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FIBER DIMENSIONS. OF CROCIDOLITES FROM WESTERN AUSTRALIA, BOLIVIA,
AND THE CAPE AND TRANSVAAL PROVINCES OF SOUTH AFRICA

By Kim B. Shedd'

ABSTRACT

The Bureau of Mines measured fiber dimensions on crocidolites
(riebeckite~asbestos and magnesioriebeckite—asbestos) from the world's
four crocidolite mining regions. The objective of the study was to de-
termine whether there are measurable morphological differences between
crocidolite fibers that correlate with the high reported incidence of
mesothelioma in miners and mill employees in the Cape Province of South
Africa and Western Australia, as compared with little or no reported
incidence of this cancer in the Transvaal Province of South Africa or
Bolivia, Fiber dimensions measured with the scanning transmission elec~
tron microscope showed that crocidolites from Western Australia and the
Cape Province have more thin fibers than crocidolites from Bolivia and
the Transvaal Province.

INTRODUCTION

Precise and objective mineral particulate characterizations are essen-
tial to help clarify some of the health-related problems associated with
occupational and environmental exposure to fibrous minerals., By provid-
ing these characterizations the Bureau of Mines 1s able to assist regu-
latory agencies and industry by furnishing mineralogical information
upon which more informed decisions can be based.

The question addressed in this report is, "Are there differences
in fiber dimensions of crocidolites from different mining regilons
that might correlate with reported differences in the 1ncidence of
mesothelioma?"” Crocidolite is a general term for alkalil amphibole as-
bestos (12).2 The two forms of crocidolite examined in this study are
riebeckite-asbestos and magnesioriebeckite—asbestos, based on chemical
compositions reported in the literature. Crocidolite samples were exam-
ined from four locations where it has been produced commercially (li) to
determine if there are measurable differences in fiber dimensions. The
results are evaluated in view of the differences in mesothelioma inci-
dence as reported in the literature, The basls for this correlation is

reviewed in appendix A.

1Geologist, Avondale Research Center, Bureau of Mines, Avondale, MD.
2Underlined numbers in parentheses refer to items in the list of references preced-

ing the appendixes,
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SAMPLE DESCRIPTIONS

GEOLOGIC SETTING

Ten crocidolite samples were examined
in this study (table 1). The samples
were obtained from the four geographic
reglons where crocidolite has been mined
commercially: the Cape and Transvaal
Provinces in South Africa, the Hamersley
Range of Western Australia, and Bolivia.
Detailed descriptions of the geology and
mineralogy of the four reglons have been
published (1-2, 4-5, 11, 14). Geologi-
cally the crocidolite deposits can be
divided into two types. The South Afri-
can and Western Australian deposits oc~-

cur in banded iron formations of Pre-
cambrian age. The crocidolite is pres~-
ent as “seams” parallel to the bedding
planes of the banded i1ronstone. The fi-

bers lie perpendicular to the plane of
the seam (cross fiber). Based on their
chemical composition, crocidolites from
South Africa and Western Australia are
riebeckite-asbestos. Magnetite is com

monly reported in assocliation with the

crocidolite from these locations (2, 11,
14). In contrast, the Bolivian deposit
occurs 1n younger slates and quartzites
of Devonian age. The crocidolite in this
deposit is present as veins parallel to
the bedding, and as fracture fillings at
irregular angles to the bedding, form-
ing a "stockwork” type deposit, The fi-
ber lles at an acute angle to the veins
(slip fiber) and is a magnesioriebeckite-
asbestos Dbecause of replacement of fer-
rous iron by magnesium (32). °~ A similar
deposit has been described near Lusaka,

Zambia (4), but has not been worked
commercially.

A systematic sampling within mines or
reglons was Dbeyond the scope of this
project and was not attempted. Samples
were primarily raw fibers within host
rock, or in some cases fibers removed
from the host rock. A few of the samples
were recelved in a milled form, Specific

comments from hand-sample examination of
the samples follow a general discussion
of chemical composition.



TABLE 1. - Crocidolite sample

descriptions and source locations

Sample Description Source location
Al.... | Crude fiber from mill circuit; Colonial Mine, Wittenoom, Hamersley Range,
GSWA #57408.! Western Australia.
A2.... | Fiber in rock from spoil heap; Do.
GSWA #57409.1
Beeooo | Fiber bundleS.ecececccceescsssees | Wormald Mine, Bolivia.
Cl....| Fiber in rock.eeeeccesssscseeesss | Mined near Kuruman, northern Cape Province,
Republic of South Africa.
C2....| Air-jet milled fiber;2 CP#130, Mined in Kuruman Hills, northern Cape
05303. Province, Republic of South Africa.
Tl.ee.. | Fibers removed from rock labeled | Voorspoed Mine (Good Luck Mine), northeast
"crude ore."3 Transvaal, Republic of South Africa.
T2eees | Fiber in rockeeececcsccccccccsss Do.
T3euss | Milled fiberieeeeeesesssssseeess| Transvaal, Republic of South Africa.
Thees. | Fiber in rock; #WS42'..eveeeeee.| Dublin, Pietersburg, Transvaal, Republic of
South Africa.
T5¢e0s | Fiber in rocKkecsesescosscoscocooocss Do.
'Sample numbers provided by sample donors.
2Sample prepared for the National Institute of Environmental Health Studies.
35ample from the collection of the late Mearl F. Stanton.
CHEMICAL COMPOSITION in tables 2 through 5. Semiquantitative
chemical analyses on the samples in
Results from selected chemical analy- the present study confirm the following

ses reported in the literature

for cro- trends in chemical composition.
cidolites from four regions are presented

TABLE 2. - Chemical composition of Cape Province crocidolites,

weight percent

Oxides I IT ITT IV \i . VI
S10%+vesvevsssess | 50.90 | 50.70 | 52.00 | 50.50 | 51.9%4 | 50.18
Aly0500ssvcnssans Nil .70 Nil NA .20 | 2.58
Fey05eesesecesses | 16.85| 18.30 | 16.05| 20.20 | 18.64 | 17.43
FeOuvevsvonsncses | 20,50 | 17.50 | 17.65| 15.40 | 19.39 | 15.51
MO4oaeosnoassnes .05 .06 Tr NA NA| .09
MZOseevssosnonnss | 1,06 | 3.05| 4.28| 3.65| 1.37| 3.87
Caliessssnsnnsses | 1,45 1.30 [ 1.20 .80 190 .92
NayOuessseenoanss| 6420 5.30 | 6.21| 4,40 6.07| 5.25
RyOuosuovanonoanse .20 Tr .06 NA 041,05
HpOeususesnosnss | 2,37 | 2,53 2.43| 4,15 2.58| 3.03
P .22 .29 226 | 1.05 31| .43
Ti0)eeesesnsacsns NA NA NA NA NA| .14
COperranenncaanes .20 45 .09 NA NA| .36
Pp05esessssseanes NA NA NA NA NA| .14

Totals...... | 100,00 | 100.18 | 100.23 | 100.15 | 100.73 | 99.98

NA Not available.
I Koegas (9).
II Kuruman (9).
IIT Pomfret (9).

Tr Trace.

IV Kuruman, Bechuanaland (5).
V Kliphuis, northwest Cape Province (5).
VI Average of 9 analyses, Kuruman iron formation (g).



TABLE 3. - Chemical composition of
Transvaal Province crocidolites,

TABLE 5. — Chemical composition of
Bolivian crocldolites, weight

weight percent percent
Oxides I IT I1I Oxides I IX 111 v

Si00secvesasscesnes | 36,27 59.40 | 59.41 5105..... 55.65 56.1 54.68 55.16
AlyO0zeessccoscnnans NA NA Nil A1,03.... 4.00 +66 3.90 3.10
Feo0zeeevonssncenee NA | 14.40 | 14.03 Fey0zeees 13.01 15.6 13.98 14.02
FeOueoseeoananseces | 33.78 15.10 | 15.11 FeOooesoe 3.84 4,06 7.40 7.93
MnOsesusesevoevonvoae NA NA Tr MnO...... Tr Nil .21 509
MgOesnsavsosssccace 1.67 3.40 3.53 MEgOssaves 13.09 14.5 12.25 11.78
Calessoesonssvensoas 1.70 .55 49 Caleeesse 1.45 1.11 1.27 .98
NazOQoooonooooooooo 3092 4.05 4.63 Nazo-cooo 6091 5»05 5.55 5092
KoOevevooenonenenes NA NA .28 K20eesees .39 .71 46 60
HoOtevevosesnsanana NA 3.25] 2.07 HyO eeues 1.78 | 12,21 3,72 31.07
HpO"veesasosennnens NA .10 .14  Hy0"..... Tr 2,03 NA NA
TiOgeveseessnovanse NA NA NA TiOpessae NA Tr Tr NA
COpsessecossncnnssns NA NA .09 COze0nnne Tr NA NA NA

Total........... 97034 100025 99.?8 P205u‘000 NA NA NA NA
NA Not available. Tr Trace. Total.. | 100,12 | 100.03 | 100.42 | 100.65

I Malips River, east of Pletersburg NA Not available. Tr 'Trace.

(5), total reported as 99.84.,

I1 East of Malips River (5).
III Malips drift (9).

TABLE 4. - Chemical composition of
Western Australian crocidolites,

weight percent

Oxides I 11 111 v v
Si05...| 53.66| 53.10|51.86| 51.94| 52.85
Al,03.. .08 .88 .03 24 .18
Fey0z..| 17.73| 16.95/20.26| 18.93| 18.55
PeOesos| 14,67 17.54114.84] 15.25| 14.95
MiOeseo .07 NA .01 .01 Tr
MgOsewe 4,54 3.13( 3.26 3.94 4,64
Caleese 23 52 .49 .40 1.07
Na,0... 5.01 6.21| 6.12| 6.00 5.97
KyOewes| 07|  J14| 28]  .26| .05
Hy0%.oo| 2.81| '1.66| 1.97| 2.67| 2.77
HyO"eue| 33 NA| .68] .72| .22
Ti0j... .02 NAl .03 .01 NA
COpuesal  o57 NA| .02 Nil| .23
P0sees| 436 NA| .05| Nil NA
FeSpees| .02 NA| NA NA NA

Total|{100.17{100.13/99.90|100.37|100.48
NA Not available. Tr Trace.
'Total water,

I Wittenoom (25).

11 Location unknown (25).
III Mount Margaret (25).

IV Weeli Wolli (25).

V Hamersley Range (25).

'yater [theoretical 2(OH)/mol].
2Loss at 105° C.
3Total water.

I Cochabamba (9).
II Cochabamba (32).
III Philadelphia Mine, Cristalmayu,
Cochabamba™ (1).
Philadelphia Mine, Cristalmayu,
Cochabamba (1).

v

The Bolivian crocidolite
riebeckite-asbestos (12). This crocido-
lite has higher content of Al,0z, MgO,
Ca0, and K,0, and lower total iron con-
tent than the riebeckite—asbestos from
the other three reglons.

Keep (l1) reports that
Province crocidolite has

is magnesio-

the Transvaal
higher silica

and lower iron and sodium than crocido-
lite from the Cape Province. The cro-
cidolites reported in tables 2’ through

5 have fairly consistent SiO, contents
within reglons, but these values differ
from region to region. The four re—
gions can be ranked from lowest to high-

est concentration of 8510, as follows:
Cape Province (50 to 52 pct), Western
Australia (52 to 54 pet), Bolivia (55
to 56 pct), Transvaal Province (56 to

59 pct).



Total iron content in crocidolites from
the Cape Province and Western Australia
is generally higher than that reported
for crocidolites from the Transvaal Prov—
ince and Bolivia. The low iron content
in the Bolivian crocidolite is the re-
sult of replacement of ferrous iron by
magnesium (32).

