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Characterisation of palygorskite specimens from
different geological locales for health hazard
evaluation

R P Nolan, A M Langer, G B Herson

Abstract
Palygorskite, a fibrous clay mineral, is being
used as a substitute for asbestos in some
applications. Nine specimens obtained from
different geological locales were studied for
mineral purity, elemental composition, fibre
size distribution, and surface binding charac-
teristics. The membranolytic activity of each
was determined using a human erythrocyte
model. The membranolytic behaviour and
surface binding characteristics were com-
pared with three chrysotile specimens
employed as positive controls. The palygorsk-
ite specimens derived from the different
geological locales display a range of physico-
chemical properties. This study shows the
importance of selecting several mineral
specimens for a health hazard evaluation. The
current carcinogenic classification of the min-
eral may be limited due to the number of
specimens used for that particular evaluation.

Concern has been raised about the use of palygorsk-
ite, a fibrous clay, as an asbestos substitute.' Limited
studies have been carried out on select specimens to
determine their biological potential. A comprehen-
sive health hazard evaluation, however, should
include a determination of the range of the physico-
chemical properties of the mineral. Although a
mineral name, such as palygorskite, specifies a crys-
talline structure and a limited elemental composition,
the principal determinants of activity of a mineral are
thought to be its size dimensions, durability, and
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surface properties. These properties may exhibit a
large range depending on the mineral's origin. The
biologically important properties may be altered
further industrially by heating, physical manipula-
tion, or chemical treatment. Regulatory agencies
frequently set exposure standards after the evalua-
tion of too limited a number of specimens.

Palygorskite specimens from nine different
geological locales were selected for study. Three
chrysotile specimens, previously studied using in
vitro and in vivo methods were selected for compar-
ison.23 The preliminary results of our findings have
been presented at a meeting in Quebec in 1988.4

Palygorskite is a naturally fibrous clay mineral. The
name originates from the Palygorsk Range in the
Ural mountains (Novgorod, Soviet Russia) where it
was first found in 1861.' Attapulgite, a synonym used
for palygorskite, originates from the discovery of the
same mineral in Attapulgus, Georgia, USA in 1935.6
Its structure consists of two facing amphibole-like
chains that are linked by octahedrally coordinated
cations." These chains are referred to as ribbons,
and impart the fibre with structural elements of both
chain and layer silicates.
The two chains contribute four silica tetrahedra

each to the unit cell structure (fig 1). Adjacent ribbons
share the common oxygen edges of the outermost
tetrahedra; the tetrahedra in adjacent ribbons point
in opposite directions, and only their bases fall within
a common plane. The simple empirical structural
chemical formula for palygorskite is:

((Si8)'V(Mg5)V020o(OH)2 (OH2)4)4H2O
Roman numerals indicate structural coordination
number and subscript Arabic numerals indicate the
number of atoms in the cell. Aluminium substitution
may occur in the tetrahedral site, so that (Siv,4x,
Al3') results. The octahedral sites created by two
facing silica tetrahedra chains generally contain mag-
nesium but other divalent cations, especially Fe'+,
may be found as well. Insufficient oxygens (eight
which form the apices of the inwardly facing tetra-
hedra) are present for a complete octahedral con-
figuration of the ribbon, so that six hydroxyl groups
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Figure 1 The crystal structure ofpalygorskite: projected plane normal to the c-axis. (adaptedfrom Brown G, ed. x Ray
identification and crystal structure of clay minerals, copyright Mineralogical Society, London, 1961:345). The vertical
direction is a sin ,B; the horizontal direction is b. The c-axis is normal to this plane.

are required to satisfy the valence requirement (fig 1).
On average, only four of five octahedral sites are
occupied. The octahedral sites are thought to take on
some dioctahedral character-that is, substitution
with trivalent cations such as Al3+ or Fe3". Some
reports suggest that almost equal amounts of Mg2+
and Al3" may be present.8

Additionally, internal channels, roughly 4 x 5A,
are created by the ribbon configuration. Two water
molecules, commonly referred to as zeolitic water,
are accommodated within each side channel so that
four are contained within each unit cell (fig 1).
Further structural transition areas exist in which
Ca2" and other cations may be present.7 Potassium is
a common minor element in palygorskites and is
assumed to be bound at the bases of the silica chain,
in the structural channel. The water found in
palygorskite has been extensively studied by x ray
diffraction, infrared spectroscopy, and by both dif-
ferential thermal and gravimetric analyses. Natural
and deuterated specimens have been examined, as
well as specimens subjected to incremental heat-
ing.1"01 Hydroxyl groups, chemically bound water,
zeolitic water, and surface adsorbed hygroscopic
water molecules have been detected (fig 1).

