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Abstract In this work, a talc and vermiculite mine from
the province of Cdordoba (Argentina) was investigated with
special emphasis on the occurrence of asbestiform and non-
asbestiform phases. The meta-ultramafic rock was studied
by a multimethodological approach, complementing field
studies with petrographic-mineralogical, compositional and
morphological analyses. Samples were examined by
stereomicroscopy, polarizing light microscopy, SEM—EDS,
XRD, DSC-TGA and FTIR. Complementary, composi-
tional and textural analyses were performed with FE-SEM—
EDS and EPMA. Talc-rich veins with a laminar and fibrous
appearance were at first recognized. However, the fibrous
morphology observed both in the field and by microscopy
is due to an apparent habit because of the sample orienta-
tion. To avoid erroneous interpretations, studies by sec-
ondary electron images (SEM) are fundamental to carrying
out this type of analysis. Tremolite was identified in dif-
ferent zones of the outcrop; however, only ~40% of the
crystals located in the vermiculite zone have dimensions to
be considered as asbestiform fibres in the range of res-
pirable particles. In these types of complex deposits
affected by superimposed metamorphic, igneous and
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deformational events, multimethodological approaches are
necessary to develop models of occurrence of asbestiform
morphologies that may be applicable to other with similar
characteristics.

Keywords Meta-ultramafic rock - Tremolite - Asbestos -
Talc - Argentina

Introduction

The meta-ultramafic rocks of the province of Cérdoba
(Argentina) have been exploited for decades, especially for
the production of dark green to black aggregates for the
manufacture of mosaics and as fluxes in steelworks in
partial replacement of calcite and dolomite. They were also
exploited to obtain chromite, talc, vermiculite and asbestos,
but with the exception of serpentinite, production was
scarce, and the products were of medium quality.

An extensive and large belt is recognized in the eastern
sector of the western ultramafic belt, with development of
talc bodies associated with vermiculite (Rosarito, La
Cuarta, Juancho mines and others) and the ultramafic
bodies from Pampa del Agua Fria to Candelaria (Bonalumi
et al. 2014).

The Rosarito mine was exploited until the end of the
1980s, with the extraction of second-grade talc and in some
sectors, vermiculite. Although it is currently abandoned, it
is important to carry out detailed studies of the deposit to
determine the occurrence of asbestiform minerals that may
be present in the talc ore or associated with vermiculite-
rich belts, bearing in mind that there are records on the
presence of these morphologies in ultramafic rocks of the
province of Cérdoba (Lescano et al. 2011, 2013, 2014).
This will help advance the design of a geological model
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that can be extrapolated, in order to identify this type of
morphology in similar outcrops, considering that the pro-
duction, import, commercialization and use of asbestos
fibres, and products that contain amphiboles (Resolution
No. 845/2000) and chrysotile (Resolution No. 823/2001)
varieties have been banned in Argentina since 2003
(Rodriguez 2004).

The presence of asbestiform minerals as impurities in
talc and vermiculite deposits and their potential impact on
human health have been a subject of study and debate for
more than 40 years worldwide (e.g. Van Gosen et al. 2004;
Antao et al. 2012 and references therein). However, it is
important to further improve field studies on meta-ultra-
mafic rocks and associated mineralized zones, since a close
relationship is expected between the occurrence of
asbestiform minerals and the geological history of host
rocks (Ross and Nolan 2003; Van Gosen et al. 2004;
Vignaroli et al. 2011, 2014; Bloise et al. 2014).

According to the protocols of the World Health Orga-
nization (WHO 1986) the evaluation of asbestos fibre
content (in air) is limited to those with a length (/) >5 pm,
diameter (d) <3 pm and a length to diameter ratio (//
d) >3:1, considering those particles to be the most bio-
logically relevant part of the alveolar fraction. The US
Occupational Safety and Health Administration (OSHA
1992) uses a similar criterion (I > 5 pm, Il/d > 3:1)
although no definitions are made regarding the diameter.
According to the WHO (1986), there is consensus that the
maximum limit for the diameter of respirable asbestos
particles is 3 um (cut-off of the alveolar fraction).

Although this paper does not intend to carry out a
comprehensive review about the danger associated with
fibre dimensions, it is important to analyse some aspects
that will contribute to the discussion of the topic. Currently,
there is a large amount of literature addressing the hazard
level of fibres in the face of the development of carcino-
genic diseases such as lung cancer or mesothelioma,
mainly based on their size and mineralogy. Those records
are based on laboratory studies on animals as well as on
epidemiological studies on humans (e.g. Stanton et al.
1981; Berman and Crump 2003, 2008; Loomis et al. 2010;
Lippmann 1988, 1994, 2009; Case et al. 2011; Berman
2011). Although the proposed limits vary among the dif-
ferent studies, most of them agree that the hazard is greater
for long and thin fibres (Wylie and Candela 2015). In
general, a higher toxicity is attributed to those with a length
>5 um (with higher incidence for fibres >10 pm long) and
diameters up to ~1.5 pm. According to the literature,
fibres with diameters up to 1.5 um are capable of pene-
trating to sensitive portions of the lung during oral
inhalation (ERG 2003; ACSH 2007; Berman and Crump
2003, 2008; Berman 2011). These limits may vary
depending on the pathology studied and whether the data
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come from laboratory animal studies or epidemiological
studies on humans (ERG 2003; Lippmann 2009). Regard-
ing the effect of short fibres (<5 pm), there are studies that
recommend taking them into account because they may
play a role in the induction of pathologies such as cancer
(Dodson et al. 2003; Boulanger et al. 2014; Markowitz
2015), although their bioreactivity and toxicity would be
substantially lower compared to long fibres (Berman and
Crump 2008; Mossman et al. 2011). From a mineralogical
point of view, asbestiform amphiboles are generally more
biopersistent than chrysotile and, therefore, more danger-
ous (Ross et al. 1993). They may lead to the development
of mesothelioma (Berman and Crump 2008) because they
accumulate and remain unaltered in the lung, while chry-
sotile tends to dissolve much more rapidly (Gibbons 1998;
Sanchez et al. 2009; Gunter et al. 2007).