Webster (31) also reports lower concen-
trations of Na,0 in the Transvaal Prov-
ince and higher concentrations din the
Cape Province. Na,0 contents of crocido-
lites from Western Australia and Bolivia
are similar to those reported for Cape
Province crocidolites. MnO and MgO con-
centrations of crocidolites from the
Cape and Transvaal Provinces and Western
Australia are similar. Values of K,0
are variable; they appear to be about
0.04 to 0.06 for most Cape Province
samples and Western Australian samples
labelled Wittenoom and Hamersley Range
(table 4), but are generally higher in
the Transvaal Province (0.28 pect), and in
other samples from Western Australia and
Bolivia.

WESTERN AUSTRALIAN SAMPLES

Samples Al and A2 are from the Colonial
Mine at Wittenoom in the Hamersley Range
in Western Australia. Sample Al is crude
fiber from the mill circuit, and is com~
posed of gray-blue fiber bundles, 2 to
2,5 cm long and 1 to 15 mm wide. No ac-
cessory minerals were observed during
hand sample examination.

Sample A2 is a raw sample from the
spoil heap of the Colonial Mine. It con-
sists of four pleces of crocidolite
seams, Each piece measures approximately
3 to 4 cm3 and is capped at both ends by
host rock. The host rock on one end of
the seam is blue-black massive riebeck-
ite; on the other end it is reddish-~brown
ironstone. The fibers themselves are
gray blue and range in length from about
1 mm where the seam fingers into the host
rock to a maximum length of about 3 cm.
.Most fibers are about 2.5 ecm in length.
The crocidolite seams are cross fiber
(fibers perpendicular to the plane of the
seam) and have a satiny luster, Upon
careful examination small equidimensional
opaque crystals of magnetite are visi-
ble among the fibers, although these

occur rarely. No other obvious accessory
minerals were seen.

BOLIVIAN SAMPLE

B is from the Wormald Mine in
Bolivia. This sample is strikingly dif-
ferent from the others in terms of color
and fiber length. It is composed of a
pale blue fiber bundle, approximately 18
cm long and 1.5 cm wide. No other miner-
als or evidence of host rock were seen in
the hand specimen.

Sample

CAPE PROVINCE SAMPLES

a raw sample mined near
Kuruman in the northern Cape Province,
It dis a cross—-fiber seam of slightly
curved, blue-black fibers capped by blue-
black massive riebeckite., The fibers are
approximately 8.5 cm in length and ex-
hibit a satiny luster on some surfaces of
the sample. Magnetite is visible in lay-
ers of the host rock, in a curved vein
intersecting the fibers, and as rare in-
dividual crystals among the fibers.

Sample C2 is a blended sample prepared
by the Bureau for the Natlonal Institute
of Environmental Health Studies (NIEHS)
Oral Ingestion Studies. It is from the
Kuruman Hills of the Cape Province. The
sample was airjet milled for the NIEHS
study, resulting in balls of loose fiber,
gray blue in color. Individual fibers or
bundles of fibers up to 1l cm in length
are present in the sample. No other min-
erals are visible in hand-sample examina-
tion. Chemical and physical properties
of this sample are reported by Campbell,
Huggins, and Wylie (3).

Sample Cl is

TRANSVAAL PROVINCE SAMPLES

Sample Tl is from the collection of the
late Mearl F. Stanton of the National
Cancer Institute, National Institutes of
Health. The sample was from the Voors-
poed Mine of the northeast Transvaal. It
is composed of a few fiber bundles of
gray-blue, slightly iron—-stained fiber.
The bundles are 2 to 10 mm in length.
Brown, iron—-stained host rock is present
at the ends of some bundles. Magnetite
grains are visible extending from the
host rock into the fiber.



Sample T2 1is also from the Voorspoed

Mine. It is a raw sample of a cross-
fiber seam, approximately 3 by 2 by 1.5
cm in size, The fibers are slightly

curved and gray blue in color with some
iron oxide staining. Fiber lengths range
from about 5 mm to 2 cm. Magnetite is
present as thin layers crosscutting the
fibers and as individual grains extending
from the host rock into the fibers. The
host rock is a mottled brown and black
magnetite-rich layer of iron stone.

Transvaal sample T3 was received in a
milled form. The sample 1is a gray-blue
powder., Most fibers are submlcroscopic,
but rare fibers up to 5 mm in length are
present,

T4 and T5 were raw samples
location or mine 1in the
Transvaal Province. "Dublin" 1is the
name either of the mine or of the farm
on which the mining took place. The
samples consist of sections of magnetite-
rich host rock containing crocidolite
seams 3.5 to 4 cm in width., The fiber
in the seams 1s gray blue and curved
or wavy. Magnetite extends from the
host rock into the fibers as individ-
ual grains. Portions of the fiber and
host rock are stained reddish brown by
iron oxide. Some surfaces of the fiber
have a satiny luster; others have a dull
luster,

Samples
from the same

MICROSCOPY

SPECIMEN PREPARATION

study was
of cro-

Because the objective of the
to compare the fiber dimensions
cidolites from their source deposits,
unprocessed rock samples were obtained
wherever possible, Characterization of
fibers from the originmal rocks has ad-
vantages over characterization of air
filter samples in that the bulk samples
can all be treated in the same way, elim—
inating possible variations due to dif~
fering mining and processing techniques,
alr sampling conditions, etc. Questions
may be raised as to how fibers prepared

in the laboratory relate to airborne
fibers in the mining environment, and
whether sample  preparation techniques

such as milling cause different particle
size distributions. Sample preparation
in the present study was kept to a mini-
mum, A comparison of the results from
this study with results from other TEM
studies shows similar crocidolite fiber
size distributions within geographic
areas such as the Cape Province regard-
less of method of particle size reduc—
tion, or whether the fibers were from
rock or air samples.

Raw samples of crocidolite seams were
prepared by first breaking the host rock
with a hammer and chisel, then removing
the fibers with tweezers. Whenever pos-—
sible, fresher fiber from inside a seam
was chosen over weathered fiber from
the surface, This first step was not

necessary for samples Al, B, C2, Tl, and
T3, which were received either as loose
fiber bundles or in a milled form, Fiber
from each sample was then milled to minus
20 mesh in a Wiley3 mill.

While it was desirable to alter parti-
cle size as little as possible, milling
was necessary to break apart fiber bun-
dles and reduce the fiber 1lengths to
allow mounting on 3-mm specimen grids.
The Wiley mill uses rotating knife blades
to “chop" the fibers into smaller sizes.
The fibers then pass through a screen,
which removes them from the action of the
blades. The large mesh size (approxi-
mately 830-ym openings) was chosen to
allow rapid liberation of fibers without
excess reduction of fiber lengths. This
method of particle size reduction is pre-
ferred over conventional ball milling
techniques, which have been shown to al-
ter crystal structure (19, 33).

Two of the samples were not processed
in the Wiley mill, Sample Tl did not
contain enough material to be milled, so
the fiber bundles were teased apart with
tweezers. Sample T3 was already well be-
low minus 20 mesh as received.

Microgram quantities of the milled fi-
ber from each sample were suspended in
approximately 30 mL of filtered distilled
water and subjected briefly to ultrasonic

3Reference to specific products does
not imply endorsement by the Bureau of
Mines.,



vibration to disperse the fibers. Ultra-
sonic treatment for these brief time per-
iods should not alter the crystal struc—
ture or fiber size distributions of these
samples (19). Drops of each suspension
were placed on Formvar-coated copper
transmission electron microscope grids.
After drying on a hotplate, the samples
were carbon-coated.

FIBER MEASUREMENT

Fiber lengths and widths were measured
directly from the cathode ray screen of a
Hitachi H600 scanning transmission elec—
tron microscope (STEM) in the scanning-
transmission mode at a 75~kV accelerating
voltage and a 20~pA emission current,
Measurement from the cathode ray screen
(CRT) allowed the long fiber lengths
and narrow widths to be measured over a
wide range of magnifications (X 2,000
to X 60,000). The STEM was calibrated

at each magnification using a carbon
grating replica with 1,134 lines/mm.
Measurements of the magnified image on

the CRT were made to +1/2 mm. The ac-
curacy in micrometers was that fraction
of a micrometer that 1/2 mm represents
at a given magnification. The range in
accuracy for the length measurements
was from approximately #0.2 ym for mea-
surements of long fibers at X 2,000 to
+0.01 pym for measurements of short fi-
bers at X 60,000, Widths were measured
at X 12,000 to X 60,000, No attempt was
made to distinguish between fibers or
fibrils., The range of accuracy associ-
ated with the width measurements was
approximately #0.01 for the narrowest
fibers to *0.04 for the wider fibers.

Two sets of fiber measurements were
made for each sample, In the first set,
lengths and widths of all fibers within a
given area were measured. At least 300
fibers was measured for each sample,
When a fiber intersected a grid bar, the
STEM was switched to the secondary elec-
tron mode so the full length could be
measured. In this set of data small fi-
bers were as likely to be counted as
large fibers. Frequency distributions
from this particle measurement technique
represent particle number percent rather
than weight percent.

For the second set of data a minimum
length threshold of 2 ym was imposed. . By
restricting the data set to fibers great-
er than 2 pm 1in length, more of the
“longer”™ fibers in the samples were mea-
sured. This allowed more fibers within
dimensional categories  emphasized by
health scientists to be examined. Ap-
proximately 250 to 300 fibers were mea-
sured for each sample. As in the first

data set, percentages  reported from
these results represent particle number
percent.

FIBER DIMENSIONS

The number of fibers in specific length
and width categories is presented 1n ap-
pendix B for both sets of measurements on
each sample.

General similarities and differences in
crocidolites from the four geographic re-
glons can be observed from frequency dis-
tributions for fiber length, width, and
aspect ratio (length/width). Lengths and
widths from the measurement of all parti-
cles in each sample are combined into one
set of lengths and one set of widths for
each region, The frequency distributions
are presented as log values to show the
full range of data (fig. 1). The posi-
tion of the modes (highest point in the
curve), the relatively symmetrical dis-
tribution, and the Tpositive kurtosis
(peakedness) of the log width distribu-
tions for the Cape Province crocidolites
are similar to the log width distribution
of Western Australian fibers. The log
width distributions of samples from these
two regions can be contrasted with those
from the Transvaal Province and Bolivia,
which are less symmetrical and have modes
shifted towards larger widths.

Differences in the log length distribu-
tions for the four regions are less obvi-
ous, All log length distributions are
asymmetrical, with tails in the direction
of longer fibers. Samples from Western
Australia and the Cape Province tend to
have more short fibers than those from
the Transvaal Province and Bolivia. The
similarities in length distributions may
be the result of milling. Fiber width,
which is a more fundamental mineralogical
characteristic (21), is less affected by
milling, and the differences in width be-
tween samples remain more pronounced.
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An important difference in crocidolite
fibers from the four regions 1s evident
in portions of the length and width dis~-
tributions presented in figures 24 and
2B, The fiber distributions are similar
in terms of the positions of their modal
lengths and widths, However, the per-
centage of fibers in the mode differs be~
tween reglons for both length and width.
In terms of length, the approximate per-

cent of fibers in the mode for each sam-—
ple is as follows: <Cape Province 12 pect,
Western Australia 11.5 pct, Transvaal

Province 8.3 pect, and Bolivia 5.5 pct.
The percent of fibers in the modal width
for each sample is Western Australia 45
pet, Cape Province 41 pet, Transvaal
Province 23 pect, and Bolivia 19 pct.
Therefore, by particle number percent,
the Bolivian and Transvaal Province sam-
ples have about half as many short
or thin fibers in their modes as do sam~
ples from the Cape Province and Western
Australia.

Fiber dimension data (mean, minimum,
maximum, and standard deviations, where
applicable, for fiber 1length, fiber

width, log length, and log width) are
presented for each sample in table 6.
Because the length and width distribu-
tions approach normal distributions on a

log scale (fig. 1), the geometric means
(calculated as the antilog of the mean
log 1length or mean log width) are pre-

sented along with the arithmetic means,
Although there 1s some variation within
regions, in general the reglons can be
ranked by particle size from largest to
smallest mean length and mean width in
the following order: Bolivia, Transvaal

Province, Western Australia, and Cape
Province (with the exception of sample
C2). Therefore, based on the means, the

Bolivian sample has the largest fibers
(both the widest and longest), followed
by the Transvaal Province samples, then
the Western Australlan samples, and the
Cape Province samples with the shortest
and narrowest fibers.