Materials and methods
ORIGIN OF PALYGORSKITE AND CHRYSOTILE SPECIMENS
The following specimens were obtained from the
mineral collection of the American Museum of
Natural History (AMNH): palygorskite AMNH No
C57079, Brazil; palygorskiteAMNH No 27270, Yalu
River, Korea; palygorskite AMNH No 24478, Dart-
moor, western Australia; palygorskite AMNH No
17887, Nizhi, Novgorod, Soviet Russia; palygorskite
AMNH No C57076, Zermatt, Switzerland; palygor-
skite American Petroleum Institute (API) No 43,
Attapulgus, Georgia, USA.
NIOSH A and NIOSH B are industrial palygorsk-

ite specimens from the Georgia-Florida deposit and
were obtained from Robert Wheeler of the Appala-
chian Laboratories for Occupational Safety and
Health, Morgantown, West Virginia.

Palygorskite, New Melone's Lake, Calaveras,
California, USA (this specimen and specimens
AMNH No C57079 and No 27270 were opened in a
high speed blade mill), UICC Chrysotile A (Zim-
babwe), and Chrysotile B (Canada) were obtained
from the Pneumoconiosis Research Unit, Penarth,
Wales, United Kingdom.

California Chrysotile, RG-144, is a naturally

I
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occurring, predominantly short fibre chrysotile from
New Idria, California. This was obtained in a

commercially available form from Union Carbide,
New York.

INHIBITORS
The inhibitors of membranolytic activity were

obtained from the following sources: bovine serum

albumin (BSA) No A-4378 from Sigma Chemical
Company, St Louis, Missouri; 2-(poly-vinyl-
pyridine-N-oxide) (2-PVPNO) from Polyscience,
Inc, Warington, Pennsylvania; chondroitin sulphate
from R J Schnitzer, Mount Sinai School of
Medicine, New York.

HUMAN MEMBRANOLYTIC MODEL
The ability of each of the mineral specimens to alter
the permeability of human erythrocytes was deter-
mined quantitatively. The HC,4, is the concentration
of particulate (given in pg/ml) required to lyse 50%
of the erythrocytes in a suspension containing
1 8 x 10' cells/ml (see Nolan et al'2 for details).

Results
X RAY DIFFRACTION ANALYSIS OF SPECIMENS

The specimens were examined by continuous scan

x ray diffraction between 3° and 650 20. Roughly
100 mg of powders were packed into specimen
holders and subjected to the scan conditions given by
Nolan et al.'2 The resulting patterns were compared
with the file data provided by the joint committee on

standard power diffraction for palygorskite based on
specimens from Sapillo, New Mexico; Glasgow,
Virginia; Metaline, Washington; and the original
data by Bradley.'3 The data for the first two reference
patterns may be confounded by the presence of
quartz.

Each palygorskite specimen produced a pattern
consistent for that mineral. Every specimen also
contained some detectable crystalline mineral
impurities. Importantly, all contained detectable
amounts ofquartz. The Australian,NIOSHA and B,
Brazilian, and Russian specimens contained substan-
tial amounts ranging from some 5% to about 50% of
the mass of the specimen. The Attapulgus, Georgia
specimen contained sepiolite. The carbonate min-
erals, calcite and dolomite, and other clays were also
frequently found (table 1).
Except for the clays, the mineral impurities tended

to form well defined sharp reflections often appearing
as peaks emerging from a line broadened palygorskite
pattern. For example, the quartz 4-26A reflection
(101) emerged as a well defined peak from two broad
palygorskite reflections, 4-47A (040) and 4-13A (310),
which occur as a single line broadened doublet over

the 190-23' 20 region of the pattern.
The peaks attributable to palygorskite in the

continuous scan x ray tracing for the Korean
specimen gave relatively sharp, intense, well defined
reflections compared with the tracings ofmany other
attapulgite specimens (which were extremely line
broadened). Transmission electron microscopical
(TEM) analysis of this specimen indicated the
presence ofshort lath-like fibrils that resembled short
amphibole fibres (see fig 5).

