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Abstract

Asbestos nucleation and concentration in rocks are mostly associated with mechanisms of
fibre formation, combined with the water-dependent mineralogical alteration produced during
serpentinisation of ultramafic masses. Very little is known about the structural settings and tectonic
histories that influence and control asbestos occurrence in non-serpentinised rocks, which are
diffusely embedded within tectonised ophiolitic suites. Focussing on a case history provided by a
tectonised metagabbro from the Ligurian Alps (northern Italy), a multiscale structural-
petrographical approach is used to investigate the relationships between rock fabric and fibrous
amphibole growth within the metagabbro. Meso- to micro-structural observations are used to
document the role of structurally controlled fluid-rock interactions in localising the fibrous
amphibole growth during ductile-to-brittle shearing (mylonitic foliation to shear veins). A
qualitative structural scenario is here provided for illustrating the growth of asbestos amphiboles in
shear veins during the progression of shear deformation towards semi-brittle rheological conditions.
The mechanisms of structurally controlled growth of fibrous amphibole in non-serpentinised rocks
imply an examination of the tectonic boundary conditions that are at the origin of the asbestos
concentration in ophiolitic rocks involved in orogenic belt construction.

Key words: rock fabric, vein, amphibole, asbestos, metagabbro, serpentinite, Ligurian Alps.
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The causes of asbestos hazard in natural environments include production and dispersion of
airborne particles during natural (erosion) and/or anthropogenic activities (e.g., construction,
grading, quarrying, and surface mining operations) involving ophiolitic lithotypes (e.g., Rohl et al.,
1977; Pan et al., 2005; Gunter et al., 2007; Lee et al., 2008). Presently, stringent requirements for
rock quality control and regulations are required to mitigate the asbestos hazard in natural settings
(Clinkenbeard et al., 2002; Lee et al., 2008), as asbestos is listed as a Group 1 human carcinogen
material by international health authorities (Ross et al., 1984; WHO, 1986; International Agency for
Research on Cancer [IARC], 1987; 2012; Health and Safety Executive, 1997; National Institute for
Occupational Safety and Health [NIOSH], 2011).

The wide range of asbestos concentration, from only episodic occurrences to large deposit
accumulations, has been documented worldwide in serpentinite rocks (e.g., Ross and Nolan, 2003;
Van Gosen, 2007; Hendrickx, 2009; Bloise et al., 2017). The water activity-dependent
mineralogical alteration produced during serpentinisation of ultramafic rocks, controlled by the
general reaction

olivine/pyroxene + water - serpentine + oxides + phyllosilicates (1),
is considered the main process triggering the asbestos growth in the form of chrysotile (Mooby,
1976; O’Hanley, 1996).

Chrysotile growth depends on several factors, such as thermo-barometric conditions of the
whole rock (T < ~400 °C with negligible P effect; e.g., Evans, 2004; Bucher and Grapes, 2011),
fluid infiltration and interaction with the host rocks (Bellot, 2008), and mechanisms of fibre
formation, which include (i) re-orientation of pre-existing fibres (Reinen, 2000), (ii) physico-
chemical dissolution and replacement of early clasts by micro-scale shearing (Andreani et al., 2005;
Hirauchi and Yamaguchi, 2007), and (iii) crack-seal vein growth (see discussion in Groppo and
Compagnoni, 2007). The fibre formation is closely related to the development of both ductile
(mylonites) and brittle (veins) deformation structures, as documented both by studies of tectonically
deformed serpentinites and laboratory experiments (e.g., Phillips, 1927; Gabrielse, 1960; Wicks and
Wittaker, 1977; Hoogerduijn Strating and Vissers, 1994; Karkanas, 1995; Hermann et al., 2000;
Reinen, 2000; Andreani et al., 2004; 2005; Auzende et al., 2006; Boschi et al., 2006; Hirose et al.,
2006; Groppo and Compagnoni, 2007; Hirauchi and Yamaguchi, 2007; Viti and Hirose, 2009; Viti
et al., 2011). Feedbacks and interactions between polyphase deformation, decompression/cooling,
and fluid circulation enhance the fibrous mineralisation in serpentinites (Trommsdorff and Evans,
1974; Evans, 1977; Cox and Etheridge, 1983; Norrell et al., 1989; Hoogerduijn Strating and
Vissers, 1994; Andreani et al., 2005; 2007; Auzende et al., 2006; Vignaroli et al., 2011).

Nevertheless, non-serpentinised rocks (i.e., rock volumes that did not experience diffuse

serpentine-bearing mineralogical replacement) are also known to host asbestos as accessory
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minerals, typically grown in specific structural sites like veins (e.g., Taber, 1918; Gianfagna et al.,
2003; Ross and Nolan, 2003; Boschi et al., 2006; Compagnoni and Groppo, 2006; Van Gosen,
2007; Giacomini et al., 2010; Vignaroli et al., 2014; Punturo et al., 2015; Lucci et al., 2018). Non-
serpentinised rocks often occur as tectonic blocks (of various sizes) in ophiolitic suites that have
experienced chronologically distinct tectono-metamorphic events associated with the subduction-
exhumation cycles (Coleman, 1977; Scambelluri et al., 1991; Hermann et al., 2000; Li et al., 2004;
Cawood et al., 2009). Multiple events of fluid-assisted deformation and metamorphism provide an
ideal tectonic scenario to frame the structurally controlled growth of secondary mineralisation,
including different varieties of asbestos. However, as compared to the study of naturally occurrence
asbestos in serpentinites, little attention has been devoted to geological factors leading to asbestos
growth and its resulting concentrations in non-serpentinised rocks. In particular, the following key
questions remain unanswered: (i) what are the key structural factors (primary and secondary)
leading to fibrous growth in non-serpentinised rocks? and (ii) which are the main boundary
conditions that trigger the growth of fibrous minerals during the development of the secondary
(tectonic) rock fabrics?

