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Abstract Asbestiform minerals, namely serpentine

(chrysotile) and amphiboles (tremolite–actinolite) as well as

others of fibrous habit (sepiolite) from Argentine deposits

were characterised to assess their biological hazard. Mate-

rials currently used as asbestos substitutes were also

assessed (glass fibre and ceramic fibre). Studies with labo-

ratory animals were conducted. Sixty mice (30 females and

30 males), 8 weeks old, were used following the good

practices in the care and handling of laboratory animals.

They were split into six groups of ten mice each (5 females

and 5 males), designated as control, tremolite, glass fibre,

chrysotile, sepiolite and ceramic fibre, and were exposed by

inhalation to these previously ground materials. The ani-

mals were examined throughout the experiments to see how

they responded to the inhaled substances to establish the

effects of inhalation at the time of exposure and once they

had been killed. The respiratory tract (trachea, bronchi and

lungs) of the animals exposed to the different materials was

examined in tissue sections. Differences in the amount of

connective tissue in the lungs and the presence of alveolar

macrophages were observed in the animals exposed to

tremolite, chrysotile and sepiolite, as compared to the

control group. It was concluded that, of all the materials

used, amphiboles caused greater damage and an incipient

development of carcinogenesis. The other ones, especially

chrysotile, produced connective tissue thickening.

Keywords Asbestos � Carcinogenesis � Asbestosis �
Amphibole � Chrysotile

Introduction

Asbestos comprises different minerals with similar mor-

phological characteristics that are very long and thin,

acicular, generally with hackly fracture; they occur in

bundles with a large number of fibres, have high tensile

strength and electrical resistance, and are non-combustible.

Some of them exhibit other particular properties that

determine their specific use, so that they have been widely

employed in many industries.

Asbestos minerals fall into two groups: serpentine

(chrysotile) and amphiboles. They are both silicate min-

erals but with different mineralogical, morphological,

physical and chemical characteristics (Skinner et al. 1988).

Tremolite and actinolite belong to the calcic amphibole

series in which the iron and magnesium content can vary

(Leake et al. 1997) and, along with other amphiboles, they

may exhibit asbestiform morphology. Their occurrence as

accessory minerals in the ores of currently exploited

deposits poses a potential health risk (Goodwin 1974).

Chrysotile is a mineral of the serpentine group that

develops from the alteration of other minerals, mainly

olivines, pyroxenes and amphiboles. Its structure consists

of layers of concentric cylinders, which is the typical as-

bestiform mineral habit (Wicks and Whittaker 1975).

Within the asbestos group, chrysotile has been the most

commonly used worldwide.
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Sepiolite is a naturally occurring phyllosilicate, of

fibrous habit, whose structure consists of channels running

parallel to the fibres, called zeolitic channels, which are

responsible for most of its properties, among them its

absorbing capacity (Jones and Galán 1988). The mor-

phology of sepiolite has sparked scientific debate due to its

toxicity and it may be included in the asbestos group in

future regulatory legislation (Rodrı́guez 2004).

In Argentina, the production, importation, commer-

cialisation and use of fibres of amphibole and chrysotile

asbestos or the products containing them have been pro-

hibited as per Resolutions of the Health Ministry No.

845/00 and 823/01 from 10 October 2000 to 1 January

2003, respectively (Rodrı́guez 2004). Although these res-

olutions are still in force, currently adopted measures

include product withdrawal from the market, their removal

and replacement by other materials.

Asbestos is dangerous due to its morphology rather than

to its chemical composition. According to Valeyre and

Letourneaux (1999), the most important properties that

make asbestos hazardous are fibre durability, stability and

biopersistence.

