USA (Florida)

Inorganic fibres, length: 1040 ¡im, diameter: 0.5-2 ¡im

Boeniger et al.

ND-58 000 fibres/m3
ND-300 000 fibres/ml
ND-9300 fibres/m3

(199 1 )

USA (Hawaii)

-l'n

\/
~

ND-6200 fibres/ml

ND-56 300 fibres/ml
ND-8350 fibres/ml

Rice faring

Interior of harvester
Bank out wagon
Buming by foot
Field preparation

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

Levels reported for respirable
silica fibres:: 5 ¡im
Actual length: 0.5-20 ¡im

Lawson et al. (1995)

USA (Califomia)

Width: 0.2-7 ¡im

NA, not available

00

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

Silica fume, generated unintentionally and emitted from electric arc furnaces may
contaminate work environments in silicon, ferrosilicon and other silicon-containing alIoy
production. Particles colIected in this industry often contain crystalline silica as weil as
various metals (American Conference of Governmental Industrial Hygienists, 1991).
Fly ash from power stations and various manufacturing facilities (e.g., silicon, silicon

carbide, silicon nitride, ferrosilicon industries) may contain significant amounts of

amorphous and crystalline silica (Rühl et al., i 990). The estimated combined
'production' of silica fume and fly ash in 1995 worldwide was 2000 thousand tonnes
(Ferch & Toussaint, 1996).

(d) Biogenic silicafibres

Occupational exposure to silica fibres originating from biogenic processes within a
ce farming operations.

variety of crop plants has been measured for sugar cane and ri

Sampling and analytical methods vary from one study to another, namely in sampling

times, in respirable particle selection, in fibre-counting techniques and conventions, and

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

(a) Air

Quartz is a major minerai component of desert dust, which consists of fine particles
smalIer in size than 10 /-m that can be transported by winds over thousands of kilometres
and brought down by rainfalI onto water or land surfaces (Klein et al., i 993). Exposure
to quartz from dust storms has been suggested as a cause of non-occupational pneumo-

conioses reported in certain regions of the world (WeilI et al., i 994). ln the western
Himalayas, 80% of the dust colIected during dust storms was respirable and its silica
content ranged between 60 and 70% (Saiyed et al., 1991). Levels of exposure to quartz
attained during dust storms have not been documented. Dust samples collected in the

windy season in two communes in a sandy area of Gansu Province in China ranged from

8.35 to 22 mg/m'. Deposited dust in these places consisted mainly in fine particles
(~5 /-m) and had a free silica content of 15-26% (Xu et aL., 1996).
CrystalIine silica has been reported as a possible important constituent of volcanic ash
colIected at high altitude or as settled dust at ground level. Cristobalite and keatite are
reported to constitute 35% of El Chichón (Mexico) ash colIected at 34-36 km altitude
(Klein et aL., 1993); crystalIine silica has been identified as present at levels of 3-7% in
Mount St Heleos (Washington State, United States) settled ash samples (Dollberg et al.,
1986).
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There is no extensive data set on levels of silica in ambient air. Ambient levels of
quartz, based on inhalable particulate measurements taken in 1980 in 22 United States
cities have been reported. Fine quartz levels (particles .c 2.5 llm aerodynamic diameter)
were from 0 to 1.9 llg/m', while coarse levels (from 2.5 to 15 llm) went from 1.0 to
8.0 llg/m3. Quartz represented on average 4.9% of the coarse particle mass and 0.4% of

the fine particle mass (Davis et al., 1984). It has been estimated that crystalline silica
concentrations in the range of 1-10 llg/m3 are common in urban and rural settings (Hardy

& Weill, 1995).

No data are available for ambient levels of amorphous silica, except for some
measurements of silica fibres taken in the vicinity of farming operations. Thus, amorphous silica fibres were identified as smoke constituents in three of seven area samples
located near burning sugar cane fields in Hawaii (Boeniger et al., 1991). Amorphous

silica fibres were observed at 0.02 fibres/mL in one of IL samples collected upwind of
rice farming operations in California, in one of two 1.5-km downwind samples and in
two of four field-edge downwind samples; a mean level of 0.004 fibres/mL was detected
for aIl downwind samples. For community samples collected in neighboUfing towns on
days when there was rice burning, fibres were detected in four of 14 samples; the mean
level for aIl samples was .c 0.004 fibres/mL (Lawson et al., 1995).
Non-occupational inhalation of crystalline silica may also occur during the use of a
variety of consumer or hobby products, such as cleansers, cosmetics, art clays and glazes,
pet litter, talcum powder, caulk and putt

y, paint, mortar and cement (United States

Bureau of Mines, 1992). ln a study on the possible contamination of homes with

crystalline silica on work clothing, no difference was found between the levels of cristobalite in outside ambient air and in the laundry areas of three homes investigated (Versen
& Bunn, 1989).
(h) Water

Silica may be present in water as quartz particles and diatom fragments. No quanti-

tative data on levels of quartz or other silica forms in potable or other forms of water
were available to the Working Group. Silica dissolves to a small extent in water as
monomeric si1icic acid. Levels range from 1 ppm to almost 100 ppm (mg/L) depending
on the climate, the petrographie nature of the aquifer, the depth and the activity of
various biological processes (Siever, 1978).

(c) Food

Amorphous silica (such as fumed silica) is incorporated in a variety of food products
as anti-caking agent at levels up to 2% by weight (such foods include beverage mixes,
sa1ad dressings, sauces, gravy mixes, seasoning mixes, soups, spices, snack foods, sugar
substitutes, desserts). Amorphous silica is also used as an anti-caking agent and as an
excipient in pharmaceuticals for various drug and vitamin preparations. Other possible
uses include the following: retention of volatiles, microencapsulation, dispersion agent,
clarification of beverages, viscosity control, anti-foaming agent and dough modifier
(Vilota & Hawkes, 1985).
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1.4 Regulations and guidelines

Regulations and guidelines for occupationa1 exposures to various forms of silica
differ from one country to the other, and new limits are under consideration in sorne

countries (see Tables 17 and 18). A general tendency is to set separate limits for the
various crystallne polymorphs and for the various kinds of amorphous silicas.

2. Studies of Cancer in Hurnans

Epidemiologica1 studies that were considered relevant to assess the carcinogenic risk

of crystalline silica for humans include studies on ore miners, quarry workers, granite
and slate industry workers, workers in the ceramics, pottery, refractory brick and
diatomaceous earth processing industries, and in foundry workers. ln addition, epidemiologica1 studies were availab1e on silicotic patients, many of whom had been employed in
the industries listed above. ln some of these industries, there are concomitant exposures
to established carcinogens, such as radon decay products in ore-mining. Special weight
was given to studies that were relatively free from confounders and that addressed
exposure-response.
2.1 Ore rnining
2.1.1 Record-linkage studies

Lynge et al. (1990) followed the 1960 census population of Sweden and the 1970
census populations of the other Nordic countries for morta1ity or cancer incidence. The
follow-up was through to 1980. Linkage was made between the mortality and cancer
incidence registers. Rate ratios for lung cancer were ca1culated for industries and occupa-

tional codes with known exposure to silica. Codes reported to the census were used.
Expected numbers were ca1culated from five-year age-specific rates and calendar yearspecific rates from aIl economically active men at the time of census. The rate ratios
estimated for the Nordic countries and industries were as follows: for Norway, iron ore
mining (5 observed; rate ratio, 1.36; 95% CI, 0.44-3.17) and other metal mining (5

observed; rate ratio, 1.00; 95% CI, 0.33-2.34); for Sweden, iron ore mining (124
observed; rate ratio, 3.19; 95% Ci, 2.92-3.49) and other ore mining (31 observed; rate
ratio, 3.71; 95% Ci, 3.10-4.44); for Finland, iron ore mining (2 observed; rate ratio, 1.78;
95% Ci, 0.22-6.45) and non-ferrous ore mining (21 observed; rate ratio, 5.02; 95% CI,
3.11-7.68).
2.1.2 Cohort studies (see also Table 19)

Gold ore miners
McDonald et al. (1978) conducted a study of a cohort of 1321 miners from one gold
mine in South Dakota (United States) who had at least 21 years' employment atthe---,

mine. SMRs based on South Dakota mortality rates showed excess mortality from aIl

Table 17. Occupational exposure levels for amorphous silca
Country

Substance

Concentration

Interpretation

Date of publication!
implementation

TWA
TWA
TWA

1995
1995
1995

TWA
TWA
TWA
OES
OES

1994
1994
1994

(mg!m')

Canada
Québec

Ontario

UK
USA
NIOSH

ACGIH

Silica, amorphous (gel) (total dust)
Silica, amorphous (precipitated) (total dust)
Silica, amorphous (non-calcinated diatomaceous earth
(total dust)
Diatomaceous earth, uncalcinated (total dust)

6

6

Precipitated silica (total dust)
Silica gel (total dust)

4
4
4

Total dust

6

Fine dust

3

Silica, amorphous
Diatomaceous earth (uncalcined)
Inhalable particulate"
Respirable particulate"
Precipitated silica

Silica, fused (respirable fraction)
Silica gel

Silica, fume (respirable fraction)
OSHA
France

6

6
10
10

0.1
10
2

Total dust

6

10
5

..
..rn
):

1994
1986
1995
1987
1992
1987
1992

3

Total dust

Respirable dust

REL
TWA

1996
1996

C/

PEL
VME

1996
1996

00

--

00
00

Table 17 (contd)
Country

Substance

Germany

Pyrogenic and wet process silica, diatomaceous earth
(uncalcined)
Quartz glass, fused silica, flux-calcined diatomaceous
earth

,.

Concentration
(mg/ml)
4 (inhalable

fraction)

Interpretation

Date of publication/
implementation

MAK
MAK

1996

0.3 (respirable

fraction)

TW A, time-weighted average; OES, Occupational exposure standard; OSHA, Occupational Safety and Health Administration;
REL, recommended exposure limit; PEL, permissible exposure limit; VME, mean exposure value (valeur moyenne d'exposition); MAK, maximum workplace concentration
a The value is for inhalable (total) particulate matter containing no asbestos and ~ 1 % crystalline silica

From American Conference of Governmental Industrial Hygienists (ACGIH) (1995); Anon. (1994); United States National
Institute for Occupational Safety and Health (NIOSH) (1994); Anon. (1995); IMA-Europe (1995); CEFIC (1996); Deutsche
Forschungsgemeinschaft (1996)
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Table 18. OccupationaI exposure lirnits for crystallne silca
Country

Argentina

Austria

Belgi um

Canada
Québec

Ontario

Denmark

Substance

Interpretation

Quartz
Tridymite
CristobalIte

MPC

Quartz, cristoba1ite,

MAK

France

Oermany

Concentration
(mg!m3)

Measure
duration

Date of publication!
imp1ementation

8-h TW A

1991
1991
1991

8 h dai1y and 40 h

1992

RD
RD
RD

0.1

8-h TW A

0.05
0.05

8-h TWA

FD

0.15

tridymite
Quartz containing dust

FD

4

Quartz

RD

0.1

Cristoba1ite, tridymite

RD

0.05

week1y
A verage values over
15 mn, 8 h dai1y

1995

8 h

Quartz, fused silica, tripoli
Tridymite
CristobalIte

TWA
TWA
TWA

RD
RD
RD

0.05
0.05

8 h

Crystalline si1ica,
respirab1e

1996
1996
1996

TWA

RD

0.1

8 h

1993

Quartz

TLV

RD
TD
RD
TD

0.1

8h

1988

0.3
0.05
0.15
8 h TW A

1993

8h

1996

8 h, 40 h weekly:

1996

Cristoba1ite, tridymite

Finland

Nature of dust

Quartz
Cristobalite, tridymite

OES

Quartz
Cristoba1ite, tridymite

VME

Quartz, cristobalIte,

MAK

tridymite

0.1

FD
FD

0.1

RD
RD

0.05

RF

0.15

0.2
0.1

8h

--

C/

i:
n
~

average work shift
value
00

\0

\0

0
Table 18 (contd)
Country

Substance

Interpretation

Nature of dust

Concentration
(mg/m')

Measure
duration

Date of publication/
implementation

Ital y

Quartz

RD

0.1

8 h TW A, 40 h weekly

Adoption, 1982

Cristobalite, tridymite

TLVTWA
TLV

RD

0.05

Quartz, cristobalite,

MAK

RD

0.075

8 h TWA

1 May 1996

TLV

RD
TD
RD
TD

0.1

8 h

1994

8 h TWA daily, 40 h
weekly

1988

Netherlands

Implementation,

-;i

1991

tridymite
Norway

Quartz

Cristobalite, tridymite
Portugal

Quartz

Recommended
norms

Cristobalite, tridymite

Russia

South Africa
Spain

Sweden

¡.
~,

Aerosol
Aerosol with silica
content? 70%
Aerosol with 10-70%
silica
Aerosol with silica
content.: 10%

Cristobalite
Quartz

Quartz
.: 5% free silica quartz

Quartz
Cristobalite, tridymite

RD
TD
RD
TD

0.3
0.05
0.15
0.1

0.3
0.05
0.15

n~
~
0
Z
0
0
~
;i
'"
::
C/

~

0r
C

~
tT

1

1990

1

0\
00
2

4

TWA

RD

0.1

8-h TW A

1996

Limit value

RD

6

8h

1991

RD
RD

0.1

8h

10

0.05

June

1993

Table 18 (contd)
Country

Substance

Interpretation Nature of dust

Concentration
(mg/m3)

Switzerland

Q/crr containing dust

VME

FD (1-5% Q/crr)

FD

4
0.15

MEL

RD

0.4 8 h

Quartz
Quartz
Quartz in coal mines
:; 5% quartz in coal mines
Cristobalite, tridymite

PEL

RD
TD
RD
RD

Cristobalite
Quartz
Tridymite
Tripoli

TWA

Fused silica, cristobalite,
quartz, tridymite, tri
poli

REL

Quartz, cristobalite,

tridymite
United
Kingdom

Measure
duration

Quartz, cristobalite,

tridymite

Date of publication/
implementation

1988

USA
OSHA

ACGIH

10/(% SiO? + 2) 8 h TW A
30/(% SiO? + 2)
2

10/(% Q)

Half the value for
quartz

RF of particulate
matter

0.05

OSHA 1971
MSHA 1978
MSHA 1978
OSHA 1971
MSHA 1978

-n-l'
C/

;i
1986

0.1

0.05

0.1, of contained
respirable quartz

NIOSH

RD

0.05

1994

RD, respirab1e dust; RF, respirab1e fraction; TD, total dust; OEL, occupationa1 exposure limit; OES; occupational exposure standard; PEL, permissib1e
exposure limit; TLV, threshold limit value; TWA, time weighted average; FD, fine dust; VME, me

an exposure value (valeur moyenne d'exposition;
REL, recommended exposure limit; Q/crr, quartz/cristobalite/tridymite; MAK, maximal workplace concentration; MAC, maximal allowed concentration; MEL, maximum exposure limit; MSHA, Mine Safety and Health Administration

UNEP (1996) \0
Anon. (1994); Anon. (1995); United States National Institute for Occupationa1 Health (NIOSH) (1994); United States American Conference of
mental Industrial Hygienists (ACGIH) (1995); United States Occupation

Governal Safety and Hea1th Administration (OSHA) (1995); IMA-Europe (1995);

..
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causes (631 observed; SMR, 1.15 (95% CI, 1.06-1.24)); there were 37 cases of
pneumoconiosis (none expected)' and 39 of tuberculosis (3.6 expected). There was no

overalI excess of respiratory cancer (17 observed; SMR, 1.03 (95% CI, 0.60-1.65)),
although, in the first half of the foIlow-up period (1937-55), six deaths from 1ung cancer
were observed against 3.4 expected. Using dust exposure data from company midget
impinger samples and the estimated average silica content of 39%, the authors examined
the mortality risks in five categories of dustiness; they showed clear linear relationships
for tuberculosis and pneumoconiosis (McDonald & Oakes, 1984). Using five categories
of dustiness, no correlation with respiratory cancer was found (McDonald et al., 1978).
ln a cohort previously followed by Brown et aL. (1986), Steen1and and Brown (1995)
followed up 3328 white male United States gold miners from South Dakota who worked
underground for at least one year between 1940 and 1965. The follow-up was through to
1990. Primary exposures were to (non-asbestiform) amphibole mineraIs in the
cummingtonite-grunerite series and to silica. The silica content of respirab1e dust in the

mid-1970s was estimated to be 13%. The median respirable silica decreased from
0.15 mg/m' in 1930 to 0.05 mg/m' after 1950. Exposure to arsenic and radon were below
United States Occupational Safety and Health Administration standards (radon
daughters, 0-0.17 WL). Yearly measurements from 1937 to 1975 were used to ca1culate
exposure leve1s for five job categories and to ca1cu1ate cumulative dust (dust-days).

Smoking data (never/occasional, current and ex-smoker) were volunteered by 602 of the
men in a 1960 Public Health Service Silicosis Survey. Compatible age- and race-specifie
data on smoking from a 1955 survey of a sample of the United States population were

used to estimate the effect of smoking differences on SMR for lung cancer. Of the
cohort, 2% was 10st to folIow-up. Mortality from all causes was elevated (1551 observed;

SMR, 1.13; 95% CI, 1.07-1.19). The SMR for all cancers was not elevated (303
observed; SMR, 1.01; 95% Ci, 0.90-1. 13). None of the cancer sites had a greatly
elevated SMR. The SMR for lung cancer was 1.13 (115 observed; 95% CI, 0.94-1.36)
when the United States population was used for comparison. However, the SMR for lung
cancer was e1evated for person-years for those workers whose first exposure (first job
underground) was more than 30 years before (90 observed; SMR, 1.27; 95% CI, 1.021.55). The SMR for lung cancer was also elevated in the highest exposure category (28
observed; SMR, 1.31 (95% Ci, 0.87- 1.89)), but the trend with duration of exposure was
inconsistent: SMRs, 1.02 (95% CI, 0.79-1.30), 1.55 (95% CI, 1.08-2.16) and 1.01 (95%
CI, 0.56-1.67) for -( 10 years, 10-20 years and ~ 20 years of exposure, based on 65, 35,
15 observed deaths, respectively.The SMR for lung cancer was increased mainly in men
hired before 1930 (21 observed; SMR, 1.30 (95% CI, 0.80-1.99)). However, the

smoking-adjusted SMR using the United States population was 1.07 (95% CI, 0.881.28)). Mortality was increased for non-malignant respiratory disease (170 observed;
SMR, 1.86; 95% Ci, 1.58-2.16), asthma (7 observed; SMR, 2.61; 95% CI, 1.09-5.61)
and pneumoconiosis and other respiratory diseases (92 observed; SMR, 2.61; 95% CI,
2.11-3.20). Mortality was also increased for non-Hodgkin's 1ymphoma (13 observed;
SMR, 1.63; 95% CI, 0.86-2.78).

Hnizdo and Sluis-Cremer (1991) followed up a cohort of 2209 white South African

gold miners whose exposure started during 1936-43 and who were studied for
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respiratory disorders during 1968-7 l, when 45-54 years of age. The mortality folIow-up
was through 1986. Vital status was established from the Gold Miners' Provident Fund
records, medical files and the Department of Interior; miners not reported dead were
assumed to be alive. The cause of death was established independently by two medical
doctors from the best available evidence (death certificates, medical files and autopsy
reports available on 84% of dead miners). The average level of respirable dust in the go

Id

mine in 1968 was 0.3 mg/ml of which approximately 30% was crystallne silica.

Uranium was mined in some gold mines as a main product or as a by-product. Levels of

radon daughters ranged from 0.1 to 3.0 working levels (WL) in most deep mines
(average, 0.4 WL); in a few shalIow mines, up to 6 WL was measured. Cumulative dust
exposure was evaluated in terms of respirable surface area (RSA)-years (Beadle &
Bradley, 1970) and the duration of dust exposure were calculated from personal records

of dusty shifts. Smoking history was obtained in 1968-71 and pack-years were
calculated. There were 77 cases of primary lung cancer. The estimated excess risk of
lung cancer for every 1000 RSA-years, standardized for smoking, year of birth and age
(estimated from the proportionate hazards model), was 2.3% (95% CI, 0.5%-4.2%). For
miners in the highest exposure category (~ 41 000 RSA-years), the estimated relative risk

of lung cancer was 2.92 (95% CI, 1.02-8.4). No association between lung cancer and
silicosis of the parenchyma or pleura at autopsy was found, but a significant association
with hilar gland fibrosis was observed (adjusted odds ratio, 3.9; 95% CI, 1.2-12.7). (The
Working Group noted that arsenic is not known to be present in the dust of South African
gold mines but that radon was a potential confounding factor.)

ln an extended folIow-up of a study reported by Wyndham et aL. (1986), Reid and
Sluis-Cremer (1996) folIowed up a cohort of 4925 white South African gold miners.

These miners were born in 1916-30, were working in gold mines in the vicinity of
Johannesburg on 1 January 1970 and were then aged 39-54 years. The follow-up was
through 1989. Daily cigarette consumption was obtained from medical files. Exposure to

mining was measured as duration of dusty exposure obtained from a record of dusty
shifts, and as cumulative dust exposure (duration weighted by an average dust level for
960s, in years-mg/m\ Vital status was
established for 4875 miners. The age- and year-specific mortality rates for white South
African men were applied to calculate standardized mortality ratios (SMRs). The SMR
was increased for aIl deaths (2032 observed; SMR, 1.30; 95% CI, 1.24-1.35). There was
no increased risk for aH cancers (341 observed; SMR, 1. 10; 95% CI, 0.99-1.23), but the
an occupational category measured in the late 1

SMR for lung cancer was increased (143 observed; SMR, 1.40; 95% CI, 1.18- 1.65).
SMRs were also increased for pulmonary tuberculosis (20 observed; SMR, 2.95; 95% CI,

1.81-4.58), pneumonia (68 observed; SMR, 1.46; 95% CI, 1. 13- 1.85), pneumoconiosis
(16 observed; SMR, 21.3; 95% CI, 12.2-34.7) and chronic obstructive pulmonary
disease (i.e. emphysema, bronchitis, asthma) (176 observed; SMR, 1.89; 95% CI, 1.62-

2.19). The relative risk for lung cancer and cumulative dust exposure for five years
before death, adjusted for smoking, estimated from a nested case-control study was 1. 12

(95% CI, 0.97-1.3) (mg/m3)-years and that for chronic obstructive pulmonary disease
and cumulative dust exposure was 1.20 (95% CI, 1.0-1.4) (mg/m')-years. (The Working
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Group noted the possible overlap with the study of Hnizdo and Sluis-Cremer (1991). The
Working Group considered that radon is a potential confounding factor for this study.)
Id miners
who worked in Ontario, Canada. This cohort consisted of aIl who had been examined in
Kusiak et aL. (1991) followed up a cohort of 13 603 male non-uranium go

chest clinics in Ontario in 1955 or later and who had been employed for at least two
weeks in dusty jobs in Ontario mines atter 1954 and for at least 60 months in dusty jobs
in the mining industry anywhere. Deaths that occurred between 1955 and 1986 were
identified from a national mortality database (about 6% of deaths up to 1977 were
missing). Miners who reported that they had worked in asbestos mines were excluded.
Before 1950, dust concentrations were often above 1000 particles/mL; by 1959 they had
dropped to 400 particles/mL by i 959 and by 1967 to 200 particles/mL. The percentage of
silica in respirable dust measured in 1978 survey ranged from 4.3 to 11.8% in different
mines. Arsenic was present in most gold mines and was also associated with gold specks.
Measurements of radon decay products (all post 1961) ranged from 0.001 to 0.335 WL.
Smoking data were obtained from a random sample of miners. Expected deaths were

calculated from Ontario male death rates. The overall SMR for lung cancer in gold
miners was increased (SMR, 1.29; 95% CI, 1.15-1.45). The SMR was increased among
miners who started gold mining before i 946 and never mined nickel was i.40 (95% CI,
Id miners who started
ors attributed the increased risk of lung cancer in Ontario
Id miners to the duration of underground mining and the associated exposure to arsenic
1.22-1.59). No increase in 1ung cancer risk was observed in go

mining after 1945. The au

th

go

and radon decay products. ln a nested case-control study, Kusiak et aL. (1993) reported

an increased mortality from stomach cancer in this cohort of gold miners (104 observed;
SMR, 1.52; 95% CI, 1.25-1.85), which was attributed to exposure to chromium. (The
Working Group noted the 1ack of cumulative exposure measurements to silica.)
Iron ore rniners

Lawler et al. (1983) examined the mortality of 10 403 white male employees of a
Minnesota (USA) haematite ore mining company (1937-1978) and contrasted it with that
of US white males. Chemica1 analyses of the ore showed an average silica content of 8%

in 1943 but 20-25% in the ore being mined in the late 1970s. For the total cohort
(underground and above-ground miners), the SMR for all causes was 0.93 (4699

observed (95% Ci, 0.90-0.96)). Mortality from tuberculosis (33 observed, SMR 0.45
(95% Ci, 0.31-0.63)) and respiratory disease (234 observed, SMR 0.79 (95% CI, 0.690.90) was lower than expected; no elevated risk from these two causes of death was seen
for underground miners. For stomach cancer, underground miners had an SMR of 1.67
(77 observed (95% Ci, 1.32-2.09)) and above-ground miners had an SMR of 1.81 (49
observed (95% Ci, 1.34-2.40)). For lung cancer, the SMR was 1.00 for underground
miners (117 observed (95% CI, 0.82-1.19)) and 0.88 for above-ground miners (95

observed (95% CI, 0.71-1.07)). No data on smoking habits or exposure to radon
daughters were obtained. (The W orking Group noted that exposures in the Minnesota
iron ore mines were comp1ex and included fibrous amphiboles as weIl as silica.)

"..J
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A group of 1173 iron miners in Lorraine (France) was observed for five years
following clinical examinations and lung function tests (Pham et aL., 1983). During this
period, there were 40 deaths versus 39 expected on the basis of rates for the general male
population of Lorraine. There were 13 deaths from lung cancer (SMR, 3.5; 95% CI, 1.96.0). All the lung cancer cases were found among underground workers; they were all
smokers and they had had a longer mean 1ength of employment underground (23.6 years)
than the whole underground group (16.7 years). Measured leve1s of radon daughters were
approximately 0.03 WL in the mine and 0.07 WL in the return air. The prevalence of
smoking was higher (66%) in the study population than in a general population sample
(52%). (The Working Group noted that the methods for ascertaining causes of death for
cases and controls were not comparable.)
Kin1en and Willows (1988) followed a cohort of 1947 iron ore miners in Cumbria
(United Kingdom) from 1939 to 1982. Miners were compared with men of a simi1ar
social class from England and Wales. Mortality data were analysed by proportional
a ranged from
0.4-3.2 WLs (median 2.0). There were 1604 deaths. The proportionate mortality ratios
mortality. Radon levels measured in the mines in 1969 in the closed are

(PMR) were increased for tuberculosis (88 observed; PMR, 3.55; (95% CI, 2.85-4.37))
and non-malignant respiratory disease (292 observed; PMR, 1.62; (95% CI, 1.44-1.82)).
There was an elevated increase for cancer of the stomach (49 observed; PMR, 1.24;

(95% CI, 0.82-1.64)). There was no elevated increase for lung cancer (84 observed;
PMR, 0.97; (95% CI, 0.77-1.20)). Risk of 1ung cancer was increased when population
rates for the rural population were used (PMR, 1.59; (95% CI, 1.27-1.97)).
Chen et aL. (1990) folIowed a cohort of 6444 men employed on 1 January 1970 in two

iron ore mines in Longyan and Taochong in China through to 1982. Vital status was
ascertained in 8534 of 8641 (99%) miners; 2090 miners with exposure for less th

an one

year were excluded. Occupational history and smoking habits were assessed retrospective1y by a questionnaire. Job titles were used to assign exposure leveL. Mechanical

ventilation was introduced in 1955 in the Longyan mine and in 1963 in the Taochong
mine, reducing total dust from several hundred mg/m' to 3.8 mg/m' (23-28% of settled
dust was iron). Traces of 3,4-benzo(a)pyrene, titanium, arsenic, chromium, nickel,

cobalt, cadmium and beryllum were found in the dust. Levels of radon daughters found
in 1984 at the working face were higher (0.2 WL) than at other workplaces (0.1 WL).

With improvements in ventilation, there were parallel reductions in the radon and dust
concentrations over the years. The expected deaths were based on sex- and age-specific

death rates for China for the years 1973-75. Diagnosis of silicosis was obtained from
routine X-ray examinations carried out on a periodica1 basis and read by a paneL. There

were 550 deaths. The SMR for total cancer mortality (98 cancers) was 1.1 (95% CI, 0.91.3). The SMR for lung cancer was increased (29 observed; SMR, 3.7; 95% CI, 2.5-5.3)
and was higher in those who worked prior to usage of mechanical ventilation (20
observed; SMR, 4.8; 95% CI, 2.9-7.4) than in those who started after it was introduced

(9 observed; SMR, 2.4; 95% CI, 1.1-4.6). There was an increasing trend with low,
medium and heavy exposure (SMRs, 2.6, 2.6 and 4.2, respectively), mainly in smokers.
(The Working Group noted that the exposure-response ana1ysis was based on cumulative
exposure estimates generated from single job titles, which may not reflect complete job
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history.) A high proportion of deaths (41 %) was due to non-malignant respiratory disease
(227 observed). A total of 1226 silicotics, diagnosed at routine periodic examinations,
had an SMR for lung cancer of 5.3 (14 deaths; 95% CI, 2.9-8.8) and for non-silicotics
the SMR was 2.9 (15 deaths; 95% CI, 1.6-4.7). ln CUITent smokers, subjects with
silicosis (n = 962) were at higher risk for lung cancer (13 observed; SMR, 6.7; 95% Ci,

3.6-11.5) than subjects without silicosis (n = 3123) (12 observed; SMR, 3.0; 95% Ci,
1.6-5.3). Subjects with silicotuberculosis (n = 389) were also at higher risk for 1ung
cancer (7 observed; SMR, 9.3; 95% CI, 3.8-19.2).
Other ore rniners

Hodgson and Jones (1990) followed up a cohort of 3010 miners who had at least 12
months' mining experience between 1941 and 1984 in two tin ore mines in Corn

waIl,

United Kingdom. The foUow-up was through 1986. SMRs were calculated using the
national age- and year-specific death rates. Radon daughter levels had been monitored
since 1967 and the average exposure was estimated as 8-12 working 1evel months

(WLM)/year in mine A and 9- 19 WLM/year in mine B. Arsenic was also mined in mine
A. The SMR for aU causes of death was increased (851 observed; SMR, 1.27; (95% CI,
1. 1 8- 1.35)) and that for lung cancer was significantly increased (l05 observed; SMR,

1.58; (95% Ci, 1.29- 1.91)). There was a strong dose-response trend with duration of
underground exposure; the SMRs increased as folIows: 0.9 i (95% CI, 0.51 - 1.50) for 1-5

years; 1.72 (95% CI, 0.94-2.88) for 5-10 years; 1.76 (95% CI, 1.09-2.7) for 10-20
years; 3.55 (95% CI, 2.07-5.69) for 20-30 years; and 4.47 ((95% CI, 2.50-7.37)) for
more than 30 years. There were 49 deaths from silicosis and 33 deaths from silico-

tuberculosis. Smoking and radon daughters were considered to be the main risk factors
for lung cancer. (The Working Group noted the high exposure to radon.)
Ahlman et aL. (1991) followed up a cohort of 597 miners employed between 1954 and

1973 for at least three years either in a copper ore mine (n = 398) or zinc ore mine
(n = 199) in eastern Finland. The follow-up was through to i 986 (person-years, 14 782).
Vital status was obtained via the Population Data Register. Regional age-specifie data
rates were used for comparison. Occupational histories and smoking data were obtained
through a questionnaire. ln the copper mine, mean respirable si1ica dust concentrations

decreased from 0.16 to 0.08 mg/m over the years and average radon daughter levels
1

decreased from 1.7 to 0.7 WL. ln the zinc mine, the highest concentration measured was
1 1 WL and the mean concentration was 0.4 WL. Diesel-powered machines were intro960s. OveraU mortality was increased (SMR, 1.04; 95% Ci, 0.85-1.27);
102 observed; 97.8 expected based on regional rates). Mortality from lung cancer was
, increased (l0 observed, 4.3 expected; 6.9 expected based on regional rates). Five of the
duced in the 1

lung cancer deaths (SMR, 2.94; (95% CI, 0.96-6.86)) came from the zinc mine (1.7
expected). (The Working Group noted the high exposure to radon.)
A total of 9912 (369 silicotics and 9543 non-silicotics) white male metal ore miners in
the United States who volunteered for a standard medical examination during 1959-61

were foUowed up for lung cancer mortality through 1975 (Amandus & CosteIlo, 1991).
The ores that were mined consisted of copper, lead-zinc, iron, mercury, Iead silver, gold
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and gold-silver, tungsten and molybdenum. Miners who were employed in non-uranium
mines and had not been exposed to diesel exhausts were studied. Silicosis was diagnosed
from radiograms taken at the examination according to the ILO 1959 classification (l, 2,
3 small rounded opacities and large opacities). Lung cancer was increased in silicotics

(14 deaths; SMR, 1.73; 95% CI, 0.94-2.90) in comparison with non-silicotics (118
deaths; SMR, 1. 18; 95% CI, 0.98-1.42). Age- and smoking-adjusted lung cancer risk in
silicotics was 1.96 (95% CI, 1.19-3.23) times that in non-silicotics. ln those who had
smoked cigarettes for over 25 years, SMRs were 2.69 in silicotics (8 deaths; 95% CI,
1. 16-5.30) and 1.76 in non-silicotics (64 deaths; 95% CI, 1.36-2.26). The SMR for 1ung
cancer was increased mainly in silicotics in lead-zinc mines (4 observed; SMR, 2.42;

95% CI, 0.66-6.21) and in mercury mines (3 observed; SMR, 14.03; 95% CI, 2.8940.99). SMRs were significantly increased in non-silicotics who had worked for over 20
years in an underground metal mine (SMR, 1.52; 95% CI, 1.10-2.03); and who had been
employed at a mercury mine (SMR, 2.66; 95% CI, 1.15-5.24). After excluding mercury
miners, the SMR for lung cancer was 1.39 in silicotics and 1.14 in non-silicotics. Among
those who had worked in mines with low radon exposure, age- and smoking-adjusted
lung cancer risk ratio between silicotics and non-silicotics was 2.59 (95% CI, 1.44-4.68).
(The Working Group noted that this is a cohort of volunteers based on a medical survey
of 50 underground mines. Participation rate was not discussed nor was percentage

foIlow-up defined.)

Chen et al. (1992) identified a cohort of 70 179 workers emp10yed from 1972 through
1974 for at least one year in one of four industrial groups: (i) 10 tungsten ore mines, (ii)
six copper-iron ore mines, (iii) four tin ore mines and (iv) eight pottery factories and one
clay mine aIl in south central China. Mortality foIlow-up was through 1989. Silica dust

exposure was estimated by merging individual job titles and time of exposure against
job-time-specific measurements of total dust and percentage of free silica collected,
mostly on a monthly basis for most dust-exposed jobs. Subjects were classified into four
exposure levels according to the job title with the highest dust leve1 in which the subject
worked for at least one year. The average annual total dust leve1s were 6.1 mg/m' (range,

2.0-26.3 mg/m') for tungsten ore mines, 5.6 mg/ml (range, 3.8-16.1 mg/m') for copper
and iron ore mines, and 7.7 mg/m' (range, 3.4-29.7 mg/ml) for tin ore mines. The lower

ranges represent more recent levels. Confounding factors studied were arsenic and
polycyclic aromatic hydrocarbons. Vital status and cause of death were obtained from
employment registers, accident records, medical records and personal contact. Cause of

death was coded according to the Chinese coding system. For subjects who died of
primary lung cancer, medical reports and X-rays were sought. Silica-exposed workers

had yearly radiograms and cases of silicosis (Chinese categories: suspected, l, 2 or 3)
were reported to factory registries. (The Working Group noted that this system is very
close to the ILO system.) Silicotics had more frequent medical examinations. The
expected deaths for selected causes were based on age- and sex-specific rates computed
as the average rates obtained from national mortality surveys carried out during 1973-75
and in 1987. Vital status was identified for 68 241 (97.2%) of the subjects (28 442 in
tungsten mines, 18 231 in copper-iron mines, 7849 in tin mines). Mortality from all
causes was slightly increased (6192 observed; SMR, 1.06; 95% CI, 1.04-1.09). Mortality
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from aIl cancers was decreased (1572 observed; SMR, 0.86; 95% CI, 0.81-0.90).
However, increased mortality was found for cancer of the nasopharynx (78 observed;
SMR, 1.54; 95% CI, 1.22-1.93), due to a significant increase in tungsten ore and tin ore
mines, and for liver cancer (474 observed; SMR, 1.15; 95% CI, 1.05-1.26), due to a
significant increase in copper-iron ore and tin ore mines. Cancer sites with significantly
decreased mortality were the oesophagus, stomach, colorectum and lung. The overall
SMR for lung cancer was decreased (330 observed; SMR, 0.79; 95% CI, 0.71-0.88),
although it was increased in tin ore miners (SMR, 1.98; 95% CI exc1udes 1.0) and in
silicotic workers (SMR, 1.22; 95% CI, 0.9-1.6, compared to non-silicotics). Other causes
of death with increased mortality were other respiratory diseases (925 observed; SMR,
1.48; 95% CI, 1.39-1.58), due to an increase in tungsten ore iliners and pottery wQrkers,

and pulmonary heart disease (695 observed; SMR, 5.81; 95% CI, 5.38-6.26). Mortality
from pulmonary tuberculosis was decreased in all groups (overall 312 observed; SMR,
0.77; 95% CI, 0.69-0.86) and that from pneumoconiosis was increased in aIl groups
(overall 199 observed; SMR, 36.25 (95% CI, 31.4-41.7)). Relative risks, adjusted for
decade of birth, sex, factory type and age, that showed a statistically significant trend

with low, medium and high dust exposure 1evels (p c: 0.01) were for respiratory disease
(relative risks: low, 1.0; medium, 2.39 (95% CI, 1.9-3.0); and high, 3.65 (95% CI, 3.0-

4.5), pneumoconiosis (relative risks, 1.0; 7.29 (95% CI, 4.5-11.8); and 13.57 (95% CI,
8.9-21.0), respectively) and pulmonary heart disease (relative risks, 1.0; 1.27 (95% CI,
1.0-1.6); and 1.93 (95% CI, 1.6-2.4). For 1ung cancer the respective relative risks were
1.0, 1.38 (95% CI, 1.0-1.9) and 1.10 (95% CI, 0.9-1.4).
McLaughlin et aL. (1992) conducted a nested case-control study of this same cohort.
Using 316 male lung cancer cases and 1352 controls, these investigators found an

increasing trend in the age- and smoking-adjusted odds ratios for lung cancer with
cumulative dust (p = 0.02) and cumulative respirable si1ica (p = 0.004) in tin ore miners
only: the odds ratio in the highest level of cumulative silica dust was 3.10. A trend with

increasing arsenic levels (p = 0.0004) was also observed in tin miners. Exposure to
arsenic and to polycyclic aromatic hydrocarbons was highly cOITelated with exposure to

silica dust. Subjects with silicosis had an increased risk of lung cancer in iron-copper ore
miners (15 observed; odds ratio, 3.1) and in tin ore miners (37 observed; odds ratio, 2.0)
but not in tungsten ore miners where a significant decreasing trend for lung cancer and
respirable dust and respirable silica dust was observed (p c: 0.05). (The Working Group

noted that exposure to arsenic confounded the potential dose-response relationship
between silica exposure and lung cancer risk in tin miners.)
ln an update of previous studies (e.g. Higgins et aL., 1983), Cooper et aL. (1992)

followed a cohort of 3431 men who had worked prior to 1959 for at least three months in

'taconite' surface mines and the milI in a Minnesota (United States) iron ore mine
through 1988. A total of 1058 subjects were found to be dead through employment
records, Social Security Administration records (contributing to or receiving pension),
from the National Death Index and from previous searchers. Those not found were
assumed to be alive. Death certificates were obtained from state offices of vital statistics
in the State of residence or death. Death certificates were obtained for 1039 (98.2%)

subjects known to be dead. The United States white male population was used as a
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reference. Up to 28--0% of free silica in air samples was reported and subjects were
exposed to elongated dust particle fragments of non-asbestiform amphibole mineraIs.

There was no underground mining. SMRs were significantly decreased for aIl causes
(1058 observed; SMR, 0.83; 95% CI, 0.78-0.88), all cancers (232 observed; SMR, 0.87;
95% CI 0.76-0.99) and aIl respiratory system cancers (65 observed; SMR, 0.67; 95% CI,
0.52-0.85) and lung cancers (62 observed; SMR, 0.67; 95% CI, 0.52-0.86). The SMR

for respiratory cancers displayed a significant negative trend with duration of
employment. The SMR for non-malignant respiratory disease was significantly
decreased (55 observed; SMR, 0.71; 95% CI, 0.54-0.93). The use of Minnesota death
rates increased the above SMRs, but not above 1.00. (The Working Group noted that the
absence of an increase in mortality from non-malignant respiratory disease in this cohort
suggests low worker exposure to free silica. ln the first study of this cohort (Higgins
et aL., 1983), the investigators also noted relatively low silica exposures in this study
population. J

Cocco et aL. (l994a) and Carta et al. (1994) followed up a cohort of 4740 male
workers who had at ¡east one year of employment between 1932 and 1971 and were
working during 1960-71 in a lead ore (A) and a zinc ore (B) mine in Sardinia. The
mortality folIow-up was through i 988. Vital status was ascertained for 99.5% of the
cohort. SMRs were based on the regional five-year age- and year-specific death rates.
The average respirable dust concentrations in underground workplaces in the two mines
were similar - 2.5-2.6 mg/ml in i 962-70 and they decreased to 1.6-1.8 mg/ml in 1981-

88 (with median quartz concentration of 1.2% and 12.8%, respectively) in mines A and
B. Surface workers were exposed to less than 1 mg/m.' in both mines from the 1970s. The

mean exposure to radon daughters was higher in mine A (0.13 WL) than in mine B
(0.01 1 WL) among underground miners. Smoking habits were comparable between the
two mines. Of the cohort, 2096 worked in mine A and 2603 in mine B, and 41 in both. ln
underground workers from mine A, the SMR for aH causes of death was not increased
(325 observed; SMR, 1.03; 95% CI, 0.92-1. 14) nor was that for aIl cancers (84 observed;
SMR, 0.99; 95% CI, 0.80-1.23) nor that for lung cancer (28 observed; SMR, 1.15; 95%
CI, 0.77-1.67); the SMRs for cancer of the peritoneum and retroperitoneum (4 observed;
SMR, 9.17; 95% CI, 2.50-23.47) and for respiratory diseases (68 observed; SMR, 2.46;
95% CI, 1.91-3.12) were increased. ln underground miners from mine B, the SMR for
aIl causes of death was increased (472 observed; SMR, 1.20; 95% CI, 1.09-1.31).

