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Geochemistry of amphibole asbestos from northeastern Portugal and its
use in monitoring the environmental impact of asbestos from quarrying

R.J. S. TEIXEIRA*; A. M. R. NEIVA** & M. E. P. GOMES*

Keywords: Tremolite and actinolite asbestos, amphibole schists, serpentinites, steatitic rocks.

Abstract: At Donai, Pena Maquieira, and Mourisqueiro, in northeastern Portugal, amphibole asbestos minerals are associated with serpen-
tinites, amphibole schists and steatitic rocks. In order to assess the environmental impact of these deposits, the Donai quarry and the talc mines of Pena
Magquieira and Mourisqueiro were studied in detail, because long-term exposure to amphibole asbestos is known to cause pulmonary diseases. At
Donai, tremolite asbestos occurs in shear zones and faults cutting serpentinites, whereas massive (non-fibrous) tremolite occurs as intercalations asso-
ciated with amphibole schists, and chloritites. Serpentinites from the Donai quarry are mainly tremolite-free. At Pena Maquieira, tremolite asbestos
fills faults cutting serpentinites. At Mourisqueiro, actinolite asbestos occurs within amphibole schists and steatitic rocks in a highly deformed zone.
Geological mapping, examinations by petrographic microscope and electron-microprobe, and determinations of SiO,, CaO, and MgO for serpentinites,
and CaO and MgO for steatitic rocks will help to assess the presence of admixed asbestos within these rocks. The identification of asbestos is essen-
tial in order to exploit these serpentinites and steatitic rocks with minimal disturbance of asbestiform minerals.

Palavras-chave: Asbestos tremoliticos e actinoliticos, xistos anfibolicos, serpentinitos, rochas esteatiticas.

Resumo: Em Donai, Pena Maquieira e Mourisqueiro, Nordeste de Portugal, existem asbestos anfibolicos associados a serpentinitos, xistos
anfibolicos e rochas esteatiticas. Com o objectivo de avaliar o impacto ambiental destas ocorréncias minerais, foram estudadas em pormenor a pedreira
de Donai e as minas de talco de Pena Maquieira e Mourisqueiro, dado que a exposi¢ao prolongada a asbestos anfibolicos pode causar essencialmente
doengas pulmonares. Em Donai, os asbestos tremoliticos ocorrem em zonas de cisalhamento e falhas que cortam o serpentinito, enquanto a tremolite
nao fibrosa ocorre em intercalagdes associadas a xistos anfibolicos e clorititos. O serpentinito da pedreira de Donai ndo contém praticamente qualquer
tremolite. Em Pena Maquieira, os asbestos tremoliticos preenchem falhas que cortam o serpentinito, enquanto em Mourisqueiro, ocorrem asbestos acti-
noliticos em xistos anfibolicos e rochas esteatiticas, numa zona de alto grau de deformagao. A cartografia geologica, estudos no microscopio petrogra-
fico e microssonda electronica e as determinagdes de SiO,, CaO e MgO nos serpentinitos ¢ de CaO e MgO nas rochas esteatiticas irdo facilitar a detecgao
de asbestos anfibolicos nestas rochas. A identificacdo de asbestos anfibolicos ¢ essencial para que a exploragdo de serpentinitos e rochas esteatiticas

ocorra em seguranga € com a menor perturbagao possivel causada por minerais asbestiformes.

INTRODUCTION applications (SKINNER ef al., 1988; KLEIN, 1993; Ross &

VIrTA, 2001; NOLAN et al., 2007). However, these

For several decades of the 20th century, five different
fibrous amphiboles: actinolite, anthophyllite, cumming-
tonite-grunerite (montasite-amosite), riebeckite (crocido-
lite), and tremolite, and a fibrous serpentine (chrysotile)
were extensively mined and processed to produce
asbestos products for many industrial and commercial