A large number of epidemiological studies have asso-

ciated asbestos exposure to certain diseases. It has been

shown that exposure to these materials causes lung dis-

eases, some of which are malignant (Kang et al. 2013;

Sánchez et al. 2009). The main health effects of asbestos

are: asbestosis (Camelo et al. 2014), lung cancer (Kang

et al. 2013), malignant mesothelioma (Robinson 2012) and

pleural plaques (Roggli and Vollmer 2008). Lung diseases

were first reported in 1899 (Murray 1907), although they

were not associated with asbestos up to 1927, when the

term pulmonary asbestosis was introduced and differences

from other pneumoconiosis were reported (Marı́n Martı́nez

and Clavera 2005). Asbestosis, a form of progressive dif-

fuse interstitial pulmonary fibrosis, is the most common

disease. The inhaled fibres cause inflammatory lesions in

lung tissues, which leads to scarring and shortness of breath

(Camelo et al. 2014). The fibres are breathed in, with the

smallest ones (\3 lm) reaching the lower airways. The

long, curly chrysotile fibres are trapped in the less

peripheral bronchioles, whereas the opposite occurs with

the short, straight, stiff amphibole fibres (Duncan et al.

2014; Bernstein et al. 2013). During alveolar clearance, the

particles may undergo physical and chemical changes such

as ferroprotein coating (asbestos bodies) (Dodson et al.

2005). First, alveolitis develops due to the activated alve-

olar macrophages that release chemotaxins, fibroblast

growth factors and protease (Camelo et al. 2014; Nishim-

ura et al. 2013). Chemotaxins attract neutrophils and,

together with macrophages, may release oxidants capable

of oxidising epithelial cells, and fibroblast growth factors

gain access to the interstitium. Mineral particles would act

as catalytic substrate for the formation of oxidising radi-

cals: reactive oxygen species (ROS) and reactive nitrogen

species (RNS) associated with cell damage, DNA damage,

mutagenesis and apoptosis (Camelo et al. 2014). Asbestos

pathogenicity probably derives from the long-term inter-

play between persistent free-radical production and the

expression of cytokines, growth factors and other inflam-

matory cell products (Camelo et al. 2014; Nishimura et al.

2013).

In Argentina there are few and isolated records of

pathological studies on asbestos. Matos et al. (1997) made

the Atlas of Cancer Mortality in Argentina between 1989

and 1992, where they reported cases of lung cancer and the

follow-up of patients in Buenos Aires, with occupational

exposure measurements in 600 individuals (200 cases and

400 controls); asbestos-related exposure was found in 20 %

of the cases. Casado (1999) surveyed lung cancer patients

about their jobs to determine the length of exposure time to

asbestos at their workplaces. They had been exposed to

asbestos for 15 years in a range of 4–23 years and the

latency period until neoplasia had been diagnosed was very

long (about 20 years). Ninety-eight per cent of the patients

with malignant mesotheliomas had been occupationally

exposed to asbestos.

The mineralogical study is essential for assessing

asbestos potential impact on human health, especially for

fibre morphology and resistance to natural degradations

processes.

In Argentina there are no records of studies on the

biological hazard of naturally occurring asbestos minerals.

Asbestos minerals were mobilised and/or mined in specific

deposits for decades until late 1990, when their commer-

cialisation and exploitation were prohibited; however, they

are still mobilised as minerals associated with talc and

vermiculite ores. In addition, there are no regulations on

the mobilisation of materials containing these minerals or

on the precautions to be taken for their disposal.

The aim of the work described in this paper was to

assess the biological hazard of asbestiform minerals of the

serpentine (chrysotile), amphibole (tremolite–actinolite)

group, as well as that of other fibrous habit minerals such as

sepiolite from Argentine deposits and materials currently

used as substitutes (glass and ceramic fibres).

Materials and methods

Mineralogical characterisation

Asbestiform minerals, namely serpentine (chrysotile) and

amphiboles (tremolite–actinolite) as well as others of

fibrous habit (sepiolite) from Argentine deposits were

characterised to assess their biological hazard. Samples
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were analysed by X-ray diffraction (XRD) with a Rigaku

D-Max III-C X-ray diffractometer with Cu Ka radiation

and a graphite monochromator operated at 35 kV and

15 mA. The minerals were identified with an Olympus SZ-

Pt trinocular stereomicroscope, an Olympus B2-UMA

trinocular petrographic microscope and a JEOL JSM 35 CP

scanning electron microscope (SEM–EDS). Morphological

and fibre size studies were carried out, taking into account

their length to width ratio.

Experimental study

In vivo studies were conducted in accordance with insti-

tutional procedures, Canadian Federal Guidelines and the

NIH Guide for the Care and Use of Laboratory Animals.