Mortality from aIl cancers (101 observed; SMR, 0.92; 95% CI, 0.76-1.12) and lung
cancer (26 observed; SMR, 0.79; 95% CI, 0.52-1.16) were not increased. Increases were

SMRs for infectious and parasitic diseases (29 observed; SMR, 4.16; 95% CI, 2.795.97), pulmonary tuberculosis (29 observed; SMR, 7.06; 95% CI, 4.73-10.14) and
respiratory disease (156 observed; SMR, 5.18; 95% CI, 4.40-6.06). Death from silicosis
was included under non-malignant respiratory disease. Surface workers from both mines

had a simi1ar pattern of SMRs. SMRs for lung cancer did not show a systematic
increasing trend with increasing duration of underground employment in any of the
mines.

A cohort of 310 women employed in surface jobs (belt pickers) in the two mines
(reported above) and 173 women not exposed to si1ica were a1so studied for 1ung cancer
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risk (Cocco et aL., 1994b). There were 163 deaths in the total cohort and the risk of 1ung
cancer was elevated in the exposed (5 cases; SMR, 2.83; 95% CI, 0.91-6.60) and in the
unexposed women (1 case; SMR, 1.22; 95% CI, 0.02-6.78). (The Working Group noted
the small number of cancer cases.)
2.1.3 Case-control studies (see also Table 19)

Mastrangelo et aL. (1988) studied 309 male cases of lung cancer and 309 male

controls from Belluno in a Northern province of the Venetian region in Italy that has a
high rate of compensation for silicosis. The main silica exposures came from tunnelling,
mining and quarrying. Cases were newly diagnosed primary lung cancer in the Belluno
city hospital chest clinic from 1973 through 1980. Controls were patients admitted to the
same chest clinic and matched on year of birth, residence in the province of Belluno and
date of admission to the clinic. Patients with chronic bronchitis were excluded from the
contro1s. Information collected at the time of admission included the following: occupation, type of industry, length of exposure to silica, presence of compensated silicosis,
the average number of cigarettes smoked per day in CUITent smokers, and time since

cessation of smoking in ex-smokers. When compared to non-exposed subjects, the
relative risk adjusted for smoking, estimated from matched analysis, was increased for
exposed subjects with silicosis (50 cases, 30 controls; OR, 1.9, 95% CI, 1. 1 -3.2), but was
not increased for exposed subjects without si1icosis (86 cases, 95 controls; OR, 0.9; 95%
CI, 0.7- 1.6). There was an increasing trend between risk for lung cancer and duration of
exposure to silica dust, with the highest OR of 1.6 for workers employed for ~ 15 years
versus unexposed workers (p for trend -( 0.05). There was an apparent synergistic effect
between silicosis and smoking. The OR lung cancer in non-smoking silicotics exposed to

silica was 5.3 (95% CI, 0.5-43.5); in smoking non-silicotics not exposed to silica, Il.9
(95% CI, 4.2-46.5); in smoking non-silicotics exposed to silica, 10.4 (95% CI, 2.9-44.4);
and in smoking silicotics exposed to si1ica, 19.7 (95 % CI, 5.1-89.7). Risk, estimated by
type of occupational exposure, was highest for tunnelling. (The W orking Group noted
that potential biases may have occurred due to the use of chest-c1inic controls.)

Hessel et aL. (1990) selected 571 white South African gold miners who had a
diagnosis of lung cancer at an autopsy conducted for compensation purposes during

1974-78 and 1983-86 by the mining medical bureau. After exclusion of secondary
cancers, those with low exposure (less than 1000 shifts) and missing information, 231
cases remained. Cases were matched to 318 controls by age at death. Cumulative

exposure to silica dust was calculated from detai1ed work histories and a relative index
for dust levels assigned to occupationa1 categories. Tobacco consumption was obtained
from medical files and used to create smoking categories. The assessment of silicosis
was obtained from necropsy reports. The degree of silicosis was diagnosed at autopsy on
the basis of macroscopic and microscopic examination. There were no significant case-

control differences in dust exposure. The adjusted odds ratio for lung cancer and silicosis
were close to 1.0. Odds ratios for lung cancer were 1.1 (124 cases; 95% CI, 0.77-1.58)
for silicosis of parenchyma and 1.29 (192 cases; 95% CI, 0.83-2.08) for silicosis of the
hilar glands. These figures were adjusted for cumulative dust exposure. (The Working
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Group noted that the elimination of cases and controls with low exposure may have
biased the results against finding an exposure effect. It was a1so noted that workers in
South African gold mines were exposed to radon.)
Fu et al. (1994) conducted a case-control study of lung cancer in male workers

employed at the Dachang tin ore mine in the Guangxi province of south-eastern China.
The cases and controls were selected from aIl miners resident in the area for at least 10
years. The 79 lung cancer cases were ail cases identified from health records and death
certificates filed at the Anti-epidemic Station during 1973-89 (9 alive at the end of
trois were stratified by decade of birth and surviva1 of the
sampling period). The 188 con

oldest case. Years of exposure were calculated up to the year when cancer was
diagnosed. The average dust levels prior to 1955 were 25 mg/m 3; dry drillng during
1955-57 increased the levels as high as 128 mg/m3; after 1957, improved ventilation and

wet driling resulted in decrease to 2-5 mg/m'. The ore contained 23.6% silicon (as
silica), 0.08% 1ead, 0.08% arsenic, 0.008% cadmium and other metals. Exposure to radon
daughters was low (0.3 WLM per year). Smoking data were obtained retrospectively by
questionnaire and occupational history was obtained from interview and employment
records. Diagnosis of silicosis was obtained from medical records, but age of diagnosis
could not be determined, so it was not possible to exclude controls who developed
silicosis after the death of a cOITesponding case. The crude odds ratio for lung cancer was

increased for years of underground exposure to dust (odds ratio, 2.13; 95% CI, 1.273.60) and the presence of silicosis (odds ratio, 2.03; 95% CI, 1.25-3.29) and there was a
statistically significant trend with years of underground exposure to dust (odds ratios,
1.0, 1.69, 2.18 and 3.21 (p -( 0.002), for 0, -( 10, ? 10 and? 20 years, respectively). The

smoking-adjusted odds ratio for lung cancer and year of underground dust exposure was

1.05 (95% CI, 1.03-1.07) per year. (The Working Group noted that the apparent
association of lung cancer risk with silica is potentially confounded by concomitant
exposures to arsenic, cadmium and radon.)

A case-control study of radiographie silicosis and lung cancer was conducted among
underground uranium ore miners in New Mexico, United States (Samet et aL., 1994). The
study included 65 lung cancer cases and 216 matched controls, for whom chest radio-

grams were located and interpreted by two 'B' readers (two chest radiographs were
available for 58 cases and 181 controls). The odds ratio for any type of opacity indicative
of pneumoconiosis in the radiograph closest in time to the start of emp10yment was 1.33
(95% CI, 0.31-5.72); for the second radiograph, it was 1.16 (95% CI, 0.35-3.84). Both
odds ratios were adjusted for exposure to radon daughters. The findings were unchanged

when both radiographs were entered into a logistic model, or for radiographs 0/1 or
higher profusion, or just profusion of rounded opacities.

Armstrong et aL. (1979) studied a cohort of 1974 miners who worked in gold mines in
Kalgoorlie, Western Australia, and who were studied for respiratory symptoms in 1961-

62 when 40-59 years old. Mortality follow-up was from 1969 to December 1975
(Armstrong et aL., 1979) and later updated to 1991 (de Klerk et aL., 1995). Exposure to
silica dust was assessed in terms of duration of underground ernployment (7 categories).
Smoking habits were assessed individually in 1961 as never srnoked, CUITent cigarette
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smoker -: 15 cigarettes/day, 15-24/day, 2' 25/day, current pipe or cigar smoker, excigarette smoker and ex-pipe and cigar smoker. Maximal radon daughter concentration in
the mines was 0.045 WL. ln the first mortality folIow-up by Armstrong et aL. (1979), the
OR for respiratory cancers (ICD-8 161-163) was slightly increased (59 observed; OR,

1.4 (95% Ci, 1.11-1.87)). A synergistic effect between smoking and duration of
underground exposure was observed. Tobacco consumption of the miners was given as a
possible cause for the increased SMR. ln the extended follow-up (de Klerk et aL., 1994),

dead cases with lung cancer (n = 98) were compared with dead controls (n = 744).
Deaths from tuberculosis, other respiratory disease and cancer of the larynx or unknown
primary sites were excluded.The odds ratio (OR) for 1ung cancer for the longest duration
of exposure (2' 40 years) was e1evated (OR, 2.3; 95% CI, 0.8-6.5). No elevated risks
were found for shorter periods of employment underground and there was no trend in RR
with duration. (The W orking Group noted that the primary limitation of this study is the
lack of any quantitative measurement of exposure. Exposure-response analysis depended
upon the duration of underground employment.)
2.2 W orkers exposed in quarries and granite production
2.2.1 Record-linkage studies

ln the record-linkage study in four Nordic countries described in Section 2.1.1, Lynge
et al. (1990) reported results for lung cancer risk among stone-cutters in Norway (3
cases: rate ratio, 0.83; 95% CI, 0.17-2.44), Sweden (37 cases; rate ratio, 0.98; 95% CI,
0.83-1. 16), Finland (15 cases; rate ratio, 1.75; 95% Ci, 0.98-2.89), and Denmark (13

cases; rate ratio, 1.98 (95% CI, 1.06-3.39). ln an extended ana1ysis of Pinnish 1970
census records and 1971- 1985 Cancer Registry records, stone-cutters had a social-classadjusted standardized incidence ratio (SIR) for lung cancer of 1.68 (20 cases; 95% CI,
1.03-2.60) (Pukkala, 1995).

2.2.2 Cohort studies (see a1so Table 20)

Five cohort studies of workers employed in quarries and granite processing and one
study of stone-cutters were available.
A proportionate mortality analysis, based on 969 deceased male granite workers from
Vermont, who had died during 1952-78, was published by Davis et aL. (1983). This
population is included in the cohort study by Costello and Graham (1988). The PMR for
lung cancer was 1.18 (95% CI, 0.90-1.51); in an internaI comparison analysis, lung
cancer risk was 1.2, 0.9, 0.8 for the categories of medium (199-400 milion particles per
cubic foot (mppcf)-years), high (399-800 mppcf years) and very high (2' 800 mppcfyears) cumulative exposure as compared with low cumulative exposure (-: 199 mppcfyears).
Costello and Graham (1988) studieda cohort of 5414 workers emp10yed in granite
manufacturing plants (sheds) or quarries in Vermont (United States) during 1950-82 and
who had had at least one X-ray (98% had X-rays). Dust concentrations were high up to
1940 and the average exposure for a cutter was 48.8 mppcf (Thériault et aL., 1974). Death

Table 19. Ore mining: cohort, case-control and proportionate mortality studies of silca
Reference/country

Study base/follow-up

Outcome/subgroup

Relative risk (No. of deaths or Comments
cases; 95% confidence interval)

1321 former employees of
Homestake Gold Mine, South

Ali causes
Respiratory cancer

SMR, 1.5 (64 1; (1.06-1.4))

Cohort studies
Gold ore miners
McDonald et al. (1978)
United States

Dakota; follow-up through 1973

Low
Moderate
High
Very high
Gastrointestinal cancer

Hnizdo & Sluis-Cremer

2209 gold miners (WM);

(1991 )

mortalIty follow-up 1968- 1 986;

South Africa

internaI proportional hazards
analysis

1.03 (17; (0.60-1.65))

Dust exposure category

Lung cancer
Cumulative dust exposure per
1000 respirable surface areayears

1. 1 1 (7)

1.0 (3)
1 .85 (5)
0.65 (2)
1. 1 1 (39; (0.8- 1.5))

RR

1.02 (1.01-1.04)

Exposure-response (per 1000

respirable surface area-years)

Kusiak et al. (1991,
1993 )

Canada

13 603 non-uranium gold miners
(M) without exposure to
asbestos; mortality follow-up
1955-86

:: 15

1.0 (4)

16-30

31-40

1.5 (30; 0.6-4.3)
2.07 (20; 0.7-6.0)

?41

2.92 (23; 1.02-8.4)

Lung cancer
Miners starting before 1946
(ne

SMR, 1.29 (1.5-1.45)

Adjusted for

1.40 (236; 1.22- 1.59)

measurements for arsenic
and radon decay products
and duration of years of

ver nickel)

Stomach cancer

Adjusted for smoking,
year of birth, and age.
Arsenic was not present in
the dust. Uranium was
mined in sorne gold mines.
Interaction between
smoking and dust was
overadditive. Radon
exposure was 0.1-3.0 WL.

1.52 (104; 1.25- 1.85)

-l'n

V1

~

underground mining.

Dust concentrations
(partic1es/mL): before
1940s often above 1000;

1959,400; 1967,200

ov.-

-0
.t

Table 19 (contd)
Reference/country

Study base/follow-up

Outcome/subgroup

Relative risk (No. of deaths or
cases; 95% confidence interval)

3328 gold miners (WM);
mortality follow-up 1940-90

Ali causes
Ali cancers
Lung cancer
Dust days (one day with an

SMR, l.3 (1551; 1.07-1.19)
1.01 (303; O.90-l.3)

Comments

Cohort studies (contd)
Gold ore miners (contd)

Steenland & Brown
(1995)
United States

Cumulative exposure

n
0S'
Z
0

exposure of 1 mppcf)
-c 8000

l.7 (44; (0.84-1.55))

8000-32000
32000-48000

1.01 (35; (0.71-1.41))
0.97 (8; (0.41-1.85))

~ 48 000
Digestive system cancers
Reid & Sluis-Cremer

4925 gold miners (WM) born

(1996 )

between 1916 and 1930 and

South Africa

alive in 1970; mortality followup 1970-89

a~

1.1 (28; (0.87- 1.89))

0.85 (69; 0.66-1.07)

Ali causes
Lung cancer
Cumulative dust exposure
5 years before case death
(year-mg/mJ)
Stomach cancer

SMR, 1.0 (2032; 1.24-1.5)

Ali cancers
Lung cancer
Unexposed
Low exposure
Medium exposure
Heavy exposure
Nonsmokers
Silicotics
Medium dust exposure
Heavy dust exposure
Stomach cancer

SMR, l. (98; 0.9-1.)

Traces of carcinogenic

3.7 (29; 2.5-5.3)
1.2 (2; 0.1-4.2)

metals were detected in

2.6 (3; 0.5-7.6)
2.6 (4; 0.7-6.6)

Radon daughters were
measured in 1984.

1.40 (143; l.8-1.65)

l.2 (0.97-1.)

Adjusted for average
cigarette consumption per
day. Arsenic was not
present in the dust.

Chen et aL. (1990)

6444 iron ore miners (M)

employed on 1 January 1970;
follow-up through 31 December
1982

4.2 (22; 2.7-6.4)
0.6 (1; 0.0-3.3)

5.3 (14; 2.9-8.8)
1l. (2; 1.-40.1)

5.0 (12; 2.6-8.7)

0.8 (18; 0.5-1.)

~
""
::
C/
~

0
l'

C

1.19 (29; 0.79-1.0)

~
tT

Iron ore miners
China

-

~
~

l.3 (115; 0.94-1.6)

0\

dust of iron ore mine.

00

Table 19 (contd)
Study base/follow-up

Outcome/subgroup

Relative risk (No. of deaths or Comments
cases; 95% confidence interval)

597 coppel' and zinc ore miners

SMR, (1.04) (102; (0.85-1.27))

1973; follow-up through 1986

AlI causes
Ali cancers
Lung cancer

Lung cancer
Silicotics

SMR

(199 1 )

Metal miners (WM): 369
silicotIcs and 9543 non-silicotics

United States

from medical examination

Reference/country

Cohort studies (contd)
Other ore miners

Ahlman et al. (199 i)
Finland

Amandus & Costello

employed between 1954 and

records 1959-61; mortality
follow-up through 1975

-c 20 years underground
? 20 years underground

Non-silicotics
-c 20 years underground
? 20 years underground

(0.99) (16; (0.6- 1.6))

(1.45) (10; (0.7-2.7))
1.3 (14; 0.94-2.90)
1.8 (5; 0.56-4.16)
1.0 (9; 0.78-3.23)

1.18 (1 18; 1.98-1.42)

1.05 (74; 0.82-1.1)

Lung cancer

RR

S il icoti cs/non -s i licotics

1.96 (1.19-3.23)

2.59 (1.44-4.68)

-r'n

C/

1.52 (44; 1.10-2.03)
Adjusted for age and
smoking
Adjusted for smoking and

;i

restricted to subjects with

low radon exposure
Chen et al. (1992)

China

68 241 metal mine and pottery
workers (M, F); mortality
follow-up through 1989

Ali causes
Ali cancers
Lung cancer
Dust exposure
Low
Medium
High
Stomach cancer

SMR, 1.06 (6192; 1.04-1.09)
0.86 (1572; 0.81 -0.90)

0.79 (330; 0.71-0.88)
1.0
1. 8 (1.0- 1. 9)

1. 10 (0.9-1.4)

0.64 (225; 0.56-0.73)

Dust exposure

Low
Medium
High

1.0
1. 14 (0.8-1.)
1.00 (0.7-1.4)

o-Ui

Table 19 (contd)
Reference/country

Study base/follow-up

Outcome/subgroup

Relative risk (No. of deaths or Comments
cases; 95% confidence interval)

4740 workers (M) in lead (A)
and zinc (B) mines; mortality
follow-up 1960-88

Ali causes
Ali cancers
Lung cancer
Stomach cancer

SMR, 1.04 (1205; 0.98-1.0)
0.94 (293; 0.83-1.05)

Cohort studies (contd)
Other ore miners (contd)
Cocco et al. (1994a)
1 taly

0.95 (86; 0.76-1.7)
0.94 (27; 0.62-1.7)

Lung cancer by years underground
Mine A (trend NS)

.( Il

0.68 (4)

11-15
16-20

1.8 (7)

21-25

1.00 (7)
2.04 (5)

)- 26

1.43 (10)

-n-l'

en

;:

Mine B (trend NS)

.( Il
21-25

0.78 (14)
0.73 (6)
0.63 (5)
1.22 (4)

)- 26

1.5 (1)

11-15
16-20

Cocco et aL. (1994b)

310 belt pickers (F) emp10yed at

Italy

least one year between 1932 and

1971 at crushers in lead and zinc
mines and 173 unexposed (F) to

AlI causes
Ali cancers
Lung cancer
Stomach cancer

SMR, 0.78 (163; 0.67-0.91)

0.70 (32; 0.48-0.99)
2.32 (6; 0.85-5.05)

0.32 (2; 0.4-1.5)

silca; mortality folIow-up 195188

o....

..
o
00

Table 19 (contd)
Reference/country

Study base/follow-up

Outcome/subgraup

Relative risk (No. of deaths or
cases; 95% confidence interval)

Comments

Silicotics exposed to silica dust
Non-silicotics exposed to silica
dust

OR, 1.9 (50; 1.1-3.2)
0.9 (86; 0.7-1.6)

Adjusted for smoking.

Lung cancer and silicosis by

Mantel-HaenszeIOR,
L.I (121;0.77-1.58)

-;i

Case-control studies
Mastrangelo et al.
( 1988)

309 hospital cases, 309 matched
controls (M) between 1973 and

Italy

1980

Hessel et al. (1990)

231 lung cancer deaths and 318
other deaths matched by age at
death

Fu et al. (1994)

79 incidence cases and 188

China

matched contraIs (M) between
1973 and 1989 from tin miners'
medical records

Samet et al. (1994)
United States

65 cases and 216 con

troIs (M)

from New Mexico uranium
miners

cumulative dust exposure

Possible detection bias

from hospital enrolment

niö
s:
0
Z
0
0
iö

OR, 2.13 (1.27-3.60)

;i
""
i:
C/

o years

1.0 (21)

-: 10 years
10-19 years
;: 20 years

0l'

2.18 (22; (1.1-3.17))

Lung cancer
Years of underground exposure to
dust

Maximal profusion of any type of

-i

1.69 (24; (1.08-2.50))
3.21 (12; 1.-5.6))

OR, 1.3 (0.31-5.72)

opacity of at least 110 on earliest

radiograph
Maximal profusion of any type of
opacity of at least 1/0 on second
radiograph

1.16 (0.35-3.84)

C
s:
Trend p = 0.002

Adjusted for radon

tT

0\

00

Table 19 (contd)
Reference/country

Study base/follow-up

Outcome/subgroup

Relative risk (No. of deaths or
cases; 95% confidence interval)

de Klerk et aL. (1995)
Australia

98 cases and 744 controls;

Lung cancer by duration of

OR

Australian gold miners in 1961;

underground employment

follow-up 1969-91

None

1.0

0-4 years

0.9 (0.4-2.1)
0.9 (0.4-2.3)
1.1 (0.6-2.3)
0.9 (0.4-1.7)

5-9 years

10-19 years
20-29 years
30-39 years
2: 40 years

Comments

,.~
,.
n

V1

~

l. (0.6-2.3)

2.3 (0.8-6.5)

Abbreviations: SMR, standardized mortality ratio; WM, white male; RR, relative risk; WL, working level; M, male; F, female; OR, odds ratio; NS, not significant

o\0..

110

IARC MONOGRAPHS VOLUME 68

certificates were obtained from the Vermont State Health Department; the referent
population used was United States white males. Of the cohort, 1643 men were known to
have died. Death certificates were missing for 116 men. Overall mortality was decreased
(1643 observed; SMR, 0.91; 95% CI, 0.87-0.95). The SMR for all malignancies was not

increased (321 observed; SMR, 0.94; 95% CI, 0.84-1.05). However, SMRs were
increased for lung cancer (118 observed; SMR, 1. 16; 95% CI, 0.96-1.39), tuberculosis
(124 observed; SMR, 5.86; 95% CI, 4.88-6.99), all respiratory disease (131 observed;
SMR, 1.21; 95% CI, 1.01-1.44) and si1icosis (41 observed; SMR, 6.36; 95% CI, 4.568.62). The morta1ity from lung cancer was increased in workers who worked in the
sheds. ln shed workers, the SMRs were: overalI mortality (1284 observed, SMR, 0.93;
(95% CI, 0.88-0.98)), aIl cancers (260 observed; SMR, 1.01; (95% CI, 0.89-1.14)), 1ung

cancer (98 observed; SMR, 1.27 (95% CI, 1.03-1.55)), all respiratory disease (106
observed; SMR, 1.28; (95% CI, 1.05-1.55)), tuberculosis (110 observed; SMR, 6.63;
(95% CI, 5.45-7.99)) and silicosis (38 observed; SMR, 7.73; (95% CI, 5.47-10.61)). The
SMR for 1ung cancer was increased in workers who had started working before 1940 and
had a 'time since hire' period of 2: 40 years and tenure of 2: 30 years (47 observed; SMR,
1.81; (95% CI, 1.33-2.41)) and also in workers who had started working after 1940 and
who had :: 25 years since time of hire and tenure of 2: 10 years or more (17 observed;
SMR, (1.73; 95% CI, 1.01-2.77)). ln workers who had worked in quarries, the SMR for

lung cancer was not increased (20 observed; SMR, 0.82; (95% Ci, 0.50-1.27)). (The
W orking Group noted that a limitation of this study is that no dust exposure data were
included in the exposure-response analyses, as had been done by Davis et aL. (1983).)

Guénel et aL. (1989b) identified a cohort of 2175 Danish stone workers from union

lists, lists of self-employed workers, census data, and other sources. Criteria for inclusion

an 65 years of age when
identified from the above sources. Of the cohort, 95% of the workers were traced; 2071

were to be alive on 1 January 1943 or born later, and less th

cancer cases were identified through the Danish Cancer Registry from 1 January 1943 ta
31 December 1984. The SIRs were ca1cu1ated using the Danish national age- and timespecifie incidence rates for men. lndividual smoking data were not avai1able, but regional
differences in smoking habits were adjusted for using the regional differences in lung
cancer. Adjustment for region was made by multiplying the expected number of cancers

by the relative risk for the region. The analysis was performed separately for skiled
workers (n = 1081), unskiled workers (n = 990), and by three regions - Bornholm,
Copenhagen and elsewhere in Denmark. For the skiled workers, the unadjusted SIR for
lung cancer was 1.38 (44 observed; 95% CI, 1.0-1.89) and when adjusted for regional
differences in smoking was 2.00 (44 observed; 95% CI, 1.49-2.69). The SIR for workers

in Copenhagen was 4.65 (18 observed; 95% CI, 2.74-7.29) and after adjustment for
smoking, the SIR was 3.06 (18 observed; 95% CI, 1.81-4.82). The SIR for workers

elsewhere in Denmark (18 observed; SIR, 1.61; 95% CI, 0.95-2.54) also increased after
adjustment for smoking (18 observed; SIR, 1.92; 95% CI, 1.67-3.03). Stone-cutters
known to have worked with sandstone had the highest increase in risk for lung cancer

and also the highest occurrence of silicosis (56%). The SIR for aIl cancers was not
increased for the unskilled workers (155 observed; SIR, 1.45; 95% CI, 1.23-1.70). Also
in unskilled workers, the SIR for lung cancer before adjustment for smoking was 0.72

i

L

1

!
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(27 observed; 95% CI, 0.46-1.08) and this increased after adjustment for smoking (SIR,
1.81; 95% CI, 1. 16-2.70).

Mehnert et aL. (1990) folIowed a cohort of 2483 male workers employed for at least
one year in one of nine slate quarries in Germany during 1953-85. The foIlow-up period

was from 1970 through 1985. Vital status was obtained for 2475 workers. Death
certificates were available from 1970 to 1985. Expected deaths were calculated from ageand sex-specific national mortality rates. Smoking was not considered. The SMR for aIl
causes ofdeath was 1.01 (387 observed; 95% CI, 0.91-1.12). The SMR for ail cancers

was not increased (77 observed; SMR, 1.00; 95% CI, 0.79-1.26). The SMR for lung
cancer was slightly increased (27 observed; SMR, 1.09; 95% CI, 0.72-1.59). Other
neoplasms with increased SMRs were buccal cavity and pharynx (3 observed; SMR,

2.05; 95% CI, 0.42-6.00), rectum (12 observed; SMR, 2.63; 95% CI, 1.36-4.60) and
Iymphomas and myelomas (8 observed; SMR, 3.16; 95% CI, i .36-6.23). SMRs were
increased for pulmonary tuberculosis (5 observed; SMR, 3.76; 95% CI, 1.22-8.77) and
non-malignant respiratory diseases (74 observed; SMR, 2.26; 95% CI, 1.77-2.84). There
was a trend in SMR for lung cancer with time since first exposure (2: 30 years: SMR,
1.52), with duration of employment (2: 20 years: SMR, 1.57), with ranking of exposure
(low: SMR, 1.07; high: SMR, 1.40) and with the presence of compensated silicosis (in
non-silicotics: 18 observed; SMR, 0.91; 95% CI, 0.54-1.44; in silicotics: 9 observed;

SMR, 1.83; 95% CI, 0.84-3.48). ln silicotics, the trend increased with duration of
employment (1 -9 years SMR, 1.0; 10- 1 9 years SMR, 1.81; 2: 20 years SMR, 2.40). ln
non-silicotics, there was also trend with duration of employment (SMRs 0.67; 95% CI,
0.08-2.41 for 1-9 years; 0.74; 95% CI, 0.15-2.16 for 10--19 years and 1.32; 95% CI,

0.66-2.36 for 20 or more years). (The Working Group noted the absence of quantification of the silica exposure; the exposure-response is qualitative.)

Koskela et aL. (1994) folIowed up 1026 Finnish granite workers who had started

working between 1940 and 1971 in quarries and processing yards and had been
employed for at least three months. The foIlow-up was through 1989 and the me
duration of exposure was 12 years. The geometric me

an
an of total dust concentration

ranged from 1.7 to 39.8 mg/m'and that of quartz dust from 1.0 to 1.5 mg/m'. (No
detailed information on respirable dusts was given.) The highest concentrations were in
drilIing. Job titles and duration of employment was known. Only 33 subjects had had
other jobs with a potential exposure to carcinogens. W orkers came from three regions
with three corresponding different types of granite (red, grey and black granite). The

minerai composition of the grey granite was 38% feldspar, 31 % quartz and 20%
plagioclase; the red granite was composed of 41% feldspar, 36% quartz and 16%
plagioclase. Smoking data were obtained by questionnaire. Expected deaths were derived
from national mortality data for men in the median year of deaths in the cohort (1975).
Overall cancer mortality was increased (363 observed; (SMR, 1.09; 95% CI, 0.98-2.1)),
mainly due to increased mortality of workers employed on grey granite (160 observed;
(SMR, 1.30; 95% CI, 1.10- 1.51 D. Mortality from lung cancer was significantly elevated
in the grey granite area (17 observed; (SMR, 1.75; 95% CI, 1.02-2.81)). Mortality from
respiratory diseases was elevated in the red granite area (3 i observed; (SMR,- 2.3 1; 95%

CI, 1.57-3.28)) and in the grey granite area (16 observed; (SMR, 1.90; 95% CI, 1.10,
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3.09)). Workers from both types with 10 or more years of exposure and a ;: 20-year
latency period had increased risk of lung cancer (22 observed; (SMR, 1.48; 95% CI,
0.93-2.24)). ln the grey granite area, the risk for lung cancer was increased already at
year of age in the mid-40s and, in the red granite area, after 60 years of age, when
compared to the regiona1 populations. (The W orking Group noted that expected deaths

may have been underestimated, and that standard statistical methods had not been
applied.)
Costello et aL. (1995) studied 3246 United States men who had been employed one or

more years during 1940-80 at 20 crushed stone operations. These facilities included
a processing plant for crushing, sorting and cleaning stone. A stratified
sample of 20 operations was randomly selected by rock type (granite, limestone or

quarries and

traprock) and by geographical location from aIl active industries in 1978. The average
content of crystalline silica in the personal respirable dust samples was 37% respirable
dust (0.06 mg/m3) for granite, IL % (0.04 mg/m3) for limestone and 15% (0.04 mg/m3) for

traprock. Vital status was determined in aIl men and death certificates were obtained for
615 of the 661 subjects who died. Expected deaths were calculated from United States
white and non-white male rates separately. The SMRs were calculated for white and nonwhite males. The SMR was not increased for aIl causes (661 observed; SMR, 0.96; 95%
Ci, 0.89-1.04) or for aIl cancers (125 observed; SMR, 0.96; 95% CI, 0.80-1.15). The
SMR for cancer of the peritoneum was increased for the white workers (5 observed;
SMR, 9.74; 95% CI, 3.16-22.69). There were three deaths where mesothelioma was
mentioned on the death certificates. (The W orking Group noted that no information was
given on whether this diagnosis was confirmed by histological examination.) The SMR
for lung cancer was 1.19 for whites (40 observed; 95% Ci, 0.85-1.62) and 1.85 for non-

whites (11 observed; 95% CI, 0.92-3.31). The SMR for the cardiovascular diseases was
decreased for whites. The SMR for pneumoconiosis and other selected non-malignant
respiratory diseases was increased (20 observed; SMR, 1.98; 95% CI, 1.21-3.05) in the

whole cohort. Analysed by rock type, the SMR for 1ung cancer was significant1y
increased for granite operations in men with ;: 20 years since first employment and;: 10
years of tenure (7 observed; SMR, 3.54; 95% CI, 1.42-7.29). The SMRs were elevated

for both whites (3.57; 95% CI, 0.97-9.14) and for non-whites (3.45; 95% CI, 0.7110.07). ln men with ;: 20 years since first emp10yment, the SMR for lung cancer was
elevated for limestone (23 observed; SMR, 1.50; 95% CI, 0.95-2.25) but not for traprock
(3 observed; SMR, 0.63; 95% CI, 0.13-1.84).
2.3 Ceramics, pottery, refractory brick and diatomaceous earth industries

ln the following industries, silica products are heated. ln refractory brick and
diatomaceous earth plants, the raw materials (amorphous or crystallne silicas) are
processed at temperatures around 1000°C with varying degrees of conversion to
cristoba1ite. ln ceramic and pottery manufacturing plants, exposures are mainly to quartz,

but where high temperatures are used in ovens, potential exposures to cristobalite may
occur.

Table 20. Quarries and granite production: cohort studies of silca
Reference/country

Study base/follow-up

Outcome/subgroup

Costello & Graham
(1988)
United States

5414 workers (M) in granite sheds
and quarries employed between

Ali causes
Ali cancer sites
Lung cancer

1950 and 1982

W orkers who started before 1940

Relative risk (No. of deaths or Comments
cases; 95% confidence interval)
SMR, 0.91 (1643; 0.87-0.95)

0.94 (321; 0.84-1.05)
1.6 (118; 0.96-1.9)
1.81 (47; (1.3-2.41))

No incorporation of exposure
data, which limits conclusions
about exposure-response

and had latency ;: 40 years and
tenure ;: 30 years
W orkers who started after 1940

-n-l'
CI

(1.3 (17; 1.01-2.77))

and had latency ~ 25 years and
tenure ;: 10 years

Guénel et al.
(1989b)
Denmark

2071 stone workers; cancer
incidence follow-up 1943-84

Stomach cancer

0.75 (16; 0.43-1.22)

Lung cancer
Skilled workers
Adjusted for smoking
Copenhagen
Adjusted for smoking
Other parts of Denmark
Adjusted for smoking
Copenhagen sandstone
Unskilled workers
Adjusted for smoking

SIR

;i
Adjustment for regional
ditterences in smoking

2.00 (44; 1.49-2.69)
3.06 (18; 1.81-4.82)

1.92 (18; 1.67-3.03)
8.08 (7; 3.23-16.6)

1.81 (24; 1.6-2.70)

..
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Table 20 (contd)
Reference/country

Study base/follow-up

Outcome/subgroup

Relative risk (No. of
deaths/cases; 95% confidence
interval)

Comments

Mehnert et al.
(1990)
Germany

2475 slate facility workers (M)
employed between 1953 and 1985;

Ali causes
Ali cancers
Lung cancer
By time since first exposure
10-19 years
20-29 years
;: 30 years
By duration of employment

SMR, 1.01 (387; 0.91-1.2)
1.00 (77; 0.79-1.26)
1.09 (27; 0.72-1.59)

Unadjusted for smoking
exposure; classification is

mortality follow-up 1970-85

10-19years

1.05 (6; 0.39-2.28)
1.57 (17; 0.91-2.51)

0-9 years

Silicotics

Non-silicotics

1.06 (12; 0,55-1.86)
1.52 (13; 0.81-2.60)
0.61 (2; 0.07-2.21)

10-19 years
20-29 years
;: 30 years
All causes
Ali cancers
Lung cancer
Stomach cancer
Ali causes
Ali cancers
Lung cancer
Stomach cancer

:;
n
~

0
Z
0

0.50 (2; 0.01-1.8)

1-9 years

;: 20 years
Stomach cancer
By time since first exposure

uncertain.

-~

c:

:;
~
~
::
u:

1.6 (13; 0.62-1.99)

-c

2.58 (1; 0.07-14.36)

0
l'

1.63 (3; 0.34-4.75)
1.36 (7; 0.55-2.80)

~
tT

C

0\

0.53 (2; 0,06-1.90)

1.27 (103; 1.03-1.53)
0,99 (15; 0.56-1.64)
1.83 (9; 0.84-3.48)
0.82 (2; 0.10-2.95)

0.94 (284; 0.84-1.06)
1.01 (62; 0,77-1.29)
0.91 (18; 0.54-1.44)
1.26 (11; 0.63-2.25)

Trend by duration of
employment on small

numbers

00

Table 20 (contd)
Reference/country

Study base/follow-up

Outcome/subgroup

Relative risk (No. of deaths or Comments
cases; 95% confidence interval)

Koskela et al.
(I 994)

1026 granite workers (M), hired
between 1940 and 1971; follow-

SMR, (1.09) (363 (0.98-2.1))

Finland

up through 1989

Ali cancers
Grey granite
Lung cancer
Grey granite
:2 10 years exposure and
:2 20 years latency (grey + red

granite)
Digestive system cancers

Costello et al.
(1995)
United States

(1.0) (160; (1.0-1.51))

(1.40) (36; (1.0-1.9))
(1.5) (17; (1.02-2.81))

(1.48) (22; (0.93-2.24))

(1.2) (19; (NS))

3246 stone workers (M) in
crushing, sorting and c1eaning

Ali causes
Ali cancers

employed between 1940 and 1980;

0.96 (125; 0.80-1.5)

Peritoneum cancer, whites

follow-up 1940-80

9.74 (5; 3.16-22.69)

Lung cancer
Whites
Non-whites
Ali workers, granite

1.85 (11; 0.92-3.31)
3.54 (7; 1.42-7.29)

SMR, 0.96 (661; 0.89- 1.04)

Expected deaths calculated
from United States white and
non-white male rates

-n-

C/
L'

~

1.9 (40; 0.85- 1.62)

(:2 20 years 1atency and
:2 10 years tenure)

Ali workers (:2 20 years latency)
Limestone
Traprock

1.50 (23; 0.95-2.25)
0.63 (3; 0.13-1.84)

AbbrevIations: M, male; SMR, standardized mortality ratio; SIR, standardized incidence ratio; NS, not significant
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2.3.1 Record-linkage studies

ln the record-1inkage study in Norway, Sweden, Finland and Denmark described
Section 2.1.1, Lynge et aL. (1990) reported results on lung cancer incidence and mortality

among glass, porcelain, ceramic and tile workers from Norway (rate ratio, 1.79; 95% Ci,
1.00-2.95; 15 cases), Sweden (rate ratio, 1.05; 95% CI, 0.95-1.16; 94 cases), Finland
(rate ratio, 1.27; 95% CI, 0.80-1.92; 22 cases) and Denmark (rate ratio, 1.03; 95% CI,
0.90-1.18; 55 cases). ln the extended analysis of Finnish records, also described in

Section 2.2.1, the adjusted SIR for lung cancer among potters was 1.04 (95% CI, 0.501.91; 10 cases) (Pukkala, 1995). ln an analysis linking 1981 census records and 19811989 mortality records in Turin, Italy, Costa et aL. (1995) reported four deaths from lung
cancer among brick, pottery and glass workers (RR, 1.03). ln a paralIel analysis of 19811982 mortality of the Italian population, 33 deaths from lung cancer were reported (RR,
1.14; p ? 0.05).
2.3.2 Cohort studies (see Table 21)

Cerarnics
Thomas (1982) examined the mortality of members of the United States Potters and
Alled Workers Union for 1955-77. ln men, there were elevated PMRs for tuberculosis

(62 observed; PMR, 3.39; (95% CI, 1.36-1.74)), non-malignant respiratory disease
(frequently noted as silicosis; 268 observed; PMR, 1.54; (95% CI, 1.36-1.74)) and lung

cancer (178 observed; PMR, 1.21; (95% CI, 1.04-1.40)). The lung cancer excess
appeared to be 10calized among workers in the sanitary-ware divisions (62 observed;
PMR, 1.80; (95% CI, 1.38-2.31)). Silica exposure was said to be similar in sanitary-ware
divisions and in other parts of the plants but to be characterized by the use of talc to dust
moulds. (The W orking Group noted the possibility that the talc was contaminated with
asbestos.)

A cohort mortality study reported by Thomas and Stewart (1987) and Thomas (1990)

was based on 2055 white men employed for one year or more in three plants manufacturing ceramic sanitary ware between 1939- 1 966 and followed up unti1 1 January
1981. Exposures were predominately to quartz but in sorne processes a1so to fibrous
(tremolitic) talc until 1976 and non-fibrous (non-asbestiform) talc. Against United States
rates for white males, the number of deaths from aU causes was significantly fewer than
expected (578 deaths; SMR, 0.90; (95% Ci, 0.83-0.98)). There was an excess of lung

cancer deaths (52 observed; SMR, 1.43; (95% Ci, 1.07-1.88)) but a deficit of deaths
from digestive cancer (19 observed; SMR, 0.52; (95% CI, 0.31-0.81)). Mortality from
non-malignant respiratory disease was also increased (64 observed; SMR, 1.73; (95% Ci,
1.33-2.21)). The lung cancer mortality risk increased with number of years of exposure
to non-fibrous talc but was unre1ated to years of exposure to silica. Information was not
available on smoking. (The W orking Group noted that the degree of overlap between
these studies was not clear.)
A cohort of 1784 male Dutch ceramic workers was constructed based on a nationwide
cross-sectiona1 silicosis survey between 1972 and 1982. Follow-up took place between
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time of medical examination and 31 December 1991 (Meijers et aL., 1996). Only those
persons with a total working history of more th

an two years in the ceramics industry

were selected for analysis. No usable quantitative exposure measurements were

available, but each worker was cIassified as having low, medium or high silica exposure
according to job description. Cause-, age- and calendar time-specific death rates of the
total male Dutch population were applied to ca1culate expected numbers of deaths and
SMRs. Overall lung cancer morta1ity risk was lower th

an expected (30 observed; SMR,

0.88 (95% CI, 0.59- 1.26)). For silica exposure, there was no exposure-response relationship with respect to cumulative dust exposure (low: 9 observed; SMR, 0.82; (95% CI,

0.37-1.55); medium: lO observed; SMR, 0.75; (95% CI, 0.36-1.38); high: 11 observed;
SMR, 1.15; (95% CI, 0.57-2.05)). Stomach cancer was not evaluated in this study.

