
the large pharmacological doses of tes- 
tosterone administered here suggests 
that the animal may not be completely 
insensitive to androgens (10, 24). The 
Tfm rat will not exhibit masculine behav- 
ior when treated with physiological lev- 
els of testosterone (22, 23). However, 
our findings are consistent with reports 
that testosterone-activated sexual be- 
havior is due to aromatization of the 
androgen to estrogen in the brain (5, 25, 
26). Since the ejaculatory behavior of the 
Tfm rat was more responsive to a single 
dose of estradiol than to seven large 
doses of testosterone, it is possible that 
the testosterone-induced male behavior 
was mediated by estrogen metabolites of 
testosterone aromatization. In this con- 
text, it should be noted that the Tfm 
mouse has normal levels of brain aroma- 
tase (27). 

The occurrence of at least a partially 
defeminized and masculinized brain in 
an otherwise phenotypically female Tfm 
animal suggests that perinatal androgens 
are not required to masculinize the de- 
veloping brain. It seems reasonable to 
assume that the testes of the Tfm animals 
are the source of estrogens during the 
perinatal period as they are during adult- 
hood (15), or that the testes of these ani- 
mals are the source of testosterone (10) 
that is subsequently aromatized to estro- 
gens (27) in the brain. The estrogens so 
formed then bind to neural cytosolic es- 
trogen receptors (14) and masculinize the 
differentiating brain by directing genome 
readout. 
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of asbestos-containing dusts. 

A recent report concerning the inci- 
dence of carcinoma of the lung among 
nickel workers of New Caledonia (1) at- 
tracted the attention of investigators in 
the field of metal carcinogenesis to the 
effects of nickel compounds. These ef- 
fects have been well documented and re- 
ported for both worker populations and 
laboratory animals (2). 

Uncertainties exist concerning the ex- 
posure of workers to nickel and the ap- 
pearance of malignant disease (3). The 
distribution of respiratory tract cancer in 
some instances has not followed a clear 
pattern of exposure to nickel compounds 
but was more closely correlated to "total 
dust" with specific carcinogens not iden- 
tified (4). It has been difficult to explain 
varying observations in different mining 
areas, in different smelters, and in a 
number of countries. There have been 
other curious inconsistencies about nick- 
el carcinogenesis. Perhaps most impor- 
tant, the excess numbers of lung and na- 
sal sinus cancers have been almost ex- 
clusively found among employees of 
nickel smelters, and the hazard did not 
follow the metal from its refining to met- 
alworking plants. General improve- 
ments in housekeeping and dust control 
in smelters, made before the risk was 
even suspected, without control of spe- 
cific agents or processes, were found to 
sharply reduce or eliminate later in- 
cidence of cancer (5). Despite these mea- 
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sures, since there clearly has been in- 
creased cancer risk in nickel smelters, 
nickel has been considered the cause. 

In August 1976 we were asked by the 
International Metalworkers Federation 
(6) for advice concerning what might be 
done about an increasing burden of can- 
cer among workers belonging to its affili- 
ated union in New Caledonia, employed 
at the large nickel-mining and -smelting 
operation at Noum6a. Some of our past 
studies have alerted us to the importance 
of the large geological literature on the 
complex mineralogical nature of metal 
ore deposits-for example, the contami- 
nation of Lake Superior with amphibole 
gangue minerals (7) and the identification 
of chrysotile asbestos in crushed stone 
used as road surfacings in Maryland (the 
materials were derived from serpentine 
rock formations) (8). 

In March 1979 Dr. Julian Lee of Syd- 
ney, Australia, visited us and provided 
clinical evidence in support of the in- 
creased incidence of lung cancer in 
workers in the New Caledonia smelter 
(1); patients from Noum6a, flown to Syd- 
ney for treatment, had been operated on. 
Moreover, he heard reports from sur- 
geons on Noumea that pleural mesothe- 
lioma had occurred among some employ- 
ees of the facility. This observation re- 
minded us of the inclusion of a case of 
mesothelioma in a nickel worker in the 
review by McDonald and McDonald of 

SCIENCE, VOL. 209, 18 JULY 1980 

sures, since there clearly has been in- 
creased cancer risk in nickel smelters, 
nickel has been considered the cause. 

In August 1976 we were asked by the 
International Metalworkers Federation 
(6) for advice concerning what might be 
done about an increasing burden of can- 
cer among workers belonging to its affili- 
ated union in New Caledonia, employed 
at the large nickel-mining and -smelting 
operation at Noum6a. Some of our past 
studies have alerted us to the importance 
of the large geological literature on the 
complex mineralogical nature of metal 
ore deposits-for example, the contami- 
nation of Lake Superior with amphibole 
gangue minerals (7) and the identification 
of chrysotile asbestos in crushed stone 
used as road surfacings in Maryland (the 
materials were derived from serpentine 
rock formations) (8). 