Sixty CF51 mice (30 females and 30 males), 8 weeks

old, (acceptable age range between 6 and 10 weeks) were

used; they were manually handled to avoid stress. Good

practices for handling laboratory animals were followed

(Guide for the Care and Use of Laboratory Animals 1996).

The guidelines proposed by Organisation for Economic

Co-operation and Development (OECD) and the The

Environment, Health and Safety (EHS) division were fol-

lowed. Each stage of analysis was performed in accordance

with the OECD Series on Testing and Assessment No. 39:

Guidance Document on Acute Inhalation Toxicity Testing,

where all the conditions for the simulations of airflows and

inhalation of toxic material by animals are standardised

(OECD 2009).

The animals were split into six groups of ten each (5

females and 5 males), namely, A: control group (only a

flow of fresh air was supplied to the chambers); B: trem-

olite group; C: glass fibre group; D: chrysotile group; E:

sepiolite group; and F: ceramic fibre group. For the

experiment, the mice were taken to the inhalation chambers

(Fig. 1), which consisted of two plastic containers of

similar size to that of the dwelling cages with an opening

for the supply of air and ground material. A constant air-

flow was supplied by a 24 psi compressor, equivalent to

160 L of air and 50 mg of sample/L. The minerals and

substitutes were previously ground in an agate mortar to

less than 3 lm.

At the end of the treatment period (14 days), the animals

were anaesthetized, killed and the tracheopulmonary block

was removed. Tissues were fixed in 10 % formaldehyde in

buffer PBS 19 for 24 h, dehydrated in alcohols of

increasing grade (70�, 95� and 100�) up to xylol. They were

then embedded in paraffin to form the tissue block. Five-

micron sections of the tissue were cut and stained with

haematoxylin (according to Harris) and eosin, and with

Masson’s trichrome to examine the connective tissue. The

anatomical and pathological characteristics were recorded

daily (Pérez et al. 2006).

Tissue sections were examined using a histochemical

score to assess the intensity of Masson’s trichrome staining

(TRS). The TRS was calculated by multiplying the tri-

chrome staining intensity score (scores: 0 = no staining;

1 = weak staining; 2 = moderate staining, and 3 = strong

staining) by the percentage of stained fibres observed

(scores 0 = less than 10 %; 1 = 11–50 % of fibres;

2 = 51–80 % of fibres, and 3 [ 81 % of fibres). The TRS

mean value for each tissue section was determined by

examining 10 random histological fields with 4009 total

magnification of the microscopic field. Tissue sections with

TRS [0 were considered to have increased connective

tissue. The one-way analysis of variance (ANOVA) was

used to compare the groups under study. The Chi square

test was employed for data analysis using the software

GraphPad Prism 5.01 for Windows. Significant differences

with p \ 0.05 were identified.

Tissue sections were imaged with an Olympus BX51

microscope with Olympus C7070 digital camera. Ten

random fields were examined for changes in the lung tissue

morphology.

Results and discussion

Mineralogical characterisation

The amphiboles analysed were collected from the Salam-

anca mine, province of Mendoza, Argentina, which was

mined for talc (Fig. 2Aa) for decades. No environmental

studies were ever conducted to determine whether amphi-

bole asbestos were present in the talc ore.

Thin sections of the samples were examined. They are

composed of over 95 % of an asbestiform mineral that is

colourless to light green, slightly pleochroic with oblique

extinction (14�) and does not show signs of alteration since

Fig. 1 Animal inhalation chambers
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it has developed mainly in the talc mass. Due to its optical

properties, it was identified as actinolite (Fig. 2Ab). A

scarce amount of relict antigorite showing incipient alter-

ation to talc was observed in the intercrystalline spaces.

The SEM analysis was performed to identify the mor-

phology of fibres. Figure 2Ac shows rectilinear crystals of

stiff and acicular habit, typical of amphibole asbestos.

X-ray diffraction revealed reflections mostly of the

amphibole mineral group, tremolite–actinolite series, with

their main peaks at 3, 11, 8.3 and 2.7 Å, comparable to

cards No. 41-1366 and 13-437 (ICDD 1993) for actinolite

and tremolite, respectively (Fig. 2Ad). Subordinate

amounts of serpentine group minerals, assigned to antig-

orite, were identified.