Pottery
ln a large cohort mortality study from southern central China, described in detail in
Section 2.1.2 (Chen et al., 1992), 13 719 pottery workers were included with average
annual dust exposure of 11.4 mg/m-' (9.4-23.8 mg/m-'). The SMRs among these pottery

workers were 1.44 (p oe 0.05) for respiratory disease and 0.58 (p oe 0.05) for lung cancer.
ln a nested analysis of 316 male lung cancer cases and 1352 controls (62 cases and 238
controls in pottery workers) (McLaughlin et aL., 1992), also described in Section 2.1.2,

the odds ratios for lung cancer for pottery were 2.0, 1.7 and 1.5 for low, medium and
high total dust exposure as compared to no exposure. The trend for cumulative respirable
silica exposure was not significant. There was no association with silicosis. Smokers of
more than 20 cigarettes a day were at greatly increased risk (OR, 7.4).
ln the British pottery industry, a study of mortality in a cohort of 4093 men was made
by Winter et al. (1990). The subjects had been included in a survey of respiratory disease
in the pottery industry conducted in 1970-71. Difficulties were encountered in ensuring
the full tracing of the cohort and the investigators decided to limit their study to men and
women under 60 years of age in 1970-71 (n = 3669). Among these subjects, 390 deaths
were observed by the end of 1985 against 363.4 expected from national rates (SMR,
1.07) and 394.7 against local rates (SMR, 0.99). The SMRs for the 60 deaths observed

from lung cancer were 1.40 (95% CI, 1.07-1.80) for national rates and 1.32 (95% CI,
1.00- 1.69) for local rates. Adjustments for recorded smoking habits made very little
difference to these SMRs, but possible exposure to other hazardous dusts was not
considered. There was some indication of a relation between risk and estimated cumulative exposure to respirable quartz. Mean respirable quartz concentrations obtained in

the workplace in each pottery were used to form four cumulative exposure groups, which
assumed that CUITent exposure levels applied to the entire occupational history in the

pottery. The smoking adjusted 1ung cancer SMRs for the four cumulative exposure
groups were 1.08 (95% Ci, 0.35-2.54) for 0-0.14 (mg/m-') x years, 0.99 (95% CI, 0.43-

1.95) for 0.15-0.49 (mg/m-') x years, 1.62 (95% CI, 1.05-2.39) for 0.50-1.49
(mg/m-') x years and 1.51 (95% CI, 0.93-2.31) for 1.50 (mg/m-') x years or more. (The

Working Group noted the investigators' concern about possible bias in the folIow-up and
by the fact that mortality results were 1inked to men under 60 years of age in 1970-71.)
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A further investigation in the British pottery industry was based on a cohort of 7020
male pottery workers in Staffordshire, bom 1916-45, a few of whom were possib1y
included in the cohort of Winter et aL. (1990). This study had three phases: in the first,
proportional morta1ity was analysed in the 1016 men who had died by 30 June 1992

Donald et aL., 1995); in the second, SMRs were examined in a cohort reduced ta
5115 after exclusion of men who had worked in foundries, asbestos or other dusts
(Cherry et aL., 1995); and, finally, risks were assessed in detail taking account of
radiographie changes, exposure estimates and smoking habit (Burgess et al., 1997;
Cherry et aL., 1997; McDonald et aL., 1997). ln the first phase of the study, after
exclusion of recorded asbestos exposure, the PMR for 1ung cancer was found to be 1.22
(Mc

(112 deaths (95% CI, 1.01-1.47)) against national rates but 1.04 (112 deaths; (95% CI,

0.86- 1.25)) against local rates. The PMR for lung cancer in those with pneumoconiosis

on their death certificate (30) was 1.75 (7 deaths (95% Ci, 0.7-3.6)). A nested casecontrol study of 75 1ung cancer cases and 75 controls matched on date of birth and date
of first exposure suggested that the risk of 1ung cancer was associated with smoking
history and past asbestos exposure. A further analysis based on 47 case-control pairs, in
which both cases and referents were smokers showed evidence that risk was re1ated to
the duration of silica exposure (~ 10 years) in pottery work (odds ratio, 2.8; 90% CI, 1.17.5) (McDonald et aL., 1995). ln the second phase of the study, SMRs against national

mortality rates for the period 1985 through June 1992 were as follows: lung cancer, 1.91
(68 deaths (95% CI, 1.48-2.42)); and non-malignant respiratory disease, 2.87 (95% CI,
2.17-3.72)). Against local rates, the corresponding SMRs were 1.28 (95% CI, 0.99-1.62)

and 2.04 (95% CI, 1.55-2.65) (Cherry et aL., 1995). ln the third phase, the three
following related analyses were reported (Burgess et aL., 1997; Cherry et aL., 1997;
McDonald et aL., 1997): a radiographie validation of the exposure matrix; findings from a

nested case-control study of mortality in relation to exposure, smoking and radio10gical
changes using conditional 10gistic regression; and detai1ed findings from a sub-cohort of
1083 men used in the radiographie validation. The case-control analysis was based on 52
cases emp10yed for 10 or more years (and 3-4 times as many controls). These three sets
of analyses, taken together, showed (i) that a relationship existed between cumulative
exposure and small radiographie opacities, and that this re1ationship was dominated by

the intensity of exposure, and (ii) that in both the full cohort and sub-cohort, lung cancer
risk was dominated by smoking but in neither was it related to cumulative exposure.
However, 1ung cancer risk was increased in workers whose average intensity of exposure

was 200 l1g/m3 or greater (odds ratio, 1.88; 90% CI, 1.06-3.34) and in workers whose
maximum exposure was 400 l1g/m3 or greater (odds ratio, 2.16; 90% CI, 1.11-4.18). The
latter risk was limited to workers in firing and post-firing occupations. Eight per cent
1eve1s of cristobalite were recorded in dust samp1es from this industry but these were not
specific to firing and post-firing operations. (The Working Group noted that this study
was the only epidemio10gical examination of peak exposure effects in lung cancer risk.

Whereas the findings do not support a relation with cumulative exposure, the possibility
remains that high-intensity exposures (~400.l1g/m3) may increase risk.)
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Refractory brick
A series of reports on refractory brick workers in Genoa (Puntoni et aL., 1985, 1988)
was updated by Merlo et al. (1991). ln this latter study, a cohort of 1022 factory brick

male workers for six months or more between 1 January 1954 and 31 December 1977
was followed through 1986. Geometrie mean concentration of respirable dust ranged
from 200-560 iig/m'; crystalline silica was 30-65%. Observed deaths were compared
with mortality for the ltalian male population and smoking habits recorded for 285
workers actively employed in 1984 were noted. The overall mortality based on 243
deaths was somewhat above expectation (SMR, 1.10; 95% CI, 0.97-1.25). An excess
was more definite for lung cancer (28 observed; SMR, 1.51; 95% CI, 1.00-2.18), urinary
bladder cancer (7 observed; SMR, 2.78; 95% CI, 1.12-5.71) and non-malignant respi-

ratory diseases (40 observed, SMR, 2.41; 95% CI, 1.72-3.28). The excess mortality from
lung cancer and other respiratory diseases was almost entirely due to the experience of
men first employed before 1957. Mortality was stratified by both length of employment

and by years since first employment. SMRs for workers with :? 19 years since first
employment and for the category :: 19 years since first employment and :? 19 years
tenure were: lung cancer, SMR, 1.75 (8 deaths; 95% CI, 0.75-3.46) and SMR, 2.01 (13
deaths; 95% CI, 1.07-3.44); respiratory disease, SMR, 1.58 (7 deaths; 95% CI, 0.643.25) and SMR, 3.89 (28 deaths; 95% CI, 2.59-5.63) and bladder cancer, SMR, 5.75
(4 deaths; 95% CI, 1.57-14.74) and SMR, 0.99 (1 death; 95% CI, 0.25-5.49), respectively. A comparison of the smoking habits of the 285 men emp10yed in 1984 and those
of the Italian male population showed no significant difference. (The Working Group
noted that information was not available on levels of exposure to crystalline silica or on
the degree of conversion from quartz to cristobalite.)
A separate analysis was conducted on male silicotics and non-silicotics among 231
workers from the same refractory brick plant employed on 1 January 1960 and folIowed

for mortality through 1979 (Puntoni et aL., 1988). lncluded were 136 silicotics, identified
from compensation files. SMRs were calculated using age-specific Genova mortality

rates during the folIow-up period as the reference. The SMR for aIl causes was 1.63
(57 deaths; 95% CI, 1.23-2.11) in silicotics and 0.64 (16 deaths; 95% Ci, 0.36- 1.03) in

non-silicotics. Significant non-cancer excesses in the silicotics were reported for cardiovascular (SMR, 1.73) and non-malignant respiratory (SMR, 5.00) diseases. The SMRs
for aIl cancer was 1.42 (16 deaths; 95% Ci, 0.81-2.30) in silicotics and 0.88 (7 deaths;
95% CI, 0.35- 1.81) in non-silicotics. With six deaths, the SMR for lung cancer was 1.67
(95% CI, 0.61-3.64) in silicotics (two non-smokers) and, with five deaths, 2.08 (95% CI,
0.67--.84) in non-silicotics (one non-smoker). Laryngeal cancer was in excess in sili-

cotics (3 deaths; SMR, 6.82; 95% CI, 1.40-19.9), while no laryngeal cancer deaths
occurred in non-silicotics.

A further cohort mortality study from China was made in 1 1 refractory brick plants
(Dong et al., 1995). Entry to the study was restricted to 6266 men first emp10yed before
1962, almost all between 1950 and 1959. By 1985,871 (13.9%) had died and 263 (4.2%)
were lost to foIlow-up. Almost all cohort members had been subject to periodic health
examination and chest X-ray; the latter c1assifying in the Chinese system si1icosis as
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follows: category l, 20%; category II, 7%; and category III, 3%. Smoking habits were
also recorded. Standardized rate ratios (SRRs) were calculated by age and cause of death
in comparison with a population of Il 470 male workers from 10 rolling steel mills. The
overall SRR was 1.44 (871 deaths; 95% CI, 1.35-1.54)); among non-silicotics, the SRR

for all causes of death was 1.04 (390 deaths; (95% CI, 0.94-1.15)) and among silicotics
(categories 1, II, II) the SRR was 2.10 (481 deaths; (95% CI, 1.92-2.30)). The corres-

ponding SRRs for cardiorespiratory disease were 1.25 (255 deaths; (95% CI, 1.101.41)),0.96 (Ill deaths; (95% CI, 0.79-1.16)) and 1.65 (144 deaths; (95% Ci, 1.401.94)), and for lung cancer 1.49 (65 deaths; (95% CI, 1.15-1.90)), 1. 1 1 (30 deaths; (95%

CI, 0.75-1.58)) and 2.10 (35 deaths; (95% CI, 1.46-2.92)). ln men with 20 or more years
of exposure, the SRR for lung cancer increased significantly with duration of exposure.
ln men without silicosis, the SRR for lung cancer was 1.20 (21 deaths; (95% CI, 0.741.83)) in smokers and 0.85 (7 deaths; (95% Ci, 0.34-1.75)) in non-smokers. The

corresponding SRRs for men with silicosis were 2.34 (21 deaths; (95% CI, 1.45-3.58))
and 2.13 (12 deaths; (95% CI, 1.10-3.72)), respectively.
Diatornaceous earth

Checkoway et al. (1993) conducted a cohort mortality study of 2570 diatomaceous
earth industry workers from two plants in Southern California, United States. ln this
industry, the raw material is calcined at temperatures ranging from 800°C to 1000°C
with conversion of the amorphous silica mainly to cristobalite. The main study cohort
was defined as white men workers employed for at least 12 months' cumulative service.

FolIow-up was performed for the years 1942-87. The analysis focused on exposures to
crystalIine silica. Semi-quantitative exposure to airborne dust was estimated for each

cohort member and so far as possible workers thought to have been exposed to asbestos
were excluded. Vital status was ascertained for 91 % of the cohort and certified cause of
death obtained for 94% of the 628 deaths. Only 129 workers from the cohort (5%) were
cast ffining of the
ore. Compared with white United States males, the SMR for aIl causes was 1.12 (95%
classified as only having had amorphous silica exposure, from open

CI, 1.03- 1.21), the excess largely explained by increased risks for 1ung cancer

(59 deaths; SMR, 1.43; 95% CI, 1.09-1.84) and non-malignant respiratory disease
(77 deaths; SMR, 2.27; 95% CI, 1.79-2.83). Results obtained by use of local cou

nt

y

mortality rates were not shown but the SMR for lung cancer was reported as 1.59.
InternaI exposure-response analyses were performed for lung cancer and non-malignant
respiratory disease mortality with respect to cumulative exposure to crystalline silica.
Evidence supportive of dose-response was produced for lung cancer; the rate ratio in the

highest exposure category reached 2.74 (19 observed; 95% CI, 1.38-5.46), assuming a
15-year latency. A similar gradient was found for non-malignant respiratory disease
(excluding pneumonia and infectious respiratory diseases. Liffited data avai1ab1e on
cigarette smoking did not suggest that this factor could account for these trends.
ln view of the possibility that exposure to asbestos might have been more extensive
than originally thought, further analyses were later undertaken to study this question in
detail (Checkoway et aL., 1996). This examination was restricted to a subset of 2266
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workers from the lai'ger of the two diatomite plants in the original cohort of 2570 white

men; for these workers, it was possible to add individual assessments of asbestos exposure to those of crystallne silica. W orkers hired before 1930 were excluded because of
uncertainties of the asbestos exposure data. There were 52 deaths from lung cancer in
this subset giving an overalI SMR of 1.4 1 (95% CI, 1.05-1.85). Of the 52 deaths, 22
were in men in the lowest category of silica exposure (SMR, 1.16; 95% CI, 0.73-1.75);
15 of the 22 deaths occurred in men not exposed to asbestos (SMR, 1. 13; 95% CI, 0.631.86); a total of 31 deaths were seen in men exposed to silica (all categories) but not

asbestos (SMR, 1.34; 95% CI, 0.91-1.91). An exposure-response gradient for lung
cancer was detected with respect to the crystalline silica index, lagged by 15 years. The
rate ratio reached 1.83 (10 observed; 95% CI, 0.79--.25) in the highest exposure category. FolIowing adjustment for asbestos exposure, the exposure-response gradient for
crystalline silica was virtually identical (rate ratio, 1.79; 95% CI, 0.77--.18).
2.3.3 Case-control studies (see also Table 21)

A case-control study of lung cancer and silicosis was carried out in the small town of

CivitacastelIana, central ltaly, which has a long tradition of pottery manufacture
employing a large proportion of residents (Forastiere et al., 1986; Lagorio et aL., 1990).

Silicosis among 72 cases of lung cancer and among 319 controls, aIl deceased, was
ascertained from information on compensated cases of silicosis and from municipal

records during the study period 1968-1984. Questionnaires recording past emp10yment
and smoking habits were administered blindly to the next-of-kin of the deceased subjects.
Controlling for age, period of death and smoking, workers in the ceramics industry with
silicosis were found to have a higher lung cancer risk (odds ratio, 3.9; 95% CI, 1.8-8.3).

The odds ratio for ceramic workers without silicosis was 1.4 (95% CI, 0.7-2.8).
Stratification by smoking showed an odds ratio of 3.9 (95 % CI, 1.9-7.9) for smokers of
more than 20 cigarettes per day versus non-smokers.
A case-control study of lung cancer and silica exposure in the Dutch fine ceramic

industry was reported by Meijers et al. (1990). AlI new cases verified histologicalIy and

diagnosed from 1972 to 1988 were selected from the local university hospital and, for
each case, a control with any other diagnosis, matched for age and sex, was taken froID

the same register. Detailed information about past emp10yment in the ceramics industry
was obtained from company records for the 414 (381 men and 33 women) case-control

pairs thus identified. Because no quantitative data on the past exposure of workers were
available, the investigators constructed a cumulative exposure index, which consisted of
the product, of the number of years in each job and the ordinal ranking of the estimated
silica exposure in each job. Odds ratios calculated across the cumulative exposure index

were (exposure index folIowed by odds ratio and 95% CI): -( 1, 1 (referent category); 19, 2.11 (0.95--.68); 10-39, 1.88 (0.74--.79); 40-79, 2.64 (0.74-9.40); 2' 80,9.88 (1.0989.3).
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Table 21. Ceramics, pottery, refractory brick and diatomaceous earth industries: cohort, case-control and proportionate mortality
studies of silca

Reference/country

Outcome/subgroup

Study base/foIlow-up

Relative risk (No. of deaths or
cases; 95% confidence interval)

Comments

Cohort studies

.-

;p

Ceramics

(M) from union files: 3870
(2924 M, 946 F) deaths,
1955-77

Men
AIl cancers
Lung cancer
Ceramic sanitary ware
Stomach cancer

PMR

2055 ceramics industry

AU causes
AIl cancers

SMR, 0.90 (578; (0.83-0.98))

Digestive cancer
Lung cancer
Years with non-fibrous talc

0.52 (19; (0.31-0.81))
1.43 (52; (1.07-1.88))

Thomas (1982)

Ceramics industry workers

United States

Thomas & Stewart
(1987); Thomas
(1990)
United States

workers (WM), employed
1939-66; mortality foIlow-up
through 1980

.. 5

5-14

215

~
n
~

1.00 (533; (0.9- 1.1))

0Z
0

1.21 (178; (1.04-1.40))

1.80 (62; (1.38-2.311)
1.06 (39; (0.72-1.38))
1.02 (124; (0.84- 1.20))

Slight overlap with
Thomas (1982)

c:

~
tT

Years with silica

Meijers et al. (996)
The Netherlands

1794 M ceramics industry
workers between 1972 and
1982 with a minimum of two
years of emp10yment;

mortality foIlow-up through
1991

1 5-29

1.68 (19; (1.0-2.6))

2 30

1.12 (13; (0.6-1.9))

AIl cancers
Lung cancer
By silica exposure
Low
Medium
High

-h:i~:'''''''''~_;",'''':':

SMR, 0.94 (74; (0.74-1.8))
0.88 (30; (0.59-1.26))

'i

0l'

2.76 (11; (1.6-7.2))
3.64 (8; (1.0-2.5))
1.62 (19; (1.0-2.5))

;p

::
Vi
~

0.95 (2; (0.4-5.01)

.. 15

a~

0\
00

Exposure is qualitative

0.82 (9; (0.37-1.55))
0.75 (10; (0.36-1.381)

1.1501; (0.57-2.05))

":îZ::";;¡CA''--'''''~~'' ~S:5i2'::;"''''';;';:~:~' _;;';,.~'.';;:.~:~~i;j' '~:;;;;;::.ii..'"
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Table 21 (contd)
Reference/country

Study base/follow-up

Outcome/subgroup

Pottery
Chen et al. (1992)
China

13 719 pottery workers;
mortality follow-up through

Pottery workers

1989

McLaughlin et al.
( 1992)

62 cases and 238 matched
controls from pottery workers

China

Winter et al. (1990)
United Kingdom

Ail causes
AIl cancers
Lung cancer
Stomach cancer
Cumulative respirable silica,
(flg/m3) x years

None
Low (0.1 -8.69)
Medium (8.70-26.2)
High (~ 26.3)
3669 male workers, less th

an

60 years old, in the pottery
industry; mortality follow-up,
1970-85

Ali causes
Against national rates
Against local rates
Lung cancer
Against national rates
Against local rates
By cumulative exposure to

Relative risk (No. of deaths or Comments
cases; 95% confidence interval)

SMR

0.93 (1509; (0.88-0.98))
0.67 (p -: 0.05)
0.58 (p -: 0.05)
0.66 (p -: 0.05)

OR

1.0(11)
1.8 (17; (1.04-2.87))
1.5 (27; (0.99-2.18))
2.1 (7; (0.80-4.12))

Odds ratios adjusted for
age and cigarette
smoking
trend, p ). 0.05

1.07 (390; (1.0-1.2))

Majority of samples
-:0.1 mg/m3 1970-71

0.99 (390; (0.89-1.09))

respirable quartz

1.40 (60; 1.07-1.80)
1.32 (60; 1.00-1.69)

Adjusted for smoking
but not other hazardous
dust

SMR

-n-l'

CI

?

respirable quartz (adjusted for

smoking) (mg/m3)
0-0.14 ((mg/m3) x years)
0.15-0.49 ((mg/m3) x years)
0.50-1.49 ((ms/m3) x years)

~ 1.50 ((mg/m) x years)
Stomach cancer
Against national rates
Against local rates

1.08 (5; (0.35-2.54))
0.99 (8; (0.43-1.95))
1.62 (25; 1.05-2.39)
1.51 (21; (0.93-2.31))
1.60 (15; (0.89-2.63))
1.26 (15; (0.70-2.08))
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Table 21 (contd)
Study base/follow-up

Outcome/subgroup

Relative risk (No. of deaths or Comments
cases; 95% confidence interval)

McDonald et al.
(1995)

1016 pottery workers born in
1916-45 and dead by June

Lung cancer

PMR, 1.04 (112; (0.86-1.25))

United Kingdom

1992

Cherry et al. (1995)
United Kingdom

5115 pottery workers,
exc1uding exposure to

Reference/country

Pottery (contd)

Compared with local
rates

(1997); Cherry et al.
(1997); McDona1d
et al. (1997)
U nIted Kingdom

Case-control study within
Cherry et al. (1995), taking

into account duration and
intensity of exposure,

SMR, 1.28 (68; (0.99-1.62))

Compared with local
rates

Lung cancer
Average exposure

OR unrelated to cumulative

Risk at ~ 400 ¡.g/m'

?'"

exposure
1.88 (1.06-3.34)
2.16 (1.11-4.18)

confined to firing and
post-firing operations.

C/

2: 200 ¡.g/m'

1

~ 400 ¡.g/m3

Unadjusted 90% CI

smoking and radio10gical

0t"

3:

t'

0\
1022 refractory brick workers
(M) employed 1954-77;
morta1ity follow-up through
1986

Ail causes
Ail cancers
Lung cancer
First employed ~ 1957
Years since first exposure
(:S 19 years of employment)
~ 19
? 19