In order to better understand the structural processes controlling fibrous amphibole
crystallisation in non-serpentinised rocks, we studied the deformation fabric (from outcrop-, to
meso- and micro-scales) of a km-scale metagabbro outcrop in the Ligurian Alps (northern Italy;
Figs. 1a, b). Correlation between deformation fabric progress and fibrous amphibole
nucleation/concentration is recognised. The major novelty of this work is the documentation of
textural heterogeneities and structurally controlled secondary permeability development over the
nucleation and development of amphibole fibres in the transition from ductile- to brittle-dominated
deformation environments. The results are used to move from site-specific evidence to general
concepts, in order to propose a qualitative scenario for feedbacks and interactions of geological
factors at the origin of asbestiform mineralisations in tectonised ophiolitic rocks involved in

orogenic belt construction.

1. Materials, Methods and Definitions

This study focuses on a huge metagabbro body continuously exposed over about 2 km? (Fig.
1c). Meso-scale structural and petrographical investigations were used to characterise the key
structural heterogeneities of the rock fabric (such as tectonic foliation, veins, fractures, and fault
systems). Rock samples representative of the range of lithotypes, the deformation structures, and the
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mineralisation (Table 1) of this body were collected for microtextural investigations to define: (i)
the textural sites of amphibole nucleation and growth; (ii) the morphological habit of amphibole
crystals (i.e., massive vs. fibrous); (iii) the mode of fibre growth (i.e., individual or in bundles); and

(iv) the textural relationships between fibre nucleation and the surrounding fabrics.

We analysed the amphiboles based on: (i) their morphological parameters (i.e. length, width,
shape, and cleavage type) by combining optical transmitted-light microscopy and scanning electron
microscopy (SEM); and (ii) their chemistry by combining electron microprobe analyses (EMPA)
and concentration maps for major elements (i.e., Fe, Mg, Ca, and Al). The amphibole composition
was measured using a Cameca SX100 electron microprobe at the Universitat Stuttgart. Analyses
were performed in focussed-beam mode at 15 kV and 10 to 15 nA using natural minerals and
synthetic phases as standards. Mineral recalculation and estimation of Fe** contents were made
using the WinAmphcal software (Yavuz 2007), normalising to 15 cations and O=23. Amphiboles
were classified according to the nomenclature approved by the International Mineralogical
Association (Leake et al., 2004). Major elemental (Ca, Fe, Mg, and Al) maps showing relative
concentrations were produced by stepwise movements of the thin sections under the electron beam.

The mineral abbreviations used in this work are after Bucher and Grapes (2011).

After terminology re-examination based on accepted standards and several research works
(e.g., Asbestos Hazardous Emergency Response Act [AHERA], 1987; Occupational Safety and
Health Administration [OSHA], 1994; World Health Organization [WHO], 1986; Dorling and
Zussman, 1987; Gunter et al., 2007; Strohmeier et al., 2010; ASTM D7712-11, 2011), the

following definitions are used in this paper:

- Asbestiform is used for a special type of mineral fibrous morphology, typical of asbestos, in
which the fibres are separable into thinner fibres and ultimately into fibrils.

- Asbestos is used for six specific silicate minerals belonging to the serpentine (chrysotile)
and amphibole (riebeckite - crocidolite; grunerite - grunerite asbestos; anthophyllite -
anthophyllite asbestos; tremolite - tremolite asbestos; and actinolite - actinolite asbestos)
groups. Asbestos crystallises in the asbestiform habit, where crystals can be easily separated

into long, thin, flexible, and strong fibres when crushed or processed.

- Fibre is used for an elongated particle, longer than 5.0 pm, with a minimum aspect ratio
(Iength of the particle divided by its width) of 3:1. Fibres are characterised by parallel or

stepped sides developed during growth.
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- Fibril is used for a single fibre that cannot be further separated longitudinally into smaller

components without losing its fibrous properties or appearances.

- Fibrous is used for a crystal morphology that exhibits parallel, radiating, or matted

aggregates of fibres.

2. The geological setting of the study area

The investigated metagabbro body is located in the eastern part of the Ligurian Alps (Italy),
a narrow E-W-trending mountain belt connecting the Western Alps to the Northern Apennines (Fig.
1a). The Ligurian Alps are characterised by the occurrence of plurikilometre-sized meta-ophiolitic
units that are remnants of the Jurassic oceanic crust of the Liguro-Piedmont Domain (e.g., Chiesa et
al., 1975; Piccardo, 2012). This ocean was subducted and exhumed during the Cretaceous-Tertiary
Alpine tectonic convergence between the European and Adriatic plates (e.g. Vanossi et al., 1984).
The Ligurian meta-ophiolites define a tectonic mélange of huge masses of serpentinites
incorporating blocks and slices (of different sizes) of eclogites, metagabbros, and metabasalts, with
associated calcschists and micaschists (Fig. 1b). The ophiolites underwent subduction zone
metamorphism during the Alpine orogeny, ranging from greenschist to eclogite facies conditions,
(e.g., Messiga and Scambelluri, 1991; Capponi and Crispini, 2002; Vignaroli et al., 2005; 2010;
Federico et al., 2007a). The ophiolites are characterised by a polyphase deformation fabric that
records the progressive evolution from ductile high-pressure shearing to late, multistage, brittle

deformation (e.g., Hoogerduijn Strating, 1994; Capponi and Crispini, 2002; Cannao et al., 2016).