Minimum fiber lengths range f£rom 0.05
to 0.14 ym, but minimum fiber widths are
fairly constant at approximately 0.02 um

for all samples. The majority of fi-
bers present in the samples are small,
so large fibers are less 1likely to be

encountered before the predesignated num-
ber of fibers 1s measured. Therefore,
the maximum lengths and widths are not as
well established as the minimum lengths
and widths,

The results on fiber length and width
can be compared with fiber dimensions re-
ported inm the literature. Hwang and
Gibbs (10) studied airborne crocidolite
from the Kuruman area of the Cape Prov-
ince. Fiber dimensions of crocidolite on
air filters are very similar to those on
bulk Cape Province crocidolite samples in
the present study. The airborne filbers
are short (<1.6 pct longer than 10 pm)
and narrow (<1.5 pct wider than 0.4 um),
and the widths are falrly constant with
increasing fiber length.  The width dis~
tributions of these fibers are character-
ized by minimum widths of 0.01 ym, geo-
metric mean wildths ranging from 0.08 to
0.10 ym, and modes at 0.1 to 0.2 ym.

In their study comparing fibers from
the Cape and Transvaal Provinces, Tim-
brell, Griffiths, and Pooley (23) also
note that Cape Province crocidolites have
shorter fibers than crocidolite and
amosite from the Transvaal Province.
Timbrell, Pooley, and Wagner (24) report
similar minimum widths to those reported
here: approximately 0.04 yum for Cape
Province crocidolite (Union International
Contre le Cancer material) and 0.02 ym
for Western Australian crocidolite. In
the present study, the larger mean widths
of fibers from the Transvaal Province as
compared with those from the Cape Prov-
ince follow the same trend reported by
Timbrell, Griffiths, and Pooley (23).
Thelr wvalues of 0.073 ym mean width for
Cape Province crocidolite and 0.212 pn
for Transvaal Province crocldolite are
very close to the mean widths reported
here. The similarity between fiber di-
mensions reported previously (10, 23-24)
and those in the present study is nota-
ble, considering that different samples
were examined, perhaps from different
mines within the regions, different sam-
pling and sample preparation methods were
used [samples in (10) were collected on
alr filters; samples in (23) were ground
by mortar and pestle], and measurement
techniques may also have differed,
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TABLE 6. - Fiber dimension data

for individual crocidolite samples, all lengths, micrometers

Hamersley Range, Northern
Western Australia Cape Province,
Al-- A2 Republic of Transvaal Province, Republic of South Africa | Bolivia
Colonial|Colonial South Africa | Voorspoed Mine | T3-- | Dublin, Pietersburg B—
Mine Mine Cl— C2—~ Tl T2-— | Milled T4 T5 Wormald
mill spoil | Kuruman|Kuruman | Stanton| raw fiber Mine
circuit| Theap raw Hills
(NIEHS)
Length:
Mean (geometric).. 0.77 0.94 0.43 1.77 1.87 1.03 1.20 1.14 0.96 2.28
Mean (arithmetic). 2.53 3.83 .93 5.65 12.01 2.36 2.15 9.19 6.80 12.58
Minimime.esaonoeses .05 .08 .08 .14 .12 .10 .09 .10 07 .09
Maximumecooeeesens | 473.7 163.4 70.6 229.2 492.9 149.4 48.0 | 551.3 493,2 542.1
Width:
Mean (geometric).. .09 .08 .06 .09 .12 W13 «20 .12 .13 .18
Mean (arithmetic). .12 .09 .07 <11 .19 .16 +29 +26 .28 29
Minimume.svseseeecns .02 .02 .01 .02 .02 .02 .02 .02 .02 .02
Maximum.esesennrcns 7.73 <51 49 1.17 .98 .79 2,47 9.22 4.41 2,37
Log length:
Mean. coveeonsosens -.112 -.027 -.363 247 271 .011 .075 .058 -.019 359
Standard deviation 468 .617 401 .596 707 482 447 .639 .608 0675
Minimim.coseonccos -1.316 | -1.096 | —-1.118 ~.856 =.925| -.999 | -1.027| -1.017| =-1.134 -1.023
MaximuMe coeoencone 2.676 2.213 1.849 2.360 2.693] 1.694 1.681 2.741 2.693 2.734
Log width:
Meal. cevecnsennnas ~1.041 | -1,109 | =-1.234 | -1.048 -.912{ -.900 | -.692 ~-s914 -.891 ~o741
Standard deviation .273 242 «257 .2853 <410 .304 .381 448 497 L402
MiniciMeeesvevacea -1.793 | -1.795 | -1.852 | ~1.798| -1.808|-1.783 | -1.805| =-1.795| -1.833 -1.687
Maximume esoaseenas .888 —.296 ~.311 .069 -.010| -,105 .393 965 044 .375
Total particles
countedesveeeacecnn 305 325 311 327 368 320 313 320 307 658

TT
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Results from selected samples in the
present study can be used for an indica~-
tion of the wvariations that can be ex-
pected from sampling a mine, sample prep—
aration, and the measurement technique.
A thorough study would be necessary to
examine the effect that each of these
sources of variation independently con-
tributes to the final result. In the
present study the combined effect of two
or more of these sources of variation can
be observed. The comparisons that follow
are Dbased on results from the first set
of data, in which fibers of all lengths
were measured. The measurement technique
was the same for all samples; however,
some of the variation in the results can
probably be attributed to variations in
the reproducibility of the measurement
technique. Similarly while most of the
samples underwent identical sample prepa-
rations, this may also be a source of
variation.

Bolivian sample B was divided into sub~-
samples Bl and B2. The subsamples were
milled separately, then prepared and mea-
sured as independent samples. Results on
subsamples Bl and B2 (table 7 and fig. 3)
represent variations originating f£from

milling, preparation of the suspension
and specimen grids, and measurement
technique.

Two sets of samples give an indication
of the variation originating from sam—
pling a mine, then preparing and analyz-
ing samples using the same techniques.
Samples Al and A2 are both from the Colo-
nial Mine in Western Australia, and sam-
ples T4 and T5 are from Dublin in the
Transvaal Province. Results for these
samples are presented in table 6 and fig-
ure 3, In contrast, samples Tl and T2
are both from the Voorspoed Mine, but
were prepared differently for analysis,
(Sample T1 was not milled.) The results
for Tl and T2 (fig. 3 and the wvalues in

table 6) include wvariations from sam—
pling, from different methods of sample
preparation, and from the measurement

technique,

TABLE 7. — Particle measurement data
on two preparations of the Bolivian
crocidolite sample, all lengths,

micrometers
Bl B2

Length:

Mean (geometric).ieses 3.20 1.62

Mean {(arithmetic).... 19.13 5.86

Minimum,seeseosencnses .14 .09

Maximumeseeosaoseoess | 542,1 251.2
Width:

Mean (geometric)evess .21 .16

Mean (arithmetic).e.. .32 .26

MinimUmeoeesososonscee .03 .02

Maximumessseoscrecsses 2.37 2.19
Log length:

MEaNesseosssosssenanns .505 .209

Standard deviation... 724 .583

Minimum.............. "0856 "'10023

Maximume seeoecovssnne 2.734 2.400
Log width:

Meansseesessssosonses -.675 -.808

Standard deviation... .378 415

Minimumeeoeeeeosesonose -1.507 ~1.687

Maximume ssesesesoasee 375 «340
Total particles counted | 333 325

The linear least squares regression of
log width versus log length allows the
relationship between fiber width and
length to be examined. Previous studies
have used the relationship

log width = F log length + b,

where F is the slope of the regression
line, termed the "fibrosity index,™ and b
is the intercept on the log width axis,
to compare asbestos fibers with amphibole
cleavage fragments from bulk samples (16)
and occupational air monitor filters
(28), and to compare asbestos and nonas-
bestos fibers (15). The regression of
log width versus log length has been
shown to be independent of sample prep-—
aration for a bulk sample of wollastonite
(33).
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Because all samples 1n the present
study are crocidolite (riebeckite—asbes~ ples
tos, or magnesioriebeckite-asbestos in

case of the material from Bolivia),
one would not expect large differences
in the regression analyses, The regres~
sion of log width versus log length on
the combined data for the four regions
shows a slight division of the samples
into two groups (fig. 4 and table 8).

the

Province samples,
samples
width on length; the
generally wider
length from Western Australia or the Cape
Province.

show

have larger
(steeper slopes)

than the Western Australian and Cape
Fibers in the former

and higher

The Transvaal Province and Bolivian sam-
"fibrosity indices"
intercepts

a greater dependence

than those of

longer fibers are
the same

TABLE 8. — Linear least squares regression of the log width versus log length,

combined samples, all lengths

Region! F2 b3 Standard error?
Transvaal Province.ssesesecceescsssssevsosncenas 0.478 -0.905 0.309
Bolivj.aooo00000930005-oouoiicoooaoooo0ooo-oco '406 -0886 9295
Western Australidecesesesescscrcssesnssecnses [ 294 | ~1,045 $212
Cape ProvinCEesesecossssoescsssssosassossnssce «330 -1.122 210

'Fiber dimension data from each region are combined
Transvaal Province samples Tl + T2 + T3 + T4 + T5,
+ B2, Western Australia = samples Al + A2, Cape Province

Bolivia

to obtain these results.,

subsamples Bl

samples Cl + C2,

2F is termed the "Fibrosity index" and represents the slope of the regression

line.
3b is the intercept of the line on the log width axis,

4standard error of estimate of width on length = square root of the variance.
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FIGURE 4. - Linear least squares regression of log width versus log length of the combined sam-
ples fromthe four geographic regions. Thesedata are fromthe measurement of fibers of all lengths.

Lines represent the full range of lengths measured. n = number of fibers.



The second set of data is the result of
the measurement of 250 to 300 fibers with
lengths greater than 2 pm. Frequency
distributions showing the full ranges of
length, width, and aspect ratio are pre-
sented on logarithmic scales for combined
samples from each region in figure 3.
The maximum lengths observed in this data
set are about the same as those in the
first data set (fig. 1). However, more
fibers in the tails of the length distri-
butions have been measured to provide
better sampling of these long fibers.
The log length distributions for fibers
from the Cape Province, Western Aus-
tralia, and Transvaal Province are simi-
lar, although the Transvaal Province has
more fibers longer than 2.0 (100 um),
The Bolivian log length distribution is
quite different from the other three,
with a high proportion of fibers longer
than 1.0 (10 ym). These similarities and
differences are more evident in the 2.0-
to 10,0-ym length ranges presented in
fig\lre 200

The general shapes and ranges of the
log width distributions for fibers longer
than 2 ym (fig. 5) and fibers of all
lengths (fig. 1) are similar., The 0~ to
1l.0=~ym portion of the width distributions
of the longer fibers (fig. 2D) shows the
same regional similarities as the widths
of fibers of all lengths (fig. 2B). Cape
Province and Western Australian crocido—
lites are similar with more narrow fi-
berg; Transvaal Province and Bolivian
crocidolites are similar with broader
width distributions and more wide fibers.
Differences between the width distribu~
tions for the fibers longer than 2 um and
fibers of all lengths reflect the depen—
dence of width on length given in figure
4, The Cape Province and Western Aus—
tralian fiber widths are not very de~
pendent on fiber length, The shapes of
the width distributions, positions of the
modal widths, and mean widths are nearly
the same for both fibers longer than 2 ym
and fibers of all lengths (fig. 2, tables
6 and 9). In contrast, fiber widths from

15

the Transvaal Province and Bolivia are
more dependent on the fiber length. For
these two regions the width distributions
for fibers longer than 2 um are quite
different than those for fibers of all
lengths. The fibers longer than 2 ym
have much broader width distributions
with modes shifted towards wider fibers.
The difference in mean widths for the
longer fibers as compared with fibers of
all lengths are also greater for the
Transvaal Province and Bolivian crocido-
lites than for crocidolites from the Cape
Province or Western Australia.