Table I Optical and x ray diffraction character ofpalygorskite specimens

Oher minerals observedt
Continuous scan x ray

Specimen Pibre character pattern* Optical XRD

Brazil Long, separate Well defined, sharp Q, L Q (25-50%)l
Korea Short, matted Good, well defined Q, A Q (trace), 0
Switzerland Short, matted Good, well defined A, 0, C03 Q (trace), CO, 2C
Soviet Russia Short, matted Broadened Q Q (5-10%)
Califomia Short, matted Broadened Q, A, 0 Q (trace), 2C
Georgia Unresolved Broadened Q, F, 0 5, C, Q (1-2%)
Australia Unresolved Broadened Q, F, 0, A Q (-50%), C
NIOSH A Unresolved Broadened Q C03, A Q (2-5%), CO3, 2C
NIOSH B Unresolved Broadened Q, C03, A Q (2-5%), 2C03, 2C, F

*x Ray diffraction system, analytical geometry, and settings as outlined in Nolan et al." The patterns described as good, well defined, or
sharp produce characteristic reflections over a range of 0-5-10 20 when scanned at 1° 20/minute. High quality crystalline quartz, for
example, Min-U-Sil IS, produces such a pattern. On the other hand, patterns described as broadened produce reflections over a range of
24-7° 20 when scanned at I' 20/nminute. Chrysotile asbestos produces such a pattern. As with chrysotile, several d-spacings in close
proximity may be seen as shoulders emerging from a single, broad, continuum above the baseline.
tOsher ninerals observed: Q (quartz); F (feldspar); S (sepiolite); CO, (carbonate mineral); C (clay mineral other than palygorskite or
sepiolite); L (iron or limonite stain); A (altered particle, either feldspar or ferromagnesium mineral); 0 (other mineral particle, crystalline,
no identification made). Note notation 2C (montsnorillonite, chlorite, vermiculite, or other clay, for example, illite, translates into more
than one cday); 2C0,3 (denotes presence of both calcite and dolomite).
$% By weight ofQ in parentheses.
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Figure 2 Photomicrographs obtained by interference light microscopy of (A) chrysotile, Canadian UICC; (B) chrysotile,
California; (C) palygorskite, New Melone's Lake, California; and (D) palygorskite, Zermatt, Switzerland. Bar width
equals 50um.
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Table 2 Elemental ratios (SD) ofpalygorskite obtainedfrom different localities

No of
Specimen samples Mg:Si Fe:Si Al:Si K:Si Ca:Si

Brazil 9 0-22 (0-02) 0-07 (0-01) 0 30 (0-02) 0-07 (0-01) 0-07 (0-01)
Korea 10 0 21 (0-03) 0-05 (0-02) 0-22 (0-02) 0-06 (0-03) 0-08 (0-04)
Australia 11 0 18 (0-02) 0 07 (0-03) 0 24 (0 02) 0-05 (0-01) 0-06 (0-02)
Soviet Russia 13 0 22 (0-03) 0 06 (0-02) 0 26 (0-02) 0-08 (0-03) 0-07 (0 03)
Switzerland 1 1 016 (0-02) 0-03 (0-01) 0-22 (0-02) 0-05 (0-01) 0-04 (0-01)
Georgia 11 0-22 (0-02) 0 09 (0-01) 0 21 (0 01) 0-06 (0-02) 0-06 (0-02)
NIOSH A 30 0 17 (0-02) 0-06 (0-02) 0-17 (0-03) 004 (002) 003 (0-02)
NIOSH B 14 0 21 (0 02) 0-09 (0-02) 0-20 (0 03) 0-06 (0 02) 0-06 (0-02)
California 15 0 15 (0 03) 0 09 (0 01) 0-12 (0-02) 0-02 (0-01) 0-03 (0-03)