Most of the boundaries between serpentinites and the embedded rock blocks are tectonic and
systematically marked by steeply dipping shearing fabrics, including pervasive mylonitic shear
zones and polyphase vein systems (Hermann et al., 2000; Federico et al., 2007a; 2007b; Vignaroli
et al., 2009; Malatesta et al., 2012). Brittle deformation often overprints the ductile fabric, with
development of high-angle faults and associated fracture networks reworking the ductile boundaries
(e.g., Crispini et al., 2009; Federico et al., 2009; Vignaroli et al., 2009). Evidence of progressively
refolded mylonitic zones with superimposed brittle deformation features testifies for the polyphase
exhumation of the originally deep-seated ophiolite units in a continuum from deep to upper crustal
levels (e.g., Hoogerduijn Strating, 1994; Crispini and Frezzotti, 1998; Capponi and Crispini, 2002;
Vignaroli et al., 2010).
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Such a polyphase tectono-metamorphic history is well documented by the ductile-to-brittle
tectono-metamorphic fabric recorded by several oceanic-derived magmatic bodies, wrapped around
by the sheared serpentinite masses (Federico et al., 2007a; Malatesta et al., 2012). Heterogeneous
strain and metamorphic overprints are recorded by the tectonic blocks (Messiga and Scambelluri,
1991; Vignaroli et al., 2005; Federico et al., 2007b; Malatesta et al., 2012).

3. Fabric analysis
3.1 Outcrop scale

The investigated metagabbro forms a km-scale (~ 2 km-long and 0.5 km-large) N-S elongate
tectonic block (Fig. 1b). The main tectonic foliation is subvertical, synkinematic relative to a
pervasive greenschist metamorphism. Ductile foliation is cut across by high-angle fault and vein
systems (Fig. 1c).

The selected rock exposures (Fig. 2) include the distinctive primary (igneous) and secondary
(tectonic) fabrics of the metagabbro body. The primary igneous fabric is defined by the mineral
assemblage made of clinopyroxene and plagioclase aggregates (sample TB62; Table 1 and Fig. 2a) ,
with variable grain size, from fine- (sub-to-mm scale) to coarse-grained (cm scale). The tectonic
fabric is metamorphic and syn-kinematic relative to a pervasive greenschist facies stage (e.g.,
Capponi and Crispini, 2002; Federico et al., 2007b). The metamorphic overprint is attested by the
(i) pseudomorph replacement of igneous clinopyroxene by amphibole; and (ii) the development of
meso-scale ductile shear zones, associated with syn-metamorphic intrafoliar, millimetre-thick,
amphibole-quartz veining. The ductile shearing is distributed in discrete (up to 5 m thick) horizons
that show evidence of penetrative secondary foliation development and strain accumulation
(foliated metagabbro; sample TB59; Table 1 and Fig. 2b). The shear foliation shows an
anastomosed geometry around the pristine magmatic clinopyroxene porphyroclasts (Fig. 2c). The
shear foliation, striking N100° and dipping toward SSW, consists of a composite layering of
dominant plagioclase-rich and green amphibole-rich layers, with subordinate chlorite, epidote, and
oxides. Both the plagioclase-rich and amphibole-rich layers show finer grain sizes than the

porphyroclastic clinopyroxene.

Semi-brittle to brittle deformation fabrics overprint the previously described ductile rock
fabrics. These structures are represented by shear veins and joints that cut at a high angle (>50°) and
post-dates the shear foliation. This vein pattern is highly persistent (shear veins are 2-3 cm-thick
and up to 10 m in length) and characterised by a spacing ranging from 0.5 to 2-6 m (Fig. 2d). A

mineralogical association of plagioclase and quartz with occasional occurrences of fibrous
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amphiboles is found within the shear veins (sample TB61; Table 1). Whitish to green amphibole
fibres, which are up to 2 cm in length (measured from the vein surface), are observed to protrude
from the coarse-grained plagioclase assemblage (Figs. 2e-f).

3.2 Microscale

We present a description of the microstructural characteristics of the metagabbro from
observations of three selected thin sections (Fig. 3), each one representative of the fabric types

recognised at the outcrop scale.

The massive metagabbro (sample TB62) shows a fine-grained texture without any evidence
of secondary foliation (Fig. 3a). The grains of the groundmass are up to half a millimetre in
diameter and consist mainly of magmatic clinopyroxene and plagioclase (Fig. 4a). Magmatic
clinopyroxene is mostly isomorphic in shape and with abundant internal microcracks filled by
alteration products. Amphiboles, in association with plagioclase, form a fine matrix around the
clinopyroxene grains and, occasionally, fill the microcracks (Figs. 4b, c).

The mylonitic fabric in foliated metagabbro (sample TB59) shows a penetrative
mineralogical banding of stretched aggregates of neocrystallised amphiboles and elongated
aggregates of neocrystallised fine-grained albitic plagioclase (Fig. 3b). The mylonitic foliation
shows a dominant plane-parallel geometry, locally evolving into an anastomosed geometry where
fractured clinopyroxene porphyroclasts are wrapped around. Amphiboles grow in two distinct
microsites: (i) along the mylonitic foliation (Figs. 5a-c), and (ii) in pressure shadows surrounding

the clinopyroxene porphyroclasts (Figs. 5d-f).