The results from this second data set
can also be viewed din terms of the
dimensional categories cited by health
scientists as having a high correlation
with carcinogenicity (appendix A). In
the present study, the Cape Province and
Western Australian crocidolites are dis-
tinguished from the Transvaal Province
and Bolivian crocidolites by a higher
percent of thin fibers. Between 85 and
95 pet of the fibers longer than 2 pym
from the Cape Province and Western Aus-
tralia are <0.25 ym wide, as compared
with only 21 to 57 pct from the Transvaal

Province and Bolivia (table 10). Another
difference between the regions is that
the fibers from the Cape Province and

Western Australia are thin regardless of
their lengths, From 67  to 88 pct of the
fibers 1longer than 8 ym from the Cape
Province and Western Australia are <0.25
pm wide., Transvaal Province and Bolivian
crocidolites have a greater dependence of
wildth on length; long fibers tend to be
wider. Because of this only 6 to 54 pct
of the fibers longer than 8 um from these
locations are <0.25 pym wide. Therefore,
Cape Province and Western Australian cro-
cidolites have a higher percent of fibers
that meet Stanton'’s length and width cri-
teria (see appendix A and (20)) because
the fibers are thin regardless of length,
while the Transvaal Province and Bolivian
crocidolites have fewer fibers that meet
Stanton's criteria because their long
fibers are wide,
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T3, T4, and T5; Bolivia = sample B. n = number of fibers.



TABLE 9. — Fiber dimension data for individual samples, fibers longer than 2 pm, micrometers

Hamersley Range,
Western Australia

Northern
Cape Province,

Al—- A2~— Republic of Transvaal Province, Republic of South Africa| Bolivia
Colonial|Colonial South Africa | Voorspoed Mine I3-- |Dublin, Pietersburg B——
Mine Mine Cl— C2—— Tl-—~ T2-- |Milled T4 T5 Wormald
mill spoil | Kuruman|Kuruman| Stanton | raw fiber Mine
circuit|{ heap raw Hills
{NIEHS)
Length:
Mean (geometric).. 4.38 6.73 3.54 5.07 10.10 5.70 | 4.32 9.63 7.26 13.58
Mean (arithmetic). 5.75 12,59 4,17 6.75 38.96 9.62 | 5.98 36.94 | 20.54 45,47
MIinimumeseoasasoes 2.00 2.04 2,03 2.06 2,05 2.01 | 2,05 2,03 2.02 2.04
Maximumesvecosanee 65.71 |321.9 31.67 |57.33 1,136 141.1 |87.42 | 1,059 557 1,598
Width:
Mean (geometric).. 14 11 .11 .10 .23 .25 .36 47 .60 40
Mean (arithmetic). .16 .13 .13 .12 .29 .31 44 .84 1.11 .58
Minimumesssceonses .03 .03 .02 .03 .03 .06 .06 .04 .04 .04
Maximimescsooneoae .67 <50 .64 1.38 2.13 2.69 1.76 4.62 | 11,47 9.70
Log length: '
MeaNescesacssoonns 642 .828 .549 .705 1.004 756 .636 .984 .861 1,133
Standard deviation 275 .420 .219 .301 614 .381 .298 .595 «509 .581
Minimumeeeoseosens .302 .309 .307 .313 .312 .303 .311 «307 .306 «309
Maximubesesssovess 1.818 2.508 1.501 1.758 3.055| 2.149] 1.942 3.025| 2.746 3.204
Log width:
Mean.cesenesnsenne -.867 -.962 -.956 | -.986 ~.644| -.610| —-,439 -.326] =.220 -.403
Standard deviation +249 .258 257 .249 .314 .284 .268 467 .481 <377
Minimumeessosooees | =1.465 | =1.479 | -1.632 |~1.470 -1.474| -1.234{-1.239 ~1.405| -1.416 -1.399
MaxXimuMeseonssonee -.173 -.304 -.197 .139 .328 429 247 .665] 1.059 .987
Total particles
countedeeeesonennea 298 277 239 273 274 285 285 280 285 286

L1



TABLE 10. — Percent of fibers meeting Stanton's and Harington's length and width criteria,
fibers longer than 2 um

Hamersley Range,
Western Australia

Northern
Cape Province,

Al—— A2~— Republic of Transvaal Province, Republic of South Africa | Bolivia
Colonial|Colonial South Africa | Voorspoed Mine | T3--~ | Dublin, Pietersburg B——
Mine Mine Cl—- C2—-— T T2~— | Milled T4 T5 Wormald
mill spoil | Ruruman|Kuruman | Stanton| raw fiber Mine
circuit| heap raw Hills
(NIEHS)
FIBERS MEETING STANTON'S CRITERIA
Total fibers 22 um
10Ngeesesssonsssnsnse 298 277 239 273 274 285 285 280 285 286
Pcet of total »8 um
10Ngiaeseeassancsns 16.4 35.7 9.2 | 21.2 44,2 28.4 16.5 43,2 34,4 60.5
Pet of total <0.25
U Wideeeesosasasns 85.2 92.8 93.3 | 94.9 56.6 48.4 31.6 27.1 21.1 28.7
Pct of total »8 um
long and <0.25 ym
Widesesvionsoonssnnne 11.1 31.4 7.9 17.2 23.7 13.0 1.4 5.0 2.1 11.2
Pct of fibers »8 um
long that are <0.25
um Wideeoweeasnnasne 67.3 87.9 81.0 | 81.0 53.7 45.7 8.5 11.6 6.1 18.5
FIBERS MEETING HARINGTON'S CRITERIA
Total fibers >2 um
longerseessevensasen 298 277 239 273 274 285 285 280 285 286
Pet of total >3 pm
10DZeeesescasonsans 68.1 79.1 53.1 72.5 78.1 71.9 61l.4 81.8 74.0 87.8
Pct of total <0.05
P Wid€csevovsesnens 3.4 8.7 10.0 7.3 1.8 0 0 0.7 0.7 0.7
Pct of total >3 um
long and <0.05 pm 0.7 6.5 4.6 4.4 1.5 0 0 0.7 0.4 0.3
Wideeesossonovansne
Pct of fibers >3 um
long that are <0.05
Ul Wid€eesossovnoas 1.0 8.2 8.7 6.1 1.9 0 0 0.9 0.5 0.4
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The second data set was collected to
contain a high percent of fibers longer
than 3 pm in all samples. Based on data
from these long fibers Harington's strin-—
gent width criterion of 0.05 ym (see ap~
pendix A and (6)) divides the regions in-
to two groups: Cape Province and Western
Australia with 3 to 10 pct fibers narrow-
er than 0.05 ym, and Transvaal Province
and Bolivia with only O to 2 pct (table
10). The percent of fibers in this data
set that meet both Harington's »>3—um
length and <0.05-ym width criteria is low
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for both groups: 4 to 6.5 pct for most
Cape Province and Western Australian sam—
ples, and 0 to 1.5 pct for samples from
the Transvaal Province and Bolivia,. The
second Western Australian sample had
only 0.7 pct meeting both criteria, owing
to fewer narrow fibers in the sample.
With this exception, these data agree
with Harington's threshold values for
fiber dimensions present in areas of high
mesothelioma incidence and virtually ab-
sent in areas lacking mesothelioma,

SUMMARY AND CONCLUSIONS

Physical and chemical properties of

crocidolites from the four geographic
regions discussed in this report can
be divided into two groups: properties

present in regions where the incidence
of mesothelioma has been reported to be
high (Cape Province and Western Austral-
ia); and properties present 1in regions
with 1little or no reported incidence of
mesothelioma  (Transvaal Province and
Bolivia).

Chemically, crocidolites from the four

reglons can be distinguished by their
total irom, silica, K,0, and Na,0 con-
tents., Cape Province and Western Aus-—

tralian crocidolites have higher total
iron, lower silica, and generally low-
er K,0 contents than crocidolites from
the Transvaal Province and Bolivia,. The
Transvaal Province crocidolite has lower
Na,0 than crocidolites from the other
three regions. The Bolivian crocidolite
is a magnesioriebeckite with high mag-
nesium, lower ferrous iron than the other
three crocidolites, and a silica content
higher than that of crocidolites in the
Cape Province and Western Australia but
lower than that of crocidolites in the
Transvaal Province.

Crocidolites from areas of high report-
ed mesothelioma incidence are dimension~
ally different from crocidolites in areas
with little or no reported mesothelioma.
Cape Province and Western Australian cro—
cidolites are characterized by thin fiber
widths that are relatively independent of
fiber 1length. Because of this a high
percent of the long fibers in crocido-
lites from these regions meet the length

and width dimensions proposed by health
scientists as having a high correlation
with carcinogenicity, In contrast, the
crocidolites from the Transvaal Province
and Bolivia have more long and wide fi-

bers. The widths of these fibers have a
greater dependence on  their lengths.
Longer fibers tend to be wider, so fewer

long fibers meet the length and width
categories proposed to have a high corre-
lation with carcinogenicity.

While this study is limited by the
small number of samples examined and the

number of fibers measured for each sam-
ple, the general trends in fiber width
are in agreement with those reported

elsewhere.
SUGGESTIONS FOR FURTHER RESEARCH

Further research should include thor-
ough chemical analysis to determine simi-
larities and differences not only in ma-
jor elements, but in trace elements as
well, and the relationship, if any, be-
tween chemical composition and fiber di-
mensions, particularly width, Finally,
additional studies by  biomedical re-
searchers are needed to determline if tu-
mor production is indeed independent of
properties other than fiber size and
shape. Before this can be done, research
on how to prepare size-segregated samples
of fibrous materials is needed. Spurny,
Stober, Opiela, and Weiss (18) have had
some success in the preparation of sized
fibers, With the ability to separate
fibrous samples into well-defined size
categories, the biological effects of
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fiber morphology and various physiochemi-
cal properties could be examined inde-
pendently. Cooperative research between
biomedical and minerals scilentists would
assist in solving some of the outstanding

questions on which properties contribute
to carcinogenesis. Once this is deter-
mined, it will be clearer which materials
should be regulated to ensure occupation-
al and environmental health,
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APPENDIX A,-—BRIEF REVIEW OF PREVIOUS RESEARCH ON CROCIDOLITE AND MESOTHELIOMA

The first correlation between pleural
mesothelioma and crocidolite exposure was
made by Wagner, Sleggs, and Marchand in
1960 (30).1 In almost all of the cases
examined the individual had been exposed
to crocidolite from the Cape Province of
South Africa, either from an association
with the asbestos fields or from exposure
in industry.

The relationship between Incildence of
mesothelioma and crocidolite exposure has
also been shown in epidemiologic studies
of crocidolite miners and millers from
Western Australia (8) and by studies of
populations exposed to crocldolite during
gas-mask manufacture during World War IIX
(13). However, while the incidence of
mesothelioma is reported to be signifi-
cantly high in the crocidolite mining
areas of Western Australia and the Cape
Province (22), there are only a small
number of cases of mesothelioma reported
from the Transvaal Province of South Af-
rica, where both crocidolite and amosite
are mined (7, 14), and no reports have
been found on mesothelioma associated
with the crocidolite mining region of
Bolivia (14).