Stomach and oesophagea1 cancers

~~~ '-".;""

::
~

c:

Refractory brick
Ita1y

n
3:
0
Z
0
0
10

Lung cancer

changes

Merlo et al. (1991)

?

10

asbestos, foundry and other
dusts, mortalIty follow-up,
1985-92
Burgess et al.

..

SMR, 1. 10 (243; 0.97-1.25)
1.26 (79; 0.99-1.56)
1.51 (28; 1.00 -2.18)
1.77 (17; 1.03-2.84)

Cohort inc1udes the men
in Puntoni et al. (1985,
1988). Smoking habits
comparable with
national population

1.05 (7; 0.42-2.16)
1.75 (8; 0.75-3.46)
1.18 (12; 0.61-2.06)

00

Table 21 (contd)
Reference/country

Study base/foIlow-up

Outcome/subgroup

Relative risk (No. of deaths or
cases; 95% confidence interval)

Refractory brick
(contd)
Puntoni et al. (1988)
Italy

136 male silicotics, 95 non
silicotics employed on 1

Ali causes
AIl cancers
Lung cancer
Silicotics
Non-silicotics

SMR, 1.22 (73; 0.95-1.53)
1.21 (23; 0.76-1.81)
1.83 (11; 0.91-3.27)

January 1960 from a

refractory brick plant;
mortality foIlow-up through

1.67 (6; 0.61 -3 .64)

2.08 (5; 0.67-4.84)

1979)
Dong et al. (1995)

China

6266 silicotic and nonsilicotic refractory brick
workers (M) and Il 470 non-

silicotic steel workers (M) as
controls; mortality follow-up
through 1985

Comments

-nl'C/

Ali causes
Silicotics
Non-silicotics
AIl cancers
S ilicotics

Non-silicotics
Lung cancer
Silicotics
Non-silicotics
Smokers
Silicotics
Non-silicotics
Nonsmokers
Silicotics
Non-silicotics

SRR

2.10 (481; (1.92-2.30))
1.04 (390; (0.94- 1. 1 5))

~

1.05 (73; (0.8-1.3))

1.23 (148; (1.0-1.5))

2.10 (35; (1.46-2.92))
1.11 (30; (0.75-1.58))
2.34 (21; (1.45-3.58))
1.20 (21; (0.74-1.83))

2.13 (12; (1.10-3.72))
0.85 (7; (0.34-1.75))
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Table 21 (contd)
Reference/country

Study base/follow-up

Outcome/subgroup

Relative risk (No. of deaths or
cases; 95% confidence interval)

Comments

Diatomaceous earth
workers
Checkoway et al.

2570 workers (WM) at two

Ali causes
Ali cancers
Lung cancer

SMR, 1.2 (628; 1.03-1.21)

Significant (p, 0.02-

1.09 (132; 0.91-1.29)
1.43 (59; 1.09-1.84)

0.05) trends against

(1993)
United States

diatomaceous earth plants,

California; mortality followup 1942-87

By cumulative exposure
(15 years latency)

-c 50 (intensity x years)

Checkoway et al.

2266 workers in one

( 1996)

diatomaceous earth plant in
Ca1ifornia (from Checkoway
et al., 1993); mortality

United States

follow-up 1942-87

1.0 (23)

50-99

i. 9 (8; 0.52-2.73)

100-1 99

1.37 (9; 0.61-3.06)

:2 200

2.74 (19; 1.38-5.46)

Lung cancer
By cumulative exposure

SMR, 1.41 (52; 1.05-1.85)

-c 50 (intensity x years)

1.0

50-99
100-199

1.37 (9; 0.61-3.08)
1.80 (11; 0.82-3.92)
1.79 (10; 0.77-4.18)

:2 200

duration of employment
and cumulative
exposure to crystalline
silica
Adjusted for age,
ca1endar year, duration
of follow-up and
ethnicity
Adjusted for asbestos,
age, ca1endar year,
duration of follow-up
and ethnicity

(1986)
Italy

72 deceased cases, 319
deceased controls (M) from
town records

Ceramics industry,

lung cancer
Silicotics
N on-silicotics

3.9 (15; 1.8-8.3)
1.4 (18; 0.7-2.8)

n
~
0
0Z
010

~
""
::
C/
~

0l'

c:

~
tT

0\

Adjusted for smoking
OR

10

00

Case-control
studies
Forastiere et al.
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Table 21 (contd)
Reference/ coun try

Study base/follow-up

Outcome/subgroup

381 lung cancer case-control

Lung cancer
Work with ceramics
Estimated cumulative dust
exposure (artificial index)

Relative risk (No. of deaths or Comments
cases; 95% confidence interval)

Case-control
studies (contd)

Meijers et al. (1990)
The Netherlands

pairs (M) from the same
hospital matching by gender,
year of birth and year of
diagnosis

OR. 1.11 (79; 0.77-1.61)

and time.

-l'(j
CI

;p

1-9
10-39

OR, 1.0 (17)
2. i i (32; 0.95-4.68)
1.88 (16; 0.74-4.79)

40-79

2.64 (8; 0.74-9.40)

? 80

9.88 (6; 1.09-89.3)

.0 1

Exposure is a composite
of the product of rank

Abbreviations: M, male; F, female; PMR, proportionate morta1ity ratio; WM, white male; SMR, standardized mortalIty ratio; OR, odds ratio; SRR,
standardized rate ratio
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2.4 Foundry workers

Exposures in foundries are complex: in addition to silica, foundry workers are
exposed to polycyclic aromatic compounds, aromatic amines, metals and other known or

suspected carcinogens (IARC, 1984). ln most avai1able epidemiological studies of

foundry workers, exposure to silica was not analysed separately. Only studies
specifically associating silica dust and cancer risk in foundry workers were reviewed by
the Working Group.
A summary of the data is provided in Table 22.
Cohort studies

Sherson et aL. (1991) studied 6144 male Danish foundry workers who were invited to
participate in silicosis surveilance program during 1967-69 and 1972-74. FoIlow-up
was through 1985. The survey covered all Danish iron, steel and metal foundries. Vital
status was established via the Central Population Register and subjects were linked with
the national cancer registry (introduced in 1943); 647 tumours were diagnosed. Expected
rates were based on age-, sex- and calendar year-specific Danish population rates.

A significantly increased SIR was observed for ail cancers (647 observed; SIR, 1.09;
95% Ci, 1.01-1.18) and for lung cancer (166 observed; SIR, 1.30; 95% Ci, 1.12-1.51).
A systematic trend in SIRs with duration of foundry work was observed for lung cancer;
those with duration of 30 years or more had an increased SIR for 1ung cancer of 1.85 (48
deaths; 95% Ci, 1.39-2.45) and for bladder cancer after 20 years (SIR, 1.72; 1.05-2.66).
There were 144 silicotics; the SIR for lung cancer in silicotics was 1.71 (11 cases; 95%
CI, 0.85-3.06) as opposed to 1.3 (150 cases; 95% CI, 1.07-1.47) in non-si1icotics.

Andjelkovich et aL. (1990, 1992, 1994) conducted a mortality study among 5337
white men, 2810 non-white men and 627 women who had been employed in a grey iron
foundry in Michigan, United States, for at least six months from 1950 to 1979. Morta1ity

was followed from 1950 through 1984. Vital status was determined in 97.6% of the
cohort and death certificates were obtained for 97.9% of known deaths. Age-, sex-, raceand calendar year-specific mortality rates for the United States and local counties were
used to ca1culate SMRs. Air pollutants at this foundry included crystalline silica, phenol,
formaldehyde, acro1ein, aldehydes, furfuryl a1cohol, isocyanates, amines and polycyc1ic
aromatic hydrocarbons. For white men, SMRs were 0.95 for all causes of death (836
observed; 95% CI, 0.89-1.02), 0.98 for aIl cancers (177 observed; 95% CI, 0.84-1.14)
and 1.23 for 1ung cancer (72 observed; 95% CI, 0.96-1.54). For non-white males, SMRs
were 1.01 for all causes of death (859 observed; 95% CI, 0.94- 1.08), 1.16 for aIl cancers

(184 observed; 95% CI, 0.99-1.34) and 1.32 for 1ung cancer (67 observed; 95% CI,
1.02-1.67). Odds ratios for 1ung cancer and increasing exposure leve1 to silica dust
estimated in a nested case-control study with follow-up until 1989 estimated by

quantities of silica exposure index were 1.0, 1.27 (95% CI, 0.74-2.18), 1. 14 (95% CI,

0.65-2.01) and 0.90 (95% CI, 0.50-1.64).
Xu et aL. (l996a) identified all deaths during 1980-89 from workers emp10yed in the

iron-steel industry in Anshan, China. A nested case-control study was conducted on

Table 22. Foundry workers: cohort and case-control studies of silca
Reference/country

Study base/follow-up

Outcome/subgroup

Relative risk (No. of deaths or
cases; 950/0 confidence interval)

6144 foundry workers (M);

Ali cancers
Lung cancer
By duration of employment
-( 10 years
10-19 years
20-29 years

SIR, 1.09 (647; 1.01-1.18)

Comments

Cohort study

Sherson et al. (1991)
Denmark

cancer incidence follow-up
through 1985

2: 30 years

144 silicotics
5910 non-silicotics

Silicotics
Non-silicotics
Metal foundries
Stomach cancer

Ali causes

Andje1kovich et al.

8774 workers emp10yed

(1990 )

between 1950 and 1979

White males

United States

(5337 WM, 2810 NWM,

Non-white males

627 F) in grey iron
foundry; mortality followup through 1984

1.30 (166; 1. 12- 1.5 i )

0.99 (41; 0.73-1.34)
1. 1 9 (34; 0.85-1.67)

1.28 (38; 0.93-1.76)
1.85 (48; 1.39-2.45)
1.71 (11; 0.85-3.06)
1.25 (150; 1.07-1.47)
2.13 (15; 1.19-3.52)
1. 1 5 (34; 0.82- 1.61)
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SMR

0.95 (836; 0.89-1.02)
1.01 (859; 0.94-1.08)

Ali cancers
White males

0.98 (177; 0.84-1. 14)

Non-white males

1. 16 (184; 0.99-1.34)

Lung cancer
White males
Non-white males

1.23 (72; 0.96-1.54)
1.32 (67; 1.02-1.67)

Stomach cancer
White males

Non-white males

1.67 (14; 0.91-2.81)
1.11 (13; 0.59-1.90)
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Table 22 (contd)
Reference/country

Case-control studies
Andjelkovich et al.
(1994 )

Xu et al. (1996a)
China

Study base/folIow-up

Case-control studies
folIow-up until 1989
220 lung cancer cases,

Outcome/subgroup

Relative risk (No. of deaths or
cases; 95% confidence interval)

Lung cancer
Silica quartile
Quartile 1 vers

?::,.

n
~
0
Z
0

OR
us 1

1.0

2200 contraIs (51 % W,

Quartile 2 versus 1

49% NW)

Quartile 3 versus 1

1.4 (0.65-2.01)

Quartile 4 versus 1

0.90 (0.50-1.64)

903 cases; 959 controls,
iron-steel industry with
10 years of employment
mInimum

Comments

Lung cancer
Long-term exposed

1.27 (0.74-2.18)

a::
?"'

::
C/
~

OR

1.4 (418; 1.1-1.8)

By cumulative silica dust
(mg/ml) x years
~ 3.7

3.7-10.39
10.4-27.71
~ 27.72
Stomach cancer

0l'

1. 7 (82; 1.2-2.4)
1.5 (74; 1.0-2.1)
1.5 (92; 1.0-2.1)
1.8 (108; 1.2-2.5)
1.4 (200; 1.0-1.9)

Trend seen with si1ica
dust exposure for 1ung

cancer (p = 0.007), but
not stomach cancer
(p = 0.427)

Abbreviations: M, male; SIR, standardized incidence ratio; WM, white male; NW, non-white; NWM, non-white male; F, female; SMR, standardized
mortality ratio; OR, odds ratio

c:

~

m
0\

00

~fLICA

131

lung cancer cases diagnosed during 1987-93 and stomach cancer cases diagnosed during

1989-93 (total, 903 cases (610 incident cases of lung cancer, 293 incident cases of
stomach cancer) and 959 contro1s). Life-time occupational history and smoking data
were obtained by questionnaire and supplemented from company files. Cumulative dust
and cumulative silica dust as weIl as benzo(a)pyrene were estimated from occupationa1
hygiene data. Risk of lung cancer was increased among 10ng-term exposed workers (418

cases; OR, 1.4; 95% CI, 1. 1-1.8). There was a trend in OR for Jung cancer with
cumulative silica dust exposure: 1.0, 1.7 (95% CI, 1.2-2.4), 1.5 (95% CI, 1.0-2.1), 1.5
(95% CI, 1.0-2.1), 1.8 (95% CI, 1.2-2.5); p = 0.007. Cumulative exposure to polycyclic
aromatic hydrocarbons showed a similar trend with lung cancer risk. Risk of stomach
cancer was also increased in long-term workers (200 cases; OR, 1.4; 95% CI, 1.0-1.9).
(The Working Group noted that it was not clear whether the gradients for either 1ung
cancer or stomach cancer with silica were adjusted for potential confounding by
exposures to po1ycyclic aromatic hydrocarbons.)
2.5 Silcotics (see Table 23)

Studies that identified cases of silicosis using registries of diagnosed or compensated
silicotics are considered in this section.
Cancer studies on silicotics may suffer from biases peculiar to the circumstance that
this compensable disease is often employed as a surrogate for silica exposure. Apart from
this consideration and those of concomitant exposures to and other carcinogens, there are
further potential sources of bias. There is and has been variation in the diagnosis and
subsequent compensability of silicosis between countries and time periods. For example,
mixed-dust pneumoconiosis are classified as silicosis in sorne systems. ln addition, social

selection into claiming for compensation may confound silicosis-lung cancer
associations. It has been suspected that voluntary examinations may induce detection
bias - for example, with ill-health from smoking-related diseases, including incipient

lung cancer, would be over-represented. ln addition, hospital-based populations may
favour the admission of subjects with both silicosis and lung cancer over subjects with
silicosis but not lung cancer. Competing causes of death, influenced by exposure to silica
dust, such as silicosis itself, or silicotuberculosis, will bias risk estimates for 1ung cancer
troIs in case-contro1
studies. The existence and extent of these biases has se1dom been evaluated in studies of
si1icosis and lung cancer. However, correction for them has been attempted, particularly
in more recent studies.
if included in the reference deaths in PMR studies or in the con

Cohort studies (see a1so Table 23)

Westerho1m (1980) reported on the mortality from 1949 through to 1969 of 3610
silicotics diagnosed in 1931-69 and identified from the Swedish Pneumoconiosis
Register. For those wh~se si1icosis arose from employment in mining, quarrying and
tunnellng and was d~agn~sed between 1931 and 1948, the SMR for lung cancer was 5.90
(95% CI, 2.8-10.8); 1 for \those who

se silicosis was diagnosed from 1949 to 1969, the

SMR was 3.80 (95%1 CI, '2.3-5.8). Among workers in the iron and steel industry whose
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silicosis occurred between 1949 and 1969, the SMR for lung cancer was 220 (95% CI,
1.0-4.0).
Rubino et al. (1985) reported on the proportionate mortality of 746 compensated male
silicotics who died in 1970-83 in the Piedmont region of ltaly. They were identified at
the office of National Institute for Compensation of Occupational Diseases in Turin. The
PMR for aIl cancers was 0.8 (158 deaths (95% CI, 0.7-0.9)); that for lung cancer was
1.36 (81 deaths; 95% CI, 1.11-1.62). There were 176 deaths from silicosis and 31 from
silicotuberculosis. The PMR for lung cancer was higher in foundry workers (1.59) than
in miners (1.06). ln foundry workers, the lung cancer PMR rose to 1.73 after 11-20 years
of exposure. (The Working Group noted potential biases in the PMR approach.)

A proportionate mortality study of 2399 certified and compensated silicotics,
identified at the National Accident Insurance Fund and other sources in Switzerland
since 1932 and who died during 1960-78, was reported by Schüler and Rüttner (1986).
The subjects represented workers the folIowing occupations: mining (underground);
quarrying and stone-cutting; foundries; the ceramics industry; and other industries. Sixt

Y

subjects with no silicosis at autopsy and one case with mesothelioma were excluded.
Mortality odds ratios were calculated using period-specific distributions of causes of
death for the Swiss population, comparing lung cancer with non-pulmonary cancers. A
total of 180 lung cancers were observed as causes of death, 157 as the underlying cause;
the mortality odds ratio for lung cancer was 2.23 (95% CI, 1.9-2.6). The morta1ity odds

ratio for lung cancer was particularly elevated in foundry workers with :; 30 work-years
(3.94; p -( 0.001).

A total of 284 male silicotics from mining, quarrying, and tunnelling, 428 male
silicotics from steel and iron foundries and 334 and 476 male non-si1icotics matched to
the silicotics by age and calendar year at first exposure to silica dust were identified from

the Swedish National Pneumoconiosis Register and the Swedish Silica Register
(Westerholm et al., 1986). AIl subjects were followed up for mortality and cancer
incidence during 1961 -80. SMRs and SIRs were calcu1ated using general population
rates as reference. This study was designed to estimate the cancer risk connected with
silicosis, adjusted for silica exposure. Overall mortality in silicotics and non-si1icotics did
not differ significantly (numbers not given). From the ana1ysis, it appears that silicotics
from mining, quarrying, and tunnelling had an excess 1ung cancer mortality (7 deaths;
SMR, 5.38 (95% Ci, 2.2-11.1)) and incidence (9 cases; SIR, 5.29 (95% CI, 2.4-10.0))
relative to the total population. Silicotic foundry workers had a somewhat weaker excess
in lung cancer risk, which was more pronounced for mortality (10 deaths; SMR, 3.85
(95% CI, 1.8-7.1)) than for incidence (6 cases; SIR, 1.82 (95% CI, 0.7-4.0)). ln exposed

non-silicotics, the SMRs could not be recovered. (The W orking Group noted the
insufficient documentation of the results.)

Mortality in miners receiving compensation for si1icosis since 1940 in Ontario,
Canada, was followed from 1940 until 1975 (Finkelstein et aL., 1982), until 1978
(Finkelstein et al., 1986) and until 1985 (Finkelstein et aL., 1987). The cohort consisted
ers and 289 surface industry workers with si1icosis. Mean age at compensation for silicosis was 57 years and mean age at death was 68 years. The 1985 update
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found an SMR for aU causes of 1.80 (905 deaths) in silicotic miners and 2.25 (206
deaths) in surface workers with silicosis. Deaths from all malignancies were pronounced
in silicotic miners (151 deaths; SMR, 1.51 (95% CI, 1.3-1.8)) and surface workers (31
deaths; SMR, 1.59 (95% CI, 1. 1 -2.3)), due to excesses of lung cancer (in miners: 62

deaths; SMR, 2.30 (95% CI, 1.8-3.0) and in surface workers: 16 deaths; SMR, 3.02
(95% CI, 1.7-4.9)). Among surface workers, granite and quarry workers had the highest
rates from aIl causes (SMR, 2.28; 70 deaths; (95% CI, 1.8-2.9)), aIl malignancies (1.64;
10 deaths; (95% CI, 0.8-2.9)) and lung cancer (3.60; 5 deaths; (95% CI, 1.2-8.4)).
Zambon et al. (1985, 1986, 1987) reported on the mortality of workers compensated
for silicosis in the Veneto region, Italy. The most recent update (Zambon et aL., 1987)

used data on 1313 male silicotics, 96% of the silicotics diagnosed in 1959-63, and
identified at the National lnstitute for Compensation of Occupational Diseases. Most had
been employed in mining, tunnellng and quarrying. They were foUowed up for mortality

during 1959-84. SMRs were calculated using both national and regiona1 age- and periodadjusted male rates as references. A total of 878 deaths occurred against a national

expectation of 409 (SMR, 2.15; 95% CI, 2.01-2.30). The SMR for all cancers was 1.36
(146 deaths; 95% CI, 1.15-1.60) and that for lung cancer was 2.39 (70 deaths; 95% CI,
1.86-3.02). No other cancer excesses were reported. Using either national or regional

reference rates, an increasing trend in the SMR for 1ung cancer was observed with time
since exposure. The highest category of duration of exposure (2 20 years) was associated
with the highest SMR (3.15 against national rates; 2.17 against regional rates). Silicotics
from aIl major industries (mining tunnelIing, quarrying) exhibited e1evated lung cancer

rates, the highest SMR (3.14) being observed for quarrying. Non-cancer excesses were
reported for infectious diseases (SMR, 19.0) due to silicotuberculosis; and diseases of the
respiratory system (SMR, 8.07), mostly due to silicosis.

A total of 2212 deceased male Austrian cases of silicosis, diagnosed at medica1
check-ups in 1950-60 for workers with long-term occupational dust exposure, were identified during 1955-79 (Neuberger et aL., 1986, 1988). A proportionate mortality study

reported crude morta1ity odds ratios for 1ung cancer for the 2212 silicotics versus
1 038 844 population non-silicotics during the same period. The odds ratios ranged from
1.3 to 1.4 during different periods in 1955-79 and was 1.41 overaU (182 deaths; 95% CI,
1.21- 1.64).

A total of 595 deaths (98% of all deaths) during 1969-84 in 952 male si1icotics in the
Latium region, Italy, compensated in 1946-84, were identified at the National Institute
for Compensation of Occupational Diseases (Forastiere et al., 1989). Mortality odds

ratios were calculated using 79 245 deaths from the Latium population, excluding causes

of death that could be positively related to silicosis. The mortality odds ratio for aU
cancers was 1.0 (151 deaths; 95% CI, 0.83-1. 1). Excesses were reported for 1ung cancer
(64 deaths; mortality odds ratio, 1.5; 95% CI, 1.1-1.9). E1evated mortality odds ratios for
1ung cancer were observed in si1icotics from mining (mortality odds ratio, 2.5; 10 cases;
95% CI, 1.2-4.6) and pottery (mortality odds ratio, 2.1; 17 cases; 95% ÇI, 1.2-3.3) but

not for those from quarrying, stone-cutting, construction, tunnellng, metal works or
bricklaying.
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Infante-Rivard et al. (1989) reported on the mortality through 1986 of 1072 men who
had received compensation for silicosis in Québec, Canada, between 1938 and 1985. The
subjects were identified at the registry of the Québec Occupational Health and Safety
Commission. Québec male rates were used in the calcu1ation of SMRs. Mean duration
between starting work and receiving compensation was 30 years and me

an follow-up

was nine years. The SMR for all causes was a highly e1evated 2.16, based on 565 deaths.

Non-cancer excesses were reported for infectious diseases (SMR, 29.7), tuberculosis
(SMR, 64.5) and non-malignant respiratory diseases (SMR, 9.75). SMRs were 1.92 (135
deaths; 95% CI, 1.76-2.10) for aIl neoplasms, and 3.47 (83 deaths; 95% CI, 3.11-3.90)
for 1ung cancer. The SMRs for lung cancer for industries varied between 2.04 (granite)
and 4.99 (potteries) and 6.94 (misceUaneous). No clear gradients were seen for date of
hire, date of entry or time since entry. The SMR for 0-1 year since entry was e1evated
(12 deaths; SMR, 7.14; 95% CI, 3.69-12.48). The excess did not reach that level after
one year since entry but stayed elevated at a somewhat lower leveL. Pive years after
compensation, the SMR was stil

3.23 (50; 2.40-4.19). There were more ever-smokers in

the cohort than in Québec men in general, but the difference was estimated to explain

just a fraction of the observed lung cancer excess. (The W orking Group noted a high
1ung cancer risk shortly after compensation. The excess, however, persisted subsequently.)

Chiyotani (1984) and Chitoyani et al. (1990) reported on male silicotics hospitalized

in Il Rosai hospitals in Japan. 3335 pneumoconiotics, including 1941 silicotics, all
identified at the Rosai hospital records, were followed up for mortality during 1979-83,
excluding the first year of foIlow-up for each patient to minimize detection bias. SMRs
were calculated using age-specifie mortalIty rates in Japan in 1982. ln si1icotics, the SMR

for aU causes was 2.93 (352 deaths; 95% CI, 2.75-3.11) and that for all cancers was 2.31
(86 deaths; 95% CI, 1.98-2.64). Significant cancer excesses were reported for two sites:

lung (44 deaths; SMR, 6.03; 95% Ci, 5.29-6.77) and pancreas (6 deaths; SMR, 3.00;
95% CI, 1.59-4.41). A case--ontrol study of lung cancer within this cohort of pneumoconiosis patients in Japan (Chiyotani et aL., 1990) identified 72 pairs of 1ung cancers and
controls, matched on survivorship unti1 death of the case, age and smoking (non-smoker
versus ex- or CUITent smoker). Silicosis was associated with an odds ratio of 5.67 and,

among the epidermoid lung cancer subgroup, 12.0. (The W orking Group noted that the
statistical analysis of the case--ontrol study was not specified, and the confidence
intervals cou1d not be recovered.)
Virtually aIl male silicotics alive in Hong Kong as of 30 June 1980 were identified at
the registry of a compensation scheme (Ng et al., 1990). Excluding 68 workers with
occupational exposures to asbestos or polycyclic aromatic hydrocarbons, 1419 si1ieotics

were foIlowed for mortality during 1980-86. They represented miners, tunnel workers,
quaITY workers and workers involved in excavating and crushing in the granite industry.

SMRs were calculated using sex- and age-specifie annua1 rates as the reference. The
SMR for all causes was 3.02 (356 deaths; 95% CI, 2.71-3.35). Excess non-cancer
mortality rates were observed for pulmonary tuberculosis (SMR, 3.83), pulmonary hear

disease (2.58), pneumonia (2.95), chronic bronchitis, emphysema, and asthma (7.45),
chronic airway obstruction not elsewhere classified (7.70) and pneumoconiosis (6.10).
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The SMR for aIl malignancies was 1.27 (53 deaths; 95% CI, 0.94-1.67) and that for 1ung
cancer was 2.03 (28 deaths; 95% CI, 1.35-2.93). The SMR for lung cancer was 3.41 (5
deaths; 95% CI, 1. 10-7.97) in underground workers and 1.87 (23 deaths; 95% CI, 1.182.81) in surface workers. Risk increased with increasing latency, years of exposure,

severity of silicosis and presence of tuberculosis. The numbers of non-tuberculotic
surface workers by opacity category were too smalI for trend analysis.
A cohort of 280 male silicotics, who had been employed in the ceramics industry and
were alive in 195 L, were identified at the Swedish Pneumoconiosis (Silicosis) Registry

(Tornling et al., 1990) and were folIowed up for morbidity during 1958-83 and for
mortality during 1951 -85. The members of the cohort were generally first employed in
the ceramics industry before the age of 25 years, and silicosis was sel

dom detected until

30 years later. SMRs were calculated using national rates as the reference. The SMR for
aIl causes was 1.38 (218 deaths; 95% CI, 1.20- 1.57). Excess non-cancer mortality was

observed for respiratory tuberculosis (SMR, 19.3; 95% CI, 11.4-30.5) and non-malignant
respiratory diseases (SMR, 7.46; 95% CI, 5.77-9.47). The SMR for all cancers was 0.94
(41 deaths; 95% CI, 0.67-1.26). The only significant cancer excess was for lung cancer
an 10 years after detection of silicosis (9 deaths; SMR, 2.36; 95% CI, 1.07-4.48).
A total of 714 male silicotics, diagnosed since 1940, were identified at the State of
North Carolina (United States) Pneumoconiosis Surveillance Program for Dusty Trade
more th

Workers; this programme invo1ved periodic voluntary examinations. Mortality was
followed up through 1983 (Amandus et aL., 1991, 1995). 'Dusty trade workers' represented workers from mining, foundries, quarrying, stone crushing, manufacturing of
asbestos and silica products and construction. The completeness of follow-up was 94%.

SMRs were calculated using United States age-, period- and race-specifie rates as the
reference. Non-silicotic metal workers and ex-gold miners with co

al workers' pneu

mo-

coniosis represented additional reference cohorts, providing for adjustment for cigarette
smoking and, with coal workers' pneumoconiosis referents, for competing causes of
death. AlI-cause mortality in silicotics was elevated for both whites (486 deaths; SMR,
2.1 (95% CI, 2.0-2.3)) and non-whites (64 deaths; SMR, 2.4 (95% CI, 1.9-3.1)). Noncancer mortality was in excess in whites for tuberculosis, pneumonia, bronchitis,

emphysema, asthma, pneumoconiosis and infectious kidney diseases and, in non-whites,
for tuberculosis, ischaemic heart disease and pneumoconiosis. The SMRs for all cancers
were 1.5 (67 deaths (95% CI, 1.2-1.9)) in whites and 1.2 (6 deaths (95% CI, 0.4-2.5)) in
non-whites. The SMR for lung cancer was 2.6 (95% CI, 1.8-3.6) in whites, based on 33
deaths. One lung cancer death occurred in non-whites. ln white patients with no other
al carcinogens (no employment in asbestos manufacturing, insulation,
known occupation

olivine mining, talc mining, or foundry work), the SMR for lung cancer was 2.3 (26
se silicosis was
detected after leaving employment on the basis of self-initiated examinations, lung
deaths; 95% CI, 1.5-3.4). To minimize detection bias from persons who

cancer mortality was examined in a subgroup diagnosed with silièosis while stil
emp10yed in the North Carolina dusty trades. The SMR was 2.5 (95% CI, 1.7-3.7).
Among them, lung cancer risk remained increased also in those who had no exposure to
other known occupation

al carcinogens (SMR, 2.4; 95% CI, 1.5-3.6). Age- and smoking-

adjusted relative risk for lung cancer in white si1icotics with no other known exposures to
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occupational carcinogens, using metal miners as the reference, was 3.9 (95% CI, 2.46.4).
Two reports (Carta et al., 1988; Cocco et aL., 1990) on lung cancer risk in si1icotics in

Sardinia, Italy, found an association between si1icosis and lung cancer mortality, which
remained after adjustment for smoking (Cocco et al., 1990). The most recent update
(Carta et aL., 1991) was based on 724 male silicotics, diagnosed in 1964-70 and
identified at the lnstitute of Occupational Medicine in Cagliari, Sardinia, representing aIl
cases among those claiming compensation for silicosis in Sardinia during the enrolment

period. AIl radiograms were independently re-evaluated. The subjects had been
employed in lead and zinc mines, coal mines and granite quarries. Mean age at admission
was 56 years and mean duration of silica dust exposure was 24 years. A cumulative
lifetime occupational silica exposure index was ca1culated for each subject. Interviews at
admission provided smoking data. Mortality was followed up through 1987. SMRs were
ca1culated using age- and period-specific regional death rates as the reference. The SMR
for aIl causes was 1.40 (438 deaths; 95% CI, 1.28-1.54). Excess non-cancer mortality
rates were reported for tuberculosis (SMR, 11.9) and diseases of the respiratory system
(SMR, 6.90). The SMR for aU cancers was 0.92 (63 deaths; 95% CI, 0.72-1.17) and that
for lung cancer was 1.29 (22 deaths; 95% CI, 0.85-1.96). The only elevated cancer

excess was reported for buccal and pharyngeal cancers with four deaths (SMR, 4.0; 95%
CI, 1. 61-9.89). Lung cancer risk did increase with latency but did not reach significance.

It was not associated with severity of radiological category, type of employment or
degree of probability and intensity of exposure to silica dust.
A National Si1icosis Register identified all 184 confirmed cases of Chine
silicotics during 1970-84 in Singapore. The confirmation was based on occupation

se male
al

exposure, clinical findings, and chest radiography findings. The data necessary for a 10year mortality foUow-up (Chia et al., 1991) were available for 159 (86%) of the cohort.

Mean age at diagnosis of silicosis was 63 years and mean duration of exposure to silica
dust was 24 years. AIl subjects had been employed in granite excavation and crushing on
the surface. There were no significant exposures to asbestos or po1ycyclic aromatIc

hydrocarbons in the job histories. Nine lung cancers were identified at the National
Cancer Registry during an unspecified follow-up period. Age- and period-specific lung
cancer rates in Chinese males in Singapore were used to ca1culate the SIR. The SIR for
lung cancer was 2.01 (95% CI, 0.92-3.81). The SIR in smokers was 2.16 (8 deaths; 95%

CI, 0.93-4.25). Lung cancer risk appeared to increase with increasing duration of
exposure (for ~ 40 years; SIR, 2.54; 5 cases; 95% CI, 0.64-4.60) and opacity profusion
cases; 0.62- i 8.5) although the
trends were not significant. The trends were not significant (for duration of exposure, p
for trend = 0.28; for opacity profusion, 0.097).
(radiographic classification) (for category 3, SIR, 5.11; 2

Diagnoses of the North Carolina cohort of silicotics (Amandus et aL., 1991) were reevaluated to correct for misc1assification (Amandus et aL., 1992). TechnicaUy acceptable
radiographs were available for 306 out of 760 white men and were independently
reclassified for pneumoconiosis by three 'B' readers. The SMR for lung cancer was 2.5
(8 deaths; 95% CI, 1. i -4.9) for 143 subjects rec1assified as simple silcosis, in contrast
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with no excess (SMR, 1.0; 2 deaths; 95% CI, 0.1-3.5) for 96 subjects whose radiographs
were reclassified as ILO category 0 (normal). There were no lung cancer deaths among
67 subjects whose radiographs were reclassified as progressive massive fibrosis. The

SMRs for lung cancer for subjects who had not been employed in a job with exposures to
other known carcinogens were 2.4 (7 deaths; 95% CI, 1.0-5.0) for those reclassified as

having simple silicosis, and 1.2 (2 deaths; 95% CI, 0.2-4.4) for those reclassified as
category O. The corresponding SMRs were 3.4 (5 deaths; 95% CI, 1.1-7.9) for silicotic
smokers and 1.3 (1 death; 95% CI, 0.03-7.1) for smokers reclassified as category O.
Excess lung cancer incidence and mortality were reported in male silicotics in Finland
who were identified by an extensive search of sources, including the national register for
diagnosed (both compensated and not compensated) occupational diseases (Gudbergsson

et aL., 1984; Kurppa et aL., 1986). The majority of cases represented workers from
mining, the stone industry and steel and iron foundries. An update (Partanen et al., 1994)
reported on cancer incidence during 1953-91 in 81 1 of the 1 127 silicotics, diagnosed in

1936-77. Reasons for e'xclusion were death or emigration before 1953 (n = 220), missing
date of diagnosis of silicosis (n = 65) and incomplete personal identification (n = 21).
The 81 1 silicotics had a median of 51 years of age at diagnosis and a median of 22 years
of exposure to silica dust. Cancers were identified at the Finnish Cancer Registry. SIRs

were calculated using national age- and period-specific rates. The SIR for aIl cancers was
1.67 (190 cases; 95% CI, 1.44-1.9 i). Lung cancer was in excess (10l cases; SIR, 2.89;
95% CI, 2.35-3.48), in contrast with other smoking-related cancers combined (cancers of
the urinary bladder, mouth, pharynx, larynx, pancreas and kidney; 21 deaths; SIR, 1.08;
95% CI, 0.67-1.65). Lung cancer risk increased with increasing length of folIow-up,
while only one lung cancer occurred against 2.4 expected during the two first years of
follow-up. Lung cancer excess was most pronounced for squamous-cell carcinomas (34
cases; SIR, 3.25; 95% CI, 2.25-4.54) and lowest for adenocarcinomas (5 cases; SIR,

1.96; 95% CI, 0.64-4.58). Lung cancer was in excess in aIl of the seven major industries
represented by the patients, with SIRs ranging from 1.75 (95% CI, 1.09-2.64) in casting
and founding to 10.4 (95% CI, 1.25-37.4) in construction. The SIR for granite quarrying,

cutting, shaping and dressing it was 2.93 (13 cases; 95% CI, 1.56-5.01).

The Ontario (Canada) Silicosis Surveillance Database identified 328 uranium and
non-uranium miners with silicosis (Finkelstein, 1995a), the subjects being probably
included in the data of Finkelstein et al. (1982, 1986, 1987). They were matched on birth
year to 970 miners with normal radiographs and followed up for cancer incidence during
1974-92 through the Ontario Cancer Registry. SIRs were calculated using Ontario

population rates for cancer incidence. The SIR for aIl neoplasms was 1.35 (35 cases;
95% CI, 0.95-1.89) in silicotics and 0.90 (70 cases; 95% CI, 0.71-1.14) in non-silicotics.
For lung cancer, SIRs were 2.55 (15 cases; 95% CI, 1.43-8.28) for silicotics and 0.90 (16
cases; 95% CI, 0.51-1.47) for non-silicotics. A nested case--ontrol study in this cohort
of Ontario (Canada) uranium and non-uranium miners involved 31 lung cancer cases
matched on birth year with three controls each. The odds ratio for lung cancer associated
for silicosis status, adjusted for radiation exposure, was 6.88 (95% CI, 1.89-25.00).
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Goldsmith et al. (1995) reported on the mortality of 590 daimants for compensation
for silicosis (99% men) from the California Workers' Compensation (United States)
records during January 1945-December 1975. Claims with tuberculosis, emphysema,
pneumonia or cancer were excluded from the analysis. The subjects had been employed
by the construction, mining, quarrying, metaIlurgy, founding, utilities and transportation
industries. Subjects were traced through motor vehicle records and queries to other States
for those who had moved from California. Median birth year was 1906; median age at
filing the claim was 57 years; median age at death was 68 years. United States age-, yearand race-specifie mortality rates were used to calculate SMRs for the period 1946-91.

The SMR for aIl causes was 1.30 (421 deaths; 95% CI, 1.18-1.43). Significant noncancer SMRs were reported for tuberculosis (56.4), emphysema (3.41) and nonmalignant

respiratory diseases including silicosis (6.81). The SMR for all cancer was 1.22 (81
deaths; 9S% CI, 0.96-1.52). Excesses were observed for cancers of the large intestine
(SMR,2.08; 14 deaths; 95% CI, 1.14-3.50) and the lung (SMR, 1.90; 39 deaths; 95% CI,

1.35-2.60). There were no significant risks for smoking-related cancers (pancreas,
urinary bladder and kidney; data not reported). Lung cancer was elevated in claimants
from the construction industry (17 deaths; SMR, 4.04 (95% CI, 2.3-6.4)) and mining and
aimants from other industries
had few or no deaths from 1ung cancer. Those dying from lung cancer did. not show a
quarrying (19 deaths; SMR, 1.65 (95% CI, 1.0-2.6)). Ci

monotonie trend with interval from daim to death. Confounding by smoking was
estimated to have exp1ained nearly 100% ot the excess cancer risk but only up to 30% of
the excess lung cancer rates. (The W orking Group noted that the association of silica
exposure with lung cancer may have been confounded by exposure of silicotics in this
study to asbestos (construction industry), radon (miners) and other occupation
ratory carcinogens, no

ne of which were incorporated into the analysis.)

al respi-

Merlo et al. (1990) reported a 6.85-fold excess mortality from respiratory tract
cancers in male silicotics in Genoa, Italy. ln an update (Merlo et al., 1995), a cohort of
450 silicotics for whom employment and exposure data were available were followed up
for an average of 12 years through 1987. The cohort consisted of in-patients diagnosed as
silicotics (based on X-ray and lung-function categories) at the Department of Occupational Health, San Martino Hospital, Genoa, between 1961 and 1980. The mean age at
an duration between first employment and

entry to folIow-up was 55 years and the me

silicosis was 12 years. SMRs were calculated using age- and calendar-year-specific

Italian male rates as the reference. The SMR for aIl causes was 1.89 (290 deaths; 9S%
CI, 1.69-2.12). Excesses in non-cancer mortality were observed for respiratory tract
diseases (122 observed; SMR, 8.89; 9S% CI, 7.38-10.6), digestive tract diseases (23
deaths; SMR, 2.10; 95% CI, 1.33-3.16) and silicotuberculosis (34 deaths; SMR, 27.0;

95% CI, 18.8-38.0). The SMR for aIl cancers was 1.61 (56 deaths; 95% CI, 1.26-2.1S),
the excess being due to lung cancer (35 deaths; SMR, 3.50; 9S% CI, 2.44-4.87). Lung
cancer SMRs increased with the duration of occupational exposure up to 5.02 (14 deaths;
95% CI, 2.74-8.42) for 30 years or more of exposure. Lung cancer risk was particularly
high for silicotics with 15-29 years of employment anda latent period of lS-29 years (5

deaths; SMR, 8.12; 95% CI, 2.64-18.9), and with 30 or more years of employment and
30 or more years of latency (14 deaths; SMR, 5.06; 9S% CI, 2.77-8.49). SMRs for lung
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an for refractory, ceramic and
excavation workers. Smoking was estimated by the authors to exp1ain, at most, 50% of

cancer were higher for foundry and coke oven workers th

the 1ung cancer excess in si1icotics.

Wang et aL. (1996) conducted a morta1ity study of 4372 male silicotics alive before
1 January 1980 from 47 mines or metalIurgical plants in China. The main industries
represented were iron ore mining, ore sintering, refractory brick manufacturing, iron and
steel smelting, and steel casting. During the follow-up (1980-1989), the SMR for all
causes of death was 1.22 (974 deaths; 95% CI, 1.15-1.30). For all cancers, it was 1.18
(235 deaths: 1.04-1.35) and for 1ung cancer, 2.37 (104 deaths; 1.96-2.86). Lung cancer
SMRs were almost uniformly elevated across industries: 2.47 in mines; 2.11 in refractory
brick manufacture; 3.65 in ore sintering; 2.91 in smelting; and 1.57 in casting. Lung
cancer SMRs according to categories of simple silicosis were 2.24 (38 deaths; (1.6-3.0))
for category 1; 2.64 (34 deaths; (1.8-3.6)) for category II and 1.61 (4 deaths; (0.4-4.1))
for category III. There was no clear exposure-response gradient according to years of
exposure to silica dust, the SMRs for oe 10, 10-19 and 2: years of exposure being almost
identical. The SMR for lung cancer was 2.57 (72 deaths; (95% CI, 2.0-3.3)) in smokers,
but it was also elevated in non-smokers (32 deaths; SMR 2.09; (95% CI, 1.4-3.0)).
Smoking status was obtained by questionnaire. There was no excess of stomach cancers
(SMR, 0.88).
2.6 Cornrnunity-based studies

The Working Group reviewed industry-based cohort and nested case--ontrol studies
of populations exposed to silica. Not included for consideration were community-based
studies in which exposure to silica was inferred from self-reported occupation and jobs.
The rationale for excluding the community-based studies was that the Working Group
considered that they would not add to the information on silica and cancer risks avai1ab1e

from specifie industry-based studies.
2.7 Arnorphous silca

2.7.1 Case reports and descriptive studies
A report by Das et al. (1976) of five cases of mesothelioma in a rural community of
India among sugar cane workers not known to have been exposed to asbestos suggested a
possible association with amorphous biogenic silica fibres (Newman, 1986).
2.7.2 Epidemiological studies
Three population-based case-control studies in the United States addressed asso-

ciations with amorphous silica resulting from airborne biogenic amorphous silica fibre
exposures in the sugar cane industry.
Rothschild and Mulvey (1982) reported an increased lung cancer risk associated with
sugar cane farming (odds ratio, 2.3; 45 cases; 95% CI, 1.8-3.0) among 284 persons who
had died of 1ung cancer from 1971-77 and 284 controls who were deaths from any cause
other than lung cancer in Southem Louisiana. An association was only evident from
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Table 23. Silcotics: Cohort, case-control and proportionate mortality studies of silca
'"

Reference/country Study base/follow-up

Outcome/subgroup

Relative risk (No. of deaths or Comments
cases; 95% confidence interva1)

Westerho1m (1980)
Sweden

3610 silcotics (M, F) (national
register) mortality follow-up
1931-69

Lung cancer
Mining/ q uarrying/tunnelling

SMR

Silicosis 1931-48
Silicosis 1949-69
Steel/iron

5.9 (10; (2.8-10.8))
3.8 (20; (2.3-5.8))

Si1icosis 1949-69
Non-lung cancers poo1ed

-~

n::
~
o
z
o

2.2 (10; 1.0-4.0))

SMRs ranging 0.5-0.9 across
period and industry

combinations

Rubino et al.
(1985)

746 deaths in si1icotics (M)

Ita1y

compensation register

deceased 1970-83 from

Ali si1icotics

Ali cancers
Lung cancer
Laryngeal cancer

PMR
0.80 (158; (0.7-0.9))
1.6 (81; (1.1-1.62))
0.76 (6; (0.3-1.7)

Lung cancer, foundry workers by

duration of exposure
1-10 years

11-20 years
,¿ 20 years
Schüler & Rüttner
(1986)
Switzerland

2399 deaths in silcotics (M)
who died between 1960 and
1978 from insurance fund and
other sources

Lung cancer
Ali si1icotics
Miners

1.21 (6; (0.4-2.6))
1. 73 (2 i; (1.7-2.29))

::
~
'i
::
CI
~

ol'
c:

~

tT

OR

00

2.23 (180; (1.9-2.6))
2.29 (p .: 0.001)
3.27 (p.: 0.001)

.: 25 work-years

3.55 (p.: 0.01)

)- 30 work-years

3.94 (p.: 0.001)
2.46 (p .: 0.05)

Others + ceramics
Ceramics
Stomach cancer

c:

1.59 (29; (1.3-2.05))

Deceased 1960-78
Foundry workers

Negative bias from
competing causes of death

2.05 (p = 0.25)
PMR, 0.56 (46)

0\

Table 23 (contd)
Reference/country

Study base/follow-up

Outcome/subgroup

Westerholm et al.
(1986)
Sweden

712 silicotics, 810 non-silicotics
(M); mortality and cancer
incidence follow-up 1961 -80

Lung cancer
Mini ng/quarrying/tunnel 1 i ng

Foundries

Finkelstein et al.
(1987)
Canada

Silicotics (M): 1 190 miners, 289
surface workers receiving

1940; mortality follow-up

Miners with silicosis
Ali cancers
Lung cancer
Stomach cancer

through 1985

Surface workers

workman' s compensation since

Lung cancer
Silica brick workers
Ceramics workers

Granite/quarry workers

Stomach cancer
Silica brick workers
Ceramics workers

Granite/quarry workers

Relative risk (No. of deaths or Comments
cases; 95% confidence interval)
Sketchy data analysis.

SMR, 5.38 (7; (2.2-1 LI))
SIR, 5.29 (9; (2.4-10.0))
SMR, 3.85 (10; (1.8-7.1))
SIR, 1.82 (6; (0.7-4.0))
SMR
1.51 (151; (1.-1.8))

2.30 (62; (1.8-3.0))
1.88 (19; (1.13-2.94))

Possibly incomplete

identification of incident
lung cancers In foundry

workers

-n-t"

C/

~

3.02 (16; (1.-4.9))
1 .83 (2; (0.2-6.6))

2.93 (6; (1.0-6.2))
3.60 (5; (1.-8.4))

3.66 (7; (1.47-7.55))
5.71 (2; (0.69-20.64))
1.61 (1; (0.04-8.99))
2.90 (2; (0.35-10.47))
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--

....
N
Table 23 (contd)
Reference/country Study base/follow-up

Zambon et aL.

(1987)
Italy

1313 silcotics (M) from compensation registry, diagnosed
1959-63; mortality follow-up
through 1984

Outcome/subgroup

Relative risk (No. of deaths or Comments
cases; 95% confidence interval)

AlI causes
Ali cancers
Lung cancer
Lung by duration of exposure

SMR, 2.15 (878; 2.01-2.30)

0( 10 years

Neuberger et aL.

2212 deaths in silicotics (M),

(1986; 1988)

diagnosed 1950-60; deceased

Austria

1955-79

Forastiere et al.
( 1989)

Italy

595 deaths in silicotics (M)
compensated 1946-84; deceased
1969-84

1.6 (146; 1.5-1.60)

Expected values from
national population

2.39 (70; 1.86-3.02)
1.73 (27; (1.1-2.5))

10-19 years

1.64 (25; (1.-2.4))

~ 20 years

2.17 (17; (1.-3.5))

Lung ~ 20 years since first exposure
Mining
Tunnelling
Quarrying
Mixed
Other
Digestive tract cancers

1.43 (16; 0.82-2.33)
2.22 (6; 0.81 -4.82)
0.66 (18; 0.39-1.04)

Lung cancer

OR, 1.41 (182; 1.1-1.64)

1.5 (13; 0.72-2.31)

1.87 (28; 1.24-2.71)

3.14 (6; 1.5-6.84)

..
:t

Expected values from
regiona1 population

n~
3:
o
z
o

a~
:t
""
::
VJ
~

ol'
c:

3:
tT

AlI cancers
Lung cancer
Mining
Quarrying/stone-cu tting
Constructi onltunnelling
Metal
Bricklaying
Pottery
Stomach cancer

OR,1.0(l51;O.83-1.)
1.5 (64; 1.-1.9)
2.5 (10; 1.2-4.6)

1.1 (6; 0.42-2.5)
1.4 (23; 0.86-2.0)
1.6 (3; 0.32-4.6)
0.89 (4; 0.24-2.3)

2.1 (17; 1.2-3.3)
0.85 (15; 0.48-1.4)

0\

00

Table 23 (contd)
Reference/country Study base/follow-up

et al. (1989)

1072 silicotics (M) compensated
1938-85; mortality follow-up

Canada

through 1986

Infante-Rivard

Outcome/subgroup

Relative risk (No. of deaths or Comments