EXAMINATION OF PALYGORSKITE SPECIMENS BY
POLARISED LIGHT MICROSCOPY
Each specimen was examined by polarised light
microscopy using the full range of optical magnifica-
tions and liquids ofdifferent refractive indices. Fibres
in the palygorskite specimens, known to be present
from examination by TEM, were not always
observable by light microscopy.4 Nondescript
clumps and aggregates were often seen (table 1 and fig
2). By contrast, the chrysotile specimens all appeared
fibrous by optical microscopy (fig 2). Those specimens
of palygorskite that appeared non-fibrous by optical
microscopy invariably produced line broadened x ray
diffraction tracings. The specimens with larger
optically visible fibres yield much sharper diffraction
patterns with far less evidence of line broadening. It
may be concluded that the detection of fibres by light
microscopy reflects crystal texture-that is, a

progressive increase in three dimensional
periodicity.

CHEMISTRY OF PALYGORSKITE SPECIMENS
Chemical data were obtained on 124 fibrils or fibre
bundles within the nine palygorskite specimens by
means of energy dispersive x ray spectrometry (table

2). x Ray counts were accumulated for a fixed time
(100 seconds) over a specific portion of the energy

spectrum (0 to 10 240 eV). x Ray patterns were

accumulated in channels of 10 eV widths (1024
channels). Six elements were targeted within specific
regions of interest that centered on the respective K,,
peak-namely, Mg, 1 170 to 1-330 KeV; Al, 1 400 to
1-540 KeV; Si, 1-660 to 1-820 KeV; K, 3-230 tco
3 410 KeV; Ca, 3 610 to 3 790 KeV; and Fe, 6-310 to
6 500 KeV. The accumulated spectra were smoothed
by signal averaging relative to adjacent juxtaposed
channels and recalibrated around peak centres
(around K,). Background counts were subtracted
from gross counts, which were obtained as total
counts of the full width at halfmaximum of the peak.
These values tend to eliminate interfering counts
from adjacent peak tails. It was noted that the K, peak
for Si contributes negligibly to the Al region of
interest. These values are shown in table 2. The
numbers, calculated as a ratio of Si, represent a first
order approximation of the atomic weight per cent
ratio of the constituent element to Si:

Ix Conc (X)
Isi Conc (Si)

Table 3 Fibre lengths ofpalygorskite and chrysotile specimens determined by sizingfrom TEM photographs printed at afinal
enlargement of5000 x

Fibre length (pm) *

Specimen location No offibres sized <1 0 1 1-5 0 5 1-10 0 > 10 0

Palygorskite specimens (%)
Brazil 1687 71 5 26 3 1 7 0-5
Korea 1023 92 7 7 1 - -
Australia 797 90 2 9-3 0-3 0-3
Soviet Russia 1874 78-0 21 3 0-7 0-2
Switzerland 3710 75 1 22-4 2-0 0-6
Georgia 2500 91-1 8-7 0.1 0.1
NIOSH A 1315 83.4 16-6 - -
NIOSH B 2500 83 1 16 8 - -
California 1995 59 4 37-5 2-6 0-6

Chrysotile specimens (%)
California 2939 77-2 20 5 1-8 0 5
Canada 2903. 84-9 13 6 0-6 0 4
Zimbabwe 3523 88-8 10-6 0 4 0-2

*All fibres < 0-15 pm in diameter.
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Figure 3 Transmission electron micrograph of (A) chrysotile, Canadian UICC; (B) chrysotile, California;
(C) palygorskite, New Melone's Lake, California; and (D) palygorskite, Zermatt, Switzerland. Bar represents 2pm length.
Allfigures are at same magnification. Morphology,fibril diameter, and state of aggregation of these specimens are virtually
identical.
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Figure 4 Resolution offibrils ofpalygorskite in NIOSH specimen B by transmission electron microscopy. (A) shows
aggregate clumps viewed at low magnification. Central clump is about 3 5pm across (horizontal axis). (B) shows individual
fibrils at high magnification. Arrowhead points to afibril with a diameter of about 0 01 pm (IooA).

where I. equals intensity (corrected x ray counts in
the region of interest of element X) divided by the Si
intensity (Isi). This ratio approximates to the atomic
weight concentration ratio of these elements.
The essential chemistry ofpalygorskite is that ofan

aluminium silicate with Mg as its principal cation.
Magnesium always dominates over Fe. Potassium
and Ca are also present and appear to increase in
concentration together, suggesting a common origin.
There does not appear to be any correlation between
fibre size and elemental composition (compare data in
tables 2 and 3) or between elemental composition and
membrane activity (compare data in tables 2 and 4).