The shear veins (sample TB61) that post-date the mylonitic foliation are filled by dominant
coarse-grained plagioclase and subordinate quartz (Fig. 3c). The interface between the veins and the
metagabbro is very sharp and almost rectilinear. This interface truncates the mylonitic foliation at a
high angle. Finer plagioclase grains are disposed close to the interface, whereas coarser grains occur
towards the centre of the vein. Plagioclase grains are arranged in an elongate-blocky texture,
showing evidence of growth competition (e.g., Vernon, 2004). Amphiboles grow in two distinct
microsites: (i) at the vein/metagabbro interface that truncates the syn-greenschist foliation (Fig. 6a),
and (ii) at the vein/metagabbro interface that truncates the porphyroclastic clinopyroxene (Figs. 6b,
c). Amphiboles (fibrous or otherwise) do not form along the interface of the vein with fine-grained
massive metagabbro (Figs. 6d, e). On the other hand, fibrous amphibole can occur within intrafoliar

vein in massive metagabbro (Fig. 6d).
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3.3 Micro-structures hosting amphibole crystallisation

Mylonitic foliation (Figs. 5a-c). The mylonitic foliation consists of aggregates of amphibole
neoblasts that show a brownish to yellowish, to light green pleochroism, and homogeneous
extinction under crossed polarised light. In particular, foliated aggregates of amphiboles form thin
(up to 50 um), sub-parallel C-type shear bands, whereas fan-shaped aggregates of amphiboles form
an oblique (S-type) foliation (Fig. 5a). The back-scatter electron (BSE) imaging of the C-type shear
bands reveals elongate (prismatic-to-lanceolate) amphiboles, with width and length ranging
between 3-20 um and 10-200 um, respectively, texturally in contact with grains of plagioclase and
oxides (Fig. 5b). The most elongated amphibole particles show rectilinear and parallel sides with
edges that are mostly smooth or gently curved. Edges with irregular shapes and fibrous terminations

are less common.

Corona textures (Figs. 4a-c and 5d-f). Coarse-grained clinopyroxene porphyroclasts show
evidence of mineralogical replacement at their grain margins (Figs. 4b and 5d). These replacement
halos are marked by a series of adjacent/coalescent lobes made of plagioclase and brownish-to-
yellowish amphibole. BSE images show that the amphiboles form massive assemblages (Figs. 4b
and 5e). The amphiboles, which formed as product of the clinopyroxene alteration, show a
dominant prismatic morphological habit with basal section rarely visible. The edges of the

amphiboles are very irregular and have no evidence of fibrous terminations.

Shear Veins. We observed three microtextures: (i) veins cutting through the mylonitic
foliation (Fig. 6a), (ii) veins cutting through magmatic relicts (Figs. 6b, c), and (iii) veins cutting
through the fine-grained massive groundmass (Figs. 6d, e). In the veins cutting through the
mylonitic foliation (Fig. 6a), amphiboles occur exclusively in microsites where the veins truncate
the amphibole-rich foliation in the host rock. Amphiboles nucleate at the vein/metagabbro interface
and show an extremely fibrous habit. The fibres are very thin (their width is less than 5 microns)
and long (up to 1 millimetre) and are organised as either individual specimens or bundle structures.
Optically, the fibres have brownish to yellowish to light green pleochroism, and homogeneous

extinction under crossed polarised light.

In veins cutting through magmatic porphyroclasts (Figs. 6b, c), amphiboles occur at the
microsites where the veins truncate coarse-grained clinopyroxene. From a morphological point of
view, amphiboles grow extremely fibrous enclosed in relatively coarse-grained plagioclase. The
fibres of amphiboles are brownish to yellowish in colour, with homogeneous extinction under

crossed polarised light (Figs. 7a-c). They are organised as either individual specimens or bundle
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structures. Each fibre has a dominant rectilinear shape (sometimes slightly curved) that is oriented
perpendicular to the trend of the vein wall (Figs. 7d, e). Fibre terminations show individual smaller
fibres (fibrils) disseminated within the plagioclase matrix (Fig. 7f). By contrast, the amphiboles that
grow as filling material for clinopyroxene microcracks is not fibrous and does not show a clear
crystallographically preferred orientation with respect to the host clinopyroxene (Fig. 7g). Here, the
amphiboles show an elongated prismatic morphological habit, but no individual fibres of
amphiboles occur.

It is interesting to note a geometrical parallelism between the orientation of cleavage within
the truncated clinopyroxene and the trend of the fibrous amphiboles (Figs. 8a, b). In other words,
the ¢ axes of clinopyroxene and amphibole often coincide even across interfaces between relic
clinopyroxene and vein formations. BSE imaging reveals that the site of nucleation of each fibre
corresponds to strongly cleaved microdomains of clinopyroxene. The fibres are very thin (their
width is less than 5 microns) and long (more than 1 millimetre).

Finally, in veins cutting through the fine-grained massive groundmass (Fig. 6e), neither
massive nor fibrous amphiboles nucleate on the vein-metagabbro interface. We observed fibrous
amphiboles as the main filling component of microveins within the fine-grained metagabbro fabric
(similar to that described in the above sub-paragraph; Fig. 6b), but no amphiboles developed within
the plagioclase-quartz vein (Fig. 6¢). At the vein margins, the growth competition textures of

elongate plagioclase grains can be observed.

4. Amphibole chemistry

We distinguish the amphibole types based on their structural/textural setting and on their
chemical composition (Fig. 9). Average chemical compositions of the analysed amphiboles are
reported in Table 2. All analysed grains are calcic amphiboles (Cag>1.50; Leake et al., 2004).
Amphiboles marking the mylonitic foliation (Fig. 5a) and those ones found in corona structures
(Figs. 4b and 5e) both show moderate variability in Si** contents (ranging from 7.00 to 7.90 atoms
per unit formula). According to the Mg/(Mg+Fe?*) ratio, these amphiboles define two populations
falling in the Mg-hornblende and actinolite fields. Conversely, the amphiboles grown in shear veins
(Figs. 6a, b) show a more homogeneous composition falling within the actinolite field (average Si**
= 7.89 atoms per unit formula; average Mg/(Mg+Fe?*) = 0.75).
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Elemental concentration maps reveal that different amphibole types are characterised by a
rather homogeneous distribution for Fe, Mg, Ca, and Al along a single crystal. Indeed, amphiboles
in corona structures do not show appreciable chemical zoning (Figs. 4c and 5f). Similarly, no
chemical zoning is discernible in both amphiboles marking the shear foliation (Fig. 5¢) and

amphiboles in shear veins (Figs. 8a, b).