cases; 95% confidence interval)

Ali causes
Ali cancers
Lung cancer
By industry
Mines

SMR, 2.16 (565; 2.08-2.26)

Foundr:ies

Granite
Pottery
By duration of employment
:: 30 years
? 30 years

Chiyotani et aL.
(1990)
J apan

Ng et al. (1990)
Hong Kong

Tornling et al.
(1990)
Sweden

1.92 (135; 1.6-2.10)
3.47 (83; 3.11-3.90)
3.78 (29; 2.53-5.43)
3.04 (33; 2.55-3.69)
2.04 (6; 0.75-4.44)

4.99 (5; 1.62-11.66)
4.61 (39; 3.93-5.50)
3.62 (39; 3.08-4.32)

1941 silicotics (M) From hospital
records; mortality follow-up
1979-83 (excluding first year of
follow-up for each patient)

Ali causes
Ali cancers
Lung cancer
Stomach cancer

SMR, 2.93 (352; 2.75-3.11)
2.31 (86; 1.98-2.64)

Possible detection bias for
lung cancer because of

6.03 (44; 5.29-6.77)
1.23 (14; 0.64-1.82)

hospital enrolment. Industry

1419 silicotics (M) excluding
those exposed to asbestos and
PAHs; mortality follow-up
1980-86

Ali causes
Ali cancers
Lung cancer
Underground
Surface
By length of exposure
15-29 years
;? 30 years

SMR, 3.02 (356; 2.71-3.35)

280 silicotics (M) alive in 1951

From ceramic industry, identified
at national registry; mortality

follow-up 1951-85

Ali causes
Ali cancers
Lung cancer
? 10 years after diagnosis of silicosis

-..
C/
L'

n
~

sources not clear

1.27 (53; 1.94-1.67)

2.03 (28; 1.5-2.93)
3.41 (5; 1.0-7.97)
1.87 (23; 1.18-2.81)
1.62 (10; (0.8-3.0))

3.06 (16; (1.7-5.0))

SMR, 1.8 (218; 1.0-1.57)
0.94 (41; 0.67-1.26)
1.88 (9; 0.85-3.56)
2.36 (9; 1.07-4.48)
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w
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..

Table 23 (contd)
Reference/country

Study base/follow-up

Outcome/subgroup

Relative risk (No. of deaths or
cases; 95% confidence interval)

Amandus et al.
(1991)
United States

714 silicotics (M) from state
surveillance programme for
dusty trade workers, North

Ali causes
Whites
Non-whites
Ali cancers
Whites
Non-whites
Lung cancer
Whites
Silica exposure only
Silica and other exposures
Time after silicosis
.( 5 years

SMR

Carolina, diagnosed since 1940;

mortality folIow-up through
1983

5-9 years

10-19 years
;? 20 years
Smoking-adjusted/metal miners

Stomach cancer
Whites

Carta et al. (1991)
Italy

724 silicotics (M)

(comprehensive series of
Sardinian silicotics) diagnosed
1964-70; mortality follow-up
through 1987

AlI causes
AlI cancers
Lung cancer
By latency
? 5 years

? 10 years
? 15 years

Nested case-control study; 22

By estimated cumulative silica

lung cancer cases; 88 randomly

exposure (gh/m')
Low

selected matched controls

Intermediate
High

Comments

2.1 (486; (2.0-2.3))
2.4 (64; (1.9-3.1))
1. (67; (1.-1.9))

1.2 (6; (0.4-2.5))
2.6 (33; 1 .8-3.6)

2.3 (26; 1.5-3.4)
4.5 (7; 1 .8-9.2)

3.4 (8; i .5-6.7)
2.2 (6; 0.8-4.9)

,.
;i

~

n
æ:
o
z
o

a~

3.9 (2.4-6.4)

;i
'i
::
C/
~

0.6 (2; NS)

c:

SMR, 1.40(438; 1.8-1.54)

æ:

2.3 (Ii; 1.2-4.1)

2.7 (8; 1.-5.1)

0.92 (63; 0.72-1. 17)

1.9 (22; 0.85-1.96)

1.29 (19; 0.8-2.0)
1.49 (16; 0.9-2.4)
1.53 (9; 0.8-2.9)
OR
i.o (5)

1.95 (10; 0.4-1.01)
1.86 (7; 0.4-8.6)

ol"

tT

0\
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Table 23 (contd)
Reference/country Study base/follow-up

Carta et al. (1991)
Italy
(contd)

Chia et al. (1991)

Singapore

üutcome/subgroup

Relative risk (No. of deaths or
cases; 95% confidence interval)

By radiological category (adjusted for

ILü scale of

cigarette consumption)

1/0-1/2
2/1-2/3
3/2 or more
By FEV,/VC (% predicted) .
~ 90
89-80
.( 80
Stomach cancer
159 Chinese incident silicotics
(M) diagnosed 1970-84,

identified at silicosis registry

Lung cancer
AlI subjects
By latency
20-40 years
~ 40 years

By exposure duration
20-40 years
~ 40 years

By radiological category
l

pneumoconiosis
1.0 (6)
0.94 (8; 0.8- i.)

0.65 (8; 0.3-1.4)
1.0 (5)

-l'('

2.86 (7; 1.-5.4)

C/

7.23 (10; 2.2-24.1
0.97 (8; 0.48-1.93)

:;

SIR
2.01 (9; 0.92-3.81)
2.26 (6; 0.83-4.92)

2.23 (3; 0.46-6.50)
1.6 (4; 0.62-5.81)

2.54 (5; 0.64-4.60)

ILü scale of
1.40 (4; 0.38-3.58)

II

2.79 (3; 0.58-8.16)

Smokers

2.16 (8; 0.93-4.25)

II

Comments

pneumoconiosis

5.11 (2;0.62-18.5)

....
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Reference/country

Study base/follow-up

Outcome/subgroup

Amandus et aL.

A subgroup of 306 (WM) from
Amandus et al. (1991); 143 men
reclassified as silicotic and 96
with normal radiogram

Lung cancer

(1992)
United States

Partanen et al.
(1994 )

Finland

811 silicotics (M) diagnosed
1936-77 from various sources
including nationwide registry;
cancer incidence follow-up
1953-91 through cancer registry

All subjects

SMR

Silicotics
Normal radiograms
Silica exposure only
Silicotics
Normal radiograms
Smokers
Silicotics
Normal radiograms

2.5 (8; 1.1~.9)

All cancers
Lung cancer
By length of follow-up

328 Ontario miners (M) with
silicosis and 970 matched miners
without silcosis from the

surveilance system; cancer

incidence follow-up 1974-92
Finke1stein (199 5b)

37 lung cancer cases and 159

Canada

contrais (M) from miners

Comments

1.0 (2; 0.1 -3.5)

-;p

2.4 (7; 1.0-5.0)
1.2 (2; O.2~.4)

n¡¡
~
0
Z
0

3.4 (5; 1.1-7.9)
1. (1; 0.03-7.1)

SIR, 1.67 (190; 1.44-1.91)
2.89 (101; 2.35-3.48)

c:

0( 2 years

0.41 (1;0.01-2.27)

;p
'"

2-9 years

2.73 (32; 1.87-3.85)

~ 10 years

3.27 (168; 2.54~. 14)

By industry
Mining/quarrying
(excluding granite)
Stone quarrying, cutting
Glass/ceramic
Stomach cancer
Finkelstein (1 995a)
Canada

Relative risk (No. of deaths or
cases; 95% confidence interval)

¡¡

::
~
~

0t"

3.65 (38; 2.59-5.02)

c:

~
tI

2.93 (13; 1.56-5.01)

0\

3.33 (10; 1.60-6.13)

00

1.06 (15; 0.59-1.74)

All cancers
Silicotics
Non-silicotics
Lung cancer
Silicotics
Non-silicotics

0.90 (16; 0.51-1.47)

Four or five radiographie abnormalities

6.88 (1.89-25.00)

SIR
1.5 (35; 0.95- 1. 89)

0.90 (70; 0.71-1.14)
2.55 (15; 1.43-8.28)

Adjusted for cumulative
radon exposure

Table 23 (contd)
Reference/country

Study base/folIow-up

Outcome/subgroup

Relative risk (No. of deaths or
cases; 95% confidence interval)

Goldsmith et al.
(1995)
United States

590 claimants (M, F) for
compensation for silicosis.
California, 1945-75; mortality

AlI causes
AlI cancers
Lung cancer
Construction
Mining/quarrying

SMR, 1.0 (421; 1. 1 8- 1.43)
1.22 (81; 0.96-1.52)
1.90 (39; 1.35-2.60)
4.04 (17; (2.3-6.4))

AlI causes
AlI cancers
Lung cancer
By years since first
employment
15-29 years

SMR, 1.89 (290; 1.69-2.12)
1.61 (56; 1.26-2.15)
3.50 (35; 2.44-4.87)

5.60 (7; 2.63-1 1.54)

~ 30 years

3.24 (28; 2.15-4.68)

folIow-up 1946-91

Merlo et al. (1995)
Italy

450 silicotics (M) from Iiospital
registry 1961 -80; mortality

folIow-up through 1987

Wang et aL. (1996)

China

4372 silicotics (M) in
metallurgicai industry; folIow-up
1980-89

Ali causes
Ali cancers
Lung cancer
Mines
Refractory brick
Ore sintering
Smelting
Casting
Silicosis
Category 1

Category II
Category II

Comments

1.65 (19; (1.0-2.6))

-n-l'

r:

:P

SMR, 1.22(974; 1.15-1.0)

1.18 (235; 1.04-1.5)
2.37 (104; 1.96-2.86)

2.47 (55; (1.9-3.3))
2.11 (29; (1.9-3.3))
3.65 (6; (i .4-8.2))
2.91 (9; (1.-5.5))
1 .57 (5; (0.5-3.8))

2.24 (38; (1.6-3.0))
2.64 (34; (1.8-3.6))
1.61 (4; (0.4-4. ID
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Table 23 (contd)
Reference/country

Wang et al. (1996)

China
(contd)

Study base/follow-up

Outcome/subgroup

Relative risk (No. of deaths or Comments
cases; 95% confidence interval)

Years of exposure to sitica dust
.: 10

10-19
~ 20
Smokers
Non-smokers
Stomach

2.46 (18; (1.5-4.0))
2.37 (50; (1.8-3.2))
2.32 (36; (1.6-3.2))
2.57 (72; (2.0-3.3))
2.09 (32; (1.4-3.0))
0.88 (40; O.66-1.6))

Abbreviations: M, male; F, female; SMR, standardized mortatity ratio; PMR, proportionate mortatity ratio; OR, odds ratio; SIR, standardized incidence ratio; PAHs,
polycyc1ic aromatic hydrocarbons; NS, not significant; FEY" forced expiratory volume in one second; YC, vital capacity; WM, white males

n
~
o
z
o

a;;

:i
'"
;:
V1

~

or

c:

~

tT
0"
00

SILICA

149

comparisons of cases and controls in sugar cane farming who were smokers; the odds
ratio among smokers was 2.6 (95% CI, 1.8-4.0) which contrasted with an odds ratio of
0.9 (95% CI, 0.2-3.9) among non-smokers. No measurements of fibre concentrations
were available (nor did the authors suggest a possible association with silica or biogenic
silica fibres.)

ln a study in four Florida counties, Brooks et al. (1992) compared residential and
occupational histories of 98 male lung cancer cases and 44 male mesothelioma cases
with 136 community controls matched on sex, age and race over a 18-month period

beginning in 1989. There was no consistent association of lung cancer with residence
as were

near sugar cane growing areas. The odds ratios for residence near sugar cane are

0.6 (95% CI, 0.2-1.6) for within one mile and 1.9 (95% CI, 0.8-5.0) for within one to 4.9
miles, compared to the reference category of more th

an five miles. No cases or controls

in the mesothelioma ana1ysis had ever lived within 12 miles of a sugar cane growing

area. Twenty-three lung cancer cases and 17 controls reported employment history in the
sugar cane industry for one year or longer (odds ratio, 1.8; 95% CI, 0.5-7.5). However,
an years of emp10yment for these cases and contro1s were nearly identical (20.2
for cases, 21.3 for controls). One mesothelioma case and no matched control worked in
the me

the sugar cane industry. The case was a processing machinery supervisor in sugar milIs

in the United States and Cuba, and who had a history of asbestos exposure in those jobs.
Sinks et al. (1994) evaluated employment in the sugar cane industry as a risk factor

for mesothelioma from 1960-87 in Hawaii. The study compared employment histories of
93 mesothelioma cases with 281 age- and gender-matched contro1s who had other types

of cancers. Cases were identified from a population-based cancer registry. An odds ratio
of 1.1 (95% CI, 0.4-2.9) was found for employment as a sugar cane worker, based on
seven exposed cases and 19 exposed controls. The odds ratio increased slightly (1.3; 95%

CI, 0.3-5.2) when cancers potentially related to asbestos (trachea, bronchus, larynx,
stomach) were eliminated from the control group.

From a cohort of workers from the diatomite industry, only 129 (5%) were classified
as only having had amorphous silica exposure, from opencast mining of the ore
(Checkoway et aL., 1993). Separate morta1ity analyses were not carried out for this group.

3. Studies of eancer iD Experimental Animais

ln this section, the description of si1ica samples and preparations conforms to the
specifie details presented by the author(s) of the various studies. (The Working Group
noted that important properties such as the exact mineraI and chemical compositions and
partic1e size distribution of the samples are not reported systematically in aIl studies.)
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Crystallne silca
3.1 Inhalation exposure

3.1.1 Mouse

A group of 60 fema1e BALBlcBYJ mice, six weeks old, was exposed by inhalation in
chambers to quartz (Min-U-Sil, a crystalline silica containing more than 96% quartz) for
8 h per day on five days per week. Subgroups of six to 16 mice each were exposed for
total periods of 150, 300 or 570 days, and mice were necropsied either immediately after

the end of the exposure period or following a holding period of 30 or 150 days. The
average exposure concentrations of particles (diameter .( 2.1 Ilm (diameter not further
specified)) were approximately 1475, 1800 and 1950 Ilg/m1 for the subgroups exposed
for 150, 300 and 570 days, respectively. A similar group of 59 contro1s consisting of
subgroups of seven to 13 mice each was not exposed to silica but was sacrificed by the
same schedu1e. Pulmonary adenomas (type II, Clara-celI and mixed type II and Clara-cell
tumours) were found in both silica-exposed mice (overall incidence, 9/60) and in controls
(overall incidence, 7/59); these incidences were not significantly different. The overall
incidences of severe pulmonary lymphoid cuffing and heavy alveolar macrophage

accumulation were 37/60 and 39/60, respectively, in silica-treated mice and 5/59 and
3/59, respectively, in controls; the difference in incidences between the silica-treated and

control animaIs was statisticalIy significant (p.( 0.05) (Wilson et al., 1986). (The
W orking Group noted the small numbers of anima1s in the subgroups and the variable
exposure and observation periods.)
3.1.2 Rat

Groups of 72 male and 72 female Fischer 344 rats, 3 months old, were exposed by
inhalation in chambers to 0 or 51.6 mg/m' quartz (Min-U-Sil 5; mass median aerodynamic diameter, 1.7-2.5 Ilm; geometric standard deviation, 1.9-2.1) for 6 h per day on
five days per week for 24 months. After four, eight, 12 and 16 months of the experiment,
10 males and 10 females per group were removed from the chambers; five were sacri-

ficed and five were retained with no further exposure. All survivors were killed at 24

months. Mean survival was 688:t 13 days for controls and 539:t 13 days for rats
exposed to quartz until death, the difference being statistically significant (p .( 0.05). The
incidence of epidermoid carcinomas of the lungs in treated rats stilI alive at 494 days,
when the first pulmonary tumour appeared, was 10/53 (19%) fema1es and 1/47 (2%)
males. Three of five fema1e rats that received no further exposure to quartz after four

months a1so developed epidermoid carcinomas; metastasis to the mediastinal lymph
nodes was reported in one of these female rats. None of the 42 male or 47 fema1e
contro1s developed a lung tumour. Additional lesions in quartz-treated rats included areas
of pulmonary adenomatosis and nodular fibrosis, cuboidal metaplasia of the alveo1ar epithelium, as well as alveolar proteinosis and peribronchio1ar lymphoreticular hyperp1asia

(Dag1e et al., 1986). (The W orking Group noted that, due to inadequate reporting, it
cannot be determined from which exposure subgroups animaIs surviving at 494 days
were derived; no statistical analysis of lung carcinoma incidences was reported.)
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One group of 62 female Fischer 344 rats (age unspecified) was exposed by nose-only

inhalation to 12:t 5 mg/m3 quartz (Min-U-Sil; mass median aerodynamic diameter:
2.24:t 0.2 ¡lm, and a geometric standard deviation of 1.75:t 0.3; respirab1e fraction
70:t 3% according to the criteria of the American Conference of Govemmental and
IndustrIal Hygienists; all partic1es -: 5.0 ¡lm) for 6 h per day on four days per week for 83

weeks; the animais were observed for the duration of their life span. Controls were shamexposed to filtered air (62 females) or were unexposed (15 females). Mean survival times
were 683:t 108 days for quartz-exposed rats and 761 :t 138 days for sham-exposed

controls. (The survival time of the unexposed controls was not specified.) Of the quartzexposed rats, 18/60 had lung tumours (three squamous-cell carcinomas, 11 adeno-

carcinomas and six adenomas), aIl of which were observed after 17 months or more of
exposure. No lung tumour was observed in 54 sham-exposed controls; 1115 unexposed

controls had an adenoma of the lung. Most of the quartz-exposed rats still alive after 400
days developed pronounced pu1monary fibrosis, lung granulomas and silicotic nodules,
often accompanied by emphysema and alveo1ar proteinosis (Holland et al., 1983, 1986).
A morphologica1 description of the tumours is given by Johnson et al. (1987). The peri-

pheral adenomatous 1ung tumours were found to be composed predominantly of alveolar
type II pneumocytes.

Groups of 50 male and 50 female viral antibody-free SPF (specifie pathogen-free)
Fischer 344 rats, eight weeks old, were exposed by inhalation in chambers to 0 or
1 mg/m3 si1ica (silicon dioxide, type DQ 12; 87% crystallinity as quartz; mass median

aerodynamic diameter about 1.3 ¡lm, with a geometric standard deviation of 1.8;
respirable fraction 74% according to the criteria of the American Conference of Govern-

mental and Industria1 Hygienists) for 6 h per day, five days per week for 24 months; the
rats were then kept without further exposure for another six weeks. Mean survival in the

treated and control groups was comparable; at the termination of the study at 25.5
months, 40% of the control and 35% of the silica-treated animaIs survived (not statisticalIy different by the Kaplan-Meier method using a 1ife-test programme). The incidences of primary lung tumours in rats exposed to silica were 7/50 males (one adenoma,

three adenocarcinomas, two benign cystic keratinizing squamous-cell tumours, one
adenosquamous carcinoma and one squamous-cell carcinoma; one animal had an

adenoma and an adenocarcinoma) and 12/50 females (two adenomas, eight adenocarcinomas and two benign cystic keratinizing squamous-cell tumours); only 3/1 00 controls
(sex unspecified) had primary lung tumours (two adenomas and one adenocarcinoma).
The combined incidence of benign and malignant lung tumours in silica-treated rats
(19%) was significantly elevated compared to the incidence of 3% in the control group
(using simple tests for homogeneity of contingency tables using x2-statistics or Fisher's

exact methods) (no p values were given). The first tumour in silica-exposed rats was
observed after 21 months of exposure. ln a 21-month parallel seriaI sacrifice study, one
further 1ung tumour (an adenoma) was found among 13 silica-exposed rats versus no
lung tumours in a total of Il controls. Nodular bronchoa1veo1ar hyperplasia, interpreted

as borderline to adenoma, was found in 13/1 00 silica-exposed rats (distributed about
equally between the sexes) and was not reported to occur in contro1s. Other non-

neop1astic pulmonary lesions occurring in high incidences in silica-exposed rats inc1uded
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the following: multifocal lipoproteinosis with and adjacent to fibrotic areas, foamy
macrophages containing lipoid substances; intra-alveolar and interstitial inflammatory
cell infiltrates main1y consisting of polymorphonuclear leukocytes; moderate degrees of
mu1tifocal (predominantly subpleura1 and peribronchiolar) fibrosis; and alveolar- and
ions,

bronchiolar-type bronchoa1veolar hyperplasia. The severity of these pu1monary les

in particular the fibrosis, increased with increasing exposure time (Muhle et al., 1989,
1991,1995).
Two groups of 70 male and 70 female (Cpb:WU, Wistar random) rats, six weeks old,
were exposed by inhalation in chambers to 0 (controls) or 58.5 :! 0.7 mg/m" quartz

(Sikron (Sykron) F300 obtained from Guertz Werke, Frechen, Germany, crystalline,
hydrophilic, pH 7, 99% Si02; BET-surface area, .( 1.5 m2/g; geometric diameter (mean),
8 ¡.m with a global range of 0.1-25 ¡.m; no agglomeration; edges coarse, irregu1ar and
sharp) for 6 h per day on five days per week for 13 weeks. At the end of the exposure
period and at 26, 39, 52 and 65 weeks after the start of exposure, 20, 10, 10, 10 and 20
rats per sex per group were kilIed, respectively. Only one respiratory tract tumour was
observed, namely a smalI squamous-cell carcinoma in the lung parenchyma of a quartztreated fema1e killed at 65 weeks. ln addition, a focus of squamous metaplasia in the
periphery of the lung was found in one quartz-treated male kilIed at 65 weeks. Major
non-neoplastic pu1monary changes in quartz-treated animaIs were the accumulation of

alveolar macrophages, granulomatous inflammation, interstitial fibrosis, bronchioloalveolar hyperplasia and fibrotic granulomas. Associated lymph nodes contained many
macrophages with or without celIular necrosis and slight fibrosis (Reuzel et aL., 1991).
(The Working Group noted the short duration of the study, the lack of information on
survival and that only a small proportion of the quartz particles was respirable to rats.)

Three groups of 90 female Wistar rats, six to eight weeks old, were exposed by nose-

on1y inhalation to 0, 6.1 :! 0.36 or 30.6:! 1.59 mg/m' quartz (DQ 12; mass median
aerodynamic diameter, 1.8 ¡.m with a geometric standard deviation of 2.0) for 6 h per
day, on five days per week for 29 days. ln each group, interim sacrifices of two to six rats

each were made directly after quartz exposure and six, 12 and 24 months later; the
terminal sacrifice was made 34 months after exposure. The mean survival times were
741 :! 179 and 739:! 191 days for the control and low-dose groups, respectively. The'

mean survival in the high-dose group, reported as a survival curve only, seemed to be
an that in the two other groups, particularly in the final few months of
the study (Kaplan-Meier curves). Twenty-four months after treatment, the numbers of
slightly lower th

rats with 1ung tumours were 8/37 and 13/43 in the low- and high-dose groups,

respectively. The total incidences of lung tumours were 37/82 (45.1%) and 43/82
(52.4%) for the low- and high-dose groups, respectively. No lung tumour was observed
troIs. ln many animaIs, more than one lung tumour of the same type or different
types were found; 62 tumours (eight bronchiolo-alveolar adenomas, 17 bronchioloalveolar carcinomas, 37 squamous-cell carcinomas, one anaplastic carcinoma) were
in con

found in the 10w-dose group and 69 (13 bronchiolo-alveolar adenomas, 26 bronchiolo-

alveolar carcinomas, 30 squamous-cell carcinomas) in the high-dose group. Metastases
were observed most frequently in the tracheobronchial1ymph nodes and occasionally in
the kidneys and the heart. Treatment- and dose-related non-neoplastic pu1monary 1esions
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included increased numbers of alveo1ar macrophages, thickening of the alveolar walIs,
perivascular accumulation of inflammatory celIs, degeneration of alveolar macrophages,
alveolar proteinosis, granulomas, emphysema, interstitial fibrosis and proliferation of
alveolar and bronchiolar epithelium. Only in single cases were bronchiolo-alveolar carcinomas accompanied by marked fibrosis, indicating, at most, a weak influence of marked
fibrosis on lung-tumour development in female rats (Spiethoff et al., 1992).
3.2 Intranasal adrninistration

Mouse: Two groups of 40 female (C57xBALB/c) Fi mice, two months old, received a

single intranasal inoculation of 4 mg d- or 4 mg l-quartz (synthetic d- and l-quartz
obtained from Tokyo Communication Equipment Co., Japan; impurities given as median
atomic parts per million relative to silica: H/400, Li/20, C/12, Nal3, Al/3, Sil, Fil, Cl/1,
l, Co/0.06) in 0.1 mL saline. A group of 60 female
mice was treated with saline only (volume and route of administration unspecified).
Survivors (56/60, 36/40 and 37/40 mice treated with saline, d-quartz and l-quartz, respectively) were killed 18 months after treatment. Incidences of Iymphomas/leukaemias were
CalO.5, K/O.3, Br/O.

l, Zn/0.1, Fe/O.

0/60, 2/40 and 6/40 for saline-, d-quartz- and l-quartz-treated mice, respectively (statis-

tica1 analysis indicated a significant difference between l- and d- forms; p -: 0.01). ln
addition, 3/40 l-quartz-treated mice had a benign-looking liver adenomas, whereas no
liver tumours were observed in d-quartz-treated mice or in controls. Liver granulomas
with lymphocytes and fibroblasts were found in 10/40 mice treated with d-quartz and in
14/40 mice treated with l-quartz, the difference being statistically insignificant at the 0.01
level (doub1e-tailed exact probability test). No liver granulomas were found in controls.
Peribronchiolar Iymphoid infiltration occurred in 2l/40 d-quartz-treated, 29/40 l-quartztreated and in 3/60 control mice (Ebbesen, 1991). (The Working Group noted the lack of
information on retention of the material following single intranasal inoculation.)
3.3 Intratracheal adrninistration

3.3.1 Mouse

ln a screening study based on the induction of lung adenomas in strain A mice, a
group of 30 male strain A/J mice, 11-13 weeks old, received weekly intratracheal instillations of 2.9 mg (9.75 mg/kg bw) silica (Min-U-Sil 216 quartz purchased from

Whittaker, Clark and Daniels, lnc., NJ, United States; 1 -5 /lm) (size not further specified) in 0.02 mL vehicle (vehic1e unspecified) for 15 weeks. A group of 20 mice was
treated simi1arly but with the vehicle only. A positive control group of 30 mice received
a single intraperitoneal injection of 0.1 mL urethane (64.1 mg/kg bw) in sterile saline.
Survivors (aIl animais but one of the vehicle control group) were killed 20 weeks after
study initiation. The incidences of lung adenomas were 9/29 (31 %), 4/20 (20%) and
18/30 (60%) in the vehic1e control, silica-treated and positive control groups, respectively. The average numbers of lung adenomas per mouse were 0.31 :! 0.09, 0.20 :! 0.09
and 0.97 :! 0.19 for vehicle controls, silica-treated mice and positive controls, respectively. The differences in tumour incidence and multip1icity were statistically significant
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between positive and vehic1e controls (Fisher' s exact test; p -: 0.05 for tumour incidence,
p -: 0.01 for tumour multiplicity). Differences in tumour incidence and multiplicity
between silica-treated and vehicle controls were not statistically different (McNeil et al.,
1990) .

Two groups of 26 male mice from each of three strains (A/JCr, BALB/cAnNCr and

(athymic nude) NCr-NU) received one single intratracheal instillation of either
10 mg/animal quartz (Min-U-Sil -: 5; 99% pure with 0.1 % iron (presence of iron in MinU-Sil is not uncommon); surface area 3.15 m2/g; partic1e size distribution mostly between
0.5 and 2.0 !-m) or 10 mg/animal tridymite (area surface 5.24 m2/g) (particle size and

particle size distribution unspecified) in 0.1 mL saline. Survivors for more than six
months were studied at unscheduled death up to 24 months. The incidences of lung
tumours in animaIs treated with Min-U-Sil and tridymite were 2/15 (one adenoma and
one adenocarcinoma) and 4/16 (four adenomas, one of the adenomas not in a silicotic
area) in A/JCr mice, 2/26 (one adenoma and one adenocarcinoma, the adenocarcinoma
not in a silicotic area) and 2/22 (two adenomas) in BALB/cAnNCr mi

ce and 1/4 (one

adenoma) and 0/5 in NCr-NU mice, respective1y. ln view of the incidence of spontaneous lung adenomas in strain A mice and the low incidence of the 1ung tumours in
tridymite-treated mice, the authors regarded the observed tumours as unrelated to
treatment. Non-neoplastic pulmonary changes were analogous in the three strains of mice

for both types of silica, and mainly consisted of silicotic granulomas with large necrotic
centres, alveolar proteinosis, transient hyperplasia of bronchial and bronchiolar epithelium and only sporadic and transient hyperplasia of the alveo1ar epithelium (Saffiotti,

1990; 1992; Saffiotti et aL., 1996). (The Working Group noted both the lack of information on survival and the absence of a control group.)
3.3.2 Rat

A group of 40 Sprague-Dawley rats (sex and age unspecified) received weekly
intratracheal instillations of 7 mg quartz (Min-U-Sil; mean particle size 1.71 :! 1.86 !-m;

all particles -: 5 !-m) in 0.2 mL saline for 10 weeks. A group of 40 rats received saline
only and another group of 20 animaIs was untreated. AlI animaIs were observed for the
duration of their life span. Lung tumours were reported in 6/36 quartz-treated rats (one
adenoma and five carcinomas) (type of carcinomas unspecified) and in 0/40 salinetreated and 0/18 untreated controls. Focal and diffuse pu1monary fibrosis was only
observed in quartz-treated animaIs (Holland et al., 1983). (The Working Group noted the
absence of information on survival.)

Groups of 85 male Fischer 344 rats, obtained when weighing 180 :t 15 g and treated
two weeks later, received a single intratrachea1 instillation of 20 mg quartz into the left

1ung either as Min-U-Sil (paricle size, 0.1% ¿ 5 !-m; surface area, 4.3 m2/g) or as
novaculite (from Ma1vern MineraIs Co., Hot Springs, AR, United States; particle size,
2.2% ¿ 5 !-m; sudace area, 1.6 m2/g) in a suspension of filtered, deionized water (volume
unspecified). Controls received the suspension vehic1e a10ne. Interim sacrifices of 10 rats
each were made at six, 12 and 18 months; terrninal sacrifice was made at 22 months. ln
the Min-U-Sil-treated group, the incidences of lung turnours were 1/10 at 12 months,
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5/1 0 at 18 months, 5/17 in rats that died between 12 and 22 months, and 19/30 at 22

months; total incidence was 30/67 (45%). All tumours were adenocarcinomas, some of
which had squamous and/or undifferentiated areas. The incidences of lung tumours in the
novaculite-treated group were as follows: 1/1 0 at 12 months, 2/1 0 at 18 months, 2/17 in
rats that died between 12 and 22 months, and 16/35 at 22 months; total incidence was

21/72 (29%). One tumour was an epidermoid carcinoma; all others were adenocarcinomas; 87% of the tumours were in the left lung. ln the control group, 1/44 had a
lung tumour (an adenocarcinoma) at 22 months; total incidence was 1/75. The total lung

tumour incidences in Min-U-Sil- or novaculite-treated rats were significantly different
from that in contro1s (Fisher's exact test; p .: 0.001). The Min-U-Sil-treated group had
larger lung tumours and more extensive granu10matous and fibrotic lung les

ions than the

novaculite-treated group (Groth et al., 1986).
Groups of male and female F344/NCr rats (initial numbers unspecified), four to five
weeks old, received one single intratracheal instillation of 12 or 20 mg/animal quartz
Min-U-Sil 5 (99% pure with 0.1 % iron; surface area 3.15 m2/g; particle size distribution

mostly between 0.5 and 2.0 /-m) in 0.3 and 0.5 mL saline, respectively (one source
mentions 0.3 mL saline for the 20 mg dose), 12 mg hydrofluoric acid-etched Min-U-Sil 5
(prepared as described by Saffiotti, 1962) (99% pure with no iron; surface area 2.98 m2/g;
particle size distribution mostly between 0.5 and 2.0 /-m) in 0.3 mL saline, or 20 mg
ferric oxide (haematite, Fe20,; non-fibrogenic dust) in 0.3 mL saline (or 0.5 mL saline;
see above). A group of untreated con

troIs was also observed. The number of animaIs in

each group (not further specified), the number of animais observed at interim kils or
after unscheduled death and the incidences, total numbers, multiplicity and types of lung

tumours found are summarized in Table 24. Type, degree and incidences of nonneoplastic pulmonary changes were very simi1ar in each of the quartz-treated groups, and

included the following: macrophage reaction; interstitial fibrosis; hyperplasia of peribronchial 1ymphoid tissue; silicotic granu10mas increasing in size and becoming more

fibrotic with time; and hypertrophy, hyperplasia and adenomatoid proliferation of
a1veolar epithelium. The mediastinal lymph nodes showed reactive hyperplasia (Saffiotti,
1990; 1992; Saffiotti et aL., 1996).

Six groups of female Wistar rats, 15 weeks old, received one single intratracheal
instilation or 15 week1y intratracheal instilations of one of three quartz preparations

(DQ 12, Min-U-Sil, quartz:! 600 (sources unspecified)) in 0.4 mL 0.9% sodium ch10ride
solution (see Table 25). An additional control group of rats received lS week1y

instilations of the sodium chloride solution only. To retard silicosis development, two of
the experimental groups of rats each received seven subcutaneous injections of 2 mL 2%
polyvinylpyridine-N-oxide (PVNO) in saline; the first injection was given one day before
the first intratrachea1 instilations of quartz, and the remaining six injections were given
th intervals. The animaIs died spontaneously or were kiled when moribund
or at 131 weeks. AnimaIs treated with quartz DQ 12 developed severe silicosis and had a
relatively short survival (median survival tirne about IS months as visible from mortality
curves). Owing to the protective effect of PVNO against silicosis, the groups treated with
DQ 12 or Min-U-sil and PVNO developed more pulmonary squamous-cell carcinomas
at four-mon

(Pott et aL., 1994).
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Table 24. Incidence, nurnbers and types of lung turnours in F344/NCr rats after a single intratracheal

0\

instilation of quartz"

Treatment

Observation time

Material

Doseh

Males
Untreated

None

17-26 months

FeITic oxide

20 mg

Quartz (Min-U-Sil 5)

12 mg

1 1-26 months
Killed at 1 1 months
Killed at 17 months
17-26 months
Killed at 1 1 months
Killed at 17 months
17-26 months

Quartz (HF-etched Min-U-Sil 5)

Females
Untreated
FeITic oxide

Quartz (Min-U-Sil 5)

12 mg

Incidence

Types

..

0/32
0/15

;J

3/18(17%)

6 adenomas, 25 adenocarcinomas,

6/19 (32%)

12/14 (86%)
2/18 (11 % )

5 adenomas, 14 adenocarcinomas,

7/19 (37%)
7/9 (78%)

1 mixed carcinoma

1/20 (5%)
0/18

1 adenoma

CI

Killed at i 1 months
Killed at 17 months

8/19 (42%)

2 adenomas, 46 adenocarcinomas,

10/17 (59%)

17-26 months

8/9 (89%)

3 undifferentiated carcinomas,
5 mixed carcinomas, 3 epidermoid
carcinomas

oL'

17-26 months

6/8 (75%)

1 adenoma, 10 adenocarcinomas,

None

17-26 months
1 1 -26 months

1 mixed carcinoma, 1 epidermoid
12 mg

KiIed at 1 1 months

7/18 (39%)

1 adenoma, 36 adenocarcinomas,

Killed at 17 months

13/16 (81 %)

17-26 months

8/8 (100%)

3 mixed carcinomas, 5 epidermoid
carcinomas

"From Saffiotti (1990, 1922); Saffotti et al. (1996)
h Suspended in 0.3 or 0.5 mL saline
'Hydrogen fluoride
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carCinoma

Quartz (HF-etched Min-U-Sil 5)
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1 undifferentiated carcinoma, 2 mixed
carcinomas, 3 epidermoid carcinomas

20mg
12mg

20mg

Lung tumours

c:

~
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Table 25. Incidence of lung turnours in fernale Wistar rats after intratracheal instilation of quartz"

Material

Surface
are

a

(m2/g)

No. of
instillations

No. of rats
examined

No. and % of rats with primary epitheliallung tumours b
Adenoma

(x mg)

Adenocarcinoma

Benign
CKSCT'

Squamouscell

Other
tumours"

Total
(%)

carcinoma
Quartz (DQ 12)

9.4

15 x 3

37

0

l

Il

1+F

38

1

Quartz (DQ 12) + PVNOe

9.4

5 x 3

38

0

1 + 3'

8 + l

4+l+3Y+l

58

2

Quartz (DQ 12)

9.4

1 x 45

40

0

1

7

1

23

2

15 x 3

39

1

4 +4'

6

1+2Y+2'+IYZ

54

3

15 x 3

35

1

2+ l

8

5+l+F+l

57

3

3.7

15 x 3

0

3

5

3 + l

30

1

-

40

15

39

0

0

0

0

0

5

Quartz (Min-V-Sil
Quartz (Min-V-Sil + PVNO
Quartz Sykron (F 600)
0.9% Sodium chloride

-n-l"

VJ

?

a From Pott et al. (1994)
b If an animal was found to bear more th

an one primary epithelial lung tumour type, this was indicated as follows: 'adenoma; Yadenocarcinoma;

'benign CKSCT
'CKSCT, cystic keratinizing squamous cell tumour
d Other types of tumours in the lung: fibrosarcoma, Iymphosarcoma, mesothelioma or lung metastases t'rom tumours at other sites

'PVNO, polyvinylpyridine-N-oxide
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3.3.3 llar.ster
Two groups of 48 Syrian hamsters (sex and age unspecified) received intratracheal
instilations of 3 or 7 mg quartz (Min-U-Sil; mean particle size 1.71 :: 1.86 ¡.m; aIl
particles .: 5 ¡.m) in 0.2 mL saline once a week for 10 weeks. A group of 68 animaIs
received saline only and another group of 72 animaIs was untreated. All animaIs were
observed for the duration of their life span. No lung tumour was observed among 31 lowdose anima1s, 41 high-dose animais, 58 saline controls or 36 untreated contro1s. Both the
incidence and severity of pulmonary fibrosis were minimaL. Pneumonitis-pneumonia
complex occurred in 13/31 and 21/41 of animais receiving the low and high dose, respectively, late in the exposure period (Holland et al., 1983). (The Working Group noted
absence of information on survival.)

Groups of 25-27 male outbred (LAK:LVG) Syrian golden hamsters, IL weeks old,
received weekly intratracheal instillations of 0.03, 0.33, 3.3 or 6.0 mg quartz (Min-U-Sil;
partic1e diameter: median, 0.84:: 0.07 ¡.m; average, 1.06 :: 0.07 ¡.m; mass median,
3.14:: 0.24 ¡.m; mass aerodynamic, 5.13 :: 0.40 ¡.m) in saline (volume unspecified) for

15 weeks. Groups of 27 saline-treated and 25 untreated hamsters served as controls.
AnimaIs were kiled when moribund or when survival within the group reached 20%;
any remaining groups were kilIed at 24.5 months of age. The average survival times were

498 :: 44, 506:: 41, 383:: 31 (p.: 0.005 compared with saline-treated controls) and
348 :: 26 days (p.: 0.005 compared with saline-treated controls) for the groups treated
with 0.03, 0.33, 3.3 and 6.0 mg quartz, respective1y, and 534 :: 35 and 595 :: 14 days for
the saline-treated hamsters and untreated control

s, respectively. No pulmonary tumour

was observed in any of the groups. ln anima1s treated with quartz, dose-related alveolar
septal fibrosis of slight to moderate degree, granulomatous inflammation and alveolar
proteinosis were observed in the lungs, but no animal developed nodular fibrosis or foci
of dense fibrous tissue in the lung (Renne et al., 1985).

Three groups of 50 male outbred Syrian golden hamsters, seven to nine weeks old,
received weekly intratracheal instillations of 1.1 mg quartz as Sil-Co-Sil (Ottawa Silica
Sand; Sil-Co-Sil 395-325 grain fineness number; surface area 0.0021 m\ 0.7 mg MinU-Sil (5 J.m; surface area 0.0021 ml) or 3.0 mg ferric oxide (particulate negative control)
in 0.2 mL saline for 15 weeks. A group of 50 vehicle controls received instilations of
0.2 mL saline a10ne. Survivors were killed 92 weeks after first treatment. Survival was
significantly lower in the Sil-Co-Sil-treated group than in the Min-U-Sil-treated group
and in the saline control group (p.: 0.05) (survival not further specified; method of
statistical analysis unspecified). One adenosquamous carcinoma of the bronchi and lung

was observed in the Min-U-Sil-treated group at week 68 (effective number of animais,
35). No respiratory tract tumour was found in the 50 hamsters treated with Sil-Co-Sil or
troIs. ln the ferric oxide-treated group, one benign tumour of
in the 48 saline-treated con

the larynx (papiloma or adenoma) was observed at week 62 (effective number of
animais, 34). Bronchiolo-alveolar hyperp1asia was occasionally seen in the particulatetreated anima1s. No pulmonary fibrosis was observed; however, pulmonary granu10-
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matous inflammation was significantly increased in Sil-Co-Sil- and Min-U-Si1-treated
hamsters compared to saline controls (p .c 0.001) (Niemeier et al., 1986).
3.4 Intrapulrnonary deposition

Rabbi!: A group of seven rabbits (strain, sex and age unspecified), weighing 15502350 g, received by operation a single intrapulmonary deposit of quartz (particle size,
about 2 !-m) (origin, type and dose unspecified) suspended in 0.5 mL saline. Two
animais died post-operatively. Of the five remaining rabbits that survived five to six
years, four developed malignant lung tumours: three adenocarcinomas involving both

lungs and one sarcoma involving the pleura. The adenocarcinomas had metastisized to
the pleura and the mediastinum (probably to the mediastinal lymph nodes), and in two
cases also to the liver. No silicotic lesions were found, but fibrous capsules were formed
around the quartz deposits. Atypical hyperplasia and metaplasia of the alveolar
epithelium were observed (Kahlau, 1961). (The Working Group noted the small number
of animaIs and the lack of controls.)
3.5 Intrapleural and intrathoracic adrninistration

3.5.1 Mouse

ln a study reported as an abstract, three groups of 37-43 male Marsh mice, three
months of age, received a single intrathoracic injection (method of administration not
further specified) of 10 mg/animal tridymite (prepared in the laboratory from silicic acid

with a 0.002% heavy metal-iron content; particle size, 20% .c 3.3 !-m and 40% in the
range 6.6-15 !-m) in saline, 5 mg/animal chrysotile (acid washed, containing 0.4% iron
and 0.05% copper) in saline or saline alone. After 19 months, the effective numbers of
mice were 32-34 per group. Among the animaIs given tridymite one deve10ped a lung
adenocarcinoma and two intrap1eural lymphoid tumours; there was one lung adenocarcinoma and no lymphoid tumour in saline controls; there were four lung adenocarcinomas and four lymphoid tumours in the chrysotile group. Lesions reported as

'lymph node reactive hyperplasia simulating malignancy' were found in 19/32
tridymite-, 1/32 chrysotile- and 1/34 saline-treated mice; the differences between the
tridymite-treated mice and the chrysotile- and saline-treated were highly statistically
significant (p.c 0.02; Yates correction) (Bryson et al., 1974).
3.5.2 Rat

Two groups of 48 male and 48 female SPF Wistar rats and two groups of 48 male and

fema1e standard Wistar rats, six weeks old, received a single intrapleural injection of
20 mg/animal quartz (alkaline-washed silica supplied by Dr G. Nagelschmitt, Safety in
Mines Research Establishment who prepared it from Snowit, a silica sand produced
commercially in Belgium; particle size .c 5 !-m) suspended in 0.4 mL saline or 0.4 mL
saline alone, and were observed for their life span. The 50% survival of quartz-treated
rats was about 850 days and that of quartz-treated standard rats about 700 days (distri-

bution of survival times of males and fema1es together given as bar diagrams). Mean
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survival times of saline-treated con

troIs (males and females) were 883 and 725 days for

SPF and standard rats, respectively. Malignant tumours of the reticuloendothelial system
involving the thoracic region were observed in 39/95 qiiartz-treated SPF rats (23 histiocytic Iymphomas, five Letterer-Siwe or Hand-Schüller-Christian's disease-like tumours,
one Iymphocytic Iymphoma, four Iymphoblastic lymphosarcomas and six spindle-cell
sarcomas) and in 31/94 standard rats (30 histiocytic lymphomas, one spindle-celI
sarcoma) compared to 8/96 SPF controls (three lymphoblastic lymphosarcomas, five

reticulum-cell sarcomas) and 7/85 standard controls (one lymphoblastic lymphosarcoma
and six reticulum-cell sarcomas) (p .. 0.00 Il. The earliest quartz-induced tumour

occurred 296 days atter injection in SPF rats and 58 days after injection in standard rats,

but the next tumour in standard rats did not occur until more than 300 days after
injection. Most tumours occurred between 300 and 1000 daysafter injection (time ta
trois unspecified). These

appearance of reticuloendothelial thoracic tumours in con

tiimours were predominantly observed in the upper mediastinum, the pericardium, the
diaphragm and the lungs, and their distribution corresponded to that of si1icotic nodules.

ln addition to the reticuloendothelial tumours in about one third of the quartz-treated
animais, another third (21 standard and 30 SPF-rats) showed 'hyperplastic reaction'

(granulomatous lesions) only, mainly in the thoracic cavity. A variety of other tumours
did not appear to be associated with treatment. Standard rats often had accompanying

infections that were absent in the SPF rats (Wagner & Berry, 1969; Wagner, 1970;
Wagner & Wagner, 1972).

ln a larger study, a total of 23 malignant reticuloendothelia1 tumours (21 ma1ignant
Iymphomas of the histiocytic type (MLHT) with often widespread dissemination, two
1ymphosarcomas/thymomas/spindle-cell sarcomas) was observed in a group of 80 male

and 80 female Caesarean-derived SPF inbred Wistar rats (distribution of the tumours
over the sexes unspecified), on average 39 days old, that received a single intrapleural

injection of 20 mg/animal quartz (alkaline-washed quartz (see above); particle size,
.. 5 f.m) suspended in 0.4 mL saline. Two males and two fema1es were sacrificed every
five weeks; at 120 weeks, the remaining rats were kilIed. No MLHT and one thymoma/Iymphosarcoma occurred in a group of 15 saline-treated contro1s. ln addition to tumours,

(widespread) silicotic nodules occurred in most of the quartz-treated rats examined
(Wagner, 1976).

A group of 16 male and 16 fema1e Caesarean-derived SPF inbred Wistar rats, on
average 39 days of age, received a single intrapleural injection of 20 mg/animal quartz
(Min-U-Sil, a naturally occurring, commercial, fine quartz said to be 99% pure) in
0.4 mL saline. The anima1s were killed when moribund (mean survival, 678 days). Eight
of 32 rats developed MLHT and 3/32 developed thymomas/lymphosarcomas (sex

unspecified). ln 15 controls treated with saline only (mean survival, 720 days), no MLHT

but one thymoma/1ymphosarcoma was found. ln addition to tumours, 'hyperplastic
reaction' was reported to occur in 16/32 quartz-treated rats and in none of the rats treated
with saline (Wagner, 1976).

A group of 16 male and 16 female Caesarean-derived SPF inbred Wistar rats, on
average 39 days of age, received a single intrapleural injection of 20 mg/animal cristo-
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balite (prepared by heating Loch Aline sand for 1 h at 1620 °C; containing 0.6 x 106

particles/i-g; particle size distribution: 58.7% 0-1 i-m, 28.9% 1-2 i-m, 10.4% 2--.6 i-m;
Wagner et al., 1980) in 0.4 mL saline. The animaIs were kilIed when moribund; mean
surviva1 time was 714 days. Eighteen of 32 rats developed malignant Iymphoma (13

MLHT and five thymomas/lymphosarcomas) (sex unspecified). ln 15 controls treated
with saline only (mean survival, 720 days), no MLHT but one thymoma/lymphosarcoma
was found. ln addition to tumours, 'hyperplastic reaction' was reported to occur in 13/32
cristobalite-treated rats and in none of the rats treated with saline (Wagner, 1976).

Groups of 16 male and 16 female Wistar-derived Alderley-Park rats, five to six weeks

of age, received a single intrapleural injection of 20 mg of one of four quartz preparations (Table 26) in 0.4 ml saline. The incidence of MLHT observed in each treated
group (except that receiving DQ i 2) over the life span was statistically significantly
higher th

an that in saline contro1s (Wagner et al., 1980).

Groups of 16 male and 16 female Wistar-derived Alderley-Park rats, 12 male and 12
female PVG rats and 20 male and 20 female Agus rats, five to six weeks of age, received
a single intrap1eural injection of 20 mg quartz (Min-U-Sil) in 0.4 mL saline. Groups of
16 male and 16 female Wistar rats, 12 male and 12 female Agus rats and eight male and