asbestos minerals were found to be closely linked to
three respiratory diseases (asbestosis, lung carcinoma,
mesothelioma), but cancers of the gastrointestinal tract
have also been described among some workforces (e.g.,
McDONALD et al., 1983; BROWNE & WAGNER, 2001;
LANGER, 2001; GIANFAGNA et al. 2003; ADDISON &
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MCcCONNELL, 2008; GAMBLE & GiBBS, 2008). Asbestos
exposure is also associated with increased autoimmune
responses in humans (BLAKE et al., 2008; PFauU et al.,
2008). Today, the most commonly used asbestos mineral
is chrysotile, which poses minimal hazard to human
health under controlled usage and environments (CHURG,
1993; Camus, 2001; GAMBLE & GiBBS, 2008). Therefore,
amphibole asbestos is now little used or produced, but it
still remains in the environment (WIcks, 1998; LANGER,
2001). In fact, tremolite and other amphibole asbestos
may occur within chrysotile-bearing rocks (WILLIAMS-
-JONES et al., 2001), and in other mineral deposits, like
the vermiculite mine located near Libby, Montana,
U.S.A. (Ross & NoLAN, 2003). The amphibole asbestos
content of talc deposits is directly related to the talc-for-
ming environment. Talc deposits formed by contact or
regional metamorphism show a strong tendency or consis-
tently contain asbestiform amphiboles within the talc ore,
while those formed by hydrothermal processes show
negligible amounts or a complete absence of amphibole
(VAN GOSEN et al., 2004).

Since asbestos is especially dangerous when inhaled,
subsurface deposits may cause a smaller risk than the
surface deposits. However, when these deposits are
mined, airborne concentrations could increase greatly
(Luus, 2007). For example, in Libby, Montana, U.S.A.,
mining and processing of talc and vermiculite containing
tremolite asbestos increased airborne asbestos concentra-
tions from <0.004 fibres/cm3 in 1847 to 0.022 fibres/cm3
in 1995 (Luus, 2007). These airborne concentrations
affected directly the mine workers, as well as the
community, since workers brought home materials from
the mine and used them as clean fill in constructing
driveways and gardens (CUDGELL & Kawmp, 2004).
Furthermore, asbestos become embedded in the tree
bark, where it persists and can affect those who harvest
the contaminated wood (ANDERSON et al., 2005).

This paper concerns the compositions and geoche-
mistry of amphibole asbestos and associated rocks from
Donai and Pena Maquieira areas in Braganca massif and
Mourisqueiro area (Vale da Porca) in the Morais massif.
Amphibole asbestos was mined intermittently at Pena
Magquieira from the 1940’s until the 1960’s. It was the
only mine in northern Portugal with permission to exploit
asbestos. Serpentinite is exploited presently in the Donai
area, whereas talc is being exploited at Mourisqueiro.
Amphibole asbestos minerals are associated with rocks
quarried for a variety of industrial products, such as
polished serpentinite from Donai, pottery products, and
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anti-agglomerates for fertilizers and animal food (e.g.,
steatitic rock from Mourisqueiro). It is important for
Portuguese mining companies to distinguish and reject
all the amphibole asbestos in the above products so as to
minimize health risks. So, the objective of this paper is to
use the geochemical and mineralogical data to assess the
distribution of amphibole asbestos in these deposits.

GEOLOGICAL SETTING

Amphibole asbestos from Tras-os-Montes, northeastern
Portugal, occurs closely associated with ultramafic and
mafic rocks from the Braganga and Morais (NEIVA, 1948)
nappe complexes, which consist of four allochthonous
terranes separated by three major overthrusts (Fig. 1). They
are: 1) a parautochthonous thrust complex formed mainly
by Silurian and Lower Devonian metasediments of green
schist metamorphic facies; 2) a lower allochthonous
thrust complex consisting of Silurian metasedimentary
formations and characterized by bimodal magmatism and
the presence of relic mineral parageneses of high-pres-
sure Variscan metamorphism (MUNHA & RIBEIRO,
1984; SANTOS, 1998); 3) a northern ophiolitic terrane,
comprising ophiolitic sequences of an early prograde
amphibolite facies of Variscan metamorphism and
dismembered by the Variscan orogeny; 4) a continental
allochthonous terrane, consisting mostly of mafic and
ultramafic igneous rocks and high-grade metamorphic
rocks (RIBEIRO ef al., 1990; QUESADA, 1992; MARQUES et
al., 1996).

At Donai, serpentinites are intercalated within lower
Devonian chlorite phyllites and along a N80°W shear
zone (Fig. 2). Centimeter-thick slip-fibre tremolite
asbestos veins occur along shear zones and faults cutting
serpentinites. However, massive (non-fibrous) tremolite
also occurs as meter-thick intercalations associated with
amphibole schists and rarely chloritites. Talc schist is
also found associated with serpentinites to the southeast
of the Donai outcrop.