In March 1979 Dr. Julian Lee of Syd- 
ney, Australia, visited us and provided 
clinical evidence in support of the in- 
creased incidence of lung cancer in 
workers in the New Caledonia smelter 
(1); patients from Noum6a, flown to Syd- 
ney for treatment, had been operated on. 
Moreover, he heard reports from sur- 
geons on Noumea that pleural mesothe- 
lioma had occurred among some employ- 
ees of the facility. This observation re- 
minded us of the inclusion of a case of 
mesothelioma in a nickel worker in the 
review by McDonald and McDonald of 

SCIENCE, VOL. 209, 18 JULY 1980 

Asbestos as a Cofactor in Carcinogenesis 

Among Nickel-Processing Workers 

Abstract. It has been widely assumed, especially in the absence of other ex- 
planations, that lung cancer and nasal sinus cancers observed among nickel smelter 
workers are the result of the carcinogenicity of nickel. Although there may be such 
influence, supplementary hypotheses are also possible. The nickeliferous ores from 
at least one major smelter in New Caledonia (excess numbers of cancers have been 
found in these smelter workers) are derived from serpentinized host rocks which con- 
tain large amounts of chrysotile asbestos. Analysis indicates that nickel ores from 
this area are heavily contaminated by these fibers. The deposits are mined for their 
nickel content, but workers may be exposed to the asbestos fibers contained in the 
deposits. Hygiene measures limited to the avoidance of nickel may be inadequate 
under such circumstances and should be reevaluated so as to prevent the inhalation 
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mesothelioma in Canada (9). The several 
lines of inquiry seemed to converge, with 
one of the possibilities being that the 
host rock of at least some of the nickel 

deposits might include one or another of 
the asbestos minerals (10). The occur- 
rence of lung cancer, mesothelioma, and 
cancers of the upper respiratory tract 
would be consistent with this explana- 
tion (11 ) and with the fact that asbestos is 
virtually ubiquitous in serpentinized ul- 
tramafic rocks, one of the three common 
sites of nickel deposits. 

A review of the existing data sug- 
gested that the nickel deposits in New 
Caledonia were probably contaminated 
with asbestos. The primary ore here is 
mineralogically referred to as "garnier- 
ite" (12). Once a mineral name, this des- 
ignation is now relegated to usage as a 

general field term for any green, fine- 
grained, alteration product of a nickel- 
containing silicate (13). Other nickel- 
bearing silicate phases occur admixed in 
lateritic ores containing "garnierites" 
(14). In New Caledonia, for example, 
serpentine and "garnierite" are consid- 
ered to make up the ore body. These are 
admixed on every scale (10). 

We have studied several "garnierite" 
specimens from the collection of the 
American Museum of Natural History 
(AMNH) in New York, one of which 
was from Noum6a (15). We were also 
able to obtain three specimens of ores 

that were being processed from worked 
pits on Noum6a (6). We examined the 
New Caledonian specimens and the pre- 
smelted ores by polarized light micros- 
copy, continuous scan x-ray diffraction, 
transmission electron microscopy with 
selected area electron diffraction, and by 
means of an electron microprobe tech- 
nique (an energy-dispersive x-ray spec- 
trometry system as part of an analytical 
electron microscope). 

Examination of the New Caledonian 
specimens by polarized light microscopy 
revealed that they consist of apple-green 
grains and cleavage fragments of varie- 
ties of pyroxene and olivine. The latter 
minerals were extensively altered, with 
atypical indices of refraction (IR). The 
"garnierite" grains never achieved ex- 
tinction when examined between 
crossed Nicol prisms and possessed opti- 
cal characteristics consistent with ser- 
pentine aggregates. The IR's measured 
on these grains ranged from 1.550 to 
about 1.570. It was not known if the ag- 
gregate grains contained fibers, plates on 
end, or other disoriented mineral parti- 
cles. Examination of the New Caledo- 
nian ores revealed a number of other 
mineral phases, including plates with 
properties consistent with those of chlo- 
rite. No free fibers were observed in any 
specimens. The ore specimens contained 
similar particles and mineral fragments 
but fewer aggregate grains. 

Specimens of the New Caledonian 
"garnierite" examined by continuous 
scan x-ray diffraction methods were 
found to consist primarily of two mineral 
phases. The strongest diffraction in- 
tensities came from a clay mineral with 
the major reflection centered near 14 A. 
This peak was extremely broad, with its 
higher order reflections very difficult to 
accurately measure. The second major 
phase was consistent with a serpentine 
mixture. The major reflections occurred 
at 7.3, 4.5, 3.6, 2.5, and 1.5 A. Because 
of marked line-broadening, it was not 
possible to distinguish the different ser- 
pentine minerals. Several very broad re- 
flections were present at 7.5, 4.3, and 2.3 
A from the clay phase. The serpentine 
reflections were also observed in the 
three ore specimens. These tended to be 
better defined in form (sharper) with less 
pronounced line-broadening. The major 
phases in these materials appeared to be 
a serpentine mineral, with the clay con- 
tent markedly decreased. A 9.4-A reflec- 
tion was resolved; this reflection sug- 
gests the presence of a talc-like mineral. 