four female PVG rats were injected with saline alone. AIl rats were observed for the
duration of their life span. Mean survival times for quartz-treated animais were 545 days
for Wistar rats, 666 days for PVG rats and 647 days for Agus rats (mean survival times

of contro1s unspecified). MLHT was seen in 11/32 (34%) Wistar-derived, 2/24 (8.3%)
PVG and 2/40 (5%) Agus rats (sex unspecified). Tumour morphology was similar in all
strains, except that the Wistar rats showed histo10gical evidence of tumour spread below

the diaphragm. No MLHT was found in any saline-injected control rat (Wagner et al.,
1980).

A group of 16 male and 16 female Wistar-derived Alderley-Park rats, five to six
weeks of age, received a single intrapleural injection of 20 mg/animal cristobalite (see
above; containing 0.6 x 106 particles/i-g; particle size distribution: 58.7% 0- i i-m, 28.9%

1 -2 i-m, 10.4% 2--.6 i-m) in 0.4 mL saline. Mean survival was 597 days. Of 32 rats
observed for life span, four developed MLHT (sex unspecifiedJ; no such tumour was
found in 16 male and 16 female saline contro1s (mean survival, 717 days) (Wagner et

al.,

1980).

A group of 16 male and 16 female Wistar-derived Alderley-Park rats, five to six
weeks of age, received a single intrapleural injection of 20 mg/animal tridymite

(prepared by Safety-in-Mines Research Laboratories, Sheffield, United Kingdom, by
dissolving impurities from silica cement that had had long service at approximately
1380°C in a gas-retort house; the sample contained 0.35 x 106 particles/i-g; particle size

distribution: 34.9% 0-1 i-m, 44.9% 1-2 i-m, 21.2% 2-4.6 i-m) in 0.4 ml saline. Mean
surviva1 was 525 days. Of 32 rats observed for life span, 16 developed MLHT (sex
unspecified). No such tumour was found in 16 male and 16 female saline controls (mean
survival, 717 days) (Wagner et al., 1980).

Two groups of 36 male SPF non-inbred Sprague-Dawley rats, two months old,
received a single intrapleural injection of 20 mg/animal quartz (DQ 12) in 1 mL saline or

..

0\
N

Table 26. Incidences of rnalignant lyrnphorna of the histiocytic type (MLHT) in rats after an intrapleural
injection of 20 rnglanirnal quartza
Sample

No. of particles

Size distribution (%)

..
;p

Mean

Incidence of

survival (days)

MLHT (%/

iC

0-1 !lm

1-2 !lm

0.59

61.4

27.9

9.1

545

11/32 (34%)'

n
~
o
z
o

0.30

48.4

33.2

18.4

633

8/32 (25%)'

;p

::
C/
~

x 106/!lg

2-4.6 !lm

Min-U-Sil (a commercially prepared
crystalline quartz probably 93% pure)
b&D (obtained from Dowson & Dobson,
Johannesburg, pure crystalline quartz)
Snowit (commercially prepared washed
crystals)
DQ 12 (standard pure quartz prepared by

1.1

81.2

12.9

5.6

653

8/32 (25%)'

5.0

91.4

7.8

0.8

633

5/32 (16%)

Robach (1973))
Saline controls

-

-

717

o

-

-

aiC
'"

ol'

c:

~
t'

0\
" From Wagner et al. (1980)

h Sex unspecified

, (Significant1y different from controls by Fisher' s exact test, p -( 0.05)
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1 mL saline only. A group of 27 male rats served as untreated controls. All rats were
allowed to live until they died or were moribund. Mean surviva1 times were 769 :t 155,
809 :t 110 and 780:t 132 days for untreated, saline- orquartz-treated groups, respectively; differences between groups were not statistically significant (Student s t-test). Six
malignant histiocytic 1ymphomas (17%; observed between 899 and 911 days after

treatment) and two malignant Schwannomas (6%; observed between 885 and 911 days
after treatment) were found in the quartz-treated group. One chronic 1ymphoid 1eukaemia

and one fibrosarcoma were observed in the saline and untreated groups, respective1y.
'Granulomatous reactions' were observed in 5/34 quartz-treated rats but in none of the
controls (Jaurand et al., 1987).
3.6 Intraperitoneal adrninistration

Rat: Two groups of 16 male and 16 fema1e Caesarean-derived SPF inbred Wistar rats,
aged six to eight and eight to 12 months, respectively, received a single intraperitoneal

injection of 20 mg quartz (Min-U-Sil; 99% pure) in 0.4 mL saline. Twe1ve rats (sex
unspecified) associated with the eight- to 12-month-old group received saline only.

AnimaIs were killed when moribund. Mean survival of quartz-treated animaIs (both age
groups together) was 462 days and that of controls was 332 days. A total of 9/64 quartztreated rats developed malignant lymphomas, two of which were MLHT and seven of
which were thymomallymphosarcoma. None of the saline controls developed MLHT, but
one developed a thymoma/lymphosarcoma. ln addition to tumours, 'hyperplastic

reaction' was reported to occur in 32/64 quartz-treated animaIs and in none of the
controls (Wagner, 1976).
3.7 Subcutaneous administration

Mouse: Two groups of 40 female (C57xBALB/c) Fi mice, two months old, received a
single subcutaneous injection of 4 mg/animal d- or 4 mg/animal l-quartz (synthetic d-

and l-quartz (see section 3.2); impurities given as median atomic parts per milion
relative to silica: H/400, Li/20, Cil

2, Na/3, Al/3, S/l, Fil, CL/L, CalO.5, K/O.3, Br/O.l,

Zn/O. l, Fe/O. l, Co/0.06) in 0.1 mL saline. A group of 60 female mice were treated with
saline on1y (volume and route of administration unspecified). Survivors (56/60, 35/40

and 38/40 saline-, d-quartz- and l-quartz-treated mice, respectively) were kiled 18
months after treatment. Incidences of lymphomas/leukaemias were 0/60, l/40 and 12/40

for saline-, d-quartz- and l-quartz-treated mice, respective1y; the difference between dce was statistically significant (p -: 0.001; double-tailed exact
and l-quartz-treated mi

probability test). ln addition, l/40 d-quartz-treated mi

ce and 3/40 l-quartz-treated mice

had a benign-looking liver adenoma, whereas no liver tumour was observed in controls.
Liver granulomas with lymphocytes and fibroblasts were observed in 5/40 mice treated
with d-quartz and in 17/40 mice treated with l-quartz, whereas no 1iver granu10mas

occurred in contro1s (the difference between the d- and l-quartz not being statistically

significant at p = 0.01). Subcutaneous fibrotic nodules at the injection site were seen in
ne of the
17/40 d-quartz-treated mice and in 27/40 l-quartz-treated mice, but in no
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controls (Ebbesen, 1991). (The Working Group noted the absence of local tumours at the
injection site, whereas systemic tumours were reported.)
3.8 Intravenous adrninistration

Mouse: A group of about 25 male and about 25 female strain A mice, two to three
months of age, received a single intravenous injection in the tail vein of i mg/animal
quartz (source unspecified) (average particle size, i.6 J,m) in O. i mL saline. A group of
75 (male and female) mice served as controls. Eleven quartz-treated mice were kiled at
three months, 10 at 4.5 months and 20 at six months; the number of controls killed at
these time points were 25, 25 and 22, respectively. The incidences of pulmonary
adenomas were 3/11, 1/1 0 and 8/20 in quartz-treated mi

ce killed at three, 4.5 and six

months, respectively, and those in controls were 5/25, 6/25 and 9/22, respective1y. The

multiplicity of the pulmonary adenomas was i.o in both quartz-treated and untreated
mice killed at three or 4.5 months, and 1.2 in quartz-treated and i.3 in untreated mice
killed at six months (Shimkin & Leiter, 1940).
3.9 Adrninistration with known carcinogens
3.9.1 Inhalation exposure

Rat: Two sets of three groups of 90 female Wistar rats, six to eight weeks of age,
were exposed by nose-only inhalation to 0, 6. i :t 0.36 or 30.6 :t 1.59 mg/m3 quartz (DQ

12; mass median aerodynamic diameter, i.8 J,m with a geometric standard deviation of

2.0) for 6 h per day on five days per week for 29 days. Immediately after the 1ast
exposure, five rats of both the low- and high-quartz exposure group and two shamexposed control animaIs were sacrificed. One week after the end of the exposure period,
all 90 rats of one of the two sham-exposed control groups, and of one of the two 10w- and

high-quartz exposure groups received a single intravenous injection of 600 J,L enriched
Thorotrast (2960 Bq 228Th per mL) in saline. ln each of the six groups, interim sacrifices

of three or six anima1s each were made six, i 2 and 24 months after the end of the
exposure period. Surviva1 was reduced and deaths occurred earlier (Kaplan-Meier

curves) in the rats exposed to low- and high-quartz levels combined with Thorotrast as
compared with their quartz-exposed but Thorotrast-free counterparts; the differences
were highly statisticalIy significant (p c( 0.00 i; log-rank test). A similar difference was

found between sham-exposed controls and rats treated with Thorotrast only. The
reduction in survival was caused by a higher incidence of (fatal) lung cancer at earlier
times, by the occurrence of Thorotrast-induced (fatal) liver and spleen tumours and by
Thorotrast-treated non-specific life-shortening effects. Incidences, numbers and types of

lung tumours, and total incidences of 1iver and spleen tumours in the six groups are
presented in Table 27. Comparison of the cumulative rates of animaIs with fatal and
incidental lung tumours (Kaplan-Meier curves) in the groups exposed to quartz and
treated with Thorotrast with those in the corresponding Thorotrast~free groups revealed
for the Thorotrast treatment a marked, positive trend of high statistical significance
(p c( 0.001). This trend suggests a pronounced interactive effect of Thorotrast and quartz

Table 27. Nurnbers of anirnals with lung, lIver and spleen turnours, nurnbers and types of lung turnours, and total
incidences of lIver and spleen turnours in fernale Wistar rats after inhalation exposure to quartz and ThorotrasC
Treatments

Number

Incidence of liver

Lung tumours

and spleen tumours

of rats"

Incidence
Observed

Total
,
number

Expected

Obs.Æxp.

Type

Bronchioloalveolar
adenoma

Bronchioloalveolar
carcinoma

Squamouscell
carcinoma
VJ

5
85
Controls
4
17
37
37
50.14
0.738
62
8
Low quartz
82
4
13
26
43
66.93
0.642
69
30
82
High quartz
1
42
6
5
87
3
Thorotrast
47
28
30
24.86
1.508
68
10
39
Low quartz + 87
Thorotrast
47
35
28
1. 724
98
16
57
33.10
High quartz
87
+ Thorotrast
a From Spiethoff et al. (1992)
h Number of rats after the first and second interim sacrifice
( Apart from the tumours listed in this table a few thoracic tumours were detected, namely one anaplastic carcinoma in the low-quartz group,

1l'1-

n
;p

and one rnalignant histicytoma and one pleural mesothelioma in the high-quartz plus Thorotrast group.

..
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VI

166

IARC MONOGRAPHS VOLUME 68

on pulmonary carcinogenesis in female rats. Non-neoplastic pulmonary changes in
quartz-exposed rats with or without Thorotrast treatment included the foIlowing:

degeneration of alveolar macrophages; alveolar proteinosis; granu1omas; interstitial
inflammation and early fibrosis; emphysema; and hyperplasia of alveolar and bronchiolar
epithelium. These non-neop1astic changes were more pronounced in the high- than in the

low-quartz-exposure group, but were not aggravated in animais a1so given Thorotrast.
Marked pu1monary fibrosis occurred only in a few quartz-exposed or quartz-exposed
plus Thorotrast-treated animaIs, and only occasionally were bronchiolo-alveolar carci-

nomas accompanied by extensive scar tissue, indicating at most a weak influence of
fibrosis on lung tumour development. Results obtained in anima1s treated with quartz
only are reported Section 3.1 (Spiethoff et al., 1992).
3.9.2 lntratracheal administration

(a) Rat

Four groups of white rats, weighing approximately 100 g, were given the foIlowing

treatments by intratracheal instillation: Group 1 (28 males and 30 fema1es) received a
single instillation of 50 mg/animal quaitz (particle size, 82% oe 2 Jlm) and 5 mg/animal
benzo(a)pyrene suspended in saline (volume unspecified); Group 2 (37 males and 33
females) received a single instillation of 50 mg/animal quartz followed four months later

by a single instillation of 5 mg/animal benzo(a)pyrene; Group 3 (10 males and 18
females) received a single instillation of 5 mg/animal benzo(a)pyrene; and Group 4 (39
males and 30 females) received no treatment. The anima1s were observed until death and
were necropsied. Lung tumours were observed in 3/1 1 males and 11/20 females in Group
1 that survived seven months or more (three papilomas in females; aIl other tumours
were squamous-cell carcinomas); in 4/1 1 males and 0/7 females in Group 2 that survived

11.5 months or more (two papillomas and two squamous-cell carcinomas); in 0/8 males
and 0/11 females in Group 3 that survived nine months or more; and in 0/16 males and
0/29 females in Group 4 that survived 16 months or more. The incidence of tumours at
other sites was not related to treatment (Pylev, 1980). (The W orking Group noted the

absence of control groups receiving quartz without benzo(a)pyrene.)
(h) Hamster

ne weeks of age,
received the following weekly intratracheal administrations in 0.2 mL saline for 15
weeks: 3 mg/animal benzo(a)pyrene; 3 mg feITic oxide; 3 mg ferric oxide with 3 mg
benzo(a)pyrene; 1. 1 mg/animal Sil-Co-Sil from Ottawa Silica Sand; 1.1 mg of the Si1Co-Sil with 3 mg benzo(a)pyrene; 0.7 mg Min-U-Sil; 0.7 mg Min-U-Sil with 3 mg
benzo(a)pyrene; 7 mg/animal Min-U-Sil plus 0.3 mg/animal ferric oxide; 7 mg Min-UGroups of 50 male outbred Syrian golden hamsters, seven to ni

Sil plus 0.3 mg ferric oxide plus 3 mg benzo(a)pyrene. Control animais received

administrations of 0.2 mL saline alone. Survivors were kiled 92 weeks after the first
treatment. ln addition to the tumour data presented in Table 28, bronchiolo-alveolar

hyperplasia was corrmonly seen in the particulate plus benzo(a)pyrene groups and only
occasionalIy in the particulate control groups. No pulmonary fibrosis was observed;
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however, pulmonary granulomatous inflammation was significantly increased compared
to saline contro1s in the groups receiving Sil-Co-Sil, Min-U-Sil or Min-U-Sil plus ferric
oxide alone or in combination with benzo(a)pyrene. Results obtained in anima1s treated
with quartz only are discussed in Section 3.3 (Niemeier et al., 1986). (The Working
Group noted the inadequate reporting of surviva1 times.)

Table 28. Incidences of respiratory tract turnours in harnsters after intratracheal adrninistration of quartz with or without benzo(alpyrenea
Treatment

No. of

animaIs

No. of animaIs
with respiratory
tract tumours

No. of respiratory tract

Mean
latency
(weeks)

tumoUlsh by site

Larynx

Trachea

Bronchus
and lung

Saline control
Saline + BP
Ferric oxide

Ferric oxide + BP
Sil-Co-Sil
SiI-Co-SiI + BP
Min-V-Sil
Min-V-Sil + BP
Min-V-Sil + ferric oxide
Min-V-Si! + ferric oxide
+ BP

48
47
50
48
50
50
50
50
49
50

0
22

0

1

1

35'"
0
36'"

5

1

5

0
3

0

0
6
0

13

13

0

0
2
0

44''1

10

0

0

38'"

10

4

0
32
0
69
0
72

72.6
62
70.2
66.5
68
68.5

1

111

0

66.7

81

BP, benzo(a)pyrene

a From Niemeier et al. (1986)
hTypes of tumours: polyps, adenomas, carcinomas, squamous-cell carcinomas, adenosquamous

carcinomas, adenocarcinomas, sarcomas
'Statistically significantly higher (p .. 0.00001; two-tailed Fisher' s exact test) compared with the
corresponding particulate group not treated with benzo(a)pyrene
"Statistically significantly higher (p .. 0.01; two-tailed Fisher' s exact test) compared with the saline
plus benzo(a)pyrene group

3.9.3 lntrapleural administration

Rat: Eighty male SPF Sprague-Daw1ey rats, three months of age, were exposed by
inhalation to 222Ra at 100% equilibrium with radon daughters for 10 h per day on four
daysper week for 10 weeks (dose rate of 3000 WL/day; total dose of 6000 working-level
months). Sixt

po
Y rats received no further treatment. Two weeks after ex

sure to radon,

two groups of 10 rats each received a single intrapleural injection of 2 mg/animal of
either DQ 12 quartz (particle size, 90% .. 0.5 !lm) or BRGM quartz (French quarz frorn
Fontainblau prepared by the Bureau de Recherches Géologiques Minières, Orléans la
Source, France; particle size, 90% .. 4 !lm) in 0.5 mL saline. The animaIs were observed
for 1ife span, and aIl were necropsied. Of the group exposed only to radon by inhalation,

17/60 developed bronchopulmonary carcinoma (28%) and 0/60 pleural or combined

168

IARC MONOGRAPHS VOLUME 68

pulmonary-pleural tumours. ln the group receiving radon plus DQ 12 quartz, 4/10 developed bronchopulmonary carcinomas and 2/10 combined pulmonary-pleural tumours. ln

the group receiving radon plus BRGM quartz, 1/10 developed a bronchopulmonary
carcinoma and 3/10 pulmonary-pleural tumours (Bignon et al., 1983). (The Working

Group noted that groups receiving quartz alone or vehicle a10ne were not included and

that the groups receiving combined treatment were comprised of small numbers of
animaIs.)
Diatornaceous earth
3. i Oral adrninistration

Rat: A group of 30 weanling Sprague-Dawley rats (sex unspecified) received each
day 20 mg/animal diatomaceous earth (John Manvile, Co., Denver, United States)
(particle size unspecified) mixed with cottage cheese at a concentration of 5 mg/g cheese
in addition to commercial rat chow and filtered tap-water ad libitum. The animaIs were
observed for life span (mean survival, 840 days after the start of treatment). Five malivary-gland carcinoma, one skin carcinoma, two sarcomas of the
uterus, one peritoneal mesothelioma) and 13 benign tumours (nine mammary fibroadenomas, one adrenal phaeochromocytoma and three pancreatic adenomas) were
observed in treated animaIs. A group of 27 controls fed commercial rat chow (mean
gnant tumours (one sali

survival, 690 days) had three carcinomas (one each in the lung, forestomach and ovary)

and five mammary fibroadenomas. The difference in cancer incidence between treated
and control rats was not statistically significant (0.25 -( p -( 0.5, X2-test) (Hilding et al.,

1981). (The Working Group noted the absence of a control group fed cottage cheese not
containing diatomaceous earth.)
3.2 Subcutaneous adrninistration

Mouse: A group of 36 female Marsh mice, three months old, received a subcutaneous
injection of 20 mg/animal diatomaceous earth (uncalcined, commercial diatomite deposit
in Lompoc, CA, United States, marketed as Celite; water content, 5.1 %; particle size, 39 Ilm, with sorne crystalline materia1 of larger size) suspended as a 10% slurry in isotonie

saline (volume unspecified). A group of 36 female litter-mate controls received an
injection of 0.2 mL saline only. The numbers of mi

ce still alive at 19 months were 19/36

in the treated group and 20/36 in the control group. The treated group showed an
extensive reactive granulomatous and fibroplastic reaction at the site of injection but no
malignant tumours (Bryson & Bischoff, 1967). (The Working Group noted the presence
of crystalline material in the diatomaceous earth.)
3.3 Intraperitoneal adrninistration

Mouse: A group of 29 female Marsh mice, three months old, received an intraperitoneal injection of 20 mg/animal diatomaceous earth (as used in the above study)
suspended as a 10% slurry in isotonie saline. A group of 32 fema1elitter-mate contro1s
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received an injection of the same volume of saline only (volume unspecified). The
numbers of mice still alive at 19 months were 1l/29 in the treated group and 19/32 in the
control group. Lymphosarcomas at the injection are

a in the abdominal cavity were

reported in 6/17 treated animaIs and 1/20 controls (p = 0.02) (method of statistical

analysis unspecified) (Bryson & Bischoff, 1967). (The Working Group noted the
presence of crystalline silica in the diatomaceous earth.)
Biogenic silca fibres

3.1 Intrapleural adrninistration
Rat: Two groups of 40 young adult male SPF Sprague-Dawley rats (age not further
specified) received a single intrapleura1 injection of 20 mg/animal biogenic silica fibres
(isolated from the surface of seeds of Phalaris canariensis; 2 X 105 fibres per rat) or 20
mg/animal crocidolite (UICC; 109 fibres per rat) in 0.5 mL saline. A third group of 40

rats served as controls (vehicle-treated or untreated not specified). One rat from each
group was kilIed at three, six and 10 months; survivors were killed at 31 months. Nine
crocidolite-treated rats developed mesotheliomas (epithelial and spind1e-ceIl; p -: 0.01

Fisher' s exact test), whereas no epithelioma was found in rats treated with silica fibres or

in controls. The total numbers of other tumours were 11 (four lung adenomas, three
Iymphatic vascular tumours, one thyroid tumour and three multinucleated giant-cell
tumours) in crocidolite-treated rats (p -: 0.0001; Fisher's exact test), six (two squamous
carcinomas in the lung, two lymphatic vascular tumours, two leukaemias) in silica fibretreated rats (p -: 0.1; Fisher's exact test) and one (leukaemia) in controls. Giant-cell foci
with asbestos bodies in the pleura and nearby lung tissue were found in crocidolite-

treated rats (number unspecified, but at most seven) but not in silica-treated rats or in
controls (Bhatt et al., 1991). (The Working Group noted the 1ack of information on
survivaL.)
3.2 Adrninistration with known carcinogens

Rat: Three groups of 40 young adult male SPF Sprague-Dawley rats (age not further
specified) received a single intrapleural injection of 20 mg/animal biogenic silica fibres
(isolated from the surface of seeds of Phalaris canariensis; 2 x 105 fibres per rat),
20 mg/animal crocidolite (UICC; 109 fibres per rat) or 20 mg/animal silica fibres plus
20 mg/animal crocidolite in 0.5 mL saline. Two further groups of 40 rats received a
16-dihydrosingle intraperitonea1 injection of 0.5 mL of a 20 mg/mL suspension of 15,

ll-methylcyclopenta(a)phenanthren-17-one (1l-methyl-17-ketone) in corn oil or the

same intraperitoneal injection followed by a single intrapleural injection of 20 mg/animal

biogenic silica fibres eight days 1ater. A sixth group of 40 rats served as controls
(vehicle-treated or untreated not specified). One rat of each group was killed at three, six
and 10 months; survivors were kiled at 31 months. ln the group treated with 11-methyl-

17-ketone and biogenic silica fibres, the incidence of mesotheliomas was slightly
increased when compared to animaIs receiving biogenic silica alone (see Table 29)

..

--

0
Table 29. Nurnber and type of turnours induced in Sprague-Dawley rats after a single intrapleural injection of
20 rnglanirnal biogenic silca fibres alone or in cornbination with a single intrapleural injection of 20 rnglanirnal

crocidolite or a single intraperitoneal injection of 10 rnglanirnal 15,16-dihydro-ll-rnethylcyclopenta(a)phenanthren-17one in salineQ

Treatment

Total no.

Mesothelioma

of tumours

Crocido1ite
Crocido1ite + silica

20'

9'

19'

il'

Lung
adenoma

Lung
squamous
carcinoma

Lymphatic
vascular
tumour

Leukaemia

3

0

3

2

0
0

0

1

5

0

2

2

2

7'

1

1

9'

0
2

4"

Multi-nuc1eated

Other tumours

giant -cell

tumour
1 thyroid

-

fi bres
Silica fibres

Silca fibres + 11-

methy1- 1 7 -ketone

0
4"

6\1'

30'

b

1 mammary gland
1 mouth
1 ear

1 urinary b1adder
1 head

i back
11-methyl-17ketone

25"'Z

0

8'

0

0

1 l'

1

1 mouth
1 thymus
1 ear

1 mammary gland

Control

1

0

0

0

0

1

0

a From Bhatt et al. (1991); initial number of rats, 40 per group. Groups were compared to the control group by Fisher's exact probability test:
"p -: 0.01, 'p -: O.01,'p -: 0.001, 'p -: 0.0001.

b 11-methy1-17-ketone = 15,16-dihydro-11-methy1cyc1openta(a)phenanthren-17-one.

, (The Working Group noted a discrepancy between this figure and the sum (24) of the different tumours in this treatment group.)
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n
~

0
Z
0
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;p
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(Bhatt et al., 1991). (The Working Group noted the 1ack of information on survival and
of the persistence of fibres in body fluid.)

Synthetic arnorphous silca
3.1 Oral adrninistration

3.1.1 Mouse

Four groups of 40 male and 40 female B6C3F1 mice, five weeks old, were fed diets

containing 0 (controls), 1.25, 2.5 or 5% food-grade micronized silica (Syloid 244;
SiOi . xHiO; a fine white silica powder). The total intake of silica was 38.45, 79.78 and
160.23 g/mouse for males, and 37.02, 72.46 and 157.59 g/mouse for females in the low-,
mid- and high-dose group, respectively. After six and 12 months, 10 anima1s per sex per
group were kilIed; the remaining animais were kiled at 21 months. Survival was high in
aIl groups (data presented as cumulative survival rate curves). Mean survival was
greatest in the 5%-dose group for bath sexes, but there were no statistically significant

differences in survival rate between groups (Mantel-Hanszel xl-test). Tumour response
in the silica-fed mice was not statistically significantly ditferent from that in contro1s
(Fisher' s exact test; Cochran-Armitage test for trend) (Takizawa et al., 1988) (The

W orking Group noted the development of tumours in the haematopoietic organs,
particularly malignant Iymphoma/leukaemia in fema1es of the 2.5%-dose group, but
considered the increased incidence to be random since no dose-response relationship was
observed.)
3.1.2 Rat

Four groups of 40 male and 40 female Fischer rats, five weeks old, were fed diets
containing 0 (controls), 1.25, 2.5 or 5% food-grade micronized silica (Sy10id 244;

Si02 . xHiO; a fine white powder). The total silica intake was 143.46, 179.55 and
581.18 g/rat for males, and lO7.25, 205.02 and 435.33 g/rat for females in the 10w-, mid-

and high-dose group, respectively. After six and 12 months, lO animais per sex per group
were killed; the remaining anima1s were sacrificed at 24 months. Survival was high in all
groups (data presented as cumulative survival rate curves) and highest in the 5%-dose
group, but there were no statistically significant differences in me

an survival rate

between groups (Mante1-Hanszel x2-test). Tumour response in si1ica-fed rats was not

increased significantly in comparison to that in controls (Fisher's exact test; CochranArmitage test for trend) (Takizawa et al., 1988).
3.2 Inhalation exposure

3.2.1 Mouse

Groups of 75 mice of a mixed strain, divided approximately equally by sex, about
three months old, were either untreated or exposed by inhalation in a chamber (capacity
of 600 L) to about 0.5 g per day precipitated silica (source unspecified) (particle size:

'many appeared to be about 5 Jlm or less in diameter') or to ferric oxide dust once an
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hour for 6 h on five days per week for one year. The animaIs were observed for life span.
Survival at 600 days was 12/74 and 19/75 for the silica-treated and ferric oxide-treated

mice, respectively, and 17/75 in the control group for silica and 13/73 in the control
group for ferric oxide. The incidences of pulmonary tumours (adenomas and adenocarcinomas) in mice surviving 10 months or longer were 13/61 (21.3%) for silicaexposed animaIs and 5/63 (7.9%) for the controls, and 17/52 (32.7%) for ferric oxideexposed animais and 5/52 (9.6%) for the controls. Nodular fibrotic overgrowth or
hyperplasia of the tracheobronchia1 lymph nodes was found in 18/61 (29.5%) silicatreated mice, in 26/52 (50%) ferric oxide-treated mice and in 9/63 (14.3%) and 7/52
(13.4%) of the respective controls that survived 10 months or more (Campbell, 1940).
(The Working Group noted the inadequate description of the test material and the
exposure conditions.)
3.2.2 Rat

Two groups of 35 male SPF-bred Han:Wistar rats, about 10 weeks old, were exposed
by inhalation in chambers (capacity 2 m') to 10.91 mg/m' quartz-glass (amorphous glass
dust VP 203-006 with an infrared spectrum corresponding to that of silicic acid; SO%value for the particle size distribution in the inhalation chamber was 0.42 llm) or 11.12
mg/m' crystalline quartz (DQ 12; 99% of the partic1es -c 4 llm; 50%-va1ue for the particle
size distribution in the inhalation chamber was 0.40 llm) for 7 h per day on five days per
week for a maximal period of 12 months (in total, 251 exposure days during 56 weeks).
A similar group of unexposed male rats served as controls. After four and eight months,
five rats from each group and, after 12 months, 15 rats of each of the exposed groups and
10 controls were kilIed. The remaining survivors were kept for a 12-month post-exposure
period. Six rats of the quartz-glass group, three rats of the crystalIine-quartz group and
three controls died or were killed because they were serious1y injured during fighting

with their cage mates, resulting in 4/35, 7/35 and 7/35 survivors in the respective groups
at the end of the study (survival not further specified). Only one primary respiratory tract
tumour was found, namely a squamous-cell carcinoma of the 1ung in a crystalline-quartz-

treated animaL. The major non-neoplastic pu1monary change in quartz-g1ass-exposed rats

was slight, focal cellular reaction with minimal fibrosis; 1ungs of crystalline-quartzexposed rats showed severe macrophage reaction, fibrosis, emphysema and focal adenoid
transformation of type II pneumocytes. Mediastinal lymph nodes in both exposed groups
were strongly enlarged and showed severe fibrosis with bund1es of hyalinized collagen
fibres (Rosenbruch et al., 1990). (The W orking Group noted the smalI number of animaIs

surviving to two years.)
3.3 Intratracheal adrninistration

Hamster: Two groups of 24 male and 24 female randomly bred Syrian golden
hamsters, six to seven weeks of age, received weekly intratracheal instilIations of 3

mg/animal silica (fine particles) (the nature of the samp1e was not further described,
except that it was obtained from Sigma Chemical Co., St Louis, MO, United States; the
company' s catalogues first described the item as amorphous si1ica and subsequently as
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a mixture of amorphous and crystalline particles, particle size unspecified) or 1.5
mg/animal manganese dioxide (fine particles) (particle size not further specified) in
0.2 mL saline for 20 weeks and were maintained for the duration of their life span.
A control group of 24 males and 24 females received saline alone, and a group of 50
males and 50 females served as untreated controls. Survival rates in the treated groups
were comparable; aIl animaIs were dead by 80 weeks. Untreated controls had a better

survival (at week 80, 13/100 were stil alive). No respiratory-tract tumours and no
pulmonary granu10mas were observed. However, both silica and manganese dioxide
produced a minimal (silica) to slight (manganese dioxide) fibrotic response in the lungs
(Stenbäck & Rowland, 1979). (The Working Group noted the limited survival and the
uncertainty of the nature of the test materiaL.)

3.4 Intrapleural adrninistration
Rat: Groups of 30 female SPF Osborne-Mendel rats, 11-16 weeks of age, received an
intrapleural implantation, through thoracotomy, of a coarse fibrous glass pledget. On one
side of the pledget was spread 1.5 mL of 10% ge1atin containing 40 mg of either Cab-OSil (prepared by flame hydrolysis of silicon tetrach10ride; agglutinated clumps of minute

spheres with a size of 0.05-0.15 llm; 99.9% pure) or silica soot (prepared by flame
hydrolysis of silicon tetrachloride; size, 0.005-0.015 llm; 99.9% pure). A group of 90

controls received the gelatin-covered pledget alone. Rats were observed for two years,
and terminal sacrifice was performed during the 25th month. ln the Cab-O-Sil-treated
group, 1/18 rats surviving one year or more developed a mesothelioma; no respiratory-

tract tumour was observed in the 24 silica soot-treated rats or in the 58 controls that
survived one year or more (Stanton & Wrench, 1972).
3.5 Adrninistration with known carcinogens
3.5.1 Intratracheal administration

Hamster: Groups of 24 male and 24 female randomly bred Syrian golden hamsters,
six to seven weeks of age, received weekly intratracheal instilations of 3 mg/animal

silica (fine particles) (the nature of the silica samp1e was not further described, except

that it was obtained from Sigma Chemical Co., St Louis, MO, United States; the
company's catalogues first described the item as amorphous si1ica and subsequent1y as a

mixture of amorphous and crystalline particles, particle size unspecified) or
1.5 mg/animal manganese dioxide (fine partic1es) (particle size not further specified),
3.0 mg/animal benzo(a)pyrene (ground for 24 h in a mullte mortar; particle size, 100%
,20 llm, 98% , 10 llm, 79% ,5 llm, 5% , 1 llm), a mixture of 3.0 mg/animal si1ica and

3.0 mg/animal benzo(a)pyrene (prepared by ball-miling the suspensions together for
seven days) (particle size of the mixed dust unspecified) in 0.2 mL saline for 20 weeks.
A control group of 24 males and 24 females received saline alone, and a group of 50
males and 50 fema1es served as untreated controls. Survival at 50 weeks was 18/48

saline

controls, 13/48 silica-treated, 9/48 manganese dioxide-treated, 15/46 benzo(a)pyrenetreated, 19/48 silica plus benzo( a )pyrene-treated and 16/46 manganese dioxide plus
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benzo(a)pyrene-treated anima1s and 75/100 untreated contro1s. The incidences of respiratory-tract tumours were 0/48 saline controls, 0/48 silica-treated, 0/48 manganese dioxidetreated, 5/48 benzo(a)pyrene-treated (one papiloma and one squamous-cell carcinoma of
the larynx, four papillomas of the trachea), 21/48 silica plus benzo(a)pyrene-treated

(eight papilomas of the trachea, one squamous-cell carcinoma of the larynx, two of the
trachea and three of the bronchus/1ung, three adenocarcinomas and six adenomas of the

bronchus/lung) (p ~ 0.001 as compared to benzo(a)pyrene alone) and 5/46 manganese
dioxide plus benzo(a)pyrene-treated (one papilloma of the larynx and three of the

trachea, one squamous-cell carcinoma of the respiratory tract) animais and 0/1 00 unions were frequent1y encounions occurred much
treated controls. Bronchiolar and a1veolar adenomatoid les

tered in animais treated with silica plus benzo(a)pyrene; these les

more frequently in animaIs treated with manganese dioxide plus benzo(a)pyrene and
were not seen at aIl in any of the othergroups (Stenbäck & Rowland, 1979). The au

th

ors

later reported similar effects with silica and with other dusts, such as ferric oxide,
titanium dioxide and talc, mixed with benzo(a)pyrene (Stenbäck et al., 1986). (The
W orking Group noted that the silica tested might have been a mixture of amorphous and
crystalline silica.)

Crystallne silca plus ferric oxide
3. i Intratracheal administration

Hamster: Four groups of 25-27 male outbred (LAK:L VG) Syrian golden hamsters,
n weeks old, received weekly intratracheal instillations of 0.03, 0.33, 3.3 or 6.0

mg/animal quartz (Min-U-Sil; particle diameter: median, 0.84:: 0.07 /lm; average,
1.06 :: 0.07 /lm; mass median, 3.14 :: 0.24 /lm; mass aerodynamic, 5.13 :: 0.40 J.m) in
saline (volume unspecified) for 15 weeks. A further four groups of 24-28 hamsters
received the same treatment with the same quartz to which an equal dose of ferric oxide
(particle diameter: median, 0.27 J.m; average, 0.29 /lm; mass median, 0.60 J.m; mass
aerodynamic, i .37 /lm; 'the ferric oxide samp1e was highly aggregated; the ultimate
particle size appeared to be 0.02 mm') was added. Groups of 27 saline-treated and 25
untreated hamsters served as controls. Animais were kiled when moribund or when
survival within the groups reached 20%; termination of the study was at 24.5 months of
age. The average survival times were 498 :: 44,506:: 41, 383 :: 31 (p 0: 0.005 compared
with saline-treated controls) and 348 :: 26 days (p ~ 0.005 compared with saline-treated
controls) for the 0.03-, 0.33-, 3.3- and 6.0-mg quartz-treated groups, respectively,

558 :: 32, 578 :: 28, 379:: 37 (p 0: 0.005 compared with saline-treated contro1s) and
335 :: 32 days (p ~ 0.005 compared with sa1ine-treated controls) for the four quartz plus
ferric oxide-treated dose groups, respectively, and 534 :: 35 and 595 :: 14 days for the
saline and untreated control

s, respective1y. No pulmonary tumour was observed in any of

the groups. ln animaIs treated with quartz or quartz plus ferric oxide, dose-related
alveolar septal fibrosis (of slight to moderate degree), granulomatous inflammation and
alveolar proteinosis were observed in the lung, but no animal deve10ped nodular fibrosis
or foci of dense fibrous tissue in the lung (Renne et al., 1985).
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Three groups of 50 male outbred Syrian golden hamsters, seven to nine weeks old,
received week1y intratracheal instillations of 0.7 mg/animal Min-U-Si1 (5 /-m; surface
area, 0.0021 m\ 3.0 mg/animal ferric oxide or 0.7 mg/animal Min-U-Si1 plus

3.0 mg/animal ferric oxide in 0.2 mL saline. A fourth group of 50 vehicle controls
received instilIations of 0.2 ml saline a10ne. Survivors were kiled 92 weeks after first
treatment. Surviva1 in the Min-U-Sil plus ferric oxide group was statistically significantly

lower than in the Min-U-Sil or the control group (p -: 0.05). One adenosquamous
carcinoma of the bronchi and lungs was observed in the Min-U-Sil group at week 68
(effective number of animaIs, 35), and one benign tumour (papiloma or adenoma) of the

larynx was seen in the ferric oxide group at week 62 (effective number of animaIs, 34).
No respiratory tract tumour was observed in the 49 anima1s treated with Min-U-Sil plus
ferric oxide or in the 48 contro1s. Slight bronchiolo-a1veolar hyperplasia was occa-

sionally found in particulate-treated animaIs. No pulmonary fibrosis was observed.
However, pulmonary granulomatous inflammation was significantly increased in Min-USil- and Min-U-Sil plus ferric oxide-treated animaIs (Niemeier et al., 1986).
Arnorphous silca plus ferrIc oxide

Inhalation exposure
Mouse: Groups of 75 mice of a mixed strain, divided approximately equally by sex,
about three months of age, were exposed dai1y to about 0.5 g/animal precipitated si1ica

(source unspecified) (particle size: 'many appeared to be about 5 Jlm or 1ess in
diameter'), ferric oxide dust or al: 1 mixture of the two dusts (exposure concentrations
unspecified) in an inhalation chamber (600 L) once an hour for 6 h on five days per week
for one year and observed for life span. Groups of 75 controls of both sexes were used;
survival at 600 days was 17/75 in the control group for silica and 13/73 in the control
group for ferric oxide or the mixture. Survival at 600 days was as follows: 12/74 in the
silica-treated group; 19/75 in the ferric oxide-treated group; and 18/74 in the silica plus

ferric oxide-treated group. The incidences of pulmonary tumours (adenomas and
adenocarcinomas) in mice surviving 10 months or more were 5/63 (7.9%) and 5/52
(9.6%) in the control groups, 13/61 (21.3%) for silica a10ne, 17/52 (32.7%) for ferric
oxide alone and 12/62 (19.3%) for silica plus ferric oxide. Nodular fibrotic overgrowth or
hyperplasia of the tracheobronchial lymph nodes was found in 18/61 (29.5%) silicatreated mice, in 26/52 (50%) ferric oxide-treated mice, in 22/62 (35.5%) silica plus ferric
oxide-treated mice, in 9/63 (14.3%) controls for silica, and in 7/52 (13.4%) contro1s for

ferric oxide and for the mixture (Campbell, 1940). (The Working Group noted the
inadequate description of the test materia1 and the exposure conditions.)
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4. Other Data Relevant to an Evaluation of Carcinogenicity

and its Mechanisms
4.1 Deposition, distribution, persistence and biodegradabilty

4.1.1 Humans
(a) Deposition
The deposition of a respirable particle is a function of its aerodynamic diameter,

which Is defined as the diameter of a sphere of unit density having the same terminal
settling ve10city as the particleitself (Jones, 1993). The site of deposition in the respi-

ratory tract is dictated by the aerodynamic diameter. ln humans, while large particles
with an aerodynamic diameter greater than 10 f.m will deposit in the upper respiratory
tract, only those below 10 f.m wil deposit with any efficiency in the tracheobronchial
region; for the alveolar region, deposition only begins to become substantial with aerodynamic diameters weIl below 10 f.m (Task Force Group on Lung Dynamics, 1966).
Deposition of particles in the respiratory bronchioles and proximal alveoli results in

slow clearance, interaction with macrophages and a greater likelihood of lung injury.
This contrasts with deposition on the conducting airways where the majority of the
particles are cleared by the mucociliary escalator. Therefore, quartz particles with an
aerodynamic diameter below 10 f.m are likely to be the most harmful to humans.
(b) Distribution and clearance

There are few data on human lung quartz-dust burdens that alIow conclusions to be
drawn about deposition or clearance. However, quartz is found in the bronchoalveolar
macrophages and sputum of silicotic patients (Sébastien, 1982; Porcher et al., 1993).

Also, at autopsy, there is wide variation in the masses and proportions of quartz retained
in the lung (Verma et aL., 1982; Gibbs & Wagner, 1988). For example, Vcrma et al.
(1982) reported 25-264 mg per single lung at autopsy in hard-rock miners with 14-36
years of exposure; these miners had variable amounts of pathological response but there
was not a good correlation between lung crystallne quartz content and pathological
score. The well-documented effect of smoking on clearance (Morgan, 1984) is a further
confounding factor in drawing conclusions about clearance kinetics in humans.
(c) Biopersistence of silca

The physico-chemica1 changes in quartz that result from residence in the lung could
be an important factor in determining the continuing toxicity of quartz to the lung
following deposition. As a response to the rejection of the 'mechanical model' of
silicosis, which had propounded that any particle with 'sharp or jagged edges' ilight
injure tissue, a solubility theory of silicosis was proposed. The solubility theory was
based on the re1ease from silica of silicic acid, which was considered to be a 'protoplasmic poison' (King & McGeorge, 1938; King, 1947). ln fact very 1ittle dissolution
occurs; for example, 9 mg Si01 (0.45%) was released from 2 g crystallne silica p1aced in
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ascitic fluid for two weeks (King & McGeorge, 1938). CUITent theories no longer
consider that the dissolution of quartz contributes substantially to its clearance or to

changes in its biological activity (Vigliani & Pernis, 1958; Heppleston, 1984). Indeed
there is evidence of enrichment of crystalIine silica in lungs of individuals exposed to
hard rock compared to the dust in the air they breathed (Verma et aL., 1982), suggesting
that crystalIine silica is less-efficiently cleared, either by dissolution or mechanical
clearance, than the non-silica minerai components of the dust. ln the study of Pairon
et al. (1994), biopersistence was assessed in occupationally exposed subjects by counting
silica particles in bronchoalveolar lavage (BAL) fluid after varying periods of time since
their last occupational exposure. Crystalline silica was found to be among the most
biopersistent of non-fibrous minerai particles.
4.1.2 Experimental systems

(a) Deposition

Animais such as the rat demonstrate different alveolar deposition patterns from

humans, with negligible deposition of particles of aerodynamic diameter above 6 ~m.
This variation arises because of difterences in the mode (mouth and nose) and pattern
(cycle period and tidal volume) of inhalation between the species (Jones, 1993); these
factors need to be considered in the interpretation of animal studies.
Quartz particles with an aerodynamic diameter below 6 ~m are likely to be most
harmful in rats. Brody et al. (1982) confirmed, in rats exposed short term to 109 mg/ml
quartz (high purity Thermal Americal Fused Quartz Co.), that there was a substantial
deposition on the alveolar duct/terminal bronchiolar surfaces of silica particles with an
average aerodynamic diameter of 1.4 ~m (range, 0.3-4.0 ~m). ln another inhalation
study in rats, which used Min-U-Sil silica of aerodynamic diameter 3.7 ~m, more than
80% of the particles that deposited peripherally were found on the alveolar ducts, parti-

cularly their bifurcations, and on the distal terminal bronchioles (Warheit et aL., 1991a).
(b) Distribution and clearance

lmmediately following deposition of quartz on the surface of the mammalian lung,
there is either rapid mucociliary clearance if deposition is in the upper airways, or phago-

cytosis by alveolar macrophages and slower clearance if deposition is in the lung
periphery (Brody et al., 1982; Warheit et al., 1991 a). There are differences between

species in terms of clearance rates (Oberdörster, 1988; Jones, 1993), with clearance from
the lungs of humans, dogs and guinea-pigs being slower than from the lungs of rats and
hamsters.
Clearance by mucociliary mechanisms is generally considered to be efficient;
clearance from the lung periphery is slow and incomplete, i.e. there is a sequestered dust
fraction that is never cleared (Morgan, 1984; Vacek et al, 1991).
A number of possible fates of particles after deposition in the lung periphery have
been suggested: (i)phagocytosis by macrophages followed by migration to the mucociliary escalator for clearance; (ii) persistent macrophage accumulations in the airspaces
(Stöber et al., 1989); (iii) penetration to the interstitium for phagocytosis by interstitial
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macrophages and possible exudation back on to the alveolar surface (Vacek et aL., 1991);

(iv) penetration to the interstitium; and (v) translocation to the lymph nodes (McMillan
et aL., 1989; Absher et aL., 1992). All of these possibilities, except the first, would result
in slower clearance or sequestration.

The kinetics of deposition and clearance of quartz have been successfulIy studied in
the rat modeL. ln rats, three days after a 3-h inhalation exposure to quartz, it was observed