DETERMINATION OF FIBRE SIZE DISTRIBUTIONS BY
TRANSMISSION ELECTRON MICROSCOPY
The size distributions were determined from
photographs taken at 2000 x direct magnification and
photographically enlarged to 5000 x. Overlapping

photographs were taken so that photomontages could
be made to allow sizing of long fibres (for details, see
Nolan et al.4) Fibres were sized into four different
groups: Alyum, 11-5-0pm, 5-1-100pm, and
> 10pm. All sized fibres had an aspect ratio of 3:1 or
greater and a diameter of <0 15pm (table 3; figs 3, 4,
and 5).
A comparison of the size distributions of the

respirable fractions of palygorskite with similar frac-
tions of chrysotile shows them to be very similar.
Both mineral types are constituted of short fibres.

MEMBRANOLYTIC ACTIVITY AND THE EFFECT OF
INHIBITORS
The membranolytic activity of the palygorskite
specimens varied from inactive for the Korean
specimen to highly active (51 (SD 10) pg/ml) for the
California specimen. Among the active specimens a
factor of almost 15-fold separated the least and most
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Figure S Transmission electron micrograph ofpalygorskite, Korea, at three different magnifications. (A) bar represents
1 -0 pm; (B) bar represents 0-25 pm, (C) bar represents 0- 12pgm. The fibrils of this palygorskite morphologically resemble short
amphibolefibrils rather than chrysotile
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Table 4 Membranolytic activity, quartz content determined by continuous scan x ray diffraction, and visibility offibres by
light microscopy

Specimen location HCGo* (ptg/ml (SD)) Quartz content (%) Fibre resolution by optical microscopy

Palygorskite specimens
Brazil 400 (101) 25-50 Fibrous
Korea Inactive Trace Fibrous
Australia 746 (159) - 50 Non-fibrous
Soviet Russia 211 (168) 5-10 Fibrous
Switzerland 369 (75) Trace Fibrous
Georgia 76 (35) 1-2 Non-fibrous
NIOSH A 83 (26) 2-5 Non-fibrous
NIOSH B 109 (12) 2-5 Non-fibrous
California 51 (10) Trace Fibrous

Chrysotile specimens
Califomia 41 (3) ND: Fibrous
Canada 82 (19) ND Fibrous
Zimbabwe 59 (3) ND Fibrous

*Concentration of mineral required to lyse 50% of 1 8 x 10' erythrocytes/ml.
tInactive = ) 1500 pg/ml.
tND = Not detected.

2 3 4 5 6 7 8

Inhibitor concentration (,ug/ml)

Figure 6 Effect of chondroitin sulphate, BSA, and
2-PVPNO on the membranolytic activity ofpalygorskite
from Attapulgus, Georgia. The surface properties are similar
to quartz rather than chrysotile.

60-
Palygorskite, California (103,ug/ml)

50 r

% H 40

30

20-

10-

n
'0' 40' Qt "I-e I%R 10,Ik 5 8,~

"" . . .

AICI3 H20 concentration (,ug/ml)

Figure 7 Effect of All3 (as AIC13H20) On the
membranolytic activity ofpalygorskite from California. The
palygorskite surface properties are consistent with quartz.

active. The three chrysotile specimens had an
average HC,0 of 60 (SD 21) ,g/ml that was compar-
able with the most active palygorskites (table 4).
Among the chrysotile specimens a twofold difference
existed between the least and the most active.
The inhibitory properties ofthree polymers, chon-

droitin sulphate, BSA, and 2-PVPNO on palygor-
skite membranolytic activity were determined. Over
the concentration range studied, only 2-PVPNO
exhibited any inhibitory activity (fig 6). Although not
effective for palygorskite, both chondroitin sulphate
and BSA would effectively inhibit lysis by chrysotile
under these conditions. All of the active palygorskite
specimens were inhibited by 2-PVPNO. A concen-
tration of <10 ,ug/ml of Al3" could effectively inhibit
60% of the lysis caused by the most active palygor-
skite (fig 7).