Various possibilities for the apparent
difference in mesothelioma incidence be-
tween the two Provinces in South Africa
have been investigated. Sluis~Cremer
(17) reports that medical facilities in
the two areas are the same, and that
while occupational dust levels from mines
and mills in the Cape Province were high-
er than dust levels i1in the Transvaal
Province, both areas had high incidence
of asbestosis, indicating that "dust lev~
els in the [Transvaal Province] were ade-
quate to be potentlally carcinogenic,”
He points out that the exposed population
in the Cape Province is larger, but that
the "areas surrounding the mines in
the [Transvaal Province] are more dense~
ly populated than their equivalents in
the [Cape Province].”  Annual production
of crocidolite din the Cape Province has
been significantly higher than annual

'Underlined numbers in parentheses re-
fer to items in the 1list of references
preceding the appendix.

production of this mineral in the Trans-—
vaal Province (7, 17, 26). However, an—
nual crocidolite production in the Trans-
vaal Province was similar to that of
Western Australia from the late 1950's to
the late 1960's (25, 27), and prior to
the late 1950's, annual crocidolite pro-
duction 1in the Transvaal Province was
actually greater than that 1In Western
Australia (17, 25, 27). Therefore, an-
nual production does not appear to corre-
late with mesothelioma incldence when
Western Australian production 1s consid—-
ered. Bolivian production has been sig-
nificantly lower than  production in
either South Africa or Western Australia
(26)0
“Finally, the fibers themselves were ex-
amined for differences 1n mineralogy,
chemical composition, and fiber size and
shape. Mineralogically the asbestos de—
posits in South Africa grade from pure
croclidolite in the Cape Province, to cro-
cidolite and amosite in the Pietersburg
field of the Transvaal Province, to pure
amosite east of Pietersburg (31). Chemi-
cal trends related to the changes in min—
eralogy are described as follows: "The
manganese content i1ncreases from the
south of the Cape crocidolite field to
the north and through the Transvaal cro-
cidolite fleld to the amosite area, where
it is approximately 5%; the sodium con~-
tent decreases in the same way (31)."
Wagner, Berry, and Timbrell (29) ad-
dressed the relationship between chemical
composition and carcinogenicity i1n in
vivo studies with various types of asbes-
tos. They found that all types of asbes-
tos could produce mesotheliomata in test
animals., Results from the Union Inter-
national Contre le Cancer (UICC) refer~
ence samples of asbestos showed crocido-
lite to be the most carcinogenic. How~
ever, a ‘“superfine” Canadian chrysotile
was found to be very carcilnogenic in test
animals, This i1s in contrast to epidemi-
ological studies, which show crocidolite
to be the asbestos type most commonly
associated with mesothelioma in humans.
From 1in vivo studies with Canadian
chrysotile they concluded that "carcino-
genicity was not related to the content




nickel, scan-
They add, "the

of irom, chromium, cobalt,
dium or mangaunese” (29).

fact that all the types of asbestos, hav-

ing very different chemical compositions,
produce mesotheliomata makes it unlike~
ly that the carcinogenicity of asbestos
could be due to chemical properties.,”

The possibility that natural or contam-
inating oils might be a factor in the
carcinogenicity of asbestos was also ex-
amined by Wagner, Berry, and Timbrell

(29). Benzene-extracted samples of as-
bestos, including crocidolite, showed no

detectable change in carcinogenicity. In
their conclusions the authors stress the
hypothesis that finer fibers appear to be
more carcinogenic.

The relationship between fiber dimen-
sion and carcinogenicity was also studied
by Stanton, Layard, Tegeris, Miller, May,
Morgan, and Smith (20). Stanton and his
coworkers studied pleural tumor produc-
tion in rats by implanting various types
of particles. From the results of their
experiments, they conclude that “a wide
variety of compounds that seem to have
only dimension and durability in common
are carcinogenic for the pleura of the
rat,” and that T“probability of pleural
sarcoma correlates best with fibers that
measure £0.25 by »>8 pym, but that rela-
tively high correlations were also ob~—
served with fibers din other categories
having a diameter up to 1.5 pym and a
length greater than 4 ym (20)."

Timbrell, Griffiths, and Pooley (23)

have attributed the difference 1in meso—
thelioma incidence in the two Provinces
in South Africa to a difference din fiber
size and shape. They report that the

crocidolite fibers from the Cape Province
have a lower mean width than the crocido-
lite and amosite fibers from the Trans-
vaal Province. In another study Tim—~
brell, Pooley, and Wagner (24) show that
Western Australian crocidolite is morpho-—
logically similar to the crocidolite from
the Cape Province, but has a higher pro-
portion of narrow fibers.

In a review of literature on the sub-
ject of fiber carcinogenesis (6), Haring-
ton discusses some of the studies that
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support the hypothesis that fiber dimen-

sion is the major factor in the pro-
duction of mesothelioma. He uses un-
published data from Timbrell on Cape

Province crocidolite (significant meso-
thelioma) and Finnish anthophyllite from
Paakkila (no reported mesothelioma in
nearly 60 years of mining) to distinguish
fiber dimensions present primarily in
areas with significant mesothelioma inci-
dence, From these data he suggests that
the minimum fiber widths delineated from
in vivo studies such as Stanton's are too
wide to explain the differences in meso-
thelioma reported for human populations.
He proposes that fiber dimensions present
in regions of high reported mesothelloma
incidence and absent 1in regions with
no reported mesothelioma could be the
dimensions necessary for mesothelioma
to occur. From Timbrell's data, Haring-
ton proposes 0,05 ym as a minimum width

threshold, because only 0.1 pct of the
Paakkila fibers are less than 0.05 um
wide as compared with 17 pct of the Cape

Province fibers, Similarly, he points
out that "a length of 8 ym is too high a
threshold for fiber carcinogenicity. In
the northwestern <Cape only about 1% of
the fibers are longer than 8 ym. A much
smaller percentage, approximately 0,17,
is both longer than 8 um and narrower
than 0.05 ym in diameter. These percent-
ages are probably insufficient to explain
the northwestern Cape mesotheliomas. If
the threshold diameter is about (.05 um,
then the threshold length must be reduced
to 3 ym for inclusion of a few percent of
the fibers in the carcinogenic range.”
While these values for threshold length
and width are speculative, and not based
on biological experimentation, they may
be a useful way to compare samples in the
present study.

In the present study particle dimen—
sions of crocidolite from the four re-
glons where it has been produced commer—
cially (l4) are compared with results
from other characterization studies and
evaluated in view of the differences in
mesothelioma incidence as reported in the
literature.
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APPENDIX B,~~PARTICLE SIZE DISTRIBUTION DATA FOR INDIVIDUAL SAMPLES
TABLE B~1. = Particle size distribution for sample Al, Hamersley Range, Western

Australia, all lengths

Length intervaleseesecossecesossoples | 0-1.9 | 2-3.9 | 4-5.9 6-7.9 8-9,9 | 10-474
Number of particles per intervall... 424 38 21 7 4 11
Percent of all particleScssecscances 84,0 7.5 4,2 1.4 0.8 2.2
Cumulative percent, all particles... 84.0 91.5 95.6 97.0 97.8 | 100.0
Mean lengtheesecesescccesscsasaeies 0.66 2.89 4,93 7.18 9.17 | 63.24
Mean widthesseceveconsaocsascecosalles 0.09 0.17 0.21 0.21 0.21 1.01
Particles per length by width, um:
0 to 0.025.cesveassvsacenrsacssanse 9 0 0 0 0 0
30,025 t0 0005cececesnscsnseancnnes 51 1 1 1 1 1
70,05 to 0.075.00cecsscesacecrnnca 113 4 2 0 0 0
30,075 to Oelecescsnassscesccnnnse 103 6 1 0 0 0
0el £0 0u2ivtevcscesncssesnancesns 139 19 8 2 0 4
30,2 to 0uSeaenversvsansscocsssana 9 7 8 4 3 4
0.5 £0 leOcvecroeersocasssscnnnna 0 1 1 0 0 0
1.0 £0 5.0cccvveccsccrscnsneranas 0 0 0 0 0 1
75¢0canenscanocceasancscssssscanvoerse 0 0 0 0 0 1

ITotal particles = 505.

TABLE B-2, ~ Particle size distribution for sample Al, Hamersley Range, Western
Australia, fibers longer than 2 um

Length interval.iveececesccecseoiles 2-4,9 | 5-9,9 |10~14.,9 | 15-19,9 | 20~24,9[25-29.9
Number of particles per intervall,.. 199 65 20 5 3 2
Percent of all particleS.cscessasess 66.8 21.8 6.7 1.7 1.0 0.7
Cumulative percent, all particles... 66.8 88.6 95.3 97.0 98.0 98.7
Mean lengthescecossssessssocoaaseies 3.15 6.87 | 11.43 17.04 22,13 | 27.52
Mean widtheeeeeeeanvsoocosonscesaslifes 0.14 0.19 0.18 0.28 0.14 0.12
Particles per length by width, ym:
0 to 0.025. . 0ansecssscacranscnenrcs 0 0 0 0 0 0
30.025 £0 0405¢ssvennsscccseccanes 8 2 0 0 0 0
30.05 to 0e075ca0sscsssnssssscansa 33 6 5 0 2 0
50,075 to Oelececesesencsoasanssonne 17 4 1 0 0 1
0.1 t0 0u2ieevesvvescrcnsscnsncce 99 27 8 1 0 1
2002 to Ou5evesnsosevocssccssancss 42 24 5 4 1 0
30,5 t0 le0cesescccsncacsossncnans 0 2 1 0 0 0
21,0 to 5.0ciecncesscsascnsveconsnas 0 0 0 0 0 0
350000 eeassssoccsesvossscenncensos 0 0 0 0 0 0
Length intervalicesecerscaosessaselles | 30-34,9]35-39.9|40-44.9 | 45-49.9 | 50~66
Number of particles per intervall,,. 0 1 1 0 2
Percent of all particleS..iceescvncas 0 0.3 0.3 0 0.7
Cumulative percent, all particles... 98.7 99.0 99,3 99.3 100.0
Mean lengthessseecsassrseccenceeclilles 0| 39.69 | 40.50 0 61.74
Mean widtheeeeoeseessrenrcescaoaes 0 0.67 0.38 0 0.23
Particles per length by width, ym:
0 to 0.025.ciaeeccssnccnssaccanans 0 0 0 0 0
20,025 t0 0.05¢cvesvnnsessssacanss 0 0 0 0 0
20,05 t0o 0.075cevcncssscccnnncncen 0. 0 0 0 0
0,075 t0 Ocleveencconcnonsanssnns 0 0 0 0 0
001 t0 0v2iuvasssnvecccanssancnns 0 0 0 0 1
3002 £0 045cceenncssnnsnctsnssanncan 0 0 1 0 1
0.5 £0 lo0vevassecerssccasscensas 0 1 0 0 0
1.0 £0 5.000s0cacooncesssssasenns 0 0 0 0 0
75400 e00nsceascassccassnnesossncen 0 0. 0 0 0

lTotal particles = 298.
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TABLE B-3. — Particle size distribution for sample A2, Hamersley Range, Western

Australia, all lengths

Length Iintervaleeeecesseoecosolille, 0-1.9 | 2-3.9 | 4-5.9 6-7.9 8-9.9 10~164
Number of particles per intervall, 248 25 15 6 7 24
Percent of all particleSssesecescs 76.3 7.7 4.6 1.8 2.2 7.4
Cumulative percent, all particles. 76.3 84,0 88.6 90.5 92.6 100.0
Mean lengtheeeececroeoncesreneliles 0.64 2.92 5.10 6.87 8.85 | 34.75
Mean Widtheeesossosoesnserssosaliles 0.07 0.12 0.12 0.12 0.11 0.20
Particles per length by width, pm:
0 to 09025.nocoucoooootooootooot 2 0 1 O 0 0
20,025 £t0 04050 eeseroserascannsne 68 2 0 0 0 1
2005 t0 040750 c0scsssssasnssase 46 1 1 0 0 0
20,075 to Oulecvesssenesvocscens 78 8 6 1 2 4
?Ool to 0020000000-&-.......000. 53 10 5 5 5 10
3062 t0 OuBeenssessassssssansnns 1 4 2 0 0 8
30,5 t0 1i0cuevacssecccasassncce 0 0 0 0 0 1
21,0 t0 5.00ceenescostonencsonse 0 0 0 0 0 0
25¢000ssacncerarscsesssasaancssss 0 0 0 0 0 0

lTotal particles = 325.