In Argentina, the criterion proposed by the WHO (1986)
for the dimensions of the fibres that should be considered
as harmful is within Resolution No. 577/1991 of the
Ministry of Labour and Social Security, so it is the one
used in this country. Therefore, although the criterion
applied could overestimate the number of hazardous
asbestiform particles, it is still a conservative decision that
includes those fibres of greater toxicity. In addition,
although at international level, there are some proposals to
determine the presence of asbestiform minerals in deposits
or rock samples (commonly called “Naturally Occurring
Asbestos”—NOA, Lee et al. 2008; Harper 2008; Bloise
et al. 2016b), based on multimethodological studies
(Brown et al. 1979; Berman 2003; Giacomini et al. 2010;
Rigopoulos et al. 2010; Vignaroli et al. 2014; Marescotti
et al. 2014), the Argentine regulation does not include
concrete specifications in this sense.

In this work, a multimethodological approach is taken,
complementing field studies with petrographic-mineralog-
ical, compositional and morphological analyses of a talc
and vermiculite mine from the province of Cérdoba (Ar-
gentina). Different alteration zones in the meta-ultramafic
rock were recognized and studied with special emphasis on
the presence of asbestiform and non-asbestiform phases, in
order to develop a model applicable to other exploitation
areas in the region.

Location and geological setting

The study area includes the Rosarito mine, located in the
Cuesta de Matacaballos, 6 km northwest of the town of
Molinari, in the province of Cérdoba (Argentina) (latitude:
31°10'20”S, longitude: 64°31'14"W).

The sector is emplaced in the El Perchel-Pampa de
Olaen block, limited to the east by the Punilla valley and to
the west by the inverse fault (east dip) El Perchel (Fig. 1).
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Fig. 1 Location of the study area in the province of Cérdoba (Argentina) and geological scheme of the Rosarito mine. A and B: sampled works.

Modified from Sfragulla and Moreno (1985)

In the central part of this block, a series of N-NW to N-S
shear belts define the Matacaballos shear zone, which
separates the La Falda Metamorphic Complex to the east
from the Cruz del Eje Metamorphic Complex to the west.

Bonalumi et al. (1999) recognized a diaphthorite with
muscovite-chlorite-ilmenite in this area, which they called
Matacaballos Gneiss. It is a rock with gneissic or coarse
grain schist appearance, dark grey to green with leucocratic
bands, with a greenschist paragenesis formed by an intense
retrogradation of higher grade association that remains as
relict  (biotite—garnet—sillimanite—plagioclase—potassium
feldspar).

In the “Cuesta de Matacaballos” and associated with the
diaphthorite, a series of steatized ultramafic bodies (Olaen
ultramafic rocks) of lenticular form with variable strike (N
300°-340°) and general dip ~60° SW (Cuervo 1988) is
recognized. The Rosarito mine was developed on one of
these bodies and corresponds to a series of open-pit mining
works with variable dimensions ranging from 20 to 100 m
in length, some of them in an advanced grade of deterio-
ration, making it difficult to determine the field
relationships.

The mineralized body has ovoid shape with ~N 330°
strike and comprises a group of metamorphosed ultramafic
rocks (mainly tremolite—chlorite and talc—chlorite schists
with subordinate serpentinites) associated with marbles and
amphibolites to the west.

In the northern area, the body is in contact with the
diaphthorite and to the east a pink granitoid intrudes the
metamorphic complex. In the meta-ultramafic rock, ser-
pentine group minerals, prismatic and acicular amphiboles,
massive talc and talc in veins with fibrous appearance,
chlorite, and pyrite together with other opaque minerals
can be identified.

Materials

The Rosarito mine has several inactive exploitation fronts,
generally covered by abundant vegetation, buried and with
eddy sectors, so the sampling was focused on workings A
and B (Fig. 1). Twenty-eight samples were taken from the
different altered zones as well as from the lithologies in
contact zones.
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Workings A consist of a trench with N-S strike on the
meta-ultramafic rock (serpentinized and steatized). In the
central sector, a zone rich in fine-grained talc, the ore
exploited in the past, is observed. This zone is not regular
and appears as whitish spots when the talc content is higher
or is concentrated in sheared bands. In different areas of the
mine (including this ore area), talc veins of fibrous
appearance are also in contact with sectors rich in massive
talc and chlorite.

Towards the west, the body is in contact with a fine-
grained granitoid apophysis that outcrops further east
(Fig. 1). In this sector, the content of light green amphi-
boles in the steatized body is higher (amphibole zone), and
in contact with the igneous body a vermiculite zone has
developed, represented by discontinuous bands filled with
this mineral.

Vermiculite filling fractures is also recognized in other
sectors of the body, with an increase in the amphibole
content on both sides of the fractures, followed by a talc-
enriched zone, similar to that developed in contact with the
granitic body. Within the vermiculite zone, discontinuous
lenses of Qz + Kfs + Tr and Dol + Chl are observed. In
addition, discordant veins of quartz and carbonates were
identified in different parts of the steatized body. Workings
B are located in the upper sector of the hill (N-S strike) and

are geologically similar to workings A. Figure 2 shows a
simplified scheme of the distribution of the alteration
zones.