Fig. 2 (A) a Amphiboles of prismatic habit within the steatised rock.

b Amphibole fibres in thin sections under crossed nicols. c SEM of

amphiboles. d XRD of amphiboles from the Salamanca mine (Am

amphiboles, Sr serpentine). (B) a Chrysotile fibres in the host rock.

b Irregular banding of fibres in a thin section. c SEM of fibres. d XRD of

chrysotile (C). (C) a Fibrous sepiolite in the carbonatic rock. b Fibrous

sepiolite in carbonatic mass viewed with an optical microscope. c SEM

of fibres. d XRD of sepiolite (s sepiolite, Do dolomite, Ca calcite)
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The sample of chrysotile was from the La Bélgica mine,

province of Córdoba, Argentina, which is one of the most

exploited chrysotile asbestos deposits in Argentina. It was

mined since 1947 and its open pit exploitation lasted up to

the late 1970s. Chrysotile has a fibrous acicular habit with

crystals over 2 cm long that grow perpendicular to the

crack walls (asbestos cross-fibre) (Fig. 2Ba). There is a

noticeable progressive degradation of aggregates, which

leads to the formation of filiform and acicular particles due

to their small size and low specific weight. Thin sections

revealed the presence of subparallel veins with irregular,

sometimes asymmetric, banding where chrysotile crystal-

lised transversely (Fig. 2Bb). Cross-cutting veins are fre-

quently observed; they belong to a later event with similar

textural and morphological characteristics, without dis-

placement, i.e. the crack where the mineral developed did

not undergo shearing. Crystals in the vein exhibit parallel

extinction. SEM analyses showed that this mineral has a

fibrous, asbestiform, extremely flexible morphology and it

is intensely split into smaller fibres (Fig. 2Bc). X-ray dif-

fraction confirmed that this mineral is chrysotile

(Fig. 2Bd).

The sepiolite sample was from the La Adela mine,

province of Rı́o Negro, Argentina, which was mined for

carbonatic materials in past decades. Macroscopically,

sepiolite occurs in flexible, fibrous aggregates; it is white,

very light, relatively soft to touch and of low hardness

(2–2.5). The fibres are arranged in bundles and are oriented

parallel to cracks within the diaclases of dolomitic rocks,

commonly associated with calcite and other minerals

(Fig. 2Ca). They show noticeable crystalline development

since in some areas the fibres are longer than 10 cm. In thin

sections, sepiolite is from colourless to grey, it has low

relief, n \ balsam and weak birefringence. Extinction is

approximately parallel, with positive elongation (length

slow). Sepiolite occurs in contact with the dolomitic host

rock (Fig. 2Cb). The SEM analysis showed no individual

fibres but an interlocking texture. The fibres are very thin

and long, and fibre ends cannot be easily identified

(Fig. 2Cc). The sepiolite structure and the presence of

associated calcite and dolomite were identified by XRD

(Fig. 2Cd).

Experimental study

The animals were examined throughout the experiments to

see how they responded to the inhaled substances to

establish the effects of inhalation at the time of exposure

and once they had been killed.

From the beginning, mice showed nasal disorders when

they breathed the air containing amphiboles, and eventu-

ally the rest of their body was also affected. A dense

whitish cloud, almost imperceptible to the human eye,

formed and remained inside the chamber even after the end

of the experiment. This cloud was monitored by means of a

slide that was coated with an adhesive substance to collect

the suspended material in the chamber. The autopsy

showed that female mice were less affected than male

mice. In general, no external morphological alterations in

the abdomen or thorax were detected. However, all the

male mice showed different degrees of alteration; the lungs

of some of them were darker than the normal pink colour.

Reddish petechiae with well-defined and uniform borders

were found in the region of the hilum. Subcutaneous fat

decreased. The results are summarised in Table 1.

When chrysotile was used, it showed a resistance to

float in the air due to fibre bundling and interlocking.

From macroscopic observations, it can be said that in

general female mice showed no visible alterations; their

organs were in situ and their lungs, pink and crackling.

Only a small number of tiny dark red petechiae were

found on one female mice’s lung and another specimen

showed pleural effusion from the hilar region to the upper

lobe of the left lung. Male mice in general only presented

internal alterations, no skin disorders were observed.