At Pena Maquieira, two areas are distinguished (Fig. 3):
a) a northeastern area consisting of a 15-110 m thick
elongated steatitic rock unit tending NW-SE; b) a south-
western area with small outcrops of steatitic rock within
serpentinites. The mine is located in a talc schist antiform
(NEIVA, 1948; VILELA DE MATOS & ALVES, 1988) with the
northeastern limb corresponding to the northeastern part
and the southwestern limb corresponding to the south-
western part. At Pena Maquieira, tremolite asbestos
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Fig. 2 — Geological map of Donai outcrop within the northern ophiolitic terrane. Geological survey
by Teixeira (2000). The marginal marks correspond to Gauss coordinates.
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Fig. 3 — Geological map of Pena Maquieira area within the northern ophiolitic terrane. Geological survey by Vilela de Matos & Alves (1988),
reviewed later by Teixeira (2000). The marginal marks correspond to UTM coordinates.

occurs mainly as slip-fibres and more rarely as cross-
fibres along N50°W and E-W subvertical faults (NEIVA,
1948). The fibre veins cutting serpentinites are
commonly 2-15 cm thick.

At Mourisqueiro, southwest of the Vale da Porca
overthrust, serpentinites intercalated between amphibo-
lites and amphibole schist are overlain by a mylonitized
formation, which consists of serpentinitic and chlorititic
nodules in a matrix of talc and some amphibole (Fig. 4).
Amphibolitized mafic granulites occur on the top of the
mylonitized formation. A zone of talc schist measuring 1 m
in thickness is associated with a N60°E vertical fault and
is also found at the contact with some serpentinitic inter-
calations in amphibolites.

At Mourisqueiro, serpentinites are partially replaced
by talc and cut by picrolite veins filling fractures.
Actinolite asbestos is associated with amphibolites,

amphibole schists, serpentinites, and steatitic rocks in a
highly deformed zone. These actinolite asbestos veins
contain two different types of fibres: a) long, flexible,
and soft fibres (Fig. 5a) and b) short, brittle, and rough
fibres (Fig. 5b). The pseudo-fibrous green picrolite veins
consist of antigorite.

At Donai, Pena Maquieira and Mourisqueiro, the
contacts of amphibole asbestos with country rock are
sharp. Amphibole schists from Donai and Mourisqueiro
consist mainly of non-fibrous prismatic actinolite crys-
tals but also contain some actinolite fibres. Clinochlore
and ilmenite are also present associated with the amphi-
bolites. Magnesiohornblende porphyroblasts also occur
at Donai. Serpentinites from Donai, Pena Maquieira and
Mourisqueiro contain the minerals antigorite (> 90 %),
talc, penninite, magnetite, chromite, pyrrhotite, pent-
landite, magnesite, and dolomite. At Donai, olivine
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Fig. 4 — Detailed geological map of Mourisqueiro mine within the continental allochthonous terrane. Geological survey by Teixeira (2000).

The marginal marks correspond to Gauss coordinates.

megacrysts are locally replaced by lizardite and very rare
tremolite also occurs. At Mourisqueiro, the steatitic rock
has a mylonitic texture and consists mainly of talc, but
penninite, actinolite, dolomite, magnesite, and chromite
also occur.

PHYSICAL AND OPTICAL PROPERTIES
OF AMPHIBOLE ASBESTOS

Tremolite fibres occur at Donai and Pena Maquieira,
whereas actinolite fibres occur at Mourisqueiro (NEIVA,
1948; TEIXEIRA, 2000). The tremolite asbestos consists
of: a) slip-fibre veins with the fibre axis subparallel to

vein walls (Figs. 5a, b); b) cross-fibre veins with the fibre
axis normal to vein walls (Figs. Sc, d). The massive (non-
-fibrous) tremolite intercalations consist mainly of
randomly oriented acicular crystals (Figs. Se, ), but they
also contain some fibrous crystals.