5. Discussion

5.1 Rock fabric and occurrence of fibre-hosting structures: a structural synthesis

Within the tectonised metagabbro fabric, we identify two main structurally controlled types
of amphibole crystallisation (Fig. 10): (i) diffuse growth in ductile shears (Type-1 in Fig. 10); and
(i1) localised growth in shear veins (Type-2 in Fig. 10).

Type-1 growth corresponds to the syn-greenschist metamorphic overprint of the primary
igneous fabric under ductile deformation conditions. The structurally controlled sites of amphibole
crystallisation consist of: (i) corona structures around clinopyroxene porphyroclasts; (ii)
clinopyroxene internal microcracks; and (iif) mylonitic foliation. While both the corona structures
(Figs. 4b and 5e) and the clinopyroxene internal microcracks (Fig. 7g) represent low-strain rock
micro-domains hosting massive assemblages of prismatic amphibole, the mylonitic foliation defines
a penetrative deformation structure hosting amphibole crystallisation within the dominant elongate
habit (Fig. 5a). In particular, aggregates of neocrystallised amphiboles (whose composition is
transitional from Mg-hornblende to actinolite) contribute to the formation of the C-type shear bands
(Fig. 5b). This dominant syn-kinematic growth of fibrous amphibole along the mylonitic foliation
suggests dynamic growth along planes of maximum shear deformation, analogous to slickenfibre
development (Shelley, 1994). The passive re-orientation of former fibres as rigid elements (Reinen,
2000) seems not to be a possible mechanism, as no amphibole fibres were observed pre-dating the

syn-greenschist mylonitic foliation.

Type-2 growth corresponds to the syntaxial growth of the shear veins post-dating the
greenschist foliation. The textural evidence attesting for the syntaxial growth includes (e.g., Vernon,
2004; Passchier and Trouw, 2005; see Bons et al., 2012): (i) growth competition textures of
elongate plagioclase crystals nucleated along the vein/metagabbro interface; (ii) growth direction
from the vein walls towards the vein centre; (iii) coarsening of the plagioclase grains moving from

the walls to the vein centre; and (iv) fibres of amphiboles (actinolite composition) nucleated at the
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vein-metagabbro interface and penetrating the plagioclase mass. Fibres nucleated exclusively at
specific microsites, corresponding both to intersections between veins and amphibole-rich foliations
(Fig. 6a) and those between veins and clinopyroxene grains (Fig. 7a), suggesting an active control
of inherited textures in forming fibrous amphiboles. The nucleation of fibres from the vein walls in
correspondence of truncated mafic minerals suggests a dominant dissolution-diffusion-
crystallisation (Andreani et al., 2005). Possibly, the crack-seal mechanism could be attributed to the
latest stages of vein opening, when the (quasi) static crystallisation of plagioclase fills the dilatant

space forming an elongated blocky texture.

To summarise, the Type-1 and Type-2 growth scenarios demonstrate the structural control
of fibrous growth in the transition from ductile- to brittle-dominated deformation environments. We
frame the structural control over fibrous mineralisation within the complete rock-failure criterion
for ductile and brittle regimes (e.g., Twiss and Moores, 2007; Davis et al., 2011), with the aim of
explaining how the formation of these fibre-hosting structures responded to the critical stress
conditions at which the metagabbro rock volume deformed (Fig. 11). Mylonitic foliation (Type-1)
formed at high confining pressures (named o1, and 63, in Fig. 11), at which the plastic yielding is
regulated by the von Mises criterion for rock failure (Fig. 11). We therefore suggest that elongate
crystals of amphibole grow along surfaces of ductile failure (C-type shears) where the maximum
shear stress was localised during the greenschist metamorphic conditions. The superimposition of
Type-2 brittle fabric (shear veins) on the myionitic foliation suggests that the rock volume
experienced failure at lower confining pressure conditions (named o1, and o3, in Fig. 11). This
new state of stress may have been reached by a lowering of the mean stresses, which was probably
due to the progressive exhumation of the rock volume. In particular, the Type-2 shear veins formed
through a hybrid mode of opening (Hancock, 1985; Ramsey and Chester, 2004; Bons et al., 2012).
The Mohr-Coulomb failure criterion considers a hybrid failure under the conditions of negative
minimum principal stress. The conditions of negative stress can occur in the presence of elevated
fluid pressure (Pf), which contrasts with the confining pressure by lowering the differential stress
necessary to cause failure (Cox et al., 2001; Sibson, 2004; Cox, 2010). This results in shifting the
Mohr circle towards lower mean stresses by an amount equal to the Pf (c1; and o3, in Fig. 11).
Failure by hybrid mode rules out the re-shear mechanism along an early cohesionless fabric,
suggesting that the rock volume was intact when the veining took place. Therefore, it is possible to
consider the Type-2 shear veins as structures favoured by pore overpressure and mineralising fluid
discharge (Cox et al., 2001; Sibson, 2004; Cox, 2010). We suggest that amphibole fibre growth
occurred within these fluid-driven structures as a sealing mineral material in a fluid-pressure-

cycling scenario.
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5.2 Insights on asbestos growth in non-serpentinised rocks

The scenario described above suggests that fibrous mineralisation in the studied metagabbro
provide insights on the naturally occurring asbestos in non-serpentinised rocks (e.g., Ross and
Nolan, 2003; Compagnoni and Groppo, 2006; Van Gosen, 2007; Giacomini et al., 2010; Vignaroli
et al., 2014; Punturo et al., 2015; Lucci et al., 2018), in contrast to the process of serpentinisation of
mafic and ultramafic rocks (Karkanas, 1995; Ross and Nolan, 2003; Compagnoni and Groppo,
2006; Van Gosen, 2007; Hendrickx, 2009; Viti et al., 2011; Gaggero et al., 2013), where water
activity-dependent mineralogical alteration triggers the asbestos growth in the form of chrysotile.