(using scanning electron microscopy) that the particles that had deposited on the terminal
bronchiolar and alveolar duct surfaces were translocated into epithelia1 cells and to the
interstitium (Brody et aL., 1982). McMilan et aL. (1989) reported impaired clearance of
an inhaled, relatively innocuous particle of similar size, titanium dioxide, during concomitant inhalation of Sykron F600 quartz. Furthermore, analysis of the lymph nodes
revealed that the decreased lung burden could be largely explained by translocation of
the quartz to the lymph nodes. More recently, Vacek et aL. (1991) monitored the dispo-

sition of Min-U-Sil 5 quartz and C&E Mineral Corp. cristobalite in alveolar fluid, free
cells, lung tissue and lymph nodes over six months folIowing eight days of exposure of
rats for 7 h per day to 11-65 mg/m3 particles with a mass median aerodynamic diameter

of around 1.0 llm. Twenty-four hours were allowed to elapse for tracheobronchial
clearance and thereafter rats were killed at regu1ar time-points for assessment of the lung
burden in the various compartments. The data were then applied to a number of mathematical mode1s and the best fit determined. The model that fitted the data best used no
clearance of quartz via the mucociliary escalator, which was exp1ained by the relative
toxicity of the cristobalite and Min-U-Sil to macrophages, preventing their movement.
Donaldson et aL. (1990a) demonstrated that a1veolar macrophages from rats inha1ing

Sykron F600 quartz were indeed impaired in their ability to migrate in response to a
standard chemotactic signal, C5a. The model of Vacek et aL. (1991) also showed consi-

derable transfer of quartz to the lymph nodes and to another, notional, compartment. The
continued accumulation of quartz in the lymph nodes up to 150 days after cessation of
exposure in this mode1 of cristobalite silicosis (Absher et aL., 1992) reveals the dynamic
nature of the redistribution of cristoba1ite that occurs following deposition. The same

1aboratory (Hemenway et al., 1990) also described clearance of C&E Mineral Corp.
cristoba1ite and two types of quartz (Min-U-Sil 5 and Thermal American Fused Quartz
Co.; TAFQ), which had similar aerodynamic diameters, following inhalation exposure in
rats. There were very large differences in the clearance of the three samples, with

cristobalite being cleared markedly more slowly than the two types of quartz. These
differences have been a result of the greater severity of lung injury and inflammation
caused by inhalation of cristobalite compared to the two quartz types.

Heating of CRS cristobalite increased its accumulation in the lungs and lymph nodes.
T AFQ quartz heated to 800°C for 24 h was found in high amounts in the thymus and

lymph nodes of rats exposed by inhalation; an unheated sample was biologically inactive
(Hemenway et al., 1994).

A physi010gically based kinetic model of quartz deposition and lung response
suggested the probable importance of interstitialization of quartz, followed by interstitia1
inflammation, in the development of silicosis (Tran et al., 1996). Transport of Sykron
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F600 quartz to the lymph nodes has been found to coincide with the onset of inflammation (Vincent & Dona1dson, 1990) in a rat model of ongoing quartz exposure.
Inflammatory leukocytes from DQ 12 quartz-exposed lung have been shown to cause
loss of integrity and detachment of epithe1ial cell mono1ayers in culture (Donaldson
et al., 1988a), which may be a factor that promotes the interstitialization of quartz in the
inflamed 1ung.

More experimental evidence for the importance of interstitialization in the pathogenic
effects of silica comes from Adamson (1992) who demonstrated that depletion of the

macrophage defences in male Swiss-Webster mice by 6.5 Gy whole body irradiation
allowed increased interstitial access of quartz particles (Dowson & Dobson). This led to
enhanced phagocytosis by interstitial macrophages, which in turn led to a florid

interstitial response with fibrop1asia and collagen accumulation. This study emphasized
the importance of the macrophage response in dealing with deposited quartz. The same
laboratory (Adamson et al., 1994) showed that generation of a controlled inflammatory
response in the alveolar space by instillation of N-formYI-L-methionyl-leucy1-phenyl-

alanine (FMLP), a leukocyte chemotactic factor, ame1iorated the harmful effects of
quartz. ln this case, mice received an instillation of quartz and a subgroup received an
instilation of FMLP two to three weeks later. The quartz plus FMLP-treated rats showed
significantly lower lung tissue burden and lymph node burden of quartz, which resulted
in less fibrosis. This outcome was interpreted to be a consequence of the attraction of
quartz-loaded macrophages from the interstitium into the alveolar space, with concomitant lowering of the interstitial dose of quartz and the dose avai1able for lymphoid
transport.

Amorphous silica is c1eared more quickly from the lungs of rats than quartz. For
instance, rats inhaling Ludox colIoidal amorphous si1ica at 50 or 150 mg/mJ showed
clearance half-times of 40 and 50 days, respectively (Lee & Kelly, 1992). This contrasts
with half-times of ? 125 days for rats inhaling cristoba1ite (Hemenway et al., 1990),
while Driscoll et al. (1991) described only 20% clearance of Min-U-Sil quartz 20 days
after a five-day inhalation of 50 mg/m'.
4.2 Toxic effects

4.2.1 Humans

Crystallne silca
ln humans, exposure to crystallne silica causes the following range of non-neoplastic
pu1monaryeffects: .
(a) Inflammation

Bégin (1986) and Rom et al. (1987) described increased uptake of 67Ga, an index of
inflammatory macrophage activation, in the lungs of silcotics. Increases in neutrophi1s,

macrophages and lymphocytes in the BAL fluid of silica-exposed populations was
reported by Bégin (1986), while Rom et aL. (1987) found increases only in lymphocytes
in a population of silicotics. ln another BAL study, healthy granite workers showed only
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a modest, insignificant increase in neutrophils in BAL fluid, although an increase in
lymphocytes was significant (Christman et al., 1985). A study of granite workers with
silicosis in Québec, Canada, showed a 2.4-fold increase in macrophage numbers and a
4.4-fold increase in lactate dehydrogenase (LDH), suggesting that cell death occurred in
the silicotic lung (Bégin et al., 1993) (see Table 30).
(b) Silicosis

Silicosis has been detected by X-ray (e.g. Graham, 1992), lung-function testing (e.g.
Ng & Chan, 1992) and computed tomography (CT) scan (e.g. Bégin et al., 1988). Parkes
(1994) described the following four different types of silicosis:
(1) Nodu1ar fibrosis - comprising colIagenous nodular les

ions with a substantial

content of quartz. These nodules arise focally in macrophage/reticulin complexes

within the interstitium at the level of the respiratory bronchioles and become
progressively more colIagenized until the fulI-blown silicotic nodule arises; as
they evolve, the nodules become more-or-less hyalinized, necrotic or calcified
(Graham, 1992). Progressive massive fibrosis (PMF) arises from the agglomeration of nodules (Silicosis and Silicate Disease Cornmittee, 1988) possibly as
a result of high focal quartz content (Leibowitz & Goldstein, 1987).
ions of radialIy
arranged collagen strands and dust-containing macrophages caused by exposure

(2) Mixed dust fibrosis - less-welI-defined stellate fibrotic les

to free silica plus an inert material (Silicosis and Silicate Disease Committee,
1988).

(3) Diffuse interstitial pulmonary fibrosis - this type of focal interstitia1 change is
associated with combined exposure to silica plus other silicate minerais, e.g. in
foundries and diatomaceous earth processing plants where cristobalite is present
(Silicosis and Silicate Disease Committee, 1988).

(4) Rapidly occurring diffuse interstitial pulmonary fibrosis with a1veolar lipoproteinosis (acute or accelerated silicosis) - this condition develops after heavy
exposure to silica-containing dust (e.g. during sandb1asting) and is progressive in
the absence of further exposure (Silicosis and Silicate Disease Committee,

1988); the patient otten dies of respiratory failure.
(c) Lymph nodefibrosis

Silicotic rnediastinal adenopathies were found in two workers exposed to cristobalite
during the changing of diatomaceous earth-containing filters in breweries (Nemery et al.,
1992).

Preferential transport of quartz to the lymph nodes in lungs exposed to mixed dust has
been described by Chapman and Ruckley (1985) and hilar and mediastina1 lymph nodes

frequently show silicotic nodules at autopsy (Silicosis and Silicate Disease Committee,
1988) with calcification in sorne cases (Sargent & Morgan, 1980). ln a necropsy study,
fibrosis of the lymph nodes appeared to be a factor that predisposed to parenchymal
silicosis (Murray et al., 1991).

Table 30. Bronchoalveolar lavage (BAL) fluid leukocyte populations in crystallne silca-exposed populations
Reference

No. of BAL cell differential (%):t SD Comments
subjects

examined Macrophage Lymphocyte Neutrophil
Rom et al. (1987)

Controls
Silicotics

28
6

Rom (1991)
Con
troIs

Silicotics

83 :t 2

15:t2

2:t 2

74:t 7

22 :t 7

4:t 2

Silicotic subjects reported to have radiographic evidence of
silicosis; ILü classification 2 1/0

28

83 :t 2

72:t4

15 :t 2
25 :t 5

2:t 2

Same controls as from Rom et al. (1987)

13

3:t 1

A verage of 21 years occupational silica exposure in potteries,

foundries, quartz mills or working with diatomaceous earth

Schuyler et dl. (1980)

Controls 10
Silicotics 6

99.0:t 0.8a

1.0:t 1.6

99.5 :t 0.8"

0.5 :t 0.8

Christman et al. (1985)
Con

troIs 27

Granite workers 9
Bégin et al. (1986)
Controls
Silicotics
Bégin et al. (1993)
Controls
Silicotics

92.1 :t 1.8

6.5 :t 1.8

82.0:t 3.9

15.5 :t 3.5

1.1 :t 0.2
2.3 :t 0.5

Controls were smokers
Ail silicotics had greater than 1 cm nodules on radiographs; ail
silicotics were smokers

-n-

Vi

l"

?

Ail granite workers had a mInimum of 4 years occupational
silica exposure; no radiographic evidence of silicosis

19
17

- 90

- 8

ND

- 85

- 14

- 1

Silicotics were described as having increased 67Ga uptake and/or
radiographic evidence of silicosis

15

28

69.1 :t 2.3
78 :t 4.1

28.1 :t 2.1

1.7:tOA

17.8:t3.6

2.2 :t 1.2

AlI non-smokers for a minimum of two years prior to study
Ail silicotics were reported to have chest radiographs indicating
simple or confluent silicosis; ail non-smokers for a minimum of
two years prior to study

" Mononuclear cells; macrophages and lymphocytes were not differentiated

SD, standard deviation; ND, not detected

,.
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. (d) Airways disease
Neukirch et al. (1994) described chronic airflow limitation that was independent of
radiographic change in pottery workers exposed to silica dust. Cowie and Mabena (1991)
reported chronic airflow limitation afflicting all of a population of South African -gold
miners who were exposed to si1ica-containing dust, as well as symptoms of bronchitis in
men who worked in the dustiest occupations. Ng and Chan (1992) reported obstructive
impairment of 1ung function in active and retired granite workers and that was related to

the extent of radiological opacities. Using a sensitive measure of airway function, Chia
et al. (1992) demonstrated significant small airways obstruction associated with si1ica
dust exposure in the absence of radio10gical evidence of silicosis among currently
employed granite quarry workers. Hnizdo (1990) noted a synergistic effect of smoking

and gold-mine dust exposure in leading to death from chronic obstructive lung disease,
with 5% of deaths from chronic obstructive 1ung disease being attributable to dust al

one,

34% from smoking and 59% from the combined effects of dust and smoking.
(e) Emphysema
An association has been demonstrated between emphysema and exposure to si1ica-

containing dusts or si1icosis (Becklake et al., 1987; Hnizdo & Sluis-Cremer, 1991; Cowie
et al., 1993; Leigh et al., 1994). ln non-smoking South African gold miners with a long

duration of exposure, on1y a minimal degree of emphysema was found at autopsy
(Hnizdo et al., 1994). Using CT, 48 out of 70 men who had worked underground for an
Id mining industry were found to have emphysema (Cowie
average of 29 years in the go

et al., 1993).
(j Epithelial effects
lncreased permeability of the airs

pace epithelium to inhaled small molecular weight

compounds is a feature of smokers (Minty et al., 1981) and is considered to play a foIe in
the development of lung inflammation in smokers. Nery et al. (1993) reported that the
airspace epithelium of non-smoking silicotics was more permeable than that of normal
individua1s and that there was an additive effect in smoking silicotics, who showed a
markedly increased permeabi1ity. Hyperplastic type II cells were found in increased

numbers in the BAL of silicotics (Schuyler et al., 1980) even years after cessation of
exposure to silica, suggesting ongoing injury and proliferation.
(g) Tuberculosis

The high1y fatal consumptive disease of the 1ungs in hard-rock miners, described by
G. Agricola in the sixteenth century, is thought to have resulted from exposure to quartz,
arsenic and uranium in the presence of tubercu10sis (TB). However, despite the dramatic
reduction in the prevalence of TB in the twentieth century, a South African study

recently reported that the annual incidence of TB was 981/100 000 in men without
silicosis and 2707/100 000 in men with silicosis (Cowie, 1994). ln a study of 5406 underground haematite miners in China, 25% of the workers had silicosis and 42% of these
silicotics had TB (Chen et al., 1989).
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(h) Extra-pulmonary effects of silca
Silica exposure has been found to have a number of extra-pulmonary effects and
indeed the term 'extrapulmonary silicosis' has been coined (Slavin et al., 1985). This

term encompasses the spread of lesions to the liver, spleen, kidneys, bone marrow and
extrathoracic Iymph nodes. Silicosis of the liver has been especialIy well documented
(reviewed in Siavin et aL., 1985).
Abnormal renal function has been recorded in silica-exposed individua1s with and

without silicosis (Hotz et al., 1995). Also, a relationship has been described between
length of exposure to silica and to severity of renal dysfunction (Ng et al., 1993).

However, in another case-control study, silicosis was associated with renal alterations
but there was no relationship between the loss of renal function and the length of ex

po-

sure or severity of silicosis (Boujemaa et al., 1994). Persistence of rena1 effects after

cessation of silica exposure was reported in the study of Ng et al. (1992). A relationship
between rapidly progressive glomerulonephritis and silica exposure was shown in a
hospital-based case-control study by Gregorini et al. (1993), and Michigan men with
exposure to silica were found to have an elevated odds ratio for end-stage renal disease
(Goldsmith & Goldsmith, 1993). The presence of silica within the renal tubules was
reported in one case study of silica-related glomerulonephritis (Osornio et al., 1987).

Systemic sclerosis-like (scleroderma-like) disorders have been reported following exposure to silica (Cowie & Dansey, 1990; Haustein et al., 1990; Rustin et aL., 1990).
Abrasion-related deterioration in dental health has been recorded in Danish granite

workers (Petersen & Henmar, 1988), and evidence of increased incidence of rheumatoid

arthritis was found in Finnish granite workers (Klockars et al., 1987). Occasionally,
cutaneous exposure to silica causes granulomas that may mImic cutaneous sarcoidosis
(Mowry et al., 1991) or granulomatous cheilitis (Harms et al., 1990).
Arnorphous silca-rnixed dust

Two studies of exposed workers have suggested that amorphous silica causes airflow

limitation; these studies found no evidence of pneumoconiotic effects. ln 172 potato
workers exposed to inorganic dust (7.7-15.4 mg/m') high in diatomaceous earth and
crystallne quartz (10%) (the soil was overlying a marine deposit), airflow limitation was

noted in retired workers (:: 20 years of exposure) and workers currently exposed (12
years). No radiological or biochemical (serum type ni procolIagen) evidence of

pulmonary fibrosis was present (Jorna et al., 1994). Another study of 759 agricultural
workers in California, United States, revealed reduced FVC in 238 grape workers and
suggested mixed silica-dust exposure to be the cause (Gamsky et al., 1992). However,

other exposures could have caused this effect.
4.2.2 Experimental systems
Crystallne silica has been reported to cause a range of effects in experimenta1

animaIs and cells in vitro.
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(a) ln-vivo effects ofsilica

(i) lnjlarnmation

Exposure of rats to crystalline silica results in a marked int1ammatory response
characterized by a high percentage of neutrophils (see Table 31).

Fema1e Fischer 344 rats were exposed by inhalation to air, 0.1, 1.0 or lO mg/mg'
quartz (Min-U-Sil) for 6 h per day on five days per week for four weeks (Henderson
et al., 1995). The mass median aerodynamic diameter of the aerosol was 1.3-2.0 llm.
Lung responses were characterized by analysis of BAL fluid one, eight and 24 weeks
after exposure and by histopathology 24 weeks after exposure. Mean lung burdens,
determined one week after the end of exposure, were 43, 190 and 720 iig/mg quartz for
the low-, mid- and high-exposure levels. Exposure to 10 mg/ml resu1ted in lung injury
and inflammation demonstrated by progressive increases in BAL t1uid neutrophils and
lactate dehydrogenase. Exposure to i.o mg/m' quartz resulted in a transient increase in
BAL fluid neutrophils one week after exposure. Histopathology 24 weeks after exposure
to 10 mg/m' demonstrated an active-chronic inflammatory response associated with the
bronchial-associated lymphoid tissues, interstitium and intrapleural regions. ln this study,
exposure to 0.1 mg/m' quartz had no apparent effects with no changes in BAL fluid or
histopathology.
Exposure of rats to quartz (Sykron F600; Min-U-Sil 5) by inhalation produced a timedependent and dose-dependent accumulation of macrophages and neutrophils in the BAL
fluid (Dona1dson et al., 1988b; Warheit et al., 1991a; Velan et aL., 1993). The inflam-

mation persisted after the end of exposure and progressed in the rats that had received
high exposures (Donaldson et al., 1988b, 1990b) suggesting a mechanism for the weIl

documented progressive nature of si1icosis. ln contrast, a similar airborne mass concentration of Ludox colIoidal amorphous silica caused only very modest neutrophilic inflammation that resolved over a three-month recovery period (Warheit et al., 1991 b; Lee &

Kelly, 1993). FolIowing long-term, moderate inhalation exposure of rats, guinea-pigs and

adult male cynomolgus monkeys to amorphous silica (origin not stated), Groth et al.
(1981) reported that, histologically, only the monkeys showed evidence of inflammatory

macrophage accumulations and early silicotic 1esions, suggesting species differences in
deposition, clearance or response to this materiaL. (The W orking Group noted that no

information was provided on species differences in lung dust burdens.)
Instillation of quartz in rats (Dowson & Dobson; DQ 12; Moores et al., 1981; Brown
et al., 1991), guinea-pigs (Min-U-Sil; Lugano et al., 1982) and Syrian hamsters (Min-USi1; Beek et al., 1982) caused neutrophilic int1ammation that persisted over time. Quartz
(Dowson & Dobson)-induced inflammation is reflected in increases in BAL Iysosomal
enzyme levels in mice (Adamson & Bowden, 1984). lncreased phospholipids were also
recovered, which may arise from type II cell proliferation in rats in response to epithelial
injury caused by Min-U-Sil (Heppleston et al., 1974) or natural sand (Eklund et aL.,
1991). ln general, these responses were more persistent and of greater magnitude than

those seen with low-toxicity dusts particles such as latex, titanium dioxide or iron.
ln comparative tests, the inflammation and acute lung injury caused by freshly
fractured (miled) quartz was much greater in intensity th

an that caused by aged quartz

Table 31. Bronchoalveolar lavage (BAL) ceII populations in rats exposed to crystallne silca
Reference

Treatment

Exposure
method

Cell differential (%)

Macrophages

Hemenway

Air (control)

et al. (1986)

Quartz 36 mg/m'

Lymphocytes

Comments

Neutrophils

inh.
inh.

98
93

1

L

2

5

inh.

50

3

45

inh.

51.3

NR

48.7

Control rats (air exposed only)

6 h/day x 8 days
Cristobalite 73 mg/m'

Results are for 120 days after
exposure.

6 h/day x 8 days
Dona1dson

et al. (i 988b,

Quartz (Sykron F600) 10 mg/m'
7 h/day, 5 days/week x i 5 weeks

were reported to contain

i 990b)

Quartz (Sykron F600) 50 mg/m'

inh.

46.9

NR

53. L

predominantly macrophages in
BAL tluid.

inh.
inh.

97.2

1.7

1. L

Results are for 24 months of

21.3
31.3
38.9

13.0
17.6
13.3

65.8

exposure. The mean lung SiGo
burden was 0.9 mg.

97.0
62.0

2.0
6.8

7h/day,5 days/week x 15 weeks

Muh1e et aL.

(1991)

Air (control)
Quartz (DQ i 2) i mg/m\ 6 h/day,
5 days/week x 15 months

x 2 i months
x 24 months
Driscoll et aL.

(1991 )

Air (control)
Quartz (Min-U-Sil), 50 mg/m',
6 h/day x 5 days

inh.
inh.

..
n

C/

..l'
~

51. L

47.8
1.0

31.0

Mean lung SiGo burden at the
end of exposure was 1.9 mg;

results are for 63 days after the
5-day exposure.

Warheit et aL.

Air (control)

inh.

99

NR

Quartz 100 mg/m' 6h/day, 3 days

inh.

50

NR

1

(l991a)

Results are for 2 months atter
exposure

50

--

00
Ui

..

00

0\

Table 31 (contd)
Reference

Henderson
et

Treatment

Exposure
method

Comments

Cell differential (%)

Macrophages

Lymphocytes

Neutrophils

inh.

99

not reported

Quartz
0.1 mg/m', 6 h/day, 5 days/week
x 4 weeks

inh.
inh.

99.5
97

not reported

x 4 weeks
10 mg/m', 6 h/day, 5 days/week
x 4 weeks
Saline (vehicle control)
750 iig Quartz

inh.

59

not reported

41

exposures, respective1y.

i. t.

not reported

2

i. t.

98
38

Results are for 24 weeks after
i.t. exposure.

Air (control)

inh.

NR

NR

- 1

Quartz (Min-V-Si!) 100 mg/m',

inh.

NR

NR

- 43

inh.

NR

NR

- 34

c:

inh.

NR

NR

- 50

0\

-c 2

0

-c 2

45.0:t 6.7

2

1

aL. (1995)

0.5
2.5

6 h/day x 3 days
Cristobalite JO mg/m', 6 h/day
x 3 days
Cristobalite 100 mg/m' 6 h/day

exposure was 720, 190 and 43

iig/mg for 10, 1 and 0.1 mg/m'

1 mg/m', 6 h/day, 5 days/week

Warheit et al.
(1995)

Results are for 24 weeks after
the 4-week exposure. The
an lung SiG, burdens
me
1 week after the 4-week

Air (control)

62

Results are for 90 days after
exposure.

n:;
~
0
Z
0

Ci

:;
~
'"
::
(/
~

0l"
~

tT

00

X 3 days

Donaldson

Saline (vehicle control)

i. t.

et aL. (1 988a)

Quartz (DQ 12) 1 mg

i. t.

98.5 :t 1.9
55.0 :t 2.6

Lindenschmidt

Saline (vehicle control)

i. t.

97

1

i .t.

25

5

i. t.

21

13

i. t.

29

17

et al. (1990)
Quartz (Min-V-Si1)

1 mg/kg
10 mg/kg
100 mg/kg

-~

69
65
63

Response was examined
5 days after exposure.

Results are for 63 days after
exposure.

Table 31 (contd)
Reference

Treatment

Exposure Cell differential (%)
method
Macrophages Lymphocytes Neutrophils

Comments

..l'
n..

CI
Driscoll et aL.

Saline (vehicle control)

i. t.

95.9 :t 0.9

3.6 :t 0.6

1.6 :t 0.7

Quartz (Min-U-Sil), 10 mg/kg

i. t.

6.7 :t 0.4

57.0:t 1.9

Quartz (Min-U-Sil, 100 mg/kg

i. t.

36.3 :t 5.1
28.2 :t 2.5

7.5:t 1.

64.5 :t 2.8

(1997)

Results are for 15 months after
exposure.

::

i.t., intratracheal instilation; inh, inhalation; NR, not reported; BAL, bronchoalveolar lavage; i.t., intratracheal instillation

,.

00

--
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(Iota standard quartz sand), even though the aerodynamic diameters were very simi1ar in

the two samp1es (Shoemaker et al., 1995; Vallyathan et al., 1995). (The Working Group
noted that the milled samples contained 222 J.g/g iron, compared with 7 J.g/g in the un-

miled samp1e.) Inflammatory leukocytes from DQ 12 quartz-instilled lung caused
detachment of epithe1ia1 celIs in culture and degraded extracellular matrix (Donaldson et
al., 1988b) by a largely protease-mediated mechanism which appeared to be mediated by

the neutrophils and not the macrophages (Donaldson et al., 1992). ln a sheep model,
following multiple quartz (origin not stated) instillations, BAL cells showed increased
release of superoxide (Cantin et al., 1988) but there was no such increase in BAL ceUs of

rats following a single instilIation of quartz (DQ 12; Donaldson et al., 1988c).
Groups of male and female Wistar rats (Cpb:WU, Wistar random) were exposed by
inhalation in chambers to three types of amorphous silica (Aerosil 200, Aerosil R 974,
Sipernat 22S), for 6 h per day on five days per week for 13 weeks. Groups of rats were
kiled at the end of the exposure period and at weeks 13, 26, 39 and 52. Non-neoplastic
pulmonary changes seen in rats killed at the end of the exposure period comprised slight
to severe accumulation of alveolar macrophages, intra-a1veolar granu1ar materia1, celIular

debris and po1ymorphonuclear leukocytes in the alveolar spaces, and increased septal
celIularity, seen as an increase in the number of type II pneumocytes and macrophages
within the alveolar walls. ln general, the most severe changes were found in rats exposed
to Aerosil 200, and the mildest changes were seen in rats exposed to Sipernat 22S.

Alveolar bronchio1ization occurred mainly in males exposed to 5.9 or 31 mg Aerosi1
200/m' or to Aerosil R 974. During the post-exposure periods, no recovery from lung

lesions was observed in a comparison group of quartz (Sikron (Sykron) F300)-exposed
rats, whereas in rats exposed to the amorphous silicas, the changes disappeared partly or
completely. ln rats exposed to 31 mg Aerosi1 200/m' or to quartz, accumulations of

alveolar macrophages were still found 52 weeks after the end of exposure. ln rats
exposed to Sipernat 22S or Aerosil R 974, lesions were found until week 39 after
exposure. Accumulation of intra-a1veolar granular materia1, cellular debris and polymorphonuclear leukocytes were occasionally found in the group exposed ta 31 mg

Aerosil 200/m' and in aU quartz-exposed rats during the post-exposure period. Rats
exposed to Sipernat 22S recovered completely from the slight increases in septal ceUularity that were observed at the end of the exposure period. A lesser degree of recovery
was observed in rats exposed to Aerosil 200 or Aerosil R 974, and no recovery occurred
in rats exposed to quartz. Alveo1ar bronchiolization persisted mainly in quartz-exposed
animaIs and in sorne rats exposed to Aerosil 200. Focal interstitial fibrosis was first
observed 13 weeks after exposure in aIl exposed group. During the subsequent postexposure period, this condition disappeared completely in rats exposed to Aerosil R 974
ion disappeared completely in rats of
the Aerosil 200 group within 13 weeks after the end of exposure, but in rats exposed to
or quartz at the end of the exposure period. This les

Aerosi1 R974, recovery took more th

an 39 weeks. Slight fibrosis was observed in the

granulomas in animaIs of the quartz group (Reuzel et al., 1991).

The substantially 10wer inflammatory effects of synthetic, precipitated, amorphous
silica relative to crystalline silica has been demonstrated in severa1 other inhalation
studies (Hemenway et aL., 1986 (precipitated Zeofree 80); Lee & Kelly, 1992 (Ludox
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colloidal); Warheit et al., 1995 (Zeofree 80 and Ludox)). For example, a four-week
exposure of rats to airborne mass concentrations of 150 mg/m' colloidal silica showed a
return to virtually normal lung morphology after a three-month recovery period (Lee &
KelIy, 1993).

(ii) Cytokines

Intratracheal instilIation of Min-U-Sil 5 quartz (5- ioo mg/kg bw) into Fischer 344
rats induced a dose-dependent release of the cytokines tumour necrosis factor-a (TNFa)
and interleukin- 1 (IL-I) by alveolar macrophages (Driscoll et al., 1990a). The increase in
macrophage TNFa correlated with the severity of the int1ammatory response.
lntratracheal instillation of Min-U-Sil quartz (5 or io mg/kg bw) into Fischer 334 rats
or subchronic inhalation of cristobalite (1 mg/m', 6 h per day, 5 days per week for
13 weeks) increased expression of the neutrophil chemotactic cytokines macrophage
inflammatory protein 2 (MIP-2) and cytokin-induced neutrophil chemoattractant (CINC)
(Driscoll et aL., 1993; DriscolI, 1994). Passive immunization of Fischer 344 rats with
antibody to MIP-2 markedly reduced the neutrophil recruitment in rat lungs induced by
Min-U-Sil quartz (1 mg intratrachealIy), indicating a key role for MIP-2 in quartzelicited inflammation (Driscoll et al., 1997). Other in-vitro studies on crystalline silica
and cytokines are summarized in Table 27 in the monograph on coal dust.
Yuen et al. (1996) instilIed Min-U-Sil quartz into the lungs of rats and demonstrated
gene expression for the cytokines, MIP-2 and KC, two known chemotactic factors for
neutrophils.
(iii) Fibrosis

Instillation and inhalation of quartz causes a fibrogenic response in rats (Martin et al.,
son & Dobson)), guinea-pigs (Lugano et aL.,

1983 (Min-U-Sil); Reiser et al., 1983 (Dow

1982 (acid-washed Min-U-Sil)) and mice (Adamson & Bowden, 1984 (Dowson &
Dobson); Callis et al., 1985 (Min-U-Sil)). Strain-specific differences in the fibrotic
response of DBA/2 and C3H/He mice to instilled quartz were evident in the study of
Callis et al. (1985), suggesting that there is a role for the immune system in the response.
The dependence of experimental silicosis in mice on the cytokine TNFa was demonstrated by Piguet et al. (1990), who was able to inhibit fibrosis (to control levels) in silica-

instilled mice by giving them concomitant antibody against TNFa. Alveolar macrophages from rats instilled with Min-U-Sil quartz showed sustained release of fibronectin
(Driscoll et al., 1990b) whilst inhalation was associated with a late (63 days after the end
of a five-day exposure) peak of fibronectin release (Driscoll et al., 1991). Fibronectin
could be a factor in attracting fibroblasts and promoting mesenchymal cell growth,
leading to fibrosis in quartz-exposed lung.

While mast cells are not generally recognized as having a major role in the fibrogenicity of silica, the inflammatory and fibrogenic response to silica (Wako Co.) was
substantially reduced in a mast cell-deficient strain of mice (Suzuki et aL., 1993). The
ce was significantly attenuated on

fibrogenic response to instilled DQ 12 quartz in mi

simultaneous treatment with anti-CD1 la or anti-CD11b, demonstrating the importance of
these adhesion molecules in the silica response (Pi

guet et al., 1993).
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The ro1e of concomitant immuno-stimulation in the fibrogenic response to silica
(hydrofluoric acid-etched tridymite) was investigated in the study of Chiappino and
Vig1iani (1982). ln this study, rats were instilled with tridymite and then kept in SPF
conditions or in a normal animal house conditions where they were 'exposed to the
endemic bacteria1 flora'. The animais kept under normal conditions developed silicosis
more rapid1y and severe1y than those kept under SPF conditions. This suggests that the

normal bronchopulmonary infections that are endemic to animal houses were a costimulus for the si1icotic fibrosis.
(iv) Lymph node fibrosis

K1empman and Miller (1977) described fibrotic responses in the thoracic lymph
nodes of rats following inhalation exposure to quartz (Dowson & Dobson), whilst

Rosenbruch (1992) reported that amorphous silica (quartz glass VP203-006) was as
potent as quartz (DQ 12) in causing 1ymph node fibrosis folIowing intratracheal
instilation.
(v) Emphysema

Rats administered Min-U-Sil quartz intratracheally showed evidence of airflow
limitation, emphysema and small airways disease (Wright et al., 1988). These responses
may be a consequence of extracellu1ar matrix destruction by the increased connective

tissue protease activity shown by the BAL cells from quartz (DQ 12)-exposed rats
(Brown et al., 1991).
(vi) Epithelial injury and proliferation

Following intratrachea1 instillation of quartz (Dowson & Dobson) in mice, Adamson
and Bowden (1984) reported a wave of type II cell proliferation to regenerate damaged
type 1 cells. This was accompanied by a sustained interstitia1 proliferative response that
mirrored increasing hydroxyproline leve1s in the 1ungs, suggesting that there was

mesenchyma1 cell proliferation and fibrosis. Warheit et al. (1991) reported that 48 h after

a three-day exposure of rats to 100 mg/m' Min-U-Sil or carbonyl-iron, there was
increased proliferation in the lung parenchyma of the Min-U-Sil-exposed rats only.

Exposure of rats to amorphous colloidal silica (Ludox) at 150 mg/m' for four weeks
caused increased proliferation of pulmonary epithe1ial cells (labellng index increased
from ca. 0.6% in controls to 1.8%), which returned to normal levels of cell division after
three months in c1ean air (Warheit et aL., 1991b). There was an approximately twofo1d

increase in the number of type II epithe1ial cells in quartz (Min-U-Sil)-exposed lung and

a change in their morphology (Miler & Hook, 1988). Phenotypically, the type II
epithelial celIs of Min-U-Sil quartz-exposed lung were hypertrophie and had increased
numbers of lamellar bodies, which may have contributed to the phospho1ipidosis

characteristic of quartz-exposed lungs in rats and humans (Miler & Hook, 1990). Type II
cells iso1ated from Min-U-Si1-exposed 1ung synthesized DNA in vitro, but did not divide
(Panos et al., 1990). A suggestion that the accumulation of phospholipid in quartz-

exposed 1ung could be protective came from a study by Antonini and Reasor (1994) who
demonstrated that pharmacologica1 induction of phospho1ipidosis ameliorated the acute
toxicity of instilled Min-U-Sil quartz in rats.
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(vii) Oxidative stress in quartz-exposed lungs
Evidence that the inflammation caused by Min-U-Sil quartz results in oxidative stress
has been shown by the measurement of hydroxyl radicals after instillation of quartz or
titanium dioxide; there was significantly more (approximately 2-3-fold) hydroxyl radical
activity per gram of lung (wet) after quartz than after titanium dioxide or saline (Schapira
et al., 1994). Presumab1y as a response to this type of oxygen stress, induction of antioxidant enzyme gene expression (manganese superoxide dismutase (MnSOD), cata1ase
and glutathione peroxidase) and c-fos and c-jun expression was increased in lungs of rats
inhaling cristobalite (C&E MineraIs Corp.) (Janssen et al., 1992, 1994). The MnSOD
expression was correlated with neutrophil numbers in BAL.
Both reactive oxygen species and reactive nitrogen species (NO and peroxynitrite) are
generated in Min-U-Sil quartz inflammation (Blackford et al., 1994; Van Dyke et al.,

1994). ln the study by Van Dyke et al. (1994), BAL cells from quartz-instilled rats
showed chemi1uminescence (chemicalIy assisted light emission in vitro resu1ting from
the respiratory burst) that could be inhibited by both MnSOD and N-nitro-L-arginine
methyl esther hydroch10ride (L-NAME), a competitive inhibitor of NO synthase. Since
MnSOD and NO react to form the highly toxic oxidant peroxynitrite, NO may therefore
be involved in causing lung damage in silica-exposed lung.
A role for iron in silica-mediated oxidative stress is suggested by the accumulation of
iron in the lung and on the surface of Min-U-Sil quartz with residence in the lung

folIowing a single 50-mg dose given by instillation (Ohio et al., 1994). The accumulation
of iron in the lung was accompanied by depletion of anti-oxidant defences, such as non-

protein sulfhydryls, ascorbate and urate and increases in MnSOD and progressive
fibrosis. ln rats given an iron-deficient diet, the fibrosis was ame1iorated. (The Working
Group noted that an extremely high bolus dose was used in this study.)
Min-U-Sil quartz causes oxidative damage to (X- 1 -protease inhibitor (Zay et al., 1995)
and, in a manner analogous to the common1y postu1ated mechanism for emphysema in
smokers, this could lead to localized elastase- and other protease-mediated injury in
silica-inflamed lung.

(viii) Modifcation of quartz toxicity
Quartz can differ in its toxicity to the lung depending on the mineraIs with which it is
combined. This has been shown by Le Bouffant et al. (1982) who demonstrated that coal
mine dusts with 5 and 15% quartz were markedly less fibrogenic than an artificial
mixture of coal mine dust with negligible quartz but supplemented with NI quartz to the
same proportion. The ability of trace contaminants to modify quartz toxicity was further
shown by the fact that simple treatment of DQ 12 quartz with aluminium lactate

dramatically attenuated its ability to cause pulmonary inflammation in rats following
instilation (Brown et al., 1989). The fact that freshly fractured quartz (Generic

Respirable Dust Technology Center standard reference sample) is more haemolytic and,
to a lesser extent, cytotoxic th
an 'aged quartz to macrophages (Vallyathan et al., 1988)

further shows that there can be differences in the specific reactivity of the quartz surface.
(The Working Group noted that this sample was ground with an agate mortar and pestle.)
Min-U-Sil quartz coated with synthetic 1ung surfactant also had less toxicity than native
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quartz (Antonini & Reasor, 1994) and the differences in cytotoxicity of a range of quartz
samples was found to be related to the 'uncontaminated' quartz surface (Kreigseis et al.,
1987). AdditionaIly, ValIyathan et al. (1991) have reported amelioration of the haemoIytic and macrophage stimulatory activity of quartz (Generic Respirable Dust Technology Center standard reference sample) with an organosilane coating.
(ix) Role of the immune system

The presence of increased numbers of lymphocytes in the BAL of silicotics (see
above) suggests that immunological phenomena occur in silica-exposed lungs. ln

addition, immunoglobulin (IG) and complement have been found in silicotic nodules
(Vigliani & Pernis, 1958; Pernis & Vigliani, 1982). Silica and other mineraI dusts have
been proposed to produce an adjuvant-like effect via macrophage stimulation (Pernis &
Vigliani, 1982) and increased release of cytokines such as IL-1 (Oghiso & Kubota, 1987;
Min-U-Sil). However, in mice and rats inhaling Min-U-Sil quartz, there is a generalized
immunosuppression in the spleen and lymph nodes (Miller & Zarkower, 1974; Bice

et al., 1987). FolIowing instillation of DQ 12 quartz in rats, however, the immunosuppressive functions of normal BAL celIs were reversed to immunostimulation, which
appeared to be related to the inflammatory neutrophil component and to release of
increased amounts of IL-1 (Kusaka et al., 1990a,b).
Increased systemic immune complexes and antinuclear antibody have been described
in silica-exposed individuals (Rustin et al., 1990), suggesting the development of autoimmunity of a systemic adjuvant effect of silica might play a role in systemic sclerosis in
silica-exposed individuals (Haustein et al., 1990).
(h) ln- vitro cellular effects of silica

(i) Macrophages

Toxicity

Quartz is toxic to macrophages Ln vitro. This toxicity was initialIy suggested to

involve lysosomal rupture (Harington et al., 1975), although this has now been
disproved. Instead, the influx of calcium ions has been shown to be a key toxic event in

silica-treated macrophages (Kane et al., 1980). The interaction between quartz and
macrophage membranes may result in a direct membranolytic action in the non-physiological absence of protein (Harington et al., 1975). However, in the lung the quartz is
likely to be coated with lung lining fluid and this ameliorates the cytotoxicity of the

quartz (Schimmelpfeng & Seidel, 1991; DQ 12); nevertheless, proteins do not afford
protection against the toxicity of DQ 12 quartz at later time-points (Tilkes & Beek,
1983). Quartz may express its cytotoxic action via free radical injury to the macrophage
membrane (Gabor et al., 1975 (quartz sample not specified); Razzaboni & Bolsaitis,

1990 (Min-U-Si1); ValIyathan, 1994 (Min-U-Sil)) which increases the calcium-ion
permeability of the membrane (Kane et al., 1980; Pneumoconiosis Research Centre,

Johannesburg silica). Using polyunsaturated linoleic acid as a mode1 membrane and
quartz from the Generic Respirable Dust Technology Center, a correlation was
demonstrated between the extent of peroxidation and ROS derived from fracture-induced
si1icon-based radicals at the quartz surface (Dalal et al., 1990; Shi et al., 1994).
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Activation
Activation of the respiratory burst during phagocytosis of quartz particles wou1d have,
as its seque1, release of ROS such as superoxide anion, hydrogen peroxide and peroxynitrite; these could contribute to lung injury and inflammation. Increased production of
these mediators on treatment with quartz (origin not stated) has been described by Gusev
et aL. (1993) but was not found in either control or inflammatory rat leukocytes treated
with DQ 12 quartz or other phagocytic stimuli (Dona1dson et al., 1988c). The ability of
the opsonin IgG to enhance the oxidative burst caused by acid-washed quartz (origin not
stated) was demonstrated by Perkins et al. (1991).
Quartz-stimulated activation of monocyte/macrophages in vitro to release cytokines
that promote the growth of mesenchymal cells has been demonstrated in several studies
(IL-l, Schmidt et al., 1984 (quartz origin not stated); TNFa, Savici et al., 1994 (Min-USil); TNFa, Claudio et al., 1995 (Instituto Naçionale de Silicosis, Barce10na quartz)).
Segade et al. (1995) demonstrated the induction of nine gene sequences in a macrophage
celI-line treated with silica (Instituto Naçionale de Silicosis, Barcelona quartz).
Quartz treatment of alveolar macrophages also caused stimulation of arachidonic acid
metabolism with the production of eicosanoids such as prostaglandin, thromboxane and
leukotriene B4 (Englen et al., 1989 (Sigma Chemica1 Co.); Driscoll et al., 1990c (MinU-Sil); Demers & Kuhn, 1994).
Rabbit alveolar macrophages treated with DQ 12 quartz released increased amounts
of elastase, which could contribute to lung remodelling in quartz-exposed lung (Gulyas
et al., 1988). Mobilization of intracellular calcium appears to underly the triggering of
macrophages by DQ 12 quartz (Tuoma1a et al., 1993), although mobilization of calcium
may also be re1ated to the cytotoxic effects of quartz (Kane et al., 1980 (Pneumoconiosis
Research Centre, Johannesburg quartz); Chen et al., 1991 (Min-U-Sil)).
Both damage and activation of macrophages are likely to arise in silica-exposed lung
and dead and damaged cells will lead to inflammatory activation of other macrophages.
(ii) Granulocytes
ln anal

ogy to the situation with macrophages, the phagocytosis of quartz by

granulocytes recruited to quartz-inflamed lung could le

ad to further accumulation of

harmful ROS. Hedenborg and Klockars (1989) reported the release of ROS by human
granulocytes on treatment with quartz (fractionated Fy1e quartz) but not with diamond
dust. Furthermore, the release of ROS cou1d be decreased by the presence of the antioxidant N-acetylcysteine.
(iii) Epithelial cells

Using freshly-derived rat epithelial cells, Lesur et al. (1992) demonstrated proliferation and thymidine uptake at low concentrations of Min-U-Si1 5 quartz. These
responses were rep1aced by cytotoxic effects at higher concentrations. However, macro-

phages exposed to Min-U-Sil 5 quartz in vitro also released factor(s) that stimulated
growth of type II epithe1ial cells (Melloni et al., 1993), suggesting that quartz may cause

both direct growth-promoting effectson epithelial cells and effects via macrophages.
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Quartz (origin not stated) treatment of rat type II cells in vitro caused stimulation of
prostaglandin release (Klien & Adamson, 1989).
ln-vitro exposure of primary cultures of rat alveolar type II cells or a rat alveolar
epithelia1 celI line to Min-U-Sil quartz (6-60 i.g/cm2) activated expression of the MIP-2

gene and production of MIP-2 protein. MIP-2 has been shown to contribute to quartzelicited neutrophil recruitment in rats. ln-vitro exposure of rat alveolar type II epithelia1
cells to crocidolite (20 and 60 i.g/cm2) also increased MIP-2 expression; however,
treatment with MMVF-I0 (man-made vitreous fibre-10) glass fibre or titanium dioxide
particles did not (DriscoIl, 1996). These resu1ts indicate that lung epithelia1 cells can be
directly activated by quartz.
(iv) Erythrocytes

Erythrocytes have been used as a rapid screen for the ability of particles to interact
with and cause damage to membranes because release of haemoglobin is a ready index of
membrane damage in these cells; there is no suggestion that damage to erythrocytes has
any ro1e in pathogenesis of pneumoconiosis. Hefner and Gehring (1975) suggested that
there was a relationship between the ability of a range of particles, including Min-U-Sil
quartz, to cause haemolysis and their ability to cause fibrosis in vivo. Hemenway et al.
(1993) however cast doubt on this re1ationship in studies with C&E Mineral Corp.

cristoba1ite, which is very haemolytic and inflammogenic/fibrogenic to the lung.
Whereas heating the cristobalite reduced its haemo1ytic potency to about 50%, this

treatment had no effect on its ability to cause lung injury. The haemolytic potential of
si1ica (Harley & Margolis, 1961) is related to the presence of silanols which bind sorne

membrane components (Nash et al., 1966; Nolan et aL., 1981; Kozin et al., 1982;
Razzaboni & Bolsaitis, 1990). Haemolysis is reduced if the silica surface is coated with
polyvinylpyridine-N-oxide (Sta1der & Stöber, 1965; Nash et al., 1966), following hydro-

fluoric acid etching (Langer & Nolan, 1985) or upon heating (Hemenway et al., 1993).