Discussion and conclusions
The ratio of different elements present to Si and the
continuous scan x ray diffraction characteristics ofthe
nine specimens were consistent with the mineral
palygorskite. The physicochemical properties of the
specimens that impart membranolytic activity (fibre
size distribution, surface properties, and mineral
purity) varied significantly depending on the
geological origin.
The dose is determined by the size distribution,

particularly the diameter (length differences of thin
fibres contribute very little to the surface area), and
density. The diameters of the active palygorskite
specimens are similar to the three chrysotile
specimens and the density of palygorskite is 5% less
than chrysotile. The similarity between the density
and fibre diameters indicates that the mass offibre/ml
required to lyse halfofthe 1 -8 x 108 erythrocytes/ml,
the HCG1, should be similar. The average HC,0 of the
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three most active palygorskites and the three
chrysotile specimens were 70 (SD 17) pg/ml and 61
(SD 21) pg/ml respectively. The third most fibrous
specimen from Switzerland was fivefold less active,
and this is most likely related to the specimen's
surface properties.
The relation between surface properties and fibre

size is best understood in the haemolysis assay, of all
in vitro methods.'"'9 Although the activities of the
chrysotile and palygorskite can be similar, both the
surface properties and the mechanisms of erythro-
cyte lysis are distinctly different. Palygorskite has a
net negative charge whereas chrysotile is positively
charged. Haemolysis of chrysotile is antagonised by
BSA, a net negatively charged protein, and anionic
polymers such as chondroitin sulphate. By contrast,
palygorskite lysis was inhibited by 2-PVPNO and
A13 +, which are the antagonists of quartz and
amphibole lysis. 12 1516 Inhibition of palygorskite lysis
by BSA and dipalmitoyl phosphatidyl choline
(DPPC) has been reported. The concentration of
BSA (20% and 80% of the palygorskite mass) and
DPPC (50% and 100% of the mass of palygorskite)
was much higher than used in the experiments
reported here.'0
The Californian palygorskite, which contains the

largest percentage of long fibre, was the most mem-
branolytic per unit mass whereas the Korean
specimen was inactive and contained the highest
percentage of short fibres (tables 3 and 4). The short
Korean fibre contains enough surface area, based on
its similarity in size distribution, to produce
measurable haemolysis at 1500 pg/ml.2" The in-
activity of the Korean specimen is most likely related
to surface properties and not fibre size.

All of the palygorskite specimens examined con-
tained detectable amounts of quartz as shown by
continuous scan x ray diffraction. The presence of
quartz is worth noting because of a recent spate of
reports indicating it to be carcinogenic in certain
animal bioassays (see Saffiotti and Stinson" for a
review). The two specimens containing the highest
concentration of quartz, Brazil and Australia, were
the least active of all the membranolytic specimens
(table 4). Quartz on a mass basis is less membran-
olytically active than palygorskite.4 " The variation in
the HCG, of the other palygorskite specimens could
not be clearly related to a mineral impurity.
Morphology and durability are most often con-

sidered responsible for imparting a population of
fibres with mesotheliomagenic activity.2426 The
evidence for this depends mainly on injection and
implantation studies because very few mesothe-
liomas have ever been experimentally induced by
inhalation.27 These experiments indicate that fibres
> 8 pm in length and <0-25 pm in diameter often
referred to as Stanton fibres are the most potent for
inducing mesothelioma. Theoretically the greatest

surface area per unit mass is produced by the fibre
morphology. The surface area increases as the square
of the diameter so that the total surface area is
strongly dependent on diameter.'1 This is par-
ticularly significant for palygorskite, which tends to
form fibres with 0.01 pm diameters. An examination
ofthe experience in Paakila where asbestiform antho-
phyllite produced no human mesothelioma indicates
the true upper diameter limit, maybe 0 1 pm.'8 The
potential to maximise the surface area per unit mass
combined with the difficulty of clearing fibres from
the lung may explain the correlation between mor-
phology and induction of mesothelioma. Equally of
interest is the diversity offibre types which can induce
tumours by implantation or injection, often cited as
evidence that fibre surface has little importance in
carcinogenesis.
The measurements of fibre length for all the