TABLE B-4. - Particle size distribution
Australia, fibers longer than 2 um

for sample A2, Hamersley Range, Western

Length intervals..seeeeesesessslilies 2-4,9 | 5-9.9 {10~14,9 | 15~19.9 | 20~-24,9]|25-29,9
Number of particles per intervall, 133 67 23 13 8 7
Percent of all particleSccesessene 48,0 24,2 8.3 4,7 2.9 2.5
Cumulative percent, all particles. 48.0 72,2 80.5 85.2 88.1 90.6
Mean length...................pm.. 3.25 7.06 12057 17041 21,95 27.72
Mean widtheeeesesesoesvonenosalies 0.11 0.13 | 0.12 0.12 0.17 0.10
Particles per length by width, pum:
Oto 00025‘.....0..‘....0.‘0‘... 0 0 (} 0 0 O
20,025 to 0.05.00seescarsnsennce 14 8 1 1 0 0
30,05 £to 040750 censserenensonana 26 5 1 3 2 0
20,075 to Ouleesvacscasososscons 41 16 8 3 0 3
2001 t0 0v20eesenssssassnssssans 34 24 10 5 3. 4
20.2 to DeBuacasassssscsssescnsen 18 14 3 1 3 0
305 t0 le0ceeennnsesescssnnnnas 0 0 0 0 0 0
1.0 to 5u0ceencnsncssronsascsce 0 0 0 0 0 0
35.0.‘.0.0..0.&00....‘.......... 0 O 0 0 0 0
Length interval.eeecessevsosseulMes | 30-34.9]35-39.9|40-44.9 | 45-49.9 | 50-322
Number of particles per intervall, 6 3 4 1 12
Percent of all particleS..iesssces 2.2 1.1 1.4 0.4 4.3
Cumulative percent, all particles. 92.8 93.9 95.3 95.7 100.0
Mean lengthessvecesoecsesssaeeules | 32.61 | 38,37 | 42.23 49,83 97.24
Mean Widthessesooosssoesnvaseeliles 0.18 0.20 0.20 0.33 0.25
Particles per length by width, um:
0 to 00025!ODOOOOOODOOO.QOCOODQD 0 0 0 0 Y]
20,025 to 0u05evssesenesasscncses 0 0 0 0 0
30,05 to 0,075 ceocrssnnsessesss 1 0 1 0 0
30,075 to Ouleseneonseessosscens 1 0 1 0 1
?0.1 to 0.2...-.0000050...00000. 3 1 1 O 6
>0.2 tO O.So.oqbooovoo-ocooooooo 1 2 1 1 5
>O.5 to 1.0....’0.0...."0...... O 0 O 0 0
31.0 to 5.0¢ooo.o.ogoounooocoooo O 0 0 0 0
75¢0ce0saveesvsaseccssvesssvansss 0 0 0 0 0

1Total particles = 277.
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TABLE B-5., — Particle size distribution for sample B, Bolivia, all lengths

Length interval.seesesessssaeslifes 0-1.9 2-3.9 | 4~5.9 6-7.9 8-9,9 10-544
Number of particles per intervall, 355 107 43 26 19 108
Percent of all particleSeessscscss 54.0 16.3 6.5 4,0 2,9 16.4
Cumulative percent, all particles. 54.0 70.2 76.7 80.7 83.6 100.0
Mean lengtheeseesssoeossscesesiilse 0.89 2.81 4.85 6.80 8.69 | 65.83
Mean width.ieessosesesessssssesliMes 0.14 0.32 0.34 0.45 0.36 0.68
Particles per length by width, ym:
0 t0 0.0250cesveccccssconsencnse 1 1 0 0 0 0
20,025 t0 0.0500sasasonncsssscss 43 0 2 0 0 0
20,05 £0 040750 c0unsecesosncancns 51 6 0 0 0 1
20075 €0 Ouloeessesesevssossnss 54 7 2 1 1 4
2001 €0 OeZesneoscasocovcnsescnn 135 40 10 6 5 17
202 £0 0uBeeeesessassscosnsssss 65 31 20 13 10 29
205 €0 1lu0ssesseccsnasassssnses 6 17 7 3 2 30
?100 to 5'00.0.0..060..“.6000'0 0 5 2 3 l 27
254000 ceseseseescsosscessesscsons 0 0 0 0 0 0

lTotal particles = 658.

TABLE B-6. — Particle size distribution for sample B, Bolivia, fibers longer

than 2 um
Length interval.vesssseoscecnslilaa 2-4.9 |5-9,9 |10-14.9 |15-19.9 |20~24,9]|25~29,9
Number of particles per intervall, 81 49 32 21 14 i5
Percent of all particleS.eceeosecss 28.3 17.1 11.9 7.3 4,9 5.2
Cumulative percent, all particles. 28.3 45,5 57.3 64.7 69.6 74.8
Mean lengthosesecssovesessuscelliias 3.26 7.10 | 12,47 17.55 21.93 | 27.10
Mean width.seeeoosoosvensvonseliias 0.38 0.36 0.64 0.54 0.61 0.62
Particles per length by width, um:
0 to 0.02500conssessescsnsnscses 0 0 0 0 0 0
20,025 t0 0u050eensecsncensnnnas 2 0 0 0 0 0
20,05 t0 0e075c0esnscrvenccnsnes 1 1 0 0 0 0
20,075 t0 Oulevscssrnssssnccnnes 8 4 2 0 0 1
?Ool to 0.2....-0..:..0.;0.00000 l? 12 3 4 1 3
2002 £0 OeDevssrnsonscrsconsnnns 28 23 12 8 7 3
20,5 0 1e0veensonosssnccnnnnaos 20 5 10 7 4 5
21.0 t0 5:00cuvssnssosanssoncnes 5 4 7 2 2 3
3540 ccoasnoosesssnssssesnnenenns 0 0 0 0 0 0
Length Interval.eeceseseoscnseliles 30-34.9| 35-39.9 40-44.9] 45-49,9!50-~1598
Number of particles per intervall, 5 9 10 4 44
Percent of all particleS,.vcevesss 1.7 3.1 3.5 1.4 15.4
Cumulative percent, all particles. 76.6 79.7 83.2 84.6 100.0
Mean lengtheeeessocsscscaosnsaiiles 33.70 |37.80 @ 43.09 46,64 221.8
Mean widths.seesvesecssencssesslies 0.97 0.43 0.76 0.92 1.07
Particles per length by width, pm:
0 to 0.0250eacesnscosoasocnsnnce 0 0 0 0 0
20.025 t0o 0s05cevesscssncnsssves 0 0 0 0 0
20,05 t0 0.07500e0scsoscancenans 0 0 0 0 0
200075 t0 0clevsscrsoscncnsacsos 0 0 0 0 0
2001 t0 0u20seseensnevesoconenns 0 1 0 1 3
)0.2 to 0.5.0.0....‘..‘..0.-.... l 5 5 1 6
0.5 t0 1e0uecevnvrscsnscccsssse 1 3 2 1 22
2140 t0 5.00enescnsroccccssssans 3 0 3 1 12
>500...0.0".0...'..0.....'0..'. 0 0 O O l

lTotal particles = 286,
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TABLE B-7. - Particle size distribution for sample Cl, Cape Province, Republic of
South Africa, all lengths

Length intervaluoooo.........oum-a 0—'109 2_309 4_509 6_709 8—909 10—72

Number of particles per intervall, | 293 7 6 3 1 1
Percent of all particleS.iceesccsss | 94.2 2.3 1.9 1.0 0.3 0.3
Cumulative percent, all particles. | 94.2 96.5 98.4 99.4 99.7 100.0
Mean lengtheseesssssseccscaccees | 0.47 2.78 5.01 6.87 8.23 70.56
Mean widtheeeeoesossecossccesepmes | 0.06 0.15 0.15 0.16 0.10 0.49

Particles per length by width, um:

0 to 0.025¢0cecsscvesccosssnccecs 27 0 0 0 0 0
20.025 to 0e05¢evecssscccsccnnne 115 0 1 0 0 0
20405 to 0¢075c00evesecsescccnss 40 1 0 0 0 0
204075 to Oelecesssesscccccccnne 72 3 1 1 1 0
20e]l to OeZ2esevccsccsccccnccnans 37 1 3 2 0 0
20¢2 to OeDeevsvsvsscccocassnnss 2 2 1 0 0 1
20e5 t0 le0eevevsccccovcccnnsane 0 0 0 0 0 0
2160 to 5:¢0ccvvsssocssccsssscnns 0 0 0 0 0 0
2500000 0eceosssesecsssssscccscne 0 0 0 0 0 0

l1Total particles = 311.

TABLE B-8. -~ Particle size distribution for sample Cl, Cape Province, Republic of
South Africa, fibers longer than 2 um

Length intervalesssecccseeeeceelMes | 2=4,9(5-9,9(10-14,9(15-19.9]|20-24.9|25~29.9|30-32
Number of particles per intervall, 190 34 13 0 0 1 1
Percent of all particleSeeeeececsess | 79.5 |14.2 5.4 0 0 0.4 0.4
Cumulative percent, all particles. | 79.5 |93.7 99.2 99.2 99.2 99.6 (100.0
Mean lengthesesecccccesssssesees | 2,95 [6.55 [ 12,11 0 0 25,75 |[31.67
Mean widtheeeessesossssseseecooimes | 0,12 |0.17 0.16 0 0 0.09 | 0.14
Particles per length by width, um:
O to 0.0250c00s0s0csscccoccccsss 1 0 0 0 0 0 0
20,025 to 0u05ccecsscvcoooosnnse 20 3 0 0 0 0 0
20,05 to 040750 00ccecsoscccccass 38 7 3 0 0 0 0
20,075 t0 Oulecessnssccesacnnnss 19 4 1 0 0 1 0
2001 t0 0u2eeesccnssccoccnsannss 86 10 6 0 0 0 1
2002 tO 0u5evesssosssccccossosss 26 8 2 0 0 0 0
20,5 t0 leOesevecoccscsocccccssos 0 2 1 0 0 0 0
21.0 to 5.0400ssssessseccccnccns 0 0 0 0 0 0 0
25000 0ssssvecnsonssosessssnvsnnses 0 0 0 0 0 0 0

ITotal particles = 239.
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TABLE B-9. - Particle size distribution for sample C2, Cape Province, Republic of

South Africa, all lengths

Length interval.sesneesesseesapMes | 0-1.9 | 2-3,9 | 4-5.9 6-7.9 8-9.9 | 10-230
Number of particles per intervall, 192 50 20 19 8 38
Percent of all particleS.ceeccesees 58.7 15.3 6.1 5.8 2.4 11.6
Cumulative percent, all particles. 58.7 74.0 80.1 85.9 88.4 100.0
Mean length..eesvessvsesaevnveeseclies 0.88 2.97 4.79 7.06 9.01 32.29
Mean widtheeesoesosevecancssas]ilen 0.08 | 0.11 0.14 0.17 0.14 0.25
Particles per length by width, ym:
0 t0 0.025,0cenceseesvocccncescs 7 0 0 0 0 0
300025 to 000500000000000-000000 &5 5 3 1 0 0
20,05 t0 0,075 esascosssnssssace 58 12 2 1 2 1
20,075 tO Dalecosvcoccsssnsnncne 36 10 2 5 1 3
2001 £0 DsZeevsonnscosccrsoassse 43 19 9 7 5 20
?0.2 to OQSoooeoo-oo‘.-ooooe-oto 3 4 4 5 0 ll
>005 to 10000000'.000‘0.000000" 0 0 0 0 0 2
21,0 £0 5¢0cveesscocsvssssssscne 0 0 0 0 0 1
25000 0aensosssoevsssssssssovesss 0 0 0 0 0 0

ITotal particles = 327.