ratures and rehydrated in air
is re1ated to surface hydration (Pandurangi et al., 1990). Alternatively, quartz particles
cause haemolysis by a mechanism that involves hydrogen peroxide and possibly copper
ions (Razzaboni & Bolsaitis, 1990).

The haemo1ytic activity of silicas calcined at different tempe

Contaminants may modify chemical and surface properties. Metal ions either
compensate the dissociated silanol negative charge or substitute for silicon in the
tetrahedra. Metal ions fixed at the ionized silanol groups diminish haemolysis (Nolan et
al., 1981). The solubility of silica is reduced when aluminium contaminates the surface
of quartz (Beckwith & Reeve, 1969). The modulation of quartz fibrogenicity by aluminium was discovered long ago and a1uminotherapy was established in several countries;
this has recent1y been reviewed (Brown & Donaldson, 1996). The effect of aluminium

has now been thoroughly investigated in a sheep model (Bégin et al., 1987). The
presence of aluminium at the silica surface decreases uptake by alveolar macrophages
and inhibits the inflammatory and fibrotic response in vivo. The mechanism has not yet
been elucidated but the suppressive effect is due to the direct interaction of aluminium
with silica.
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4.3 Reproductive and developrnental effects

No data were available to the Working Group.
4.4 Genetic and related effects

Studies retained in this section included the following: assays to assess results of the

interaction of crystalline silica with isolated DNA; cellular genotoxicity assays,.
evaluating gene mutation, sister chromatid exchange, chromosomal aberrations, micro-

nuclei and aneuploidy/polyploidy; and celI transformation assays.
4.4.1 Humans

Significant increases in the levels of sister chromatid exchange and chromosomal
aberrations in peripheral blood lymphocytes were reported in a group of 50 male workers

(mean age, 30.9 years) from a stone crushing unit, who were compared to 25 white-colIar

controls (mean age, 30.4 years; sex not specified); the crude sandstone contained 5060% Si02. These increases were maintained when comparison was restricted to different
classes of alcohol consumption or different classes of tobacco smoking. A dose-response
relationship was reported between increasing classes of duration of exposure and the
level of sister chromatid exchange or chromosomal aberrations (Sobti & Bhardwaj,
1991). (The Working Group noted that the relevance of the controls included is

questionable, since exposed subjects seem to be blue-colIar and controls white-collar
workers. No information is provided on the leve1 of exposure to quartz. The number of
subjects in some classes of duration of exposure was rather small. No statistical test is
presented for correlation between duration of exposure and the levels of sister chromatid
exchange or chromosomal aberrations.)

No data were available to the Working Group on the genetic and related ettects of
amorphous silica in humans.
4.4.2 Experimental systems (see also Table 32 and Appendices l, 2 and 3)

Crystallne silca
(a) Free radicals and isolated DNA

Damage of AHindlII-digested DNA was reported after treatment with at a high dose
(30 mg/mL) of Min-U-Sil5 quartz for three weeks. Damage was also observed in herring
sperm DNA after 12 h and at a lower quartz dose (10 mg/mL). This DNA damage was
related to the generation of hydroxyl radicals. DNA damage was seen more rapidly with
an with hydrofluoric acid-etched quartz (Daniel et al., 1993).
The ability of crystalline silica to cause direct DNA damage was investigated with five
quartz samples, one cristobalite sample and one tridymite sample using various DNA
a native quartz sample th

damage assays (Daniel et al., 1995). DNA damage was attected by the presence of
oxygen and was accelerated by SOD and hydrogen peroxide. Desferrioxamine B (an iron
mage by hydrogen peroxide but accelerated damage by silica alone
or silica and SOD. DNA damage was blocked by catalase and by free-radical-scavenging
agents (dimethy1 sulfoxide and sodium benzoate). Chemical etching of crystallne silica

chelator) blocked da

..

\0
0\

Table 32. Genetic and related effects of silca
Test system

h

Dose
(LEDIHID)

Resulta

Without
exogenous
metabolic
system

With
exogenous
metabolic
system

+
+
+
+

-

NT
NT
NT
NT
NT

-

NT
NT
NT

Reference

-~

Crystallne silca: quartz
*, DNA strand breaks, À-HindII-digested DNA
*, DNA strand breaks, herring sperm genomic DNA
*, DNA strand breaks, À-HindII-digested DNA
*, DNA strand breaks, PM2 supercoiled DNA
GIA, Gene mutation, hprt locus, rat RLE-6TN alveo1ar epithelial eells
in vitro
sic, Sister chromatid exchange, Chinese hamster V79-4 cells in vitro

SHL, Sister chromatid exchange, human lymphocytes in vitro
SIH, Sister ehromatid exehange, human lymphocytes and monocytes
in vitro
MIA, Micronucleus test, Syrian hamster embryo cells in vitro
MIA, Micronucleus test, Syrian hamster embryo cells in vitro
MIA, Micronucleus test, Chinese hamster lung fibroblasts (V79) in vitro
CIC, Chromosomal aberrations, Chinese hamster lung fibroblasts (V79)
in vitro
CIS, Chromosomal aberrations, Syrian hamster embryo cel1s in vitro

AIA, Aneuploidy, Chinese hamster lung cells (V79-4) in vitro
AIA, Aneuploidy, Syrian hamster embryo cells in vitro
AIA, Tetrap1oidy, Syrian hamster embryo cells in vitro
TBM, Cell transformation, BALB/3T3/3 i -1-1 mouse cells in vitro
TBM, Cell transformation, BALB/3T3/3 i -1- i mouse cells in vitro
TCS, Cell transformation, Syrian hamster embryo cells in vitro

+
+

-

+
+
+

NT
NT
NT
NT
NT
NT
NT
NT
NT
NT
NT

30000'

n::
~
0
Z
0
0::

9500'
NG

Daniel et aL. (1993)
Daniel et al. (1993)
Daniel et al. (1995)
Daniel et al. (1995)
Driscoll et al. (1997)

15.1

Priee-Jones et al. (1980)

100'

Pairon et aL. (1990)
Pairon et al. (1990)

C/

c:

1 6001

Oshimura et al. (1984)
Hesterberg et aL. (1986)
Nagalakshmi et aL. (1995)
Nagalakshmi et al. (1995)

18.75"

Oshimura et al. (i 984)

15.1

Priee-Jones et al. (1980)

18.75"

Oshimura et al. (1984)
Hesterberg et al. (1986)

10 000'

9 500'

100'

18.75"
70.1

2001

70.1
30'"'1'

60;j
18.1

Saffiotti & Ahmed (1995)
Saffiotti & Ahmed (i 995)
Hesterberg & Barrett
(1984)

?""

::
~

0l'
~
tT

0\
00

Table 32 (contd)
Test system

b

Result"

Dose
(LED/HID)

Reference

Without
exogenous
metabolic
system

With
exogenous
metabolic
system

TCS, Cell transformation, Syrian hamster embryo cells in vitro

+

NT

70'

Hesterberg & Barrett

TCL, Cell transformation, foetal rat lung epithelial cells in vitro
MIH, Micronucleus test, human embryonic lung (Hel 299) cells in vitro

(+)
+

NT
NT
NT

NO'
8001
1 6001

Williams et al. (1996)

+

50 x 1 il'

Yamano et al. (1995)

-

50 x 1 il'

Yamano etal. (1995)

100 x 1 it
5 x 2 it
500 ip
NG
NG
200'
50

Driscoll et al. (1995)
Driscoll et al. (1997)

(1984 )

CIH, Chromos

omal aberrations, human embryonic 1ung (Hel 299) cells

in vitro
DY A, 8-hydroxy 2' deoxyguanosine DNA extract from lung tissue, male
Wistar rats
DY A, 8-hydroxy 2' deoxyguanosine DNA extract from peripheral blood

-

Nagalakshmi et al. (1995)
Nagalakshmi et al. (1995)

..l'
n..
C/

;i

leukocytes, male Wistar rats
GY A, Gene mutation, hprt locus, rat alveolar epithelial cells in vivo
GY A, Gene mutation, hprt locus, rat alveolar epithelial cells in vivo

MYM, Micronucleus test, albino mice in vivo
SLH, Sister chromatid exchange, human lymphocytes in vivo
CLH, Chromosomal aberrations, human lymphocytes in vivo

BID, Calf thymus DNA binding in vitro
ICR, Metabolic cooperation using 8-azaguanine resistant cells, Chinese
hamster 1ung cells (Y79-4) in vitro

+
+

-

+
+
+

-

NT
NT

Yanchugova et al. (1985)

Sobti & Bhardwaj (1991)
Sobtî & Bhardwaj, (1991)
Mao et al. (1994)
Chamberlain (1983)

Crystallne silca: tridymite
*, DNA strand breaks, ÀHindII-dîgested DNA
*, DNA strand breaks, PM2 supercoiled DNA
SHL, Sister chromatid exchange, human lymphocytes in vitro
SIH, Sister chromatid exchange, human lymphocytes and monocytes in vitro

+
+

-

+

NT
NT
NT
NT

5700
5700
100
100

Daniel et al. (1995)
Daniel et al. (1995)
Pairon et al. (1990)
Pairon et al. (1990)
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Table 32 (contd)
Test system

b

Dose
(LED/HID)

Result"

Without
exogenous
metabolic
system

With
exogenous
metabolic
system

+
+

NT
NT

Reference

-

~
n:;
~

o
z
o

Cristobalite
*, DNA strand breaks, ÀHindII-digested DNA
*, DNA strand breaks, PM2 supercoiled DNA

7600
7600

Daniel et al. (1995)
Daniel et al. (1995)

*Not inc1uded on the profile
"+, positive; (+), weakly positive; -, negative; NT, not tested; ?, inconc1usive
bLED, lowest effective dose; HID, highest ineffective dose; in-vitro tests, Ilg/ml; in-vivo tests, mg/kg bw/day; NG, not given
'Min-U-Sil 5

dMin-U-Sil unspecified
e a.-Quartz
fMin-U-Sil 5 and Min-U-Sil 10

8Min-U-Sil5, hydrofluoric acid-etched
ii A Chinese standard quartz sample

iDQ 12, a standard German quartz sample
j F600 quartz

kMin-U-Si15 or Chinese standard quartz

a:;

~
""
:i
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~
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C

~
m

0\
00
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by hydrofluoric acid resulted in a markedly diminished ability to damage DNA,
imp1icating trace iron impurities. A study of DNA strand breakage of PM2 supercoi1ed
DNA and ÀHindIII digested DNA by five quartz samples (Min-U-Sil 5; hydrofluoric
acid-etched Min-U-Sil; DQ 12; F600 quartz; Chinese standard quartz (CSQZ)), cristobalite and tridymite samples showed the following gradient of toxicity when using a
similar surface area of particles: F600 )- Min-U-Sil )- DQ 12 )- cristobalite )- tridymite
and hydrofluoric acid-etched Min-U-Sil )- CSQZ. Relative ranking of the potency of
these crystalline silica samples depends on the endpoint. Addition of hydrogen peroxide
modified the order of activity of thesamples, cristobalite exhibiting the highest toxicity

(Daniel et al., 1995). Interaction of ÀDNA and calf thymus DNA with Min-U-Sil quartz
and CSQZ, measured by infrared spectroscopy, indicated structural changes in the DNA
backbone and reorientation of the phosphate groups. The close proximity of the si1ica

surface to the DNA mo1ecule brought about by this binding might contribute to DNA
strand breakage produced by the free radicals released by silica (Mao et al., 1994). (The
W orking Group considered that the re1evance of these assays in the assessment of quartz-

related genetic effects remains questionab1e, as the experimental conditions are not
applicable to intracellular si1ica exposure. Moreover very high doses of si1ica were used
in the DNA breakage assays.)
(b) Cellular systems

No significant effect of silica (type of silica and sample not specified; dose not
indicated) was reported in the Bacilus subtils rec-assay (Kada et al., 1980; Kanematsu
et al., 1980).
Min-U-Sil quartz did not induce sister chromatid exchange, aneup10idy nor

polyploidy in Chinese hamster V79-4 cells (Priee-Jones et aL., 1980). (The Working
Group noted that the dose was rather low when compared with positive studies.)
Tridymite (87.9% of particles with diameter less than 1 llm) was reported to significantly
increase the number of sister chromatid exchanges in co-cultures of human lymphocytes

and monocytes, while results were 1ess reproducible for Min-U-Sil quartz (56% of
partic1es with diameter less than 1 llm) (Pairon et al., 1990). ln contrast, no modification
of the number of sister chromatid exchanges was observed after treatment of purified
human lymphocytes with the same dose of particles. (The Working Group noted that this
observation suggests that the induction of sister chromatid exchange in lymphocytes was
mediated through an interaction between monocytes and lymphocytes, the former having
phagocytized particles as assessed by e1ectron microscopy.)
A significant increase in bi-nucleated cells and micronuclei was observed in Syrian
hamster embryo cells treated with Min-U-Sil quartz but there was no significant increase

in tetraploid cells (Hesterberg et al., 1986). Quartz particles were taken up and accumulated in the perinuclear region of the cells. By contrast, another sample of quartz
(granu10metry not indicated) did not induce micronuc1ei, bi-nuc1ei nor a modification of

the number of chromosomal aberrations, aneup10id cells or tetraploid cells (Oshimura et
al., 1984). (The Working Group noted that only a single, low dose of silica was used.)
While Min-U-Sil 5 and Min-U-Sil 10 quartz samples were shown to induce a significant
dose-related increase in micronuc1eI in Chinese hamster lung V79 ce

Ils and human
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embryonic lung Hel 299 ceIls, no chromosomal aberrations were observed in either cell
type using the same and higher doses of silica (Nagalakshmi et al., 1995).
A significant and dose-dependent increase in the frequency of morphologically transformed Syrian hamster embryo cells was reported following treatment with Min-U-Sil
quartz (2 ¡.g/cm~) and another quartz sample (1 0 ¡.g/cm~) (Hesterberg & Barrett, 1984).

o 0

(No precise data were provided on the granulometry of these quartz samples.) A

significant increase in the frequency of foci of transformed mouse embryo BALB/c-3T3

cells was also reported after treatment with Min-U-Sil 5 quartz at doses of 90 and
180 flg/cm2 (Gu & Ong, 1996). (No control particle was used in this experiment.) Min-U-

Sil 5 quartz had a slight effect (two transformed colonies) in a transformation assay of
foetal rat lung epithelial celIs, but only at the highest dose tested at which there was
almost no survival of cells and colony forming efficiency was reduced to 70% (Williams
et al., 1996). (The W orking Group noted that no statistical analysis was present in this

paper and no dose-response relationship was shown.)

A dose-response relationship was observed in a mouse embryo BALB/c-3T3 cell
transformation assay with five samples of quartz (Min-U-Sil 5, hydrofluoric acid-etched
Min-U-Si15, CSQZ, DQ 12, F600 Quartz). Low doses were used and maximal frequency
of transformation occurred at 25 ¡.g/cm2, after which there was a plateau. No transfor-

mation was observed with haematite or two titanium dioxide samples. An inhibition of
transforming potency was observed when cells were exposed to a combination of Min-USi1 and haematite particles. Cytogenetic ana1ysis revealed additional marker chromosomes in sorne quartz-transformed murine BALB/c-3T3 cell lines. Analysis of RNA
expression for p53 and nine oncogenes in a small number of cell lines suggested an
increased rnRNA expression of four oncogenes (mye, H-ras, K-ras, abl) and of p53 gene

in some quartz-transformed celI lines (Saffiotti & Ahmed, 1995).

A significant increase in hprt mutant frequency was reported in rat alveolar type II
cells iso1ated from female Fischer 344 rats instilled intratrachealIy with Min-U-Sil quartz
and sacrificed seven months later (Driscoll et al., 1995). A further study in this laboratory demonstrated increased hprt mutant frequency in rat alveo1ar type II cells folIowing
intratracheal instillation of Min-U-Sil quartz with a 1esser, but also a significant response
to carbon black and titanium dioxide. The in-vivo mutagenic effects of these materials
were associated with significant neutrophilic inflammation. lnflamrnatory cells isolated
from the 1ungs of Min-U-Sil- and, to a lesser extent, carbon black-treated rats were mutagenic to a rat alveolar epithelial cell line (RLE-6TN). This effect was inhibited by
catalase, an observation that suggested the role of cell-derived oxidants in this phenomenon. Direct exposure of the rat epithelial cell lines to Min-U-Sil, carbon black or
titanium dioxide did not induce hprt locus mutations (DriscolI et al., 1997).
DQ 12 quartz did not induce micronuc1ei in polychromatic erythrocytes in the bone
ce 6-96 h following intraperitoneal injection (Vanchugova et al.,
rnarrow of Albino mi

1985).

A significant increase in 8-hydroxy 2' deoxyguanosine (8-0HdG) was observed in the
DNA extracts from lung tissue of male Wistar rats one to five days after a single intratracheal instilation of 50 rng/kg bw quartz Min-U-Sil 5. ln contrast, there was no signi-
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ficant modification in the level of 8-0HdG in DNA extracts from lung tissue at later
times (week 1 to week 32) nor in the level of 8-0HdG in the DNA from peripheral b100d
leukocytes of rats at any time after intratracheal instillation (Yamano et al., 1995). (The
Working Group noted that results with peripheral blood leukocytes should be interpreted
se cells are not a target for neoplastic transformation.)
A strong immunoreactivity of the p21 ras protein was reported in foci of hyperplastic
alveolar type II celIs in Fischer 344 rats after intratracheal instillation of 12 mg Min-Utaking into account that the

Sil 5 quartz. ln contrast, no reactivity was shown in adenomas or carcinomas in this
study. A nuclear immunostaining to p53 protein was also reported in two of eight silica-

associated lung carcinomas examined (WilIiams et al., 1995). (The Working Group
noted that only qualitative results are reported with no description of quantitative abnormalities observed at ditterent times after intratracheal injection. No statistical analysis
was presented.)

Min-U-Sil quartz did not inhibit intercelIular communication as measured by
metabolic cooperation in hprr Chinese hamster V79 celIs (Chamberlain, 1983).
Arnorphous silca
Unique or multiple (four times) epidermal application of biogenic silica fibres (mean

length, 150 !lm) (size distribution not described; dose unknown) in female skin
promotion-responsive mice (SENCAR) resulted in an induction of ornithine

decarboxylase activity in epidermal cells (Bhatt et al., 1992). Induction was maximum at
4-6 h and inhibitor studies revealed some similarities with 12-0-tetradecanoylphorbol13-acetate. (The Working Group noted that no statistical analysis was available. The
relevance of this paper in the field of the effects of amorphous silica may be questioned
as only extremely long silica fibres were evaluated.)
4.5 Mechanistic considerations related to carcinogenicity

Several in-vitro studies evaluated the direct genotoxic activity of crystalline silica
particles, primarily quartz, in a number of assay systems. These studies are summarized

in Table 33. A preponderance of the cellular genotoxicity assays are negative or
doubtful, however, sorne positive results have been reported primarily for micronucleus
induction. Overall, these in-vitro data provide only weak evidence for a direct genotoxic
action of crystalIine silica, which contrasts with the genotoxicity of asbestos fibres in

sorne of these same assays. Additional studies characterized the action of crystallne
silica particles on isolated DNA in acellular systems. While these studies indicate that
crystalIine silica can directly damage DNA, the non-physiologica1 nature of the assay
systems combined with the extremely high doses of crystallne silica used make their in
vivo relevance questionable. At this time, there is no convincing evidence for a direct
physico-chemical mechanism for crystalline silica-induced genotoxicity to target cells
ln ViVO.

There is increasing evidence that marked and persistent inflammation and specifically

inflammatory cell-derived oxidants provide a mechanism by which crystalline si1ica
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Table 33. Surnrnary of genotoxic effects
of quartz in rnarnrnalian cells (positive

studies/studies available)
ln vitro

ln vivo

Sister chromatid exchange
Chromosomal aberrations
Micronuclei
Aneuploidy

?/3
0/3
3/4
0/3

?II

hprt Mutation

0/1

?II
011

2/2"

?, One questionably positive study available
"Mutagenic response associated with inflammation
exposure can result in genotoxic effects in the lung parenchyma. This hypothetical

mechanism is summarized in Figure 1. The combination of marked persistent inflammation and epithelial hyperplasia resulting from crystalline silica exposure increases the
likelihood that the genetic alterations associated with neoplastic transformation will
occur. Supporting this mechanism is evidence from a number of studies inc1uding studies
on crystalline silica and other poorly soluble particles shown to produce lung cancer in

rats. First, there are in-vivo and in-vitro data demonstrating that crystalline silica can
activate the production of both inflammatory and growth stimulatory factors as well as
ROS and reactive nitrogen species by immune and/or non-immune cells. Additionally, it
is well established that crystalline silica under certain exposure conditions produces an
inflammatory and hyperplastic response in the lung. Numerous in-vitro studies using a
variety of assays have demonstrated a role for inflammatory celIs in genotoxic responses.
These studies have shown that activated neutrophils and/or monocytes can be genotoxic
due to the release of ROS (for examp1e, see: Weitzman & Stossel, 1981, 1982; Hsie
etfal., 1986; Jackson et al., 1989). Regarding crystalline silica, Pairon et al. (1990) have
demonstrated that the genotoxic effects on cultured lymphocytes were dependent on the
presence of monocytes in the co-cultures. Additional support for an inflammationdependent mechanism for crystalline silica-induced genotoxicity comes from both invivo and in-vitro studies on a1veolar epithelial cells. ln-vivo studies have demonstrated

an association between mutation at the hprt locus in rat alveolar epithe1ial cells and
pulmonary inflammation in rats exposed to quartz and other poorly soluble partic1es
(Driscoll et al., 1995; Borm & DriscolI, 1996; Driscoll et al., 1997). ln-vitro studies have
shown that inflammatory cells taken from the lungs of rats exposed to high doses of
quartz are mutagenic to alveolar epithe1ial cells in culture (Driscoll et al., 1997). The invitro mutagenic action of the inflammatory cells was dependent on the release of ROS
and was greater for quartz-elicited neutrophi1s than macrophages. The quartz partic1es
themselves were not mutagenic in these same assays. Thus, there is evidence that
inflammatory cells including those elicited in rat lungs by partic1e exposure can have
genotoxic effects through the release of ROS. To the extent that genotoxicity contributes

to the neoplastic process, these observations have implications for mechanisms of
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tumorigenicity after exposure to inflammatory doses of crystallne silica. Other as yet
unidentified epigenetic mechanisms may a1so be operative.

Figure 1. A hypothetical inflarnrnation-based rnechanisrn for carcinogenicity of
quartz in rats
Clearance

Quartz
LOW DOSE
1

Macrophages

J

HIGH DOSE 1 IMP AIRED CLEARANCE
Epithelial ce

Ils

1

Cytokines
1

Persistent inflammation
Neutrophils
1

Oxidants
1

Genetic alterations
1

Tumours
This hypothesis is supported by in-vitra studies as weil as in-vivo studies in rats. Other pathways, such
as a raIe for quartz surface-generated oxidants or a direct genotoxic effect, are not ruled out; however, at
present there is no convincing evidence for these alternative pathways.

An infIammatory mechanism for the induction of lung tumours after crystallne silica
exposure could have implications for (i) species differences in response and (ii) extrapolation from high- to low-exposure levels in animaIs. Regarding species differences, the
findings on the mutagenic activity of quartz-elicited inflammatory cells are based on
studies using rats. ln these studies, both quartz-elicited rat neutrophils and macrophages
were mutagenic to epithelial cells in vitro, although the neutrophils were significantly

more mutagenic than macrophages. ln this respect, existing data suggest that rats
exposed to quartz concentrations associated with an increased incidence of lung tumours
develop a neutrophilc inflammatory response remarkably greater than that determined in
crystallne silca-exposed humans, including silicotics (- 5% in human silicotics versus
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30-50% in rats exposed to crystaIline silica at leve1s producing tumours; see Table 33).

This marked difference in quartz-induced inflammation may explain the apparent
sensitivity of the rat to lung tumour development after exposure to quartz as weIl as
severa1 other poorly soluble particles. A high degree of sensitivity of the rat to 1ung
cancer after quartz exposure is further indicated by studies demonstrating that other

se) do not develop lung cancer after
exposure to a variety of poorly soluble particles (e.g. quartz, diesel soot, talc, titanium
laboi:atory animal species (i.e. hamster and mou

dioxide) - a species difference that cannot be attributed to differences in lung particle

dose. A comparison of the lung response to intratracheaIly instilIed quartz in rats,
hamsters and mice indicated that rats develop a more pronounced and persistent inflammatory and epithelial proliferative response than the other species (Satfiotti & Stinson,
1988).

A secondary mechanism of lung tumour induction could also have implications for
extrapolation of high- to low-exposure situations. Inherent in this mechanism is the
concept that there are exposures to crystalIine silica that produce minimal or no inflammation and can be dealt with adequately by host defences (e.g. clearance mechanisms,
anti-oxidant defences, etc.); a concept supported by experimental evidence in animaIs

(Henderson et al., 1995; Borm & DriscoIl, 1996; Driscoll et al., 1997). When defence
mechanisms are overwhe1med, a threshold may be exceeded, genetic alterations cou1d

occur and the slope of the dose-response curve for induction of tumours may rise.

5. Summary of Data Reported and Evaluation
5. i Exposure data

Silica (silicon dioxide) occurs in crystalIine and amorphous forms. Of the several
crystaIline polymorphs of silica found in nature, quartz is by far the most common, being
abundant in most rock types, notably granites, sandstones, quartzites and in sands and
soils. Cristobalite and tridymite are found in volcanic rocks. Because of the wide usage
of quartz-containing materials, workers may be exposed to quartz in a large variety of

industries and occupations. Respirable quartz levels exceeding 0.1 mg/m'are most
frequently found in metal, non-metal and coal mines and mills; in granite quarrying and
shed stone and related industries; in foundries; in the ceramics industry; in
construction and in sandblasting operations. Cristobalite is formed from quartz or any
other form of silica at high temperatures (? 1400 °C) and from some amorphous silicas
(e.g. diatomaceous earth) at somewhat lower temperatures (800°C). Cristobalite exposure is notably associated with the use and calcination of diatomaceous earth as well as
refractory material installation and repair operations. Few data exist on non-occupational
exposures to crystalline silica. It has been estimated that respirable crystaIline silica
levels in the low ¡.g/m' range are common in ambient air. Exposure may also occur
during the use of a variety of consumer or hobby products.
Amorphous silica is found in nature as biogenic silica and as silica glass of volcanic
origin. One form of biogenic silica, diatomaceous earth, originates from the skeletons of
processing, cru
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tains small amounts of cristobalite and quartz.
After calcination (which significantly increases the cristobalite content), diatornaceous
earth is used as a filtration agent, carrier for pesticides, filler in paints and paper and as a
refractory or abrasive product in a variety of industries. Occupational exposure to both

diatoms deposited on sea floors and con

amorphous and crystalline silica may occur during the production and use of
diatomaceous earth. Fibres of amorphous silica are produced by a variety of plants, such
as sugar cane and rice, and may be inhaled when re1eased into the air during farming
operations.
Large quantities of synthetic amorphous silica are produced as pyrogenic (fumed)

silicas and wet process silicas (precipitated silicas and silica gels) which are used,
notab1y, for reinforcing elastomers, for thickening resins, paints and toothpaste, and as

free-flow additives. Exposure to synthetic amorphous silica may occur during its
production and use. Synthetic amorphous silica may also be ingested as a minor consti-

tuent (, 2%) of a variety of food products where it serves as an anti-caking agent, and as
an excipient in sorne pharmaceutical preparations. Silica fume is a forrn of amorphous
silica (with small amounts of crystalline silica) unintentionalIy released into the air from
certain rnetallurgical processes.

The mechanica1, thermal and chemica1 history of a silica particle determines its
surface properties and presence and abundance of various surface functionalities. Surface
reactivity varies among silica samp1es from different sources. Heating converts hydrophilic surfaces into hydrophobic ones. ln particu1ar, freshly fractured surfaces are more
reactive th

an aged ones.

5.2 Hurnan carcinogenicity data
The evaluations for both crystalline and amorphous silica pertain to inhalation
resulting from workplace exposures. Lung cancer was the primary focus. The W orking

Group' s evaluation of the epidemiological evidence for potential causal relations
between silica and cancer risk was focused principally on findings from studies that were
1east like1y to have been distorted by confounding and selection biases. Among these
studies, those that addressed exposure-response associations were especially influential
in the Working Group's deliberations.
Crystallne silica

Possible differences in carcinogenic potential among polymorphs of crystalline silica
were considered. Sorne studies were of populations exposed principally to quartz. ln only
one study (that of United States diatomaceous earth workers) was the exposure predominantly cristobalite. Studies of mixed environments (i.e. ceramics, pottery, refractory
Id not delineate exposures specifically to quartz or cristobalite. Although there

brick) cou

were sorne indications that cancer risks varied by type of industry and process in a
Id only reach
a single eva1uation for quartz and cristobalite. Nonetheless, the W orking Group did note

manner suggestive of polymorph-specific hazards, the Working Group cou

a reasonab1e degree of consistency across studies of workers exposed to one or both
polymorphs.
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Ore mining

Seventeen cohort and five case-control studies were reported on ore miners potentially exposed to silica dust. The majority of these studies reported an elevated mortality
for lung cancer among silica-exposed workers. However, in only a few ore mining
studies were confounders such as other known occupation

al respiratory carcinogens

taken into account. ln such studies consistent evidence for a silica-lung cancer relationship was not found. Noteworthy instances where a relationship between 1ung cancer and
crystalline silica was not detected include two independent studies of gold miners in
South Dakota, United States, a study of miners in one lead and one zinc mine in Sardinia,
Ita1y, and a study of tungsten miners in China. The results of most of the other studies
Id not be interpreted as an independent effect of silica - workers were concomitantly
exposed to either radon, arsenic, or both, and in some cases other known or suspected
occupational respiratory carcinogens were present in the work environment (e.g. diesel
exhaust, polycyclic aromatic hydrocarbons, cadmium). ln a few studies, no information
cou

was provided on exposure to radon or arsenic, in spite of the likelihood of these
exposures.
Quarries and granite works

Six cohort studies were available for review. These studies provide important information on cancer risks because the workplace environments were generalIy free of

reported exposures to potentially confounding agents (e.g., radon). AIl studies revea1ed
lung cancer excesses. Direct quantification of silica dust exposure concentrations in

relation to Jung cancer risk was not conducted in any of these studies, mainly due to
al hygiene measurement data. However, some studies provided indications of exposure-response associations when surrogate dose data, such as duration of
employment and category of exposure, were used. For example, findings for lung cancer
include a nearly twofold mortality elevation among long-term granite shed workers in
sparse occupation

Vermont, United States, an eightfold elevation among sandstone workers in Copenhagen,
shed granite stone workers in the
United States with long duration of exposure and time since exposure onset. One study of
Denmark, and a relative risk of roughly 3.5 among cru

German slate quarry workers indicated a more prominent re1ationship between employ-

ment duration and lung cancer among workers with silicosis than among workers without
si1icosis. The W orking Group regarded radiographie evidence of silicosis as a marker of
high exposure to silica.

Ceramics, pottery, refractory brick and diatomaceous earth industries

ln refractory brick and diatomaceous earth plants, the raw materials (amorphous or
crystallne silica) are processed at temperatures around 1000 °C with varying degrees of
conversion to cristoba1ite. The resu1ts of two cohort studies of refractory brick workers
from China and ltaly and of one cohort study of diatomaceous earth workers froID the
USA provided consistent evidence of increased lung cancer with overall relative risks of
about 1.5. ln the study of refractory brick workers from China, a modest increasing trend
of lung cancer wás found with radiographie profusion category. A nearly twofo1d
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elevated lung cancer risk was found among long-term workers In the Italian study. ln the
study of United States diatomaceous earth workers, increasing exposure-response

gradients were detected for both non-malignant respiratory disease and lung cancer
mortality.

ln ceramIc and pottery manufacturing plants, exposures are mainly to quartz, but
where high temperatures are used in ovens, potential exposures to cristobalite may occur.
ln a cohort study of British pottery workers, lung cancer mortality was slightly elevated;
a nested case-control analysis of lung cancer did not show an association with duration
of exposure, but indicated a relationship between lung cancer mortality and average and
peak exposures in firing and post-firing operations, with relative risks of approximately

2.0. ln an Italian case-control study, apart from a fourfold increase in lung cancer in
registered silicotics, there was a smalI increase in lung cancer for subjects without
silicosis. ln a case-control study from the Netherlands, there was little relationship
overalI between work in ceramics and lung cancer risk, but there was some suggestion
that lung cancer risk was related to cumulative exposure.
Foundry workers

There were only three large cohort studies of foundry workers where silica dust or
silicosis were considered as risk factors for cancer. One study from Denmark found a
slightly elevated risk of lung cancer in silicotics compared with non-silicotics. Two
studies, one from the United States and one from China, yie1ded conflicting results for

lung cancer. The Chinese study suggested positive associations of silica with both lung
cancer and stomach cancer, although there remained a potential for confounding by
exposures to polycyclic aromatic hydrocarbons. The United States study did not

demonstrate an association of lung cancer with cumulative silica exposure.

Silcotics
The vast majority of studies on registered silicotics reported excess lung cancer risks,

with relative risks ranging from 1.5 to 6.0. Excesses were seen across countries,
industries and time periods. A number of studies reported exposure-response gradients,
using varying indicators of exposure. Some studies, in particular one from North
Carolina (USA) and one from Finland, provide reasonable evidence for an unconfounded
association between silicosis and lung cancer risk.

Summary of findings for crystalline silica (quartz and cristobalite)

For the evaluation of crystalline silica, the following studies provided the least
confounded examinations of an association between silica exposure and cancer risk:
(1) South Dakota, United States, gold miners; (2) Danish stone industry workers; (3)
Vermont, United States, granite shed and quarry workers; (4) United States crushed stone

industry workers; (5) United States diatomaceous earth industry workers; (6) Chinese
refractory brick workers; (7) Italian refractory brick workers; (8) United Kingdom
pottery workers; (9) Chinese pottery workers; (i 0) cohorts of registered si1icotics from

North Carolina, United States and Fin1and. Not aU of these studies demonstrated excess
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cancer risks. However, in view of the relatively large number of epidemiologica1 studies
that have been undertaken and, given the wide range of populations and exposure

circumstances studied, some non-uniformity of results would be expected. ln some
studies, increasing risk gradients have been observed in relation to dose surrogates cumulative exposure, duration of exposure or the presence of radiographically defined
silicosis - and, in one instance, to peak intensity exposure. For these reasons, the

Working Group therefore concluded that overall the epidemio10gical findings support
increased lung cancer risks from inhaled crystalline silica (quartz and cristobalite)
resulting from occupationa1 exposure. The observed associations cou

Id not be explained

by confounding or other biases.

Amorphous silica

Very little epidemiological evidence was available to the Working Group. No
association was detected for mesothelioma with biogenic amorphous silica fibres in the
three community-based case-control studies. Separate analyses were not performed for
cancer risks among a subset of diatomaceous earth industry workers exposed predominantly to amorphous silica.
5.3 Anirnal carcinogenicity data

Various forms and preparations of crystalline silica were tested for carcinogenicity by
different routes of exposure.
Different specimens of quartz with particle sizes in the respirable range were tested in
four experiments in rats by inhalation and in four experiments in rats by intratracheal
instillation. ln these eight experiments, there were significant increases in the incidence
of adenocarcinomas and squamous-celI carcinomas of the lung; marked, dense pulmonary fibrosis was an important part of the biological response.

Pulmonary granulomatous inflammation and slight to moderate fibrosis of the
alveolar septa but no pulmonary tumours were observed in hamsters in three experiments
using repeated intratracheal instillation of quartz dusts.

No increase in the incidence of lung tumours was seen with one sample of quartz in
the strain A mouse lung adenoma assay and with another quartz sample in a limited
inhalation study in mice. Silicotic granulomas and lymphoid cuffing around airways but
no fibrosis were seen in the 1ungs of quartz-treated mice.
ln several studies in rats using single intrap1eural or intraperitoneal injection of
suspensions of severa1 types of quartz, thoracic and abdominal malignant lymphomas,
primarily of the histiocytic type (MLHT) were found. ln rats, intrapleura1 injection of

cristoba1ite and tridymite with partic1es in the respirable range resulted in malignant
Iymphomas, primarily MLHT.

A pronounced positive interactive effect of one sample of quartz and Thòrotrast (an

a-radiation emitting materia1) on pulmonary carcinogenesis was observed in one
inhalation study in rats. Enhancement of benzo(a)pyrene-induced respiratory tract carci-
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nogenesis by two different samples of quartz was seen in one intratracheal instilIation
study in hamsters.

ln two studies in hamsters given mixtures of quartz and ferric oxide (1 : 1) by
intratracheal instilIation, no pulmonary tumours were observed.
Diatomaceous earth was tested by oral administration in rats and by subcutaneous and
intraperitoneal injection in mice. No increase in the incidence of tumours was found after
oral and subcutaneous administration; after intraperitoneal injection, a slightly increased
incidence of intra-abdominal lymphosarcomas was reported.

ln one test by intrapleural injection of biogenic silica fibres to rats, the silica fibres
were not found to influence the tumour response to crocidolite but a small number of
pleural mesotheliomas was reported in animais injected with 15, 16-dihydro- i 1-methylcyclopenta( a )phenanthren-17 -one followed by administration of the biogenic silica

fibres.

A food-grade micronized synthetic amorphous silica was tested by oral administration
to mice and rats. No increased incidence of tumours was seen. ln one study in rats using
intrap1eural implantation of two different preparations of synthetic amorphous silica, no

increased incidence of tumours was observed.
5.4 Other relevant data

CrystaWne silica

Crystalline silica deposited in the lungs causes epithelial and macrophage injury and
activation. CrystalIine silica trans10cates to the interstitium and the regional Iymph nodes.
Crystallne silica results in inflammatory cell recfUitment in a dose-dependent manner.
Neutrophil recruitment is florid in rats exposed to high concentrations of quartz; marked,
persistent inflammation occurs accompanied by proliferative responses of the epithelium
and interstitial cells. ln humans, a large fraction of crystalline silica persists in the lungs,
culminating in the development of chronic silicosis, emphysema, obstructive airways

disease and lymph node fibrosis in some studies. ln-vitro studies have shown that
crystalline silica can stimu1ate release of cytokines and growth factors from macrophages

and epithelial cells; evidence exists that these events occur in vivo and contribute ta
disease. CrystalIine silica stimulates release of reactive oxygen and nitrogen intermediates from a variety of cell types in vitro. Oxidative stress is detectable in the lungs
of rats following exposure to quartz.

Much less is known about the acute lung responses to inhaled crystallne silica in
humans. Subjects with silicosis show an inflammatory response characterized by

increased macrophages and lymphocytes but minimal increases in neutrophil numbers.
Only one human study was available on subjects exposed to dust containing
crystallne silica, with no indication of the level of exposure; it showed an increase in the
levels of sister chromatid ex

change and chromosomal aberrations in peripheral blood

lymphocytes.

Most cellular genotoxicity assays with crystallne silica have been performed with
quartz samples. Some studies gave positive results, but most were negative. Sorne quartz
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samp1es induced micronuc1ei in Syrian hamster embryo celIs, Chinese hamster lung V79
cells and human embryonic lung Hel 299 cells, but not chromosomal aberrations in the
same cell types. Two quartz samples induced morphological transformation in Syrian
hamster embryo celIs in vitro and 5 quartz samples induced transformation in BALB/c3T3 cells. Whi1e quartz did not induce micronuclei in mice in vivo, epithe1ia1 celIs from
the lungs of rats intratracheally exposed to quartz showed hprt gene mutations. Inflam-

matory celIs from the quartz-exposed rat lungs caused mutations in epithelial cells in
vitro. Direct treatment of epithelial cells in vitro with quartz did not cause hprt mutation.
Tridymite was tested in only one study, where it induced sister chromatid exchange in
co-cultures of human lymphocytes and monocytes.
lncreasing in-vitro and in-vivo evidence suggests that the rat 1ung tumour response to

crystalIine silica exposure is a result of marked and persistent inflammation and epithelial proliferation. Other pathways such as a role for crystalline silica surface-generated
oxidants or a direct genotoxic effect are not ruled out; however, at present, there is no
convincing evidence for these alternative pathways.
Amorphous silica
Amorphous silicas have been studied less than crystalline si1icas. They are generally

an crystalline silica and are cleared more rapidly from the lung.
Biogenic silica fibres induced ornithine decarboxylase activity of epidermal cells in
mice following topical application. No data were available to the Working Group on the
genotoxicity of other amorphous silica particles.

less toxic th

5.5 Evaluationl

There is sufficient evidence in humans for the carcinogenicity of inhaled crystalline
silica in the form of quartz or cristobalite from occupational sources
There is inadequate evidence in humans for the carcinogenicity of amorphous si1ica.

There is suffcient evidence in experimental animaIs for the carcinogenicity of quartz
and cristobalite.
There is limited evidence in experimental anima1s for the carcinogenicity of tridymite.

There is inadequate evidence 10 experimental animaIs for the carcinogenicity of
unca1cined diatomaceous earth.

There is inadequate evidence 10 experimental animaIs for the carcinogenicity of
synthetic amorphous silica.
Overall evaluation

ln making the overalI evaluation, the W orking Group noted that carcinogenicity in

humans was not detected in all industrial circumstances studied. Carcinogenicity may be

1 For definition of italicized terms, see Preamble, pp. 24-27
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dependent on inherent characteristics of the crystalline silica or on extemal factors
affecting its biologie

al activity or distribution of its polymorphs.

Crystalline si1ica inha1ed in the form of quartz or cristobalite from occupational
sources is carcinogenic to humans (Group 1 J.
Amorphous silica is not classifiable as to ils carcinogenicity to humans (Group 3).
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