Methods

Samples were studied by stereomicroscopy with an
Olympus trinocular SZ-PT stereomicroscope on natural
surfaces and by polarizing light microscopy on thin sec-
tions with an Olympus trinocular B2-UMA microscope.
X-ray diffraction (XRD) studies were performed with a
Rigaku D-Max III-C diffractometer with Cu Ko,
(4 = 1.541840 A) radiation filtered with a graphite
monochromator in the diffracted beam. Diffraction patterns
were recorded at 35 kV and 15 mA, between 3 and 60° 20
(steps of 0.04° 20 and 1 s counting time per step).
Complementary, compositional and textural analyses
were performed on carbon-coated polished thin sections
(abrasive up to 1 pum), with a high-resolution field emission
scanning electron microscope (FE-SEM) Carl Zeiss Field
Emission-Xigma coupled with an energy-dispersive X-ray
spectrometer (EDS). Compositional maps were obtained
working at 15 kV and 0.1-0.2 nA. Quantitative chemical
analyses were performed with an electron probe micro-
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Fig. 2 Simplified scheme of the alteration zones in the meta-ultramafic rock
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analyser (EPMA) JEOL JXA 8230 equipped with three
wavelength-dispersive spectrometers (WDS) and one EDS.
Conditions were set at 15 kV and 20 nA. Analyses were
carried out using a beam diameter of 5 um, counting 10 s
in the peak and 5 s in the background on both sides (5 and
2.5 s for potassium, respectively). The standards used were
albite (Na), MgO (Mg), anorthoclase (Al, Si for talc),
wollastonite (Ca), olivine-forsterite (Si for chlorite and
tremolite), ilmenite (Ti), sodalite (Cl), apatite (P), ortho-
clase (K), chromite (Cr), rhodonite (Mn), olivine-fayalite
(Fe) and nickeline (Ni). Correction for matrix effects was
made using the ¢(pz) (“phi-rho-z”) algorithm.

In addition, studies by simultaneous differential scan-
ning calorimetry and thermogravimetric analysis (DSC-
TGA), and Fourier transform infrared spectroscopy (FTIR)
were performed in zones rich in talc (talc of fibrous
appearance in veins and massive talc in Tlc—Chl zone) to
determine the presence of accessory phases. DSC-TGA
diagrams were obtained with TA Q600 analyser under inert
atmosphere at a heating rate of 10 °C/min from ambient
temperature up to 1100 °C. FTIR spectra were recorded
with Nicolet 520 spectrometer. One mg of the samples was
dispersed in 100 mg KBr and pressed in pellets. For each
spectrum, 100 scans were recorded in the 400—4000 cm ™!
spectral range with a resolution of 4 cm™" in absorbance
mode.

Finally, morphological analyses of acicular and fibrous
phases were conducted. First, the material was separated
under the stereomicroscope and then it was analysed by
petrography and SEM with an EVO 40X VP microscope on
gold-coated natural surfaces. Secondary electron images
were obtained working at 10 kV. With optical microscopy
particles up to ~1 pm can be analysed, while by SEM
particles up to ~0.1 um can be visualized. Therefore,
when complemented, these two techniques are useful to
characterize the morphologies of the particles (Gunter et al.
2007).

In this work, abbreviations after Whitney and Evans
(2010) were used.

Results
Textural and mineralogical characterization

Main body (tremolite—chlorite and tremolite—chlorite—talc
zone)

The body is mainly composed of a set of tremolitic—chlo-
rite schists (tremolite—chlorite zone) (Fig. 3a), where the
main paragenesis is tremolite 4 chlorite with talc in vari-
able proportions. As accessory phases, opaque minerals
and scarce antigorite are recognized. Chlorite is arranged in

sheets (~500 um) more or less flexed and roughly
oriented.

Near the ore zone, the talc content increases (tremolite—
chlorite—talc zone) and appears as sheets or packets inter-
grown with chlorite of similar grain size (Fig. 3b).

The tremolite appears superimposed on the chlorite or
chlorite 4 talc association as euhedral and elongated aci-
cular prisms of larger grain size (250 pm to 1.5 mm long
and 10-250 pm in diameter), without a defined orientation
or with slight orientation in some sectors.

In general, they are highly fractured in the direction of
the cleavage planes or perpendicular to the elongation of
the crystals. By means of backscattered electron images
and compositional maps (Si, Al, Ca), the intergrowth
between chlorite and talc, and the calcium amphiboles that
crosscut the foliation of the rock (Fig. 3c—f) is clearly
observed.

In restrained sectors, rounded edge serpentinites com-
posed mainly of antigorite of planar habit and opaque
minerals (with tremolite, chlorite and talc as subordinate
phases) are recognized. Finally, discordant veins of quartz,
calcite and talc of fibrous appearance are observed.

In the central sector of the workings and heterogeneously
distributed, a talc—chlorite schist (talc—chlorite zone) with
marked schistosity and strong evidence of folding is iden-
tified. This area represents the mine ore, and the paragenesis
talc + chlorite (opaque minerals) is recognized. In addi-
tion, scarce antigorite almost totally replaced by chlorite is
observed. Two different talc morphologies are detected, one
formed by sheets (~500-100 pm) with irregular edges
arranged in coarse bands in the direction of the main rock
foliation, and the other of very fine grain size (<50 pm)
between these bands.

Chlorite (~200 pm) is mainly associated with coarser
talc, as flexed or fan-shaped sheets, although some fine-
grained talc is also observed between the chlorite sheets.
Opaque minerals are abundant and usually of cubic habit
(<100 pm).

Talc-rich veins of fibrous appearance were recognized in
the talc—chlorite zone (talc ore) and crosscutting other
sectors of the meta-ultramafic body, the latter with evidence
of alteration halos (Tlc + Chl) on both sides of the veins
(Fig. 4a—c). The massive and fine-grained talc in contact
with the veins usually appears partially stained due to the
presence of iron oxides and is associated with chlorite and
relics of antigorite. Talc inside veins is associated with
scarce chlorite (Fig. 4d, e) and has laminar to fibrous
appearance with crystals ~100 pum—1 mm long growing
almost perpendicular to the walls of the vein (Fig. 4a—c).
Talc of fibrous appearance is also observed inside the veins
forming fan-shaped arrangements (Fig. 4f).