palygorskite specimens indicate that about 1-3% of
the fibres are > 5 pm in length and about 0-3% are
> 10 pm (table 3). The three chrysotile specimens
contained about 1-3% offibres > 5pm and 0 4% > 10
pm. The three chrysotile specimens have fibre lengths
which fall between the shortest and the longest
palygorskite specimens (figs 8 and 9). Absorption
granules contaminated with palygorskite or sepiolite
have been evaluated using long fibres as an indicator
of health hazard potential.'9 3

Fibre specimens containing a similar number of
Stanton fibres can have the complete range of
activities. Stanton and co-workers reported a 100%
tumour probability from the surgical implantation
on a pledget, of two tremolite specimens, whereas a
talc specimen having twice the number of Stanton
fibres as either tremolite specimen produced no
tumours. Even with the very high doses used in these
experiments, made even higher by pledget restricting
the dose to a smaller area of the lung, a simiIar
number of Stanton fibres produced completely dif-
ferent results.'4 The fibres in the talc specimen have
been identified as a fibrous form of talc called agalite
(A G Wiley, personal communication). Quartz, a
non-fibrous mineral, has also induced mesotheliomas
by injection.3 Mesotheliomas have also been
produced in rats by the intraperitoneal injection of
ferric saccharate in which no fibre is present at all.
The catalysis of Fenton's reaction by the iron is
thought to generate the transforming factor.3' Iron
was detected in all the palygorskite specimens
examined.

Inhalation studies have shown that two different
mineral fibres having similar size distributions need
not present a comparable risk of mesothelioma by
inhaIation. A comparison of crocidolite and the
fibrous zeolite mineral erionite by inhalation
produced 0% and 100% mesothelioma respec-
tively.'7 The report stated thfat the fibres found in both
dust clouds were of "similar size range."> Even a non-
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<1M,m

E Palygorskite, Korea
Palygorskite, California
Chrysotile, California
Chrysotile, Canada
Chrysotile, Zimbabwe

Figure 8 Comparison of the lengths of two palygorskite and
three chrysotile specimens. The longest and the shortest
palygorskite specimens were selectedfor comparison. The
percentage offibres <1 plm and 1 1-5OlOm in length are
shown. The vertical scale is given as per cent of total
population within that size category.