The proposed scenario considers that fibrous mineralisation in metagabbro is favoured by
positive feedbacks between polyphase deformation, decompression/cooling, and fluid circulation.
At both ductile and semi-brittle deformation conditions, the structurally controlled growth of
fibrous amphibole is determined by the dynamic crystallisation of fibres oriented parallel to the
direction of the maximum stretching, i.e. along the C-type shears in mylonitic foliation and parallel
to the vein opening direction, respectively. It is noteworthy that, although the mylonitic foliation is
widespread and diffuse throughout the rock volume, the fibrous growth of amphibole within the C-
type shear is rather scarce. Thus, a low-to-very-low percentage of fibrous growth (the ratio between
the amount of the fibrous amphibole divided by the total amount of amphibole) would be expected
for this structure. On the other hand, although the shear veins are localised structures within the
rock volume, the fibrous growth of amphibole is rather abundant, and a high percentage of fibrous
growth is expected for these structures. Indeed, our results document that the fibrils that we
documented in the shear veins of Type-2 comply with both morphological (elongate particles longer
than 5.0 pum, with a minimum aspect ratio of 3:1, and showing parallel or stepped sides developed
during growth) and mineralogical (actinolite asbestos for the amphibole group) criteria for asbestos
classification (AHERA, 1987; OSHA, 1994; WHO, 1986). Therefore, our structural dataset implies
the formation of shear veins as responsible for nucleation and localisation of asbestiform
amphibole, thus defining a potential hazard for the environment related to the naturally occurring
asbestos. Considering (i) an average of 5-10% in volume of asbestos amphibole in plagioclase veins
and (ii) a volume of the shear veins up to 1% of the outcropping metagabbro volume (that is about
0.1 km®), we crudely estimate 10 km® as the amount of asbestos amphibole over the metagabbro
block.
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5.3 Boundary conditions inducing asbestos growth in tectonised ophiolite rocks

Overall, a list of major preconditions and key factors for the growth of asbestos minerals in

tectonised ophiolite rocks can be proposed (Fig. 12):

- Tectonic environment (Te). Tectonised ophiolites show complexities in terms of
superimposed structures and mineralogical assemblages (including fibrous minerals)
developed under certain conditions of temperature and pressure (e.g., Trommsdorff and
Evans, 1974; Evans, 2004). The local tectonic structures are therefore considered a key rock
parameter for detecting and characterising the asbestos occurrence in ophiolites (Karkanas,
1995; Compagnoni and Groppo, 2006; Giacomini et al., 2010; Vignaroli et al.; 2011; 2014;
Gaggero et al., 2013; Bloise et al., 2017);

- Rheology (R). Tectonic structures hosting syn-kinematic growth of asbestos mineralisation
develop in both ductile (mylonitic foliation) and brittle (vein-array) rheological conditions
(Vignaroli et al., 2011, and references therein);

- Shear deformation (Sd). In both ductile and (semi-)brittle regimes, the concomitance of
strain and dynamic recrystallisation induces minerals to become fibrous in their growth
direction. In particular, asbestos formation is triggered by slickenfibre-like dynamic growth
along surfaces of maximum shear deformation in mylonitic foliation and by synthaxial
growth in shear veins. Conversely, static growth, such as that leading to corona structures
around porphyroclasts, can explain the occurrence of non-fibrous mineralisations;

- Micro-scale textural heritages (Th). In a ductile regime, asbestos can become localised at
micro-sites where mylonitic shearing overprints a former, coarse-grained and anhydrous
fabric, for which an enhanced physico-chemical reworking is required. In shear veins in a
more brittle regime, asbestos is localised and concentrated at micro-sites where pristine
textures are occasionally oriented parallel to the dominant strain direction (e.g., the relict
clinopyroxene cleavage is oriented parallel to the vein opening direction);

- Fluid circulation (Fc). Fluid-assisted crystallisation of asbestos is required within the
developing shearing structures. This is attested by: (i) the syn-metamorphic amphibole
growth on the early anhydrous mineralogical assemblage (i.e., the igneous
clinopyroxene+plagioclase assemblage for a gabbro) in a ductile regime; and (ii) the cyclic

mechanism of overpressure/mineral sealing within shear veins in a brittle regime.

We therefore consider the asbestos growth in tectonised ophiolite rocks in terms of the
rock’s evolving fabric (Sd-R-Th-Fc rhomb in Fig. 12), which encompasses a wide spectrum of

micro- and macro-structures resulting from the superimposition of chronologically distinct tectonic
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events (Te vertex in Fig. 12). The interplay between ductile and brittle structures induces secondary
permeability (Sd-R-Te triangle in Fig. 12) and strain localisation (Th-R-Te triangle in Fig. 12) in
the ophiolitic rock volume, which favours the processes of focussed fluid migration (Fc-Sd-Te

triangle in Fig. 12) and fluid/rock interaction (Fc-Th-Te triangle in Fig. 12).

5.4 From the tectono-metamorphic history to the asbestos hazard in ophiolitic rocks

Vignaroli et al. (2011) proposed a qualitative parametrisation of the asbestos hazard in
ophiolitic rocks as the product of geological characteristics, including the fabric heterogeneities, in
response to the different tectonic/geodynamic settings. The tectono-metamorphic reworking of
ophiolites in orogenic settings (Dewey and Bird, 1970; Cloos and Shreve, 1988; Cawood et al.,
2009) is proposed as an ideal scenario where framing the above-mentioned key factors for fibrous

and, possibly, asbestos concentration in rock fabric systematics.