Hand-specimen and microscopic measurements show
that tremolite slip-fibres are from 0.1 mm to 8 cm long
and < 1 — 75 wm thick, but tremolite asbestos cross-fibres
are up to 2 cm long (Figs. 5b, ¢, d, e, f). Actinolite fibres
are from 0.25 mm to 14 ¢cm long and < 1 — 25 um thick
(Fig. 5a). Tremolite fibres are colourless, present several
fractures and are altered to clinochlore, talc and antigo-
rite. Actinolite is slightly pleochroic from f, y = pale
green to o = colourless and locally altered to talc.
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Fig. 5— a, ¢, e — photographs and b, d, f — photomicrographs of amphibole asbestos from northeastern Portugal. a) Slip-fibres of actinolite asbestos
from Mourisqueiro; b) Slip-fibre tremolite asbestos from Donai, two xenomorphic talc crystals also occur (crossed nicols); ¢) Serpentinite

from Pena Maquieira containing a cross-fibre vein of tremolite asbestos; d) Deformed cross-fibre vein of tremolite asbestos from Pena
Magquieira (crossed nicols); e) Massive tremolite from Donai; f) Massive tremolite from Donai (crossed nicols).
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Clinochlore was found at Donai and Mourisqueiro,
commonly in aggregates surrounding chromite crystals
or in small ellipsoidal nodules. Penninite only occurs in
crystal aggregates, locally replacing the actinolite at
Mourisqueiro. Secondary talc fills fractures of tremolite
and actinolite. Antigorite was only found replacing
tremolite crystals at Pena Maquieira.

ANALYTICAL METHODS

Bulk chemical analyses and the trace elements Cr,
Zn, Ni, Cu and Co were determined by atomic absorption
spectrometry at the Department of Chemistry, University
of Tras-os-Montes and Alto Douro, Portugal. Precisions
were + 1% for Al, Fe3*, Mg, Ca, Zn, Ni, Cu and Co, + 2%
for Mn, Na, K and + 7% for Cr. Other methods used
include: gravimetry for SiO,, titration with a standardi-
zed potassium permanganate solution for FeO (both with
a precision of + 1%), and molecular absorption spec-
trometry for Ti and P with a precision of + 2% and + 1%,
respectively. The limit of detection is 2.5 ppm for Ti,
0.4 ppm for PO,3~, and 2 ppm for the other trace
elements. Losses on ignition were determined by heating
the samples at 1000 °C for 2 hours. H,O+ for serpen-
tinites was determined at the Department of Earth
Sciences, University of Coimbra, Portugal, using a
Penfield tube, with a precision of £ 1%. The determina-
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tions of trace elements Be, Ge, Ga, Li, Zr, Sc, Y, Sr, Pb,
Ba, Rb, Cs, Ta and U were carried out by inductively
coupled plasma-mass spectrometer (ICP-MS). The acid
digestion of 0.2 g of dried rock powder with 2.5 ml of
concentrated HNO5 and 10 ml of 40 % v/v HF were
made in a 50 ml P. T. F. E. beaker for two hours at high
temperature and pressure, evaporation to dryness and
subsequent dissolution in 20 ml of 1 % v/v HNOs;.
Chemical analyses were performed with an ICP-MS VG
Elemental Plasma Quad II equipment at the Department
of Earth Sciences, University of Bristol, U. K., using the
method of BAILEY et al. (1993) and Lewis et al. (1997).
Measurements were carried out in triplicate using 100 ppb
In as internal standard. The precision was + 5% and the
typical detection limits are in the range 0.05 to 0.1 ppm.
Amphiboles were analyzed on a Cameca Camebax
electron-microprobe at the Laboratories of Geological
and Mining Institute, Sio Mamede de Infesta, Portugal.
Analyses were conducted at an accelerating voltage of
15 kV and a beam current of 20 nA. Standards used were
wollastonite (Si, Ca), MnTiO3 (Ti, Mn), Al,O5 (Al),
Fe,O5 (Fe), MgO (Mg), albite (Na), orthoclase (K),
Cr,05 (Cr), NiO (Ni), CoO (Co), and fluorite (F). Each
element was counted for 20 s at the peak and 10 s at the
background. Minerals were also analyzed on a JEOL
JXA 8600 electron-microprobe at the Department of
Earth Sciences, University of Bristol, U. K. An accele-
rating voltage of 15 kV and a beam current of 15 nA were
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Fig. 6 — Si0,-CaO-MgO diagram of amphibole asbestos and associated rocks from northeastern Portugal. Symbols ¥ — amphibole asbestos from
Donai, Pena Maquieira and Mourisqueiro; Y — massive (non-fibrous) tremolite; W — amphibole schists from Donai and Mourisqueiro;
O - steatitic rocks from Donai, Pena Maquieira and Mourisqueiro; @— serpentinites from Donai, Pena Maquieira and Mourisqueiro.
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Fig. 7 — Plots a) SiO, versus MgO diagram and b) CaO versus MgO diagram of amphibole asbestos and associated rocks from northeastern Portugal.
Symbols: /- amphibole asbestos from Donai, Pena Maquieira and Mourisqueiro; J— massive (non-fibrous) tremolite; W — amphibole schists
from Donai and Mourisqueiro; [J — steatitic rocks from Donai, Pena Maquieira and Mourisqueiro; @ — serpentinites from Donai, Pena