TABLE B-10, ~ Particle size distribution for sample C2, Cape Province, Republic of
South Africa, fibers longer than 2 ym

Length intervalesseesescnoseeslias 2-4,9 | 5-9,9 [10~14.9 | 15~19.9 | 20-24.9[25=-29.9
Number of particles per intervall, 152 77 20 10 7 3
Percent of all particleS.cecscssss 55.7 28.2 7.3 3.7 2.6 1.1
Cumulative percent, all particles. 55,7 83.9 91.2 94.9 97.4 98.5
Mean lengtheeescsasnsesessassselillas 3.17 6.84 12,89 18,17 22.33 | 27.16
Mean widthesesoeosoescsessaeaeliles 0.10 | 0.13 0.14 0.30 0.1l4 0.29
Particles per length by width, pm:
Oto 0’025'.0'00’.0.'00.0.’000.' 0 0 O O O 0
)0.025 to 0.0S"‘..O..CO"IO..‘. 14 4 l 0 l 0
20,05 t0o 0.075000cesscessossscss 54 22 2 1 1 0
20,075 t0 Ouleceeransosaonencnes 7 2 2 0 0 0
20l t0 0e2isnvsosessscesssnesse 70 36 i1 5 2 1
7002 £O OubDunasveoavssssresssansss 7 13 4 3 3 1
20,5 £0 1lu0ceueessossssossnconsne 0 0 0 0 0 1
21.0 tO 5.0censsvsesssssscanrsns 0 0 0 1 0 0
25¢0ceesssasssossesssessovesnense 0 0 0 0 0 0
Length intervalieecesssosocoseeiiMes | 30-34,9|35~-39,9140~44,.9 | 45-49,9 | 50-58
Number of particles per intervall, 3 0 0 0 1
Percent of all particleS..eeecsces 1.1 0 0 0 0.4
Cumulative percent, all particles, 99.6 99,6 99.6 99.6 100.0
Mean length........-..-.......um.. 33.15 0 0 0 57.33
Mean widtheesevescessovscnrcessjilles 0.33 0 0 0 0,26
Particles per length by width, pms
0 to 04025¢e0esssoscsscnsconssss 0 0 0 0 0
20,025 to 0s05ccsesscecessccessn 0 0 0 0 0
20,05 £t0 0,075, ceacevcccesssnses 0 0 0 0 0
20,075 to Oslesesvvscesscosensne 0 0 0 0 0
>0Q1 to 0.200..0.0.0'...0000.00’ 1 0 0 0 0
>002 to 0'5...0‘..'0'.'.".'.'0‘ 1 0 O 0 l
;005 to 1000...0"0..0‘.0000.0.. 1 0 O O O
3100 tO 5.0cessesosnessssnsssnns 0 0 0 0 0
>5.0"0'.0.C..O...‘CQ'.’.....OOO 0 0 O 0 0

lTotal particles = 273.
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TABLE B~11. ~ Particle size distribution for sample Tl, Transvaal Province,

Republic of South Africa, all lengths

Length intervaleieeeveveveseonselilae, 0-1.9 | 2-3.9 | 4-5.9 6-7.9 8~9.9 10-494
Number -of particles per intervall, 222 46 32 12 7 49
Percent of all particleS.eeesesess 60.3 12,5 8.7 3.3 1.9 13.3
Cumulative percent, all particles. 60.3 72.8 81.5 84.8 86.7 100.0
Mean length.ciecesssssoncnssssiibes 0.80 2,82 5.05 7.13 9.14 | 77.59
Mean width,seeseosccrenrcessssslile, 0.11 0.27 0.33 0.24 0.20 0.39
Particles per length by width, pm:
0 to 0.0250cevconsesncesensancoe 4 0 0 0 0 0
20,025 to 0,05, 00sconnnssssocces 62 1 4 2 0 2
20,05 to 0.075¢00eccnsvssnsocsss 44 2 4 1 0 0
20,075 to Ouleseccennsovonananss 25 5 0 1 1 3
P06l t0 DeZuescncosssssassnonasns 61 14 3 3 4 8
>002 to Ou5coocaoouoo-coa..o-.ao 26 14 12 3 2 21
;O.S to 100..!..‘.'00'..!.‘0.... 0 10 9 2 0 15
21.0 to 5:0ceeseccecassncnscsnes 0 0 0 0 0 0
250000 vecvesseocsencseransoaesencs 0 0 0 0 0 0

ITotal particles = 368.

TABLE B—~12. — Particle size distribution for sample T1l, Transvaal Province,
Republic of South Africa, fibers longer than 2 um

Length interval.......-..-.-..pm.. 2_409 5—909 10—14u9 15—19a9 20”24.9 25-29.9
Number of particles per intervall, 112 56 13 20 9 4
Percent of all particleSeeessessss 40.9 20.4 4,7 7.3 3.3 1.5
Cunulative percent, all particles. 40.9 61l.3 66.1 73.4 76.6 78.1
Mean length.iesesssovovenanonsslifes 3.04 7.15 | 12.43 17.15 22.41 | 27.07
Mean widtheeseeevsoosreovscaealiles 0.25 0.28 0.45 0.24 0.32 0.15
Particles per length by width, um:
0 to 00025..0.0!0!0'0.0.0!‘0..00 0 0 0 0 0 0
20,025 to 0.050eesecsassnasesess 5 0 0 0 0 0
30,05 to 0.0750evceseccsscnconses 13 1 0 1 0 1
20,075 t0 Oelesesonrnanssscsnsns 4 5 2 0 0 0
)Ool to OoZoo-ooo-ooo;a.oaoooo-o 26 16 2 9 l 1
30,2 t0 OuSeeesesosernenassseses 59 31 4 10 7 2
>0.5 to 1.0.....0..00........'.' 4 3 3 0 1 0
21,0 £0 5.0.iccvvcacsccesnsseconse 1 0 2 0 0 0
}500..'..'.......0'...0‘.'.....' O O O 0 0 0
Length intervalecesessvessesestles | 30-34.9|35-39,9|40-44,9 | 45~49.9 | 50-1136
Number of particles per intervall, 6 5 4 4 41
Percent of all particleSeieesessese 2.2 1.8 1.5 1.5 15.0
Cumulative percent, all particles. 80.3 82.1 83.6 85.0 100.0
Mean length.eessssceesrosseeesiles | 31.87 | 36.43 | 43.13 47.38 204.5
Mean Widthuisuweessonesenescnessliles 0.19 0.26 0.56 0.30 0.40
Particles per length by width, um:
0 to 0,025 eesesenncossscsncsoa 0 0 0 0 0
30,025 to 0405esssvsssnessssocas 0 0 0 0 0
>0005 to 0.075."........0’0.... 0 1 0 0 1
300075 to Oolooo-ooco.uoooc-oo-- 0 0 0 0 1
?0.1 to 002-..;-..0.;...0-'00000 4 1 0 1 6
>O.2 tO O.Sl.“....l..“..'.".. 2 3 2 3 25
205 £0 1le0eessnsccsncasascesone 0 0 2 0 6
>l‘0 to 5.0..0....0....’.00..... O 0 0 O 2
35¢0ceenesssnancasessassossoscnas 0 0 0 0 0

lTotal particles = 274.
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TABLE B-13, -~ Particle size distribution for sample T2, Transvaal Province,

Republic of South Africa, all lengths

Length interval..eeeecessnsseeyles | 0-1,9 | 2-3,9 | 4-5.9 6~7.9 8-9.9 10-50
Number of particles per intervall, 242 47 10 5 3 13
Percent of all particleS.cececeses 75.6 14.7 3.1 1.6 0.9 4,1
Cumulative percent, all particles. 75.6 90.3 93.4 95.0 95,9 100.0
Mean lengthesesssseoscecessesoeumes | 0.78 2.72 4.59 7.05 8.97 | 25.39
Mean widthesesososoesoesssscospymes | 0.13 0.22 0.22 0.28 0.29 0.33
Particles per length by width, pm:
0 t0 0.025.0000eeeeessccccsscccs 4 0 0 0 0 0
30,025 to 0.05.0000cecessccncses 31 1 0 0 0 0
30.05 £0 0.0750cescverosacensnes 17 2 0 0 0 0
20,075 £to Oulissecescecoassensss 53 7 2 1 0 0
2001 to 0e2uvevsoccccconssccnnse 95 14 5 0 0 4
2002 t0 0ubesnvesscccesssscencss 42 22 2 4 3 7
>005 to 10000.00000000....0..... O ]- 1 0 0 2
1.0 t0 5.0ucervasccccvecsscenns 0 0 0 0 0 0
250000000 ssscosescscsvossorvenes 0 0 0 0 0 0
lTotal particles = 320.
TABLE B~14., - Particle size distribution for sample T2, Transvaal Province,
Republic of South Africa, fibers longer than 2 um
Length intervaleseecosvesooesosspules | 24,9 | 5-9,9 | 10-14,9 | 15-19,9 | 20~24,9|25-29,9
Number of particles per intervall. 152 69 23 14 8 3
Percent of all particleSieesesssss| 53.3 24,2 8.1 4,9 2,8 1.1
Cumulative percent, all particles.| 53.3 77.5 85.6 90.5 93.3 94,4
Mean length.secesecereonsnooscpies 3.10 6.87 12.36 18,03 22.30 27.05
Mean Widtheceeoesoseossesosanssollles 0.26 0.34 0.49 0.35 0.24 0.34
Particles per length by width, pm:
0 to 0.025,0000s0csccossssssnsas 0 0 0 0 0 0
20.025 to 0.s05400sssecoccssocnas 0 0 0 0 0 0
20.05 to 0.,07500c000ccesssensans 4 1 0 1 2 0
30,075 t0o Ouliscassecosssoconsss 9 0 1 0 0 0
3001 t0 0.2.vterscscncccrcncones 51 21 3 1 1 2
3002 t0 0ebeeeveesssscsvossecens 73 38 11 11 4 0
2005 t0 luDesuveecososearseasconse 14 7 6 1 1 1
2100 t0 5¢0ceesvrosncocccsccnnas 1 2 2 0 0 0
>5'0'..0.....'..’...l...’.....‘. 0 0 0 0 0 0
Length intervalevesseesosssocotles | 30~34,9|35-39,9|40-44,.9 | 45-49,9 | 50-142
Number of particles per intervall, 0 3 3 1 9
Percent of all particleS.ieceeccesses 0 1.1 1.1 0.4 3.2
Cumulative percent, all particles. | 94.4 95.4 96.5 96.8 100.0
Mean lengthesessesosssocccssssliles 0 38.26 | 41.37 48.51 79.16
Mean widtheesoessssoocessosoesiles 0 0.56 0.34 0.25 0.27
Particles per length by width, pm:
O t0 04025, 00essvceressnsssansan 0 0 0 0 0
20,025 to 0405000 eosevarsanconne 0 0 0 0 0
20.05 to 0,075, cceeeccvscconscns 0 1 0 0 1
30,075 to Ouleevanssveserasencsns 0 0 0 0 1
>001 to 00200‘,.6....0.‘.0‘....‘ 0 0 1 0 3
0.2 to 0ubeveerecsceencssensnns 0 1 1 1 3
>0.5 to 10000000».000000000«0.;0 0 0 1 0 1
71,0 £0 5.0cecervscsceccssssvces 0 1 0 0 0
7560ce0scesecseossssscrsvsossnnae 0 0 0 0 0

lTotal particles = 285.
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TABLE B~15. -~ Particle size distribution for sample T3, Transvaal Province,

Republic of South Africa, all lengths

Length intervaleseeecosssecososliiles 0~1.9 2-3.9 | 4~5.9 6-7.9 8-9.9 10~48
Number of particles per intervall. 220 52 22 7 5 7
Percent of all particleSieeesecses 70.3 16.6 7.0 2.2 1.6 2.2
Cumulative percent, all particles, 70.3 86.9 93.9 96.2 97.8 100.0
Mean lengthe.eesecoccencscseeciies 0.86 2.76 4.82 6.76 8.92 19.38
Mean widtheesoesesesosccoseeselies 0.21 0.43 0.49 0.70 0.42 0.48
Particles per length by width, pm:
0 to 0,025, 00eceesssssssessscnns 4 0 0 0 0 0
0,025 to 0.050.00eeccecsscssces 18 0 0 0 0 0
20,05 to 0.075. cencensnsevenenns 20 0 0 0 0 0
20,075 to Osleeesereesscossonnons 26 1 0 0 0 0
2001 £0 0e2ccnvveccscconcscenesne 56 9 0 0 1 0
2002 £0 0u5eeeconsnssssnonsssnes 83 26 15 5 2 6
2005 t0 leOceeeessoncsosnososoce 12 15 6 1 2 0
21,0 t0 5.0cecasrcorsssoscscnnse 1 1 1 1 0 1
20600 seseonsosesosnosonssrsencas 0 0 0 0 0 0

lTotal particles = 313.