During the subduction-exhumation cycle Fig. 13), ophiolites undergo superimposition of
chronologically distinct tectono-metamorphic events of fluid-assisted deformation and metamorphic
conditions (Pressure-Temperature paths), which lead to modifications of the original stratigraphic
sequence, texture, mineralogy, and rheology (Trommsdorff and Evans, 1974; Evans, 1977
Hoogerduijn Strating and Vissers, 1994; Hermann et al., 2000; Dilek and Furnes, 2011). It results in
a polyphase rock fabric made of superimposed deformation structures developed at ductile and at
more brittle conditions. Within the wide range of deformation structures, both mylonitic shear zones
and veins (numbers (1) and (2) in Fig. 13, respectively) are typical structures able to focus
metamorphic reactions and newly formed mineral assemblages (e.g., Vernon, 2004; Passchier and
Trouw, 2005; Austrheim, 2013). While mylonitic shearing enhances dynamic fibrous growth along
shear surfaces in ductile conditions, hybrid mode opening of syntaxial veins represents possible
deformation mechanism for localised asbestos crystallisation within the vein-filling material in

tectonised ophiolites.

Summing up, the occurrence of asbestiform mineralisation in ophiolite rocks and the
consequent open-air asbestos hazard strictly depend on (i) the rock fabric heterogeneity provided by
interference and superimposition between different tectonic structures, and (ii) the dynamic
crystallisation of fibrous minerals within the rock space assisted by fluid-assisted deformation.
Some geometrical parameters are crucial for defining the 3D distribution of the fibrous potentially-
hazardous minerals. They are (i) their spatial arrangement (mylonitic foliation can be pervasive
within the rock mass, whereas veins are localised and discrete), (ii) their thickness (mylonitic

foliation can be cm to m, whereas veins are in the order of mm to m), and (iii) their persistence
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(mylonitic foliation can be up to kilometres, whereas veins are up to a few metres). The evaluation
and quantification of parameters controlling the fibrous mineralisation may represent a starting
point toward a scientifically based approach in linking the rocks properties (the natural source) to
the amount of airborne asbestos (the induced product). Indexing the asbestos hazard in terms of the
rock properties can contribute to determine protocols and specific techniques for supporting
engineering activities in urban settings where management of asbestos-bearing rocks can induce
environmental risks both for workers and for residents. Structural-based information can be used to
optimise specific rock treatments based on the occurrence and the spatial distribution of those

geological structures most likely to contain asbestos.

6. Conclusions

The major novelty of this work is the documentation of deformation structures, mechanisms,
and boundary conditions for fibre formation and related asbestos hazard in non-serpentinised rocks
that are part of tectonised ophiolites involved in orogenic construction. The main conclusions can
be derived from this study are as follows:

(1) The shear fabric development, localisation of deformation, and occurrence of inherited
textures play a primary controlling role in the nucleation and development of amphibole
fibres in the transition from a ductile- to a brittle-dominated deformation environment in
non-serpentinised rocks.

(2) Within the wide range of deformation structures, shear veins can create the main structural
setting for asbestos concentration in non-serpentinised rocks.

(3) In addition to the process of serpentinisation for mafic and ultramafic rocks, the dynamic
crystallisation of fibrous minerals in non-serpentinised rocks defines a key process of
asbestos accumulation in tectono-metamorphic ophiolites.

(4) Boundary conditions for structures development (tectonic environment, inherited textures,
rheology, kinematics, and fluid-rock interaction) and occurrence (spatial distribution and
geometry) are key elements for characterising the ophiolitic rock masses in terms of factual
occurrence of asbestos.

(5) The structural approach to the analysis of fibrous minerals, as proposed in this study, should
guide a multidisciplinary and multiscale research approach toward the definition of a new
investigation procedure for evaluating and, possibly, forecasting the natural occurrence and

hazard of asbestos in terms of rock fabric systematics.
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Figure captions

Fig. 1 — Localisation of the study area. a) Geological sketch of the Ligurian Alps and Western Alps, Italy; b)
geological-structural framework of the area surrounding the studied quarry (after Capponi and Crispini
2006); c) schematic representation of a quarried site that has been used for structural investigations on the
considered metagabbro block. The most evident deformation structures are shown. Black arrows in vein
pictures represent direction of vein opening, which is either orthogonal or oblique to the vein wall. [mid-
width width]

Fig. 2 — Outcrops and selected samples. a) Sample TB62: fine-grained massive metagabbro; b) sample
TB59: foliated metagabbro characterised by a highly-dipping syn-greenschist mylonitic foliation; c¢) detail of
the syn-greenschist fabric composed of green amphibole+plagioclase association surrounding relicts of
clinopyroxene; d) sample TB61: half-metre-spaced set of metamorphic vein affecting the foliated
metagabbro; e) view of the vein surface consisting of plagioclasetquartz matrix hosting cm-width soft
bundles of fibrous amphibole; f) detail of the amphibole bundles nested within coarse plagioclase grains. am:
amphibole; cpx: clinopyroxene; pl: plagioclase; qtz: quartz. [mid-width width]

Fig. 3 — Thin section views of selected samples. a) Sample TB62: fine-grained massive metagabbro
consisting of a composite groundmass of clinopyroxene+plagioclase; b) sample TB59: foliated metagabbro
showing a syn-greenschist mylonitic foliation replacing the pristine coarse-grained magmatic fabric; c)
sample TB61: plagioclasexquartz metamorphic vein. The vein interface truncates the syn-greenschist
foliation, which is disposed at high angle with respect to the interface, and some magmatic relicts; d)
schematic drawing of the vein opening direction that is slightly oblique to the metagabbro/vein interface. All
pictures are scans of the thin sections. am: amphibole; cpx: clinopyroxene; pl: plagioclase; gtz: quartz. [mid-
width width]