Figure 5 shows the XRD patterns of the three zones
analysed. The increase in the proportion of talc with
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Fig. 3 Tremolitic—chlorite schist. a and b Photomicrographs (cross-
polarized light—XPL) of the schist in Tr—Chl zone (a) and Tr—Chl-
Tlc zone (b). c—f FE-SEM-EDS. Backscattered electron image (c¢) of

respect to chlorite and tremolite can be observed from the
Tr—Chl zone to the Tr—Chl-Tlc zone and finally to the Tlc—
Chl zone corresponding to the talc ore. It is important to
note that in spite of using the same scanning conditions, the

@ Springer

the schist in Tr—Chl-Tlc zone and compositional maps of Si (d), Al
(e) and Ca (f) in the same sector

diffraction pattern intensity for the latter zone increases
significantly because of the higher proportion of talc with
respect to the other phases.
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Fig. 4 a Fibrous appearance of talc in vein (stereomicroscopy). b and
¢ Photomicrographs (XPL) of talc vein in contact with massive
talc + chlorite. Talc in vein appears as elongated laminar crystals and

has

fibrous

appearance

(white

arrows).

d-f

FE-SEM-EDS.

d Backscattered electron image of the interior of the talc vein.
e Compositional map of Al in the same sector. f Secondary electron
image (on thin section) of a talc-rich sector with laminar (above) and
fibrous (below) appearance

@ Springer
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Fig. 5 XRD patterns of Tlc—Chl, Tr—Chl-Tlc and Tr—Chl zones
Granite intrusive and associated zones

Towards the west of workings A an apophysis of the
granitoid that outcrops further east can be observed. It is a
pink granite of medium to fine grain size (1.5-0.5 mm), of
holocrystalline hypidiomorphic texture, composed of
potassium feldspar and plagioclase (subordinate) and minor
amount of quartz. Zircon and magnetite are the main
accessory minerals (Fig. 6a). The feldspars are highly
altered to illite/kaolinite mainly associated with goethite.
Additionally, some sectors rich in chlorite are also detec-
ted. Fissures filled with iron oxides are observed, and
associated with these sectors muscovite crystals that can

@ Springer
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reach ~200 pm can be identified. In some areas, the
granite has pegmatite texture.

In the contact between the granitic intrusive and the
schists (Tr—Chl =& Tlc), a black to brown micaceous belt is
observed. It is composed mainly of well-crystallized ver-
miculite (vermiculite zone), with well-developed crystals
(ranging from millimetres to centimetres), suboriented and
flexed forming packets of stacked sheets. Towards the
edges, the crystals are greenish and are associated with
calcite, chlorite, talc and tremolite crystals, the latter of
fibrous morphology with very fine crystals <250 pm long
(Fig. 6b, ¢).
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AR
;?"“\ R,

Fig. 6 Photomicrographs (XPL). a Altered granitoid. b and ¢ Fibrous tremolite between vermiculite sheets (vermiculite zone). d Tremolitic

schist (tremolite zone) in contact with the vermiculite zone

In discrete sectors, the original biotite is still recognized.
Between vermiculite packets, quartz and potassium feld-
spar lenses associated with tremolite fibres are observed.
Lenses composed of dolomite and chlorite are also recog-
nized. In the external sectors of the vermiculite packets and
in some small pockets, iron oxides are abundant.

In contact with the vermiculite zone, the tremolitic—
chlorite schists (+talc) show a strong growth of tremolite
(tremolite zone) of very good crystalline development
(Fig. 6d), prismatic to acicular habit, and sizes ranging
from 450 pm up to 3.5 mm long (in some sectors crystals
up to 1 cm were observed, although very locally) and
40-500 pm in diameter. The tremolite has no definite
orientation and is associated with packets of chlorite and
fine-grained intergranular talc.

Mineral chemistry of the main phases recognized

Table 1 lists the composition of talc identified in Tr—Chl-
Tlc and Tlc—Chl zones, and inside the veins. A decrease in

iron content in this mineral from the Tr—Chl-Tlc zone to
the talc vein is observed (~2.83 to ~1.64 wt% FeO),
accompanied by a small increase in the content of mag-
nesium (~29.24 to ~29.90 wt% MgO). Similarly to iron,
nickel also decreases, although the variation is lower
(~0.24 to ~0.12 wt% NiO).

Bloise et al. (2016a) reported that the pathogenic effects
of asbestos are related to the dimension, biopersistence and
chemical composition of the fibres (mainly Cr, Ni and Mn).

Table 2 shows the composition at the centre and edge of
prismatic and acicular tremolite crystals in the Tr—Chl-Tlc
zone. There are no significant compositional variations in
the same crystal in the two sectors (centre and edge) or
between different crystals. The Cr,O; and NiO contents
vary, reaching 0.13 and 0.11 wt%, respectively.

Table 3 shows the composition of chlorites in the Tr—
Chl-Tlc and Tlc—Chl zones. Although they are all classi-
fied as clinochlore, they show some compositional differ-
ences. The clinochlore in the Tr—Chl-Tlc zone is poorer in
Si and Mg than that in the Tlc—Chl zone (29.15 vs. ~32.12

@ Springer
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Table 1 Chemical analyses of