Examination of the AMNH specimen 
of New Caledonian "garnierite" and the 
Noum6an ores by transmission electron 
microscopy with a JEOL 100CX analyti- 
cal electron microscope demonstrated 
the presence of chrysotile fiber in all the 
specimens examined (Figs. I and 2). The 
Noumean "garnierite" was predomi- 

Fig. 1 (left). (A) Photomicrograph of a representative field of "garnierite" from Noumea, New Caledonia. The specimen (AMNH 32584) is a 
mixture of serpentine minerals (predominantly nickeloan chrysotile), clay, and other silicates. Scales are in micrometers. (B) Photomicrograph 
showing the nature of the opened chrysotile asbestos bundles. Most of the chrysotile in the specimen may be easily separated into fibril units. (C) 
The SAED pattern obtained on the fiber bundle shown in (B). The arrow marks the a* direction on the SAED pattern. Morphological character- 
istics and structure indicate that the mineral fiber is chrysotile. Fig. 2 (right). (A) Representative photomicrograph of a processed ore speci- 
men from New Caledonia, prior to smelting. The ore is primarily serpentine minerals, including chrysotile, and other sheet silicates. Scales are in 
micrometers. (B) Photomicrograph showing the intimate admixed nature of the clays, sheet serpentine minerals, and chrysotile. The fiber content 
of the ore is less than in the "garnierite" standard. Unless examined with magnifications obtained with the transmission electron microscope, the 
fine chrysotile fibrils (about 350 A in diameter) would not be seen. 
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nantly chrysotile fiber and sheet sil- 
icates (Fig. 1), whereas the Noumean 
ores appeared to be mixtures of clay 
(montmorillonite), other sheet silicates 
including the serpentine phases, and es- 
pecially large amounts of chrysotile fiber 
(Fig. 2). The sheet silicates consisted of 
aggregates, often intergrown and con- 
tiguous with chrysotile fibrils. Selected- 
area electron diffraction (SAED) pat- 
terns obtained on single clay grains dis- 
played Debye-Scherrer rings, which 
clearly indicated the aggregate nature of 
these particles on the submicron-sized 
scale. Chrysotile in the ore specimens 
consisted of fibers and fibrils with shapes 
ranging from equant (clumps) to the 
more characteristic asbestiform fibers. 
The SAED patterns obtained on chryso- 
tile tended to range from single, well- 
defined reflections to Debye-Scherrer 
rings. The most common pattern con- 
sisted of both forms (Fig. 1C). Chemical 
analyses of chrysotile fibers from "gar- 
nierite" indicate a marked increase in 
the integrated peak count ratio of silicon 
to magnesium from 1.73 + 0.05 mea- 
sured on non-nickeliferous chrysotile 
specimens from Globe, Arizona, to 
5.41 ? 0.05 obtained on most Noum6an 
chrysotile fibers, to 7.84 ? 0.05 obtained 
on some low-magnesium chrysotile fi- 
bers. The increasing peak count ratio re- 
flected magnesium depletion and was ac- 
companied by a corresponding increase 
in the nickel x-ray emission. 

The New Caledonian "garnierite" 
specimen and the three ores obtained 
from Noum6a were heavily contaminat- 
ed with chrysotile asbestos. The occur- 
rence of lung cancer, and possibly other 
tumors, among workers at this smelter 
might be due to exposure to this mineral. 
Various hypotheses are possible: (i) that 
the nickel is the essential factor, with the 
asbestos fibers serving as a vehicle to lo- 
calize and maintain the metal in the tis- 
sue; (ii) that the asbestos fibers are of pri- 
mary importance, with the carcinogenic 
potential of the nickel of less con- 
sequence; or (iii) that the metal and the 
fiber interact, both adding to the risk, an- 
other example of multiple factor inter- 
action in carcinogenesis (16). It will be 
interesting to test these possibilities in 
appropriate animal models and to reeval- 
uate epidemiological data in relation to 
exposures in various smelters. Also, 
mineralogical analysis of lung tissues 
from miners in these locations will pro- 
vide needed information. 
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should also be studied in relation to lung 
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Wetherbee (1) described pit plugs be- 
tween carposporophyte cells of the red 
alga Polysiphonia novae-angliae and 
suggested that the pit plugs are structur- 
ally specialized for nutrient translo- 
cation. His hypothesis is based on in- 
terpretations of plug ultrastructure; no 
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direct evidence of translocation was pre- 
sented. The structural features Weth- 
erbee described involve plug shape, plug 
core density, and most importantly, the 
presence or absence of a plug cap mem- 
brane (membrane between plug core and 
cytoplasm of adjacent cells). 
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