Fig. 4 — Petrographic details of the massive metagabbro (sample TB62). a) fine-grained groundmass of
clinopyroxene-+plagioclase; b) back-scattered electron (BSE) imaging shows a rounded clinopyroxene grain
affected by internal microcracks and an alteration corona. Both the microcracks and the corona structure are
filled by amphibole grains developed during the syn-greenschist fabric; ¢) X-ray maps do not show
appreciable chemical zoning within the amphibole grains forming the corona. am: amphibole; chl: chlorite;
cpx: clinopyroxene; pl: plagioclase. [single column width]

Fig. 5 — Petrographic details of the foliated metagabbro (sample TB59). a) Detail of the syn-greenschist
fabric consisting of pervasive (sub-millimetre thick) C-type shear bands and S-foliation (see scheme in the
insert); b) BSE image and (c) X-ray maps of the C-type shear bands consisting of elongate grains of
amphibole in textural association with chlorite and subordinate titanite; d) a large, magmatic, clinopyroxene
rimmed by an alteration corona composed of amphibole grains developed during the syn-greenschist fabric;
e) the BSE and f) the X-ray maps show that the corona structure around the magmatic clinopyroxene consists
of prismatic/tabular amphibole grains disposed in a randomised arrangement. Pictures a) and d) are taken
under crossed polars. am: amphibole; chl: chlorite; cpx: clinopyroxene; pl: plagioclase; gtz: quartz; ttn:
titanite. [mid-width width]

Fig. 6 — Petrographic details of the vein post-dating the syn-greenschist mylonitic foliation (sample TB61).
a) Detail of the vein interface cutting though the metamorphic foliation. Fibrous amphibole, arranged either
as isolated specimens or as fan-shaped aggregates, develops within the vein, with growth sense from the
interface toward the centre of the vein (i.e., to the bottom of the micro-picture); b-c) details of the vein
interface cutting though a clinopyroxene relict. Similar to the previous case, amphibole develops at the vein
interface and penetrates toward the centre of the vein; d) detail of the vein interface cutting though a fine-
grained domain of the metagabbro fabric. The lack of fibrous amphibole within this portion of the
plagioclasexquartz vein is documented by the BSE imaging in e). Note, on the other hand, the occurrence of
fibrous amphibole within intrafoliar vein. Pictures a) and ¢) are in natural light, whereas pictures b) and d)
are at crossed polars. am: amphibole; cpx: clinopyroxene; pl: plagioclase; gtz: quartz. [mid-width width]

Fig. 7 — Petrographic details of the vein post-dating the syn-greenschist mylonitic foliation (sample TB61).
a) Coarse-grained clinopyroxene truncated by the metagabbro-vein interface. Pyroxene cleavage is rather
evident as well as the fibrous amphibole grown from the interface toward the centre of the vein. The vein is
filled by plagioclase with a blocky texture; b) and c) the clinopyroxene is characterised by a cleavage
oriented roughly perpendicular to the metagabbro-vein interface. Note the parallelism between the trend of
the clinopyroxene cleavage and the trend of growing fibrous amphibole; d) and e) BSE images showing that
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the site of nucleation of each fibre corresponds to cleavage-bounded microdomains of clinopyroxene; f) BSE
image detailing the occurrence of amphibole as individual fibres within the plagioclasetquartz vein. Note the
occurrence of very thin particles (fibrils) derived by the cleavage fragmentation of the fibres; g) BSE image
detailing a micro-crack within the clinopyroxene. This crack is filled by a groundmass composed of chlorite
non-fibrous amphibole, and sporadic titanite. Pictures a) and b) are taken under crossed polars, whereas
picture c) is taken in natural light. am: amphibole; chl: chlorite; cpx: clinopyroxene; pl: plagioclase; gtz:
quartz; ttn: titanite. [mid-width width]

Fig. 8 — Petrographic details of the vein post-dating the syn-greenschist mylonitic foliation (sample TB61).
a) and b) BSE images and X-ray maps of two selected domains along the metagabbro-vein interface. X-ray
maps shows that fibrous amphibole grown from the interface is not characterised by appreciable chemical
zoning. [mid-width width]

Fig. 9 — Diagram classification of the analysed amphiboles (after Leake et al., 2004). [single column width]

Fig. 10 — Structural-petrographic scenario of fibrous amphibole development in metagabbro including
diffuse syn-greenschist overprint attained at ductile regime (Type-1) and localised shear veining attained at
semi-brittle regime (Type-2). [mid-width width]

Fig. 11 — The complete failure diagram. The mylonitic foliation (Type-1 in Fig. 10) is framed within the von
Mises ductile failure criterion. The veining mechanism (Type-2 in Fig. 10), conversely, is framed within the
hybrid mode failure. The main role of fluid pressure (Pf) is considered to induce an extensional component
to the failure. on: normal stress; t: shear stress; o1 and ¢3: maximum and minimum stresses, respectively; f:
internal angle of friction. [mid-width]

Fig. 12 — Schematic diagram illustrating structural factors, as well as their interaction and feedbacks,
favouring concentration of asbestos in non-serpentinised rock following insights from this study. [mid-width]

Fig. 13 — Schematic scenario of orogenic accretionary wedge used for framing deformation structures and
boundary conditions leading to concentration, and possible hazard, of asbestos amphibole in ophiolitic rocks.
Numbers (1) and (2) refer to representative structural and metamorphic conditions for the mylonitic
greenschist fabric and the shear veining, respectively, as documented in this study. Amphiboles fields are
from Otsuki and Banno (1990). Act: actinolite