Magquieira and Mourisqueiro.

applied. The standards used were diopside (Si), SrTiOg4
(Ti), spinel (Al), Fe,O5 (Fe), MnO (Mn), olivine (Mg),
wollastonite (Ca), albite (Na), orthoclase (K), Cr,O5
(Cr), NiO (Ni), Co (Co) and MgF, (F). Each element was
counted for 30 s at the peak and 16 s at the background.
ZAF corrections were applied in both cases.

GEOCHEMISTRY OF AMPHIBOLE ASBESTOS
AND ASSOCIATED ROCKS

Bulk chemical analyses and contents of trace
elements of amphibole asbestos, massive (non-fibrous)
tremolite and associated amphibole schists, steatitic
rocks and serpentinites are given in Table 1.

Among the amphibole samples, massive (non-
-fibrous) tremolite is the poorest in Si, Ge, Li, Zr, Y and
the richest in Al, Fe2*, Ca, Cr, Zn, Cu, Co and Ga.
Slip-fibre actinolite asbestos is the poorest in Mg and the
richest in Na, K, Ni, Be, Zr, Sc, Y, Pb and Ba.

Amphibole asbestos and massive (non-fibrous)
tremolite have a chemical composition close to that of
the amphibole schists (Figs. 6, 7a, b). However, they are
richer in SiO,, CaO and poorer in FeO and Ga than the

respective amphibole schist they are associated with
(Table 1).

The tremolite and actinolite asbestos samples are
richer in SiO,, CaO, Y and poorer in Fe,03, FeO, MgO,
Cr and Co than the associated serpentinites (Table 1). At
Mourisqueiro, actinolite asbestos is richer in CaO, K,O,
Ni, Zr, Sc, Y, Pb, Ba, Rb, Cs and poorer in FeO, total
FeO, MgO, Ga and Li than the associated amphibole
schist and steatitic rock (Table 1).

GEOCHEMISTRY OF AMPHIBOLES

Average electron-microprobe data for amphibole
asbestos, non-asbestiform amphiboles in associated
schists and massive (non-fibrous) tremolite are given in
Table 2. Asbestos from Donai and Pena Maquieira are of
tremolite composition, while those from Mourisqueiro
are of actinolite composition (Fig. 8). The associated
amphibole shists contain non-asbestiform amphiboles
either with similar or different composition to that of
respective asbestos. The schist at Donai contains magne-
siohornblende and actinolite, while the schist at
Mourisqueiro contains tremolite and actinolite (Fig. 8).
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Fig. 8 — Compositions of the amphibole asbestos and non-asbestiform amphibole in amphibole schists from northeastern Portugal, plotted according
to the IMA nomenclature (LEAKE ef al. 1997). Symbols:O— amphibole asbestos from Donai, A- amphibole asbestos from Pena Maquieira,
< — amphibole asbestos from Mourisqueiro, @ — non-asbestiform amphibole in massive intercalations from Donai@-— non-asbestiform
amphibole in amphibole schist from Donai, 4 — non-asbestiform amphibole in amphibole schist from Mourisqueiro.

DISCUSSION

Despite the fact that asbestiform amphiboles comprise
approximately 5% of industrially utilised asbestos (the
rest being chrysotile), they have been disproportionately
pathogenic, especially due to their morphology and mine-
ralogy, which makes them more biopersistent and
biochemically reactive than chrysotile (GIBBONS, 1998).
Thus, care must be taken to avoid them during the
exploitation of rocks containing such minerals.

Based on optical and electron-microprobe examina-
tion, serpentinite from Donai appears to be almost free of
detectable tremolite. However, all shear zones and faults
in the serpentinite commonly contain tremolite asbestos.
Amphibole schist and massive (non-fibrous) tremolite
must also be avoided, because they contain some fibrous
actinolite and are associated with tremolite asbestos.

The Pena Maquieira mine is now closed down and
any future exploitation must take into account the occur-
rences of tremolite asbestos veins cutting serpentinites.