TABLE B-16., - Particle size distribution for sample T3, Transvaal Province,
Republic of South Africa, fibers longer than 2 um

Length interval.ceeeeeeeosssosiles 2-4,9 5-9,9 [10-14,91 15-19.9 | 20-24,9|25-29.9
Number of particles per intervall, 190 61 16 8 4 2
Percent of all particleS.ieseeceess 66.7 21.4 5.6 2.8 1.4 0.7
Cumulative percent, all particles. 66,7 88.1 93.7 96.5 97.9 98.6
Mean lengtheseveceeecoscnoreeelilles 2.99 6.86 | 12.90 18.07 22,86 | 27.32
Mean widtheeeoeesosacesceocessolilles 0.35 0.59 0.61 0.76 0.39 0.32
Particles per length by width, pm:
0 £o 0,025, c0vecosncocencennsone 0 0 0 0 0 0
20,025 to 0.05scececesccsscncnsne 0 0 0 0 0 0
20,05 to 0.07500000esssscccssans 2 0 0 0 0 0
20,075 to Oslueenesesesscceseans 4 0 0 0 0 0
2001 t0 04240 sseeccecessaceseses 38 2 0 0 1 0
2002 £t0 0uDeernvovenssnssssnsass 115 28 6 2 2 2
2005 t0 le0seasrasencsssssnasase 28 22 9 5 1 0
21,0 to 5.000ceveresssssancencse 3 9 1 1 0 0
25000 eecessorerossvsononsnossons 0 0 0 0 0 0
Length interval.sesesesescesaapmes | 30-34.9(35-39,9]40-44,.9 | 45-49.9 | 50-88
Number of particles per intervall. 1 1 0 0 2
Percent of all particleS.ieeseccsee 0.4 0.4 0 0 0.7
Cumulative percent, all particles. 98.9 99.3 99.3 99.3 100.0
Mean lengtheeeceeeseooacaseessiilens 30.87 37.49 0 0 76.12
Mean Widtheeooeoesooosnsoensosliles 1.76 1.52 0 0 0.69
Particles per length by width, um:
0 to 040250 00eescsecccecnsassnnce 0 0 0 0 0
20,025 to 0.05ccencocsassnsssnss 0 0 0 0 0
20.05 to 0.07500cecescsncssscass 0 0 0 0 0
20075 to Ouleseacensvovassesees 0 0 0 0 0
>0.1 to 0.2..................-.. 0 0 0 4] 0
2002 £0 0u5esacecsasscssssssases 0 0 0 0 0
20.5 £t0 1a0usennssnsevssnnsscans 0 0 0 0 1
21,0 t0 5.0veescsccocsssssaccces 1 1 0 0 0
35¢000eesessssoscsssssosasnsonss 0 0 0 0 0

lPotal particles = 285.
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TABLE B-17. = Particle size distribution for sample T4, Transvaal Province,

Republic of South Africa, all lengths

Length intervalecevessssssesoepies | 0=1,9 | 2-3,9 | 4-5.9 6~7.9 8-9.9 | 10-552
Number of particles per intervall, 235 39 17 1 4 24
Percent of all particles..cesessss 73.4 12,2 5.3 0.3 1.3 7.5
Cumulative percent, all particles. 73.4 85.6 90.9 91.3 92.5 100.0
Mean lengthesesecasesoonsosessllles 0.74 2.75 4,90 6.07 8.57 105.6
Mean widtheossseseseresesececeumes 0.11 0.27 0.47 0.11 0.17 1.52
Particles per length by width, pm:
0 to 0.0250cvesesececncaceonenens 8 0 0 0 0 0
20,025 to 0.05cceseessnsoersnnes 54 1 1 0 0 0
20,05 to 0,075 ceencesnencecnnas 25 1 0 0 0 1
20,075 t0 Oelisesecensserosssnne 49 7 1 0 1 0
20,1 t0 042000 ncscacersnnsconsan 76 8 5 1 2 1
2002 t0 Ouberssesecensrosssensnne 21 18 4 0 1 5
205 £0 1o0csvevnnvesnsrassnnese 2 4 4 0 0 4
2100 0 5¢00saersvasssosnssessoss 0 0 2 0 0 12
25000 cenosvssenssrssnssssenssssns 0 0 0 0 0 1

ITotal particles = 320.

TABLE B~18. — Particle size distribution for sample T4, Transvaal Province,
Republic of South Africa, fibers longer than 2 pm

Length interval.cececessscenceliMas 2-4,9 | 5-9.9 {10~14,9 | 15-19.9 | 20~24,9[25~-29.9
Number of particles per intervall, 120 54 21 16 8 11
Percent of all particleS.esceeccss 42,9 19.3 7,5 5.7 2.9 3.9
Cumulative percent, all particles. 42,9 62.1 69.6 75.4 78.2 82.1
Mean lengthisescesesesosscscssliilas 3.25 7.04 12.20 17.16 21.88 26.62
Mean widtheeseososeonsesasseeeyfes 0.35 0.65 1.06 1.00 1.31 1.80
Particles per length by width, um:
0 to 0:0250eseecacrcnascensnanes 0 0 0 0 0 0
30,025 to 0.05e0eecsssnncannenas 0 2 0 0 0 0
20,05 to 0.0750cveccscencsccnnas 10 2 2 0 0 0
20,075 to Oulesesnencacvasncnnss 4 1 0 0 1 0
2001 t0 0v20eveecrossececssconnsne 22 13 1 2 0 0
2002 to OuBessrnssosannsonsnssses 60 17 7 4 0 1
20,5 €0 le0veunnsessencnsosnnnes 18 5 2 1 4 3
21,0 t0 5,0c0vavnssccesssccnnnss 6 14 9 9 3 7
3540 cenerosrenseonnnsosossnasasas 0 0 0 0 0 0
Length intervaliceevesesssesesues | 30-34,9]|35~39,9|40-44,9 | 45-49,9 | 50~1060
Number of particles per intervall, 2 3 3 5 37
Percent of all particleScieecesscss 0.7 1.1 1.1 1.8 13.2
Cumulative percent, all particles. 82,9 83.9 85,0 86.8 100.0
Mean lengthesssessecossosonsssie, 32.64 | 37.26 | 43.82 47,10 217.0
Mean Widtheseeseevesessnsonneelilas 2.01 1.91 0.88 1.93 1.82
Particles per length by width, ym:
Oto 00025.......000‘00..‘.0.000 0 0 0 O 0
20,025 £0 04050 cesesvsnvoancnses 0 0 0 0 0
20,05 t0 0.075000cesoncasssecnes 0 0 0 0 0
20,075 to Oulevesensecoansssccns 0 0 0 0 0
2001 o 0uZevennsecccsncosncsens 0 0 0 0 0
2002 £0 Oubeeeenrsssccevssssnens 1 1 1 1 0
20,5 £0 1.0ueseeeresessccossavss 0 0 1 0 13
21.0 t0 5.0ceecesvssscsnsvsccnne 1 2 1 4 24
>5.00ooo00000000000000000.000'00 O VO O 0 0

lITotal particles = 280.
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TABLE B-19., ~ Particle size distribution for sample T5, Transvaal Province,

Republic of South Africa, all lengths

Length intervalesesessvssoeeeealiias 0-1.9 | 2-3.9 | 4-5.9 6~7.9 8-9,9 | 10-494
Number of particles per intervall, 230 35 13 8 5 16
Percent of all particleS.sassesees 74.9 11.4 4,2 2.6 1.6 5.2
Cumulative percent, all particles, 74.9 86.3 90.6 93,2 94.8 100.0
Mean lengths cesvesssrsonsesossiilee 0.65 2.72 4,98 7.25 8.48 | 104.9
Mean Widtheeeeesosavonesssoesepilles 0.12 0.41 0.59 0.81 0.97 1.61
Particles per length by width, pm:
0 0 0,025, 000sevevonsossecnnsss 14 0 0 0 0 0
20,025 £t0 04050 esuesvsosnnsccsns 51 3 0 0 0 0
20,05 £0 0.075cc0esseeonssscscs 30 2 0 1 0 0
30,075 t0 Ouleeeeensnencsnnnnces 36 2 0 0 0 0
2001 £0 0u2icnnnescnscnsacennnns 61 6 2 0 1 1
2002 0 Oubevsnnocncosrsanacones 34 12 5 3 2 2
30,5 £0 1.0uevnssscsconnsnncancs 4 7 4 1 0 1
1.0 £0 5.0 0000escscnsransnenes 0 3 2 3 2 12
25200 0csessvassssrosassassosarcae 0 0 0 0 0 0

lTotal particles = 307.

TABLE B-20. — Particle size distribution for sample TS5, Transvaal Province,
Republic of South Africa, fibers longer than 2 ym

Length intervaleeoesssseeseeselillas 2-4,9 | 5-9,9 {10-14.9 | 15~19.9 | 20~24.,9,25~29.9
Number of particles per intervall, 142 59 20 11 12 4
Percent of all particleSscecsssees 49,8 20.7 7.0 3.9 4,2 1.4
Cumulative percent, all particles. 49,8 70.5 77.5 8l.4 85.6 87.0
Mean lengtheseevosesernsssnoscaliles 3.13 7.08 | 12.28 17.84 22,87 | 27.34
Mean Widtheeeeesoossencesassselles 0.44 0.85 1.83 1.23 1.59 1.81
Particles per length by width, pm:
0 to 0.02500cesecasssossconssncs 0 0 0 0 0 0
20,025 to 0.050esvenescvcnoncana 2 0 0 0 0 0
30,05 to 0.0750se0escsessoccensns 1 1 0 0 0 0
20,075 t0 Oulecenesssessnncsnses 9 1 0 0 0 0
2001 £0 0u2cvevasnnnssnsasansses 22 7 1 1 1 0
2002 t0 OuDevsnnssnacossesnoncns 63 14 1 1 2 0
20,5 t0 1.0usesacescsnsscoconnas 33 17 7 2 2 1
21,0 £0 5.0cveescscencossaccnnes 12 19 11 7 6 3
25000 0esonesecassncensssnocnnsas 0 0 0 0 1 0
Length interval.seceveseceses oMo, | 30-34,9135-39,9|40~44,9 | 45-49,9 | 50-557
Number of particles per intervall. 3 3 6 1 24
Percent of all particleS.eeececees 1.1 1.1 2.1 0.4 8.4
Cumulative percent, all particles. 88.1 89.1 91.2 91.6 100.0
Mean lengtheseseeeeoconcesnsasoplae 33.22 | 36.82 | 41.86 48.95 152.3
Mean widthseeeessosssosasesnesoplle, 1.41 3.37 2.79 3.09 3.89
Particles per length by width, pm:
0 £0 00025, 0000ecscsasssncssoces 0 0 0 0 0
20,025 to 0.05.0evnesnossacnnonss 0 0 0 0 0
30,05 0 0.075000enessosncceanas 0 0 0 0 0
20,075 £0 0uliaeevecnsoceeannssns 0 0 0 0 0
20,1 0 0u2iuvsnencnsssnoennanaes 0 0 0 0 0
3002 0 OuBerassenccosssnssnsoss 0 0 0 0 1
0.5 t0 1i0cocnvecoesenonnnnnnas 1 1 1 0 1
2140 £0 5.0¢seesecsonscscnonasns 2 1 5 1 15
25¢000ceaensonsnsosenssssasoseans 0 1 0 0 7

lTotal particles = 285,

#*US. GPO:  1985-605-017/20,130
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