Three of them developed some small petechiae in the lung

region and another one showed larger and thicker pete-

chiae (Table 1).

A relatively dense and whitish cloud formed when

sepiolite was used in the inhalation chambers. The mac-

roscopic evaluation revealed that all the animals (females

and males) had slight internal alterations such as petechiae

on both lungs which, however, were fewer in females. No

external alterations or different morphologies were

observed. The experiments with glass and ceramic fibres

developed normally. These materials have low specific

weight and the cloud formed during each exposure was

extremely upsetting for the animals. After the experiment,

no macroscopic internal or external alterations were found

in any of the animals (Table 1).

The respiratory tract (trachea, bronchi and lungs) of the

animals exposed to the different materials was examined in

tissue sections. Differences in the amount of connective

tissue in the lungs and the presence of alveolar macro-

phages were observed in the animals exposed to tremolite,

chrysotile and sepiolite, as compared to the control group.

Representative histological fields of the groups under study

are shown in Fig. 3. Figure 3a depicts a lung section of a

control group animal. One of the striking characteristics of

the lungs of animals exposed to tremolite and chrysotile

was the loss of the typical morphology of lung tissue, with

an increase in nuclear polymorphism being noticed

(Fig. 3b, c) (white arrows indicate alveolar wall thickening

due to the increase in connective tissue). Figure 3d shows a

tissue section of a lung of an animal exposed to sepiolite;

3e, to ceramic fibre and 3f, to glass fibre.
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Table 1 Summary of clinicopathologic results

Mineral Animal Weight (g) External alteration Internal alteration Lung weight Petechiae

Initial Final

Control QF 1 32.2 33.9 No No 0.4 0

QF 2 31.5 32.6 No No 0.5 0

QF 3 29 32.8 No No 0.4 0

QF 4 34.3 37.9 No No 0.5 0

QF 5 33.6 36.4 No No 0.4 0

QM 1 43 46.4 No No 0.5 0

QM 2 36 41.2 No No 0.4 0

QM 3 40.1 43.3 No No 0.4 0

QM 4 37 39.9 No No 0.6 0

QM 5 35 39.6 No No 0.5 0

Amphiboles AF 1 24.8 30.5 No No 0.3 0

AF 2 30.6 32.1 No No 0.5 0

AF 3 31 33.7 No Yes 0.5 0

AF 4 26.6 28 No No 0.5 0

AF 5 28.2 30.3 No No 0.2 0

AM 1 36 38.6 Yes Yes 0.4 3

AM 2 37.4 41.1 No Yes 0.5 5

AM 3 35.3 35.5 Yes Yes 0.4 5

AM 4 35.6 37.4 No Yes 0.4 6

AM 5 36.1 37.9 Yes No 0.4 0

Glass fibre FVF 1 29.5 31.4 No No 0.3 0

FVF 2 28.5 30.4 No No 0.3 0

FVF 3 28.4 30 No No 0.2 0

FVF 4 26.3 27.8 No No 0.3 0

FVF 5 30 31.8 No No 0.4 0

FVM 1 35.1 36.1 No No 0.3 0

FVM 2 36.1 37.1 No No 0.4 0

FVM 3 34.6 36.5 No No 0.4 0

FVM 4 33.6 36.7 No No 0.4 0

FVM 5 33.8 36.9 No No 0.3 0

Chrysotile CF 1 30.5 34.1 No No 0.2 0

CF 2 27.5 28.9 No No 0.3 0

CF 3 28.7 31 No No 0.3 0

CF 4 27.3 29.8 No Yes 0.2 3

CF 5 29.1 30.1 No Yes 0.3 2

CM 1 36.2 37.8 No Yes 0.3 4

CM 2 37.5 38.8 No Yes 0.3 4

CM 3 34.8 36.6 No No 0.4 0

CM 4 34.6 36.8 No Yes 0.5 3

CM 5 32.1 33.3 No Yes 0.3 3
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The microscopic examination of Masson’s trichrome

staining revealed that the group exposed to tremolite had

TRS 4.7 (mean 4.7, range 3–6) with greater presence of

connective tissue as compared to the normal tissue

(p \ 0.0001). The lungs of animals exposed to chrysotile

also had a larger amount of connective tissue with TRS 2

(mean 2, range 0–4) as compared to the control group

(p = 0.0075). The other groups showed no differences in

the amount of connective tissue with respect to the control

group (glass fibre: TRS 0.2, mean 0.5, range 0–1,

p = 0.3434; sepiolite: TRS 0.8, mean 0.8, range 0–2,

p = 0.1382; and ceramic fibre: TRS 0.8, mean 0.8, range

0–2, p = 0.2729) (Fig. 4).