At Mourisqueiro, talc should only be exploited from
the talc schist. Steatitic rock is highly deformed and mixed
with actinolite asbestos, amphibole schists and chlo-
ritites, and thus should also not be mined for talc.

Asbestos may be identified visually, but optical and
electron-microprobe examinations are recommended,
because they may be fine-grained and disseminated.
Although a particle size distribution investigation was
not performed during this study, it would be of great
interest in future investigations to report fibre size distri-
butions for samples of airborne dust collected in the
working areas of mines and mills, especially in the case
of the highly deformed steatitic rock of Mourisqueiro,
due to the presence of disseminated actinolite asbestos.
At Donai quarry and mine of Pena Maquieira, the envi-
ronmental impact on the air, soil, and also on the scarce
surface water, can be significantly reduced if special care
is taken during the extraction of serpentinite. In fact, the
tremolite asbestos is preferentially located in veins that
occur along shear zones and faults, and could be easily
removed and stored.

Bulk chemical analyses of amphibole asbestos and
associated rocks (Table 1) enable one to define some
geochemical distinctions that may assist in exploita-
tion. Whole-rock chemical analyses of serpentinites
containing tremolite and actinolite asbestos must be
richer in SiO,, CaO and poorer in MgO than serpen-
tinites free of amphibole asbestos, which could contain
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TABLE 1

Average bulk chemical analyses in wt. % and trace elements in ppm of amphibole asbestos, massive tremolite and associated rocks
from northeastern Portugal

Amphibole slip-fibre asbestos Massive tremolite Amphibole schist Steatitic rock Serpentinite
a b c

tremolite tremolite actinolite 2 a ¢ a b ¢ 2 b ¢
Si0, 58.50 59.14 54.51 50.82 46.50 53.40 57.70 50.01 56.63 39.22 3933 42.28
TiO, 0.05 0.04 0.12 0.08 0.21 0.10 0.04 0.08 0.05 0.10 0.15 0.04
AlLO; 0.50 0.43 1.46 3.30 7.82 2.76 1.25 2.29 1.29 1.89 2.79 1.81
Fe,0; 1.27 0.52 1.71 1.71 0.77 1.79 0.21 471 1.82 2.62 4.11 2.49
FeO 4.29 1.63 3.88 4.55 6.56 4.35 4.57 3.33 4.49 4.80 3.84 7.24
MnO 0.15 0.13 0.16 0.15 0.10 0.11 0.25 0.06 0.06 0.10 0.09 0.09
MgO 23.94 26.10 23.46 24.59 2424 2487 29.78  30.19 29.17 3477 3563 3405
CaO 7.13 8.26 9.04 9.47 6.51 7.95 0.03 0.26 0.09 1.97 0.26 0.10
Na,O 0.04 0.11 0.21 0.12 0.07 0.20 0.03 0.02 0.04 0.04 0.06 0.02
K,O 0.02 0.01 0.12 0.07 0.02 0.03 0.01 0.01 0.01 0.01 0.05 0.01
P05 0.04 0.06 0.07 0.08 0.05 0.05 1.01 0.02 0.03 0.04 0.05 0.53
L.O.L 3.41 3.00 3.42 4.05 5.77 3.67 5.18 8.84 4.98 13.25  12.12  10.21
Total 99.34 99.43 98.16 98.99 98.62  99.28 100.06  99.82  98.66 98.81 9848 9887
mg 0.89 0.96 0.89 0.88 0.86 0.88 0.83 0.88 0.89 0.90 0.89 0.86
Cr 185 50 931 1265 534 931 702 1182 1336 1352 1367 1465
Zn 41 28 55 89 54 33 43 39 57 62 64 76
Ni 553 605 2710 1040 647 1341 613 1572 1553 1531 1873 1766
Cu 25 39 18 131 30 28 26 18 17 28 39 27
Co 36 46 52 59 57 52 45 78 59 85 92 86
Be 0.19 0.06 0.96 0.14 * 1.59 * 0.19 0.12 0.20 3.08 0.51
Ge 0.17 0.57 0.23 0.09 0.59 0.27 0.63 0.52 043 0.41 0.41 0.40
Ga 0.45 0.50 1.89 2.76 5.39 3.93 2.58 2.83 3.55 2.22 4.05 3.88
Li 5.07 448 3.83 1.62 320  10.89 1.06 0.35 8.83 3.30 1.31 1.48
7r 1.62 2.01 16.79 0.44 3.30 6.93 0.22 0.70 0.87 0.48 1.01 0.26
Sc 9.52 10.10 16.82 10.02 28.62 7.62 6.41 7.82 7.64 10.96 892 11.07
Y 2.96 12.13 12.54 1.11 6.77 5.66 0.39 0.29 0.69 0.88 0.78 1.95
Sr 9.15 20.05 9.63 11.48 8.02 2213 0.34 9.86 0.35 22.29 0.36 0.62
Pb * * 5.06 * 0.53 * 0.61 * * 0.32 * *
Ba 0.54 1.24 18.36 2.66 0.76 0.35 1.80 7.18 1.07 2.22 1.99 1.00
Rb 0.20 0.40 3.06 0.34 0.30 0.41 0.44 0.35 0.45 0.70 0.45 0.57
Cs * 0.10 0.10 0.01 0.14 * 0.02 * * 0.53 0.06 0.13
Ta * * * * 1.58 * 0.10 * * * 0.09 0.04
8] * * * * * 0.05 * * * * 0.05 0.09
n 3 2 1 2 1 1 1 4 2 4 2 2