tale determined by EPMA Group Talc-Pyrophyllite
Zones Tr—Chl-Tlc Tlc—Chl  Tlc in vein
Mineral Talc (1) Talc (2) Talc (3) Talc (4) Talc (5) Talc (6) Talc (7)
SiO, 62.02 62.57 61.70 61.44 62.15 63.77 62.23
TiO, b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l. b.d.l.
Al,0O4 0.22 0.15 0.10 0.35 b.d.l. 0.09 b.d.l.
Cr,03 b.d.l. b.d.l b.d.l. b.d.l. b.d.l b.d.l. b.d.l.
FeO* 2.71 2.80 2.97 1.95 1.69 1.63 1.61
MnO b.d.L b.d.l 0.08 b.d.l b.d.L b.d.l b.d.l.
MgO 29.09 29.54 29.10 30.93 30.03 29.48 30.20
NiO 0.23 0.30 0.20 0.15 0.09 0.12 0.14
CaO 0.03 b.d.l. b.d.l b.d.l 0.03 0.04 b.d.l.
Na,O 0.05 0.05 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
K,O 0.03 b.d.l. b.d.l. b.d.l b.d.l. b.d.l. b.d.l.
P,Os b.d.l b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l.
Cl b.d.l b.d.l. b.d.l. b.d.l. b.d.l b.d.l. b.d.l.
H,0+" 4.64 4.69 4.62 4.67 4.65 4.72 4.66
Total 99.02 100.1 98.77 99.49 98.64 99.85 98.84
Structural formula calculated on the basis of 11 oxygen atoms (O;o(OH), = 11)
Si 4.005 3.999 4.000 3.944 4.008 4.051 4.005
Al 0.000 0.001 0.000 0.026 0.000 0.000 0.000
T 4.050 4.000 4.000 3.970 4.008 4.051 4.005
Al 0.017 0.011 0.007 0.000 0.000 0.006 0.000
Ni 0.012 0.016 0.011 0.008 0.005 0.006 0.007
Mn>* 0.000 0.000 0.004 0.000 0.000 0.000 0.000
Fe® 0.146 0.150 0.161 0.105 0.091 0.087 0.087
Mg 2.800 2.815 2.813 2.960 2.887 2.792 2.897
20 2.975 2.992 2.996 3.073 2.983 2.891 2.991
Ca 0.002 0.000 0.000 0.000 0.002 0.002 0.000
Na 0.007 0.007 0.000 0.000 0.000 0.000 0.000
K 0.002 0.000 0.000 0.000 0.000 0.000 0.000
2(Ca, Na, K) 0.011 0.007 0.000 0.000 0.002 0.002 0.000
OH 2.000 2.000 2.000 2.000 2.000 2.000 2.000
ZCations 6.991 6.998 6.996 7.043 6.992 6.945 6.995
Fe(t)/Fe(t) + Mg 0.05 0.05 0.05 0.03 0.03 0.03 0.03
1-(Fe(t)/Fe(t) + Mg)  0.95 0.95 0.95 0.97 0.97 0.97 0.97

(1)-(3) Tr—Chl-Tlc zone; (4) Tlc—Chl zone; (5)—(7) talc in veins. Contents of components expressed as
weight per cent of oxides and atoms per formula unit (a.p.f.u.) of talc on the basis of 11 equivalent oxygen
atoms

“FeO: iron concentration expressed as total FeO; Fe: iron content expressed as Fe*™
"H,O" calculated for 2 OH. “b.d.1.”: values below the detection limit

wt% SiO, and 26.68 vs. ~33.47 wt% MgO, respectively). = DSC-TGA and FTIR studies

However, the clinochlore in the Tr—Chl-Tlc zone has

higher Al, Fe, Cr and Ni contents than that in the Tlc—Chl  Figures 7 and 8 show DSC-TGA and FTIR diagrams of

zone (19.67 vs. ~15.86 wt% Al,O3, 11.2 vs. ~5.1 wt% talc with fibrous appearance from a vein and massive talc

FeOyoiar, 0.2 vs. ~0.12 wt% Cr,05 and 0.17 vs. ~0.09 from the Tlc—Chl zone (exploited ore). For the former,

wt% NiO, respectively). DSC-TGA studies (Fig. 7a) show a slow mass loss (0.94%)
at 848.55 °C, which is interpreted as the release of

@ Springer
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Table 2 Chemical analyses of tremolite in the Tr—Chl-Tlc zone determined by EPMA

Group Calcic amphiboles

Analysed sector Centre Edge

Mineral Tremolite (1) Tremolite (2) Tremolite (3) Tremolite (4) Tremolite (5) Tremolite (6)
Si0, 57.77 58.51 57.05 57.49 57.46 57.31
TiO, b.d.l. b.d.l. b.d.L b.d.l. b.d.l. b.d.l.
Al,O4 0.76 0.46 0.51 0.47 0.54 0.52
Cr,03 0.13 0.09 b.d.L b.d.l. b.d.l. 0.11
FeO* 4.02 3.76 3.98 3.96 4.01 3.92
MnO 0.17 0.21 0.20 0.16 0.19 0.16
MgO 2291 22.61 21.87 22.11 21.99 21.86
NiO 0.09 b.d.L b.d.L 0.08 0.11 b.d.L
CaO 12.66 12.84 12.81 12.76 12.66 12.76
Na,O 0.15 0.07 0.12 0.09 0.09 0.08
K,O b.d.l. b.d.l. b.d.l. 0.03 b.d.l. 0.03
P,0s b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Cl b.d.l. b.d.l b.d.L b.d.l. b.d.l. b.d.l.
H,0+° 2.18 2.18 2.18 2.18 2.18 2.18
Total 100.84 100.73 98.72 99.33 99.23 98.93
Structural formula calculated on the basis of 22 oxygen atoms + 2 (OH.F.Cl)

Si 7.886 7.973 7.955 7.963 7.966 7.967
Al 0.114 0.027 0.045 0.037 0.034 0.033
2T 8.000 8.000 8.000 8.000 8.000 8.000
Al 0.009 0.047 0.039 0.039 0.054 0.053
Cr 0.014 0.010 0.000 0.000 0.000 0.012
Ni 0.009 0.000 0.000 0.009 0.012 0.000
Mn** 0.000 0.000 0.000 0.000 0.000 0.000
Fe?™ 0.305 0.351 0.415 0.386 0.390 0.405
Mg 4.662 4.593 4.546 4.565 4.545 4.530
2C 4.999 5.001 5.000 4.999 5.001 5.000
Mn?>*+ 0.019 0.024 0.024 0.019 0.022 0.019
Fe*" 0.154 0.078 0.049 0.072 0.075 0.051
Mg 0.000 0.000 0.000 0.000 0.000 0.000
Ca 1.827 1.875 1.914 1.894 1.880 1.901
Na 0.000 0.018 0.013 0.015 0.022 0.022
B 2.000 1.995 2.000 2.000 1.999 1.993
Ca 0.025 0.000 0.000 0.000 0.000 0.000
Na 0.040 0.000 0.018 0.008 0.002 0.000
K 0.000 0.000 0.000 0.005 0.000 0.005
ZA 0.065 0.000 0.018 0.013 0.002 0.005
A 0.935 1.000 0.982 0.987 0.998 0.995
OH 2.000 2.000 2.000 2.000 2.000 2.000
2(T,C,B,A) 15.064 14.996 15.018 15.012 15.002 14.998