Laboratory animal studies were conducted to assess the

harmful potential of the materials tested. It is not easy to

extrapolate animal test results to humans because the dif-

fering sizes and shapes of asbestos make risk and hazard

assessments difficult. Some forms of asbestos such as

amphiboles, crocidolite, amosite or tremolite are patho-

genic in short-term exposure (less than a year) and other

varieties such as chrysotile are pathogenic after prolonged

exposure (Van Oss et al. 1999). In this experiment, of all

the materials used amphiboles caused greater damage and

incipient development of carcinogenesis. The others,

mainly chrysotile, caused less connective tissue thickening.

These results are in agreement with those reported by

Rowlands et al. (1982), Albin et al. (1994), Bernstein et al.

(2005), among others, who showed in experimental ani-

mals that chrysotile fibres cause low degrees of aggres-

siveness as compared to amphiboles. Ross et al. (1993)

maybe were the first researchers to arrive at the conclusion

that not all forms of asbestos are equally carcinogen or

harmful to health.

In addition, there are toxicological controversies about

the morphology of amphiboles. Davis et al. (1991) carried

out a study where they showed that the different mor-

phology of tremolite (fibrous asbestiform and non-asbes-

tiform) produces carcinogenesis with different degrees of

aggressiveness. The underlying reason is that cleavage

fragments, when inhaled, would be less harmful than fibres

(Davis et al. 1991). The amphiboles used in the present

work have asbestiform morphology, but no prior selection

was made, i.e. many of the crystals inhaled may have had

non-asbestiform morphology. The results show positive

incidence without a prior selection of crystal habits, in

agreement with the report by Davis et al. (1991).

Santarén and Álvarez (1994) reported epidemiological

results from animal experiments that involved inhalation of

Table 1 continued

Mineral Animal Weight (g) External alteration Internal alteration Lung weight Petechiae

Initial Final

Sepiolite SF 1 27.5 29.3 No Yes 0.3 2

SF 2 28.3 30.9 No Yes 0.2 3

SF 3 28.9 31.1 No Yes 0.2 2

SF 4 28.3 31.2 No Yes 0.3 3

SF 5 27.5 29.3 No Yes 0.3 2

SM 1 30.2 33.2 No Yes 0.4 3

SM 2 34.8 37.4 No Yes 0.4 2

SM 3 36.1 38.4 No Yes 0.3 3

SM 4 33.6 35.8 No Yes 0.4 3

SM 5 34.1 35.6 No Yes 0.4 1

Ceramic fibre CFF 1 28.5 31.2 No No 0.3 0

CFF 2 30.4 32.3 No Yes 0.3 0

CFF 3 28.7 30.4 No No 0.4 0

CFF 4 26.3 27.6 No No 0.2 0

CFF 5 27.5 30.3 No No 0.3 0

CFM 1 34.9 37.2 Yes No 0.4 0

CFM 2 37.5 39.1 No No 0.4 0

CFM 3 35.3 37.8 No No 0.3 0

CFM 4 35.9 37.5 No No 0.4 0

CFM 5 37.1 39.8 No Yes 0.3 0

In all the groups M: male, F: female, and the figure indicates the number of animals studied

Q control group, A amphibole, GF glass fibre, C chrysotile, S sepiolite, CF ceramic fibre
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Fig. 3 Sections of the lungs studied (photomicrographs, 9400

magnifications). a Tissue section of a control animal’s lung.

b Image of a lung of an animal exposed to tremolite. White arrows

indicate alveolar wall thickening due to the increase in connective

tissue. c Tissue section of a lung of an animal exposed to chrysotile.