a — Donai; b — PENA MAQUIEIRA; ¢ — Mourisqueiro; L. O. I. — loss on ignition; mg — molecular MgO/(MgO + total FeO); * — below the limit of detection.
Analysts: A. A. DUARTE and R. J. S. TEIXEIRA.

up to ca. 4 % of CaO due to the presence of dolomite. rocks (Fig. 7). These diagrams will show a good distinc-
Steatitic rock containing actinolite asbestos must be tion between rocks free of asbestos and those that poten-
richer in CaO and poorer in MgO than the same rock free tially could contain significant amounts of asbestos.
of amphibole asbestos. Therefore, the SiO,, CaO, and However, examinations by petrographic microscope and
MgO contents of serpentinites and the CaO and MgO electron-microprobe will help to confirm that this
contents of steatitic rocks determined by atomic absorp- method works well.

tion spectrometry and gravimetry (or alternatively by X-
-ray fluorescence) may assist in finding amphibole-rich

zones at a low cost and minimum of time. The data are CONCLUSIONS

best plotted on SiO,-MgO and CaO-MgO diagrams for

serpentinites and a CaO-MgO diagram for steatitic rocks, 1) Serpentinites from Donai contain very rare amphi-
in order to show the best distinction between amphibole bole, but tremolite asbestos occurs in shear zones

asbestos, serpentinites, amphibole schists, and steatitic and faults cutting the serpentinites.
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TABLE 2

Average electron microprobe analyses of amphibole asbestos, massive tremolite and non-asbestiform amphiboles in amphiboles
schists from northeastern Portugal