(1)—(4) Centre sector; (5)—(6) edge sector. Contents of components expressed as weight per cent of oxides and atoms per formula unit (a.p.f.u.) of
calcic amphiboles normalized according to Locock (2014)

FeO: iron concentration expressed as total FeO
"HZOJr ratio calculated for 2 OH. “b.d.1.”: values below the detection limit
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Table 3 Chemical analyses of

chlorite determined by EPMA ~ OrOUP Chlorite
Zone Tr—Chl-Tlc Tlc—Chl Tlc—Chl
Mineral Clinochlore (1) Clinochlore (2) Clinochlore (3)
SiO, 29.15 32.49 31.75
TiO, b.d.l. b.d.l. b.d.l
Al,04 19.67 15.71 16.02
Cr,04 0.20 0.15 0.09
Fe,05 0.11 1.27 1.75
FeO* 11.09 3.31 3.87
MnO 0.30 b.d.l. b.d.l.
MgO 26.68 33.97 32.98
NiO 0.17 0.08 0.10
CaO 0.08 b.d.l. b.d.l.
Na,O b.d.l. b.d.l. b.d.l.
K,0 b.d.l. b.d.l. b.d.l.
P,Os b.d.l. b.d.l. b.d.L.
Cl b.d.l. b.d.l. b.d.l.
H,0* 12.23 12.66 12.53
Total 99.68 99.64 99.09
Structural formula calculated on the basis of 14 oxygen atoms (O;9o(OH)g = 14)
Si 2.855 3.077 3.036
Al 1.145 0.923 0.964
T 4.000 4.000 4.000
Al 1.125 0.830 0.842
Cr 0.015 0.011 0.007
Ni 0.013 0.006 0.008
Mn**+ 0.025 0.000 0.000
Fe*t 0.008 0.091 0.126
Fe** 0.909 0.263 0.309
Mg 3.895 4.795 4.702
20 5.990 5.996 5.994
in O site 0.010 0.004 0.006
Ca (Oct.) interlayer 0.008 0.000 0.000
OH 8.000 8.000 8.000
ZCations 9.998 9.996 9.994
Fe(t)/Fe(t) + Mg 0.191 0.069 0.085

(1) Tr—Chl-TIc zone; (2)—(3) Tlc—Chl zone. Contents of components expressed as weight per cent of oxides
and atoms per formula unit (a.p.f.u.) of standardized chlorites according to Yavuz et al. (2015)

“FeO values measured were 11.19, 4.46 and 5.44 (wt%), which were then recalculated together with H,O
and Fe,O; by stoichiometry. “b.d.l.”: values below the detection limit

adsorbed water, and then a faster mass loss of 4.4% at
1032.85 °C, which is attributed to dehydroxylation and
decomposition of the talc structure (Wesolowski 1984;
Foldvari 2011). The massive talc has a pattern similar to
the fibrous one, although an additional mass loss (1.18%) is
observed between 536 and 644 °C, which would be
attributed to the dehydroxylation of the “brucite sheet” of
chlorite, as proposed by Villieras et al. (1994) (Fig. 7b).

@ Springer

These authors also mentioned a mass loss between ~ 600
and ~ 800 °C, probably due to the dehydroxylation of the
2:1 layers of chlorite, which would overlap with talc in that
region.

Figure 10 shows the FTIR spectra of both phases
superimposed, and Table 4 lists the assignment of
absorption bands for both samples according to Petit et al.
(2004), Parry et al. (2007) and Tan et al. (2012).
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Fig. 7 DSC-TGA diagrams of talc with fibrous appearance (a) and massive talc (b)

Fig. 8 FTIR diagrams of talc of
fibrous appearance and massive
talc

Morphological characterization
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hazardousness, the talc of fibrous appearance in veins and
the tremolite (in tremolite and vermiculite zones) were

In order to verify the presence of fibrous morphologies and  studied. The talc from veins shows a planar and not fibrous
determine the size of the fibres to evaluate their potential habit (Fig. 9a) in secondary electron images (SEM). It
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Table 4 Assignment of

. : . . -1
absorption bands (cm_l) for talc Absorption bands (cm )

Assignment

of fibrous appearance and
massive talc determined by

Talc of fibrous appearance

Massive talc

FTIR 3676.83 3676.75 OH stretching (Mg;—OH)
3660. 48 3660. 38 OH stretching (Mg,Fe—OH)
- 3567.88 Interlayer OH stretching (SiOSi)-OH
3429.19 3453.00 Interlayer OH stretching (SiOAl)-OH
2925.18 - Probable organic contamination
2855.36 - Probable organic contamination
1641.91 1645.18 Probable adsorbed water in the sample
1016.82 1016.52 Si-O-Si stretching
669.30 669.44 OH bending
534.40 532.61 Si—-O-Mg vibration
464.54 464.45 Mg-O vibration
450.71 450.49 Si—-O-Mg vibration
424.90 424.45 Si-O vibration

appears as plates (~300-100 um) stacked and more or less  Discussion

flexed. Some crystals are thinner (~20-10 pm) with
irregular ends (Fig. 9b). Therefore, the fibrous appearance
observed at macroscopic (in the field and with stereomi-
croscopy) and microscopic level (on thin sections by
optical microscopy, SEM and EPMA) actually corresponds
to an apparent habit resulting from the orientation of the
sample (perpendicular to the talc packets).