Palygorskite, California
Chrysotile, California
Chrysotile, Canada

I L Chrysotile, Zimbabwe

~~~~~~....
>10-lOOm

Figure 9 Comparison of the lengths offibres 5S1 pm and
> I 00m in one palygorskite and three chrysotile specimens
(nofibres in this range werefoundfor the shortest
palygorskite specimen (from Korea)).

fibrous synthetic erionite specimen produced a 5%
mortality from mesothelioma. Induction of meso-

thelioma using inhalation as the route of administra-
tion has been criticised for producing too few meso-

theliomas even with a potent mesothelial carcinogen
like crocidolite.33 A recent intrapleural inoculation
study of erionite has reported it to be > 200-fold
more oncogenic on a mass basis than crocidolite;
again the size distributions of each specimen were

similar.'
Epidemiological studies of populations exposed to

these two minerals support the results of the animal
studies. Environmental exposure to erionite can

cause a 40% mesothelioma mortality whereas even

after heavy occupational exposure to amphiboles,

such as that experienced by United States insulation
workers, a mesothelioma mortality of > 10% has
never been reported.35" Morphology alone is an
uncertain prognosticator of a fibre's potential for
biological potential, much less its hazard to human
health.

Single mineral types may have both naturally
occurring and industrially produced differences in
physicochemical properties. Industrially used paly-
gorskites are manipulated to alter their surface
properties."7 All the health hazard studies to date
have been on naturally occurring specimens, none of
which have been reported to be industrially altered.
Heating is commonly used in one such modification
process. The thermal treatment changes the
continuous scan x ray diffraction characteristics. The
diagnostic 105A peak when heated decreases in
intensity and disappears at 6000.1037
These types ofvariation indicate that the mineral's

health hazard evaluation cannot be based on evidence
derived from a single source. Experimental carcino-
genesis studies of palygorskite specimens from dif-
ferent geological origins have shown a range of
activities. The implantation method of Stanton
produced few tumours using two samples from
Attapulgus, Georgia (table 5).24 The size distribu-
tions ofthe two Attapulgus specimens were similar to
the three reported here (tables 3 and 5). Among four
specimens in which carcinogenicities were evaluated
by intraperitoneal injection, an Attapulgus specimen
again produced few tumours as did a specimen from
Mormoiron whereas a specimen from Torrejon in-
duced a significant number of tumours (table 5).31 A
different sample from the same Torrejon geological
locale, produced 35% tumours by intrapleural injec-
tion and a different specimen from Mormoiron again
yielded none (table 5).839 Specimens from Lebrija
produced very few tumours by intraperitoneal or
intrapleural injection, although a few were produced
by inhalation. The size distributions of the chrysotile
specimens were comparable with the three specimens
from Attapulgus, Georgia but their carcinogenic
activities were very different (tables 3 and 6).

Unfortunately, sufficient amounts of the Torrejon
palygorskite were not available for an inhalation
experiment. A different palygorskite specimen from
Leicester, United Kingdom was evaluated by inhala-
tion and produced three mesotheliomas including
one ofthe peritoneal form in 40 rats. Crocidolite used
in that experiment as a positive control produced no
mesotheliomas in a similar number of rats. Also, the
Leicester specimen on a mass basis produced more
mesotheliomas by intrapleural injection than did
crocidolite (table 5).39
The International Agency for Research on Cancer

(IARC) currently classifies the animal experimental
data for palygorskite as limited.37 The data in our
study indicate that the IARC classification would be
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Table S Characteristics ofpalygorskite fibres used in animal experimental models

Mesotheliomc
Geological origin Route of administration Dose Fibre length distribution (pmn) %)

Attapulgus, Georgia, USA Surgical implant24 on pledget 40 mg 0 01-1 0 pm > 1-0-40 um > 4 0 pm 6-9
525% 473% 05%

Attapulgus, Georgia, USA Surgical implant24 40 mg 62 2% 37-8% - 6 9

Attapulgus, Georgia, USA Intraperitoneal" injection 60 mg > 5 0 pm 3 6
0021%

Torrejon, Spain Intraperitoneal" injection 10 mg 1-03% 40-0

Lebrija, Spain Intraperitoneal" injection 60 mg 0-024% 3-5

Mormoiron, France Intraperitoneal3' injection 60 mg 0-0067% 3-5
Length >6-0 pm

Diameter < 0 5 pm Diameter <02 pm

Torrejon, Spain Intrapleural'9 injection NR 0 54% 0054% 35 0

Lebrija, Spain Intrapleural" injection NR Length >6-0 m 5-0
All less than 2 0 pm

Diameter < 0 5 pm Diameter < 0-2 pm*

Leicester, UK Intrapleural3 injection NR 19 0% 181% 93-8

Lebrija, Spain Inhalation' 10 mg/cm3 - 25

Leicester, UK Inhalation' 10 mg/cm3 0 0%t 100 0%f 7 5

Mormoiron, France Intrapleural'8 injection 20 mg Mean length 0
0 77 pm

*AM > 6 pm in length.
tRecovered from lung tissue.
NR = Not reported.

Table 6 Characteristics of chrysotile fibres used in animal experimental models

Fibre length
Geological origin Route of administration Dose distribution Mesotheliomas (%)

Canada Intraperitoneall 25 mg NR 80
Canada Intrapleurall 25 mg NR 65
Zimbabwe Intraperitoneall 25 mg NR 82-5
California Intraperitoneal' 25 mg NR 72 5

NR = Not reported.

better served if some notation of range of activities
were presented. Further, animal experimental
studies may consistently show variable carcinogen-
icity for palygorskite, depending on its geological
origin. Mineral name and morphology alone are'
insufficient to define a mineral's carcinogenic proper-
ties. The fibre size distribution and unusual surface
adsorption characteristics of certain palygorskite
specimens, along with the, mineral's anticipated
stability in vivo, are strong indicators suggesting that
certain specimens will present a health hazard when
inhaled.
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