Amphibole asbestos Masswe Amphibole in amphibole schists
tremolite
a b c a a c
Tremolite Actinolite Tremolite Magnesiohornblende  Actinolite Actinolite  Tremolite
s. d. s. d. Core Rim
SiO, 58.74 58.87 0.41 56.49 57.06 49.20 2.61 57.41 57.05 57.18
TiO, - 0.02 0.02 0.03 - 1.49 0.74 - 0.04 -
Al,O4 0.06 0.21 0.14 0.82 0.39 7.05 2.15 0.66 0.29 0.25
Cr,04 0.02 0.01 0.01 0.11 0.07 0.06 0.04 0.11 0.13 0.03
FeO 3.74 1.77 0.40 5.75 4.23 7.04 0.79 5.00 5.47 4.38
NiO 0.03 0.05 0.04 0.12 0.20 0.03 0.03 0.03 0.06 0.09
CoO 0.02 0.01 0.02 0.03 0.03 0.03 0.03 0.01 0.03 -
MnO 0.16 0.20 0.07 0.15 0.10 0.18 0.06 0.09 0.15 0.18
MgO 22.82 24.16 0.15 20.77 21.84 18.44 1.91 21.26 21.29 21.93
CaO 13.24 12.87 0.42 12.97 13.36 12.16 0.59 13.34 13.04 12.77
Na,O 0.05 0.17 0.08 0.24 0.07 1.01 0.48 0.10 0.23 0.30
K,O 0.02 0.01 0.01 0.03 0.02 0.15 0.08 0.03 0.04 0.05
F 0.07 0.08 0.12 0.09 0.11 0.07 0.10 0.14 0.01 0.06
98.97 98.43 0.64 97.60 97.48 96.91 0.61 98.18 97.83 97.22
O=F 0.03 0.03 0.05 0.04 0.04 0.03 0.04 0.06 - 0.03
Total 99.00 98.40 0.68 97.56 97.52 96.88 0.60 98.12 97.83 97.19
Si 7.983 7.969 0.025 7.866 7.900 6.971 0.289 7.925 7.906 7.937
AlY 0.010 0.031 0.023 0.134 0.063 1.029 0.289 0.075 0.048 0.041
Ti' - - - - - - - - 0.004 -
T 7.99 8.00 0.01 8.00 7.96 8.00 0.00 8.00 7.96 7.98
Al - 0.003  0.005 0.001 - 0.148 0.089 0.032 - -
Ti"! - 0.002  0.002 0.003 - 0.159 0.080 0.001 - -
Fe** 0.020 0.022 0.029 0.110 0.125 0415 0.105 0.026 0.110 0.071
Cr 0.002 0.001 0.001 0.012 0.008 0.006 0.005 0.012 0.014 0.004
Mg 4.623 4.875 0.023 4311 4.508 3.895 0.299 4.376 4.400 4.538
Fe™ 0.355 0.097 0.031 0.560 0.359 0.376 0.235 0.551 0.476 0.387
Mn - - - 0.003 - - - 0.002 - -
C 5.00 5.00 0.00 5.00 5.00 5.00 0.00 5.00 5.00 5.00
Mg - - - - - - - - - -
Fe™ 0.050 0.081 0.056 - 0.005 0.043 0.045 - 0.048 0.051
Mn 0.019 0.023 0.009 0.014 0.012 0.022 0.008 0.008 0.017 0.021
Ni 0.003 0.005 0.004 0.014 0.024 0.003 0.003 0.004 0.006 0.011
Co 0.002 0.001 0.002 0.003 0.003 0.004 0.004 0.001 0.003 -
Ca 1.928 1.867 0.060 1.936 1.983 1.846 0.105 1.973 1.936 1.899
Na - 0.022 0.014 0.033 - 0.082 0.027 0.014 - 0.019
B 2.00 2.00 0.01 2.00 2.03 2.00 0.00 2.00 2.01 2.00
Na 0.013 0.022 0.019 0.033 0.020 0.196 0.130 0.013 0.062 0.063
K 0.003 0.001 0.001 0.006 0.004 0.027 0.014 0.005 0.008 0.010
A 0.02 0.02 0.02 0.04 0.02 0.22 0.14 0.02 0.07 0.07
# Mg 0.92 0.96 0.01 0.89 0.93 0.90 0.04 0.89 0.89 0.91
n 5 13 5 4 8 3 3 3

a — Donai; b — Pena Maquieira; ¢ — Mourisqueiro; s. d. — standard deviation; - — not detected; # Mg = Mg/(Mg + Fe2*); n — number of analyses.
Number of cations on the basis of 23 atoms of oxygen; Fe3* was calculated according to the method of Schumacher (1997). Analyst: R. J. S. TEIXEIRA.

2) At Pena Maquieira, the mine ore consists mainly 3) The Mourisqueiro talc mine is developed in a talc
of steatitic rock, but there are small outcrops of schist. However, a large mixed zone of highly
steatitic rock within serpentinites which are cut by deformed steatitic rock contains actinolite asbestos

faults filled with tremolite. and amphibole schists.
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4) Tremolite asbestos occurs mainly as slip-fibre and
mass-fibre at Donai and slip-fibre at Pena
Maquieira, while actinolite asbestos occurs as
slip-fibre at Mourisqueiro.

5) Non-fibrous tremolite from Donai is the richest in
Al, Fe2*, Ca, Cr, Zn, Cu, Co, Ga and the poorest in
Si, Ge, Li, Zr and Y. Slip-fibre actinolite asbestos
from Mourisqueiro is the richest in Na, K, Ni, Be,
Zr, Sc, Y, Pb and Ba and the poorest in Mg.

6) The presence of significant Ca (> ca. 4 %) in
whole rock serpentinite and steatite can indicate
the presence of tremolite and/or actinolite impuri-
ties, because tremolite and actinolite asbestos are
richer in CaO and poorer in MgO than the associa-
ted rocks. Chemical analyses combined with optical
examinations may help to avoid mining material
contaminated with fibrous amphiboles from these
areas.
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