Regarding the morphology of tremolite, 50 crystals in
the vermiculite and tremolite zones were analysed, com-
plementing the measurements with petrographic observa-
tions on thin sections and SEM on natural surfaces.

Finally, the values of both populations were plotted in
a width versus aspect ratio diagram (Fig. 10). In the
tremolite zone, the elongated prismatic crystals predomi-
nate (Fig. 9c, d), their dimensions being in a range of
~3.5 mm to 450 pm in length and ~500 to 40 pm in
diameter. In general, they have irregular ends due to the
intense cracking perpendicular to the direction of major
elongation of the crystals. Fractures are also observed in
the direction of their growth on the planes of cleavage
(longitudinal).

In the vermiculite zone, fibrous crystals of smaller
diameter and length (~250-9 pm long and ~9-0.2 um in
diameter) are mainly associated with the vermiculite sheets
and the carbonates of this sector (Fig. 9e, f). In general,
straight-ended fibres predominate, although flexed crystals
are also observed. Approximately, 60% of the fibres mea-
sured in this zone are above the maximum diameter of
3 pm stipulated by the WHO (1986) and 40% below that
value. About 82% of the latter fibres have diameters
<I1.5 pm, i.e. ~33% of the fibres in the vermiculite zone
have these dimensions.

@ Springer

In the Rosarito mine, talc veins of fibrous appearance are
observed, with crystals growing towards the interior.
However, through SEM on natural surfaces of the samples,
it was determined that the habit of the crystals is planar,
forming packets of superimposed sheets. Therefore, the
fibrous appearance observed at macroscopic (in the field
and by stereomicroscopy) and microscopic (optical
microscopy, SEM and EPMA on polished surfaces) level is
an apparent habit due to the orientation of the sample
(perpendicular to the talc packets). On the other hand, the
studies by optical microscopy, XRD, SEM, EPMA, DSC-
TGA and FTIR confirmed the absence of tremolite asso-
ciated with talc in this zone. Chlorite is the only phase
associated in minor amounts.

Talc in the talc—chlorite zone (mine ore) is mainly
associated with chlorite and opaque minerals in variable
proportions. Relics of antigorite are in very low proportion,
as evidenced by XRD, DSC-TGA and FTIR results. They
were only recognized by petrography, SEM and EPMA in
very discrete sectors.

Harington and Roe (1965) assumed that asbestos car-
cinogenic effects may also be due to the presence of trace
elements (i.e. Cr and Ni). Later Cralley et al. (1968)
reported results showing the possible role of Ni, Cr and Mn
in the development of asbestos cancers in textile industry
workers and bovines. Gross et al. (1969) showed that
asbestos dust with high concentrations of Cr, Co and Ni
may induce lung cancer. The concentration of trace ele-
ments is highly variable due to the different geochemical
processes involved in their formation. Bloise et al. (2016a)
reported that the pathogenic effects of asbestos are related
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| \
100 il *\\,

Fig. 9 Secondary electron images (SEM). a Superimposed talc
sheets. b Irregular end of fragments of talc sheets. ¢ Elongated
tremolite prisms in Tr zone. d Basal sections of tremolite prisms in Tr

to the dimension, biopersistence and chemical composition
of the fibres.

The Cr,0O3 and NiO contents at the centre and edge of
prismatic and acicular amphibole crystals in the Tr—Chl-
Tlc zone in the Rosarito mine are variable, reaching values
of 0.13 and 0.11 wt%, respectively.

{)

zone. e Fibrous tremolite in Vrm zone. f Detail of tremolite fibres in
the sector “f” of 10e. Straight and finer fibres are observed

Tremolite develops mainly in three sectors of the out-
crop, namely in the tremolite—chlorite zone, tremolite—
chlorite—talc zone and in contact with the granitic intrusive
(tremolite and vermiculite zones). In the first two ones,
tremolite appears as euhedral prisms, elongated to acicular,
from 250 pym to 1.5 mm in length and 10-250 pm in

@ Springer
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Fig. 10 Comparative graph (diameter vs. aspect ratio) of tremolite
crystals in Tr and Vrm zones

diameter. The diameter is well above that corresponding to
respirable particles (WHO 1986).

The crystals are generally highly fractured both trans-
versely to the greater elongation of the prisms and longi-
tudinally in the directions of cleavage.

Considering that these sectors are in contact with the
talc—chlorite zone, materials rich in prismatic amphiboles
could be incorporated during grinding and potentially
generate cleavage fragments (non-asbestiform according to
Gunter et al. 2007) with dimensions within of the range of
respirable particles. Although their hazardousness has been
discussed (Mossman 2008; Williams et al. 2013), it is a
topic that should be addressed for this type of mine.

In the tremolite zone (close to the vermiculite zone), the
crystals have prismatic elongated to acicular habit and
reach larger sizes than those observed in tremolite—chlorite
and tremolite—chlorite—talc zones (~450 um to 3.5 mm in
length and 40-500 pm in diameter), with aspect ratios
between 3 and 23. These diameters are also outside the
range of respirable particles (Fig. 10).

Finally, in the vermiculite zone, fibrous, straight and
flexed tremolite crystals in two groups of contrasted
dimensions were observed. The first ones, with diameters
>3 pum and therefore outside the range of respirable par-
ticles (I: ~67-250 pm, d: ~5-9 pm, l/d: 11-29), repre-
sent ~60% of the fibres in this zone. The second ones,
with diameters <3 pm (I: 9.3-227 um, d: ~0.19-2.8 pm,
l/d: 15-81), considered as respirable fibrous particles
according to the criteria of the WHO (1986), account for
~40% of the fibres in the zone.