d Tissue section of a lung of an animal exposed to sepiolite. e Lung of

an animal exposed to ceramic fibre. f Representative section of a lung

of an animal exposed to glass fibre

Fig. 4 Microscopic analysis of

Masson’s trichrome staining
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Table 2 Observations during the experiment and macroscopic examination

Animal Weight (g) Difference p External alteration p Internal alteration p Lung weight p Petechiae

Initial Final

QF1 32.2 33.9 1.7 No No 0.4 0

QF 2 31.5 32.6 1.1 No No 0.5 0

QF 3 29 32.8 3.8 No No 0.4 0

QF 4 34.3 37.9 3.6 No No 0.5 0

QF 5 33.6 36.4 2.8 No No 0.4 0

QM 1 43 46.4 3.4 No No 0.5 0

QM 2 36 41.2 5.2 No No 0.4 0

QM 3 40.1 43.3 3.2 No No 0.4 0

QM 4 37 39.9 2.9 No No 0.6 0

QM 5 35 39.6 4.6 No No 0.5 0

AF 1 24.8 30.5 5.7 No No 0.3 0

AF 2 30.6 32.1 1.5 No No 0.5 0

AF 3 31 33.7 2.7 No Yes 0.5 0

AF 4 26.6 28 1.4 No No 0.5 0

AF 5 28.2 30.3 2.1 No No 0.2 0

AM 1 36 38.6 2.6 Yes Yes 0.4 3

AM 2 37.4 41.1 3.7 No Yes 0.5 5

AM 3 35.3 35.5 0.2 Yes Yes 0.4 5

AM 4 35.6 37.4 1.8 No Yes 0.4 6

AM 5 36.1 37.9 1.8 0.1668 Yes 0.0603 No 0.0098 0.4 0.2098 0

GFF 1 29.5 31.4 1.9 No No 0.3 0

GFF 2 28.5 30.4 1.9 No No 0.3 0

GFF 3 28.4 30 1.6 No No 0.2 0

GFF 4 26.3 27.8 1.5 No No 0.3 0

GFF 5 30 31.8 1.8 No No 0.4 0

GFM 1 35.1 36.1 1 No No 0.3 0

GFM 2 36.1 37.1 1 No No 0.4 0

GFM 3 34.6 36.5 1.9 No No 0.4 0

GFM 4 33.6 36.7 3.1 No No 0.4 0

GFM 5 33.8 36.9 3.1 0.0076 No No 1 0.3 0.0005 0

CF 1 30.5 34.1 3.6 No No 0.2 0

CF 2 27.5 28.9 1.4 No No 0.3 0

CF 3 28.7 31 2.3 No No 0.3 0

CF 4 27.3 29.8 2.5 No Yes 0.2 3

CF 5 29.1 30.1 1 No Yes 0.3 2

CM 1 36.2 37.8 1.6 No Yes 0.3 4

CM 2 37.5 38.8 1.3 No Yes 0.3 4

CM 3 34.8 36.6 1.8 No No 0.4 0

CM 4 34.6 36.8 2.2 No Yes 0.5 3

CM 5 32.1 33.3 1.2 0.0091 No Yes 0.0034 0.3 0.0005 3

SF 1 27.5 29.3 1.8 No Yes 0.3 2

SF 2 28.3 30.9 2.6 No Yes 0.2 3

SF 3 28.9 31.1 2.2 No Yes 0.2 2

SF 4 28.3 31.2 2.9 No Yes 0.3 3

SF 5 27.5 29.3 1.8 No Yes 0.3 2

SM 1 30.2 33.2 3 No Yes 0.4 3

SM 2 34.8 37.4 2.6 No Yes 0.4 2
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sepiolite of sedimentary origin from Spain. The results

were always negative and showed the low intrinsic bio-

logical activity of this mineral and no exposure-related

diseases. However, other sepiolites of non-sedimentary

origin (with greater crystallinity and longer fibres), such as

those from China and Finland, showed high intrinsic bio-

logical activity in animals (Galán 1996). Preliminary

studies performed in the present work using sepiolite from

Argentina yielded negative results, in agreement with

Santarén and Álvarez (1994).