In addition, ~33% of the fibres in the vermiculite zone
have diameters <1.5 um and lengths >9 pm with aspect
ratios >20 (I ~9.3-78 um, d ~0.19-1.5 pm, l/d 36-78),

@ Springer

so they can be considered the most dangerous (ERG 2003)
or those most prone to cause carcinogenic pathologies
(Fig. 10).

Although fibres with smaller diameters (e.g. <0.4 pum,
Berman and Crump 2008, <0.25 pm, Stanton et al. 1981)
would pose a greater health risk, the definition of a limit
close to 1.5 um allows including in the count fibres that,
although they may be less harmful, also have the potential
to produce harmful effects. So this criterion has been
adopted by several authors not only as a limit for respirable
particles, but also to differentiate asbestiform and non-as-
bestiform particles (e.g. <1 pm, Harper et al. 2008;
<1.5 pm, Chatfield 2008; Berman 2010, 2011). It is
important to note that these tremolite crystals appear as
individual long and thin fibres (straight and flexed) grouped
in discrete sectors and not as bundles of fibres that can split
lengthwise. Then, although they have dimensions to be
considered as asbestiform fibres (according to the WHO
criteria), they do not meet the definition of asbestiform
morphology, as was already observed by Gunter et al.
(2007) in vermiculite ores.

The presence of asbestiform minerals associated with
vermiculite is well documented. Perhaps the most well-
known case is that of the Libby mine in Montana in the
USA (e.g. Sullivan 2007; Gunter et al. 2006, 2008; Antao
et al. 2012) where asbestiform tremolite and other fibrous
amphiboles were present.

The asbestiform fibres are located between the vermi-
culite sheets and can be released during mining and
grinding, as well as during quick thermal treatments
(thermal exfoliation) that can increase more than 20 times
the vermiculite volume (Heller-Kallai 2006).

The presence of fibrous amphibole in vermiculite
deposits in the province of Coérdoba (Lescano et al.
2011, 2013, 2014) has highlighted a problem that has been
little discussed in Argentina. So it is necessary to continue
the studies on both vermiculite production and potential
vermiculite mines. In addition, although no asbestiform
minerals associated with talc ore were identified in the
Rosarito mine, their presence in talc deposits has been
widely documented (Van Gosen et al. 2004). So compre-
hensive studies aiming to determine the presence of
asbestiform minerals in meta-ultramafic rocks of the region
must be conducted.

From previous work in the area (Martino et al. 2010;
Anzil et al. 2014 and references therein) as well as from
field observations and the studies on the collected samples,
some inferences can be made. The ultramafic body was
serpentinized and affected by medium to high-grade
metamorphism resulting in the formation of a tremolite—
chlorite schist (clinochlore 1 rich in Fe, Cr and Ni) leaving
only antigorite relicts. At this stage, the tremolite and
biotite zones could have formed by metasomatic processes
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(later altered to vermiculite) in contact with the gneiss host
(“blackwall”) (Barnes et al. 2004). The complex was then
affected by high temperature deformation shear zones
evidenced mainly in the gneiss, which is milonitized in
some sectors.

This event may have been followed by decompression
and cooling in amphibolite facies, which could have gen-
erated the largest tremolite crystals (tremolite 1-6 rich in
Cr and Ni) in the ultramafic body. Subsequently, there may
have been a retrograde cooling and hydration event with
lower temperature fluids that affected both the ultrabasic
body and the host rock, forming discordant talc and calcite
veins.

The main body steatization may have occurred at this
stage, concentrating in areas of weakness. The fluids could
have favoured the replacement of chlorite by talc and
probably of tremolite by chlorite both in the ore areas and
on both sides of the talc veins. This alteration may have
been transitional, from the ore zone to the Tr—Chl-Tlc
zone.

The composition of talc (rich in Fe and Ni) is similar to
that reported by other authors (e.g. Evans and Trommsdorff
1974; El-Sharkawy 2000; Karlsen et al. 2000) and is con-
sistent with an alteration model of ultramafic rocks.

Finally, there may have been an intrusion of the granite
body that could have generated intense hydrothermal
activity with fluids rich in Si and K, which could have
formed biotite from ultrabasic rock minerals, then altered
to vermiculite both in the contact zone and in other planes
of weakness of the rock (and additionally quartz veins).
This scheme of biotite generation by granitic intrusive
bodies and subsequent alteration to vermiculite in ultra-
mafic rocks has been described by other authors (Tsir-
ambides and Michailidis 1999). The presence of
vermiculite not only in the contact zone but also in dis-
crete bands that crosscut the serpentinized and steatized
body favours the hypothesis of vermiculite formation
during this stage.

However, complementary studies (geochemical, iso-
topic, thermobarometric, etc.) are necessary to gain further
knowledge about the processes involved in the mineral-
ization of rocks in the Rosarito mine and to be able to
extrapolate the results to other areas with similar
characteristics.

Conclusions

From a multimethodological study on the different alter-
ation zones of the rocks in the Rosarito mine (province of
Coérdoba, Argentina), the following conclusions were
reached:

e The talc identified in veins has laminar and non-fibrous
habit. The fibrous appearance observed both in the field
and by microscopy is an apparent habit due to the
orientation of the sample. The study of secondary
electron images by SEM is essential to avoid erroneous
interpretations.

e Although tremolite was recognized in tremolite—chlo-
rite, tremolite—chlorite—talc zones and in contact with
the granitic intrusive (tremolite and vermiculite zone),
only ~40% of those located in the vermiculite zone
have dimensions to be considered as asbestiform fibres
in the range of respirable particles.

e The results show that it is necessary not only to
establish concrete definitions for the terminology used,
especially in the studies of asbestiform morphology
fibres in natural environments, but also for their
dimensions and hazardousness. In the bibliography
there are different morphometric proposals, so the
results can vary depending on the criterion applied.

e Considering that there are records on the presence of
asbestiform minerals in other areas of the province of
Coérdoba (Argentina), multimethodological approaches
will be continued in order to develop a model that may
be applicable to other ultramafic bodies with similar
characteristics.
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