Considering the short exposure times and discontinuous

inhalation, the results were positive and showed internal

alterations mainly in mice exposed to actinolite-tremolite

and chrysotile. These two minerals were collected from

Argentine mines that were exploited for decades, so that

the people who worked in them may have been exposed to

this type of risk.

For data analysis, the groups were divided into quartiles

and evaluated. In Table 2 the numbers in italic correspond

to values lower than the average; and the ones in bold, to

values higher than the average. The remainder corre-

sponds to intermediate values. In addition, a Student’s

t test was performed for statistical analysis. Table 2 also

shows that lung weights and the animals’ weight gain

were significantly lower in the glass fibre, chrysotile,

sepiolite and ceramic fibre groups as compared to the

control group, but the lung weights of mice in the

amphibole group showed no significant differences in

weight with respect to the control group.

The in vitro study of organs did not reveal significant

alterations, except for the lungs. The animals in the

amphibole, chrysotile and sepiolite groups showed

macroscopic alterations with characteristics similar to

those of petechiae, which were not observed in the rest of

the mineral groups or in the control group.

Conclusions

1. Some of the natural materials used in the experiments

caused pathological alterations. They were collected

from Argentine mines that were exploited for decades,

with some of them being currently in operation.

Therefore, mine workers have been exposed to this

type of risk.

2. During the experiment, it was observed that because of

the greater volatility of amphiboles, glass and ceramic

fibres, experimental animals were more agitated and

upset.

3. The autopsy of the animals exposed by inhalation to

amphiboles, especially males, showed more externally

visible alterations: petechiae, excoriations and

decreased subcutaneous fat. These pathological char-

acteristics were not observed in the rest of the animals.

4. The histopathological studies of respiratory system

tissues revealed that amphiboles produced greater

alveolar wall thickening due to the increase in

connective tissue. Chrysotile also caused alveolar wall

thickening but to a lesser extent than amphiboles.

5. The results from control animals were compared to

those of the animals exposed to the different materials

by using Masson’s trichrome staining method and

TRS. The group exposed to tremolite had TRS 4.7 and

the animals exposed to chrysotile, TRS 2. The rest of

Table 2 continued

Animal Weight (g) Difference p External alteration p Internal alteration p Lung weight p Petechiae

Initial Final

SM 3 36.1 38.4 2.3 No Yes 0.3 3

SM 4 33.6 35.8 2.2 No Yes 0.4 3

SM 5 34.1 35.6 1.5 0.0366 No Yes 0 0.4 0.0005 1

CFF 1 28.5 31.2 2.7 No No 0.3 0

CFF 2 30.4 32.3 1.9 No Yes 0.3 0

CFF 3 28.7 30.4 1.7 No No 0.4 0

CFF 4 26.3 27.6 1.3 No No 0.2 0

FCF 5 27.5 30.3 2.8 No No 0.3 0

CFM 1 34.9 37.2 2.3 Yes No 0.4 0

CFM 2 37.5 39.1 1.6 No No 0.4 0

CFM 3 35.3 37.8 2.5 No No 0.3 0

FCM 4 35.9 37.5 1.6 No No 0.4 0

CFM 5 37.1 39.8 2.7 0.0165 No Yes 0.1360 0.3 0.0005 0

Q control, M male, F female, A amphibole, C chrysotile, S sepiolite, CF ceramic fibre

3442 Environ Earth Sci (2015) 73:3433–3444

123

Author's personal copy



the groups (sepiolite, glass and ceramic fibres) showed

no significant differences in the amount of connective

tissue with respect to the control group.

6. The statistical analysis confirmed that the control

animals gained more weight than the others. There are

significant differences between the control group’s

weight gain and that of the animals treated with

asbestiform materials and substitutes; yet, no differ-

ences among the groups themselves were found.

7. In relation to the morphology of the materials used in

this study, both asbestiform amphiboles and amphi-

boles of prismatic habit caused injuries to the animals.

Although chrysotile and sepiolite exhibit asbestiform

characteristics, they caused much less damage due to

their greater fibre flexibility and because they agglu-

tinate easily.

8. Substitute materials (glass and ceramic fibres) did not

cause lung damage to the animals.

9. The results obtained were positive in view of the short-

term exposure. It would be advisable to perform longer

tests in order to confirm the behaviour of these

materials due to their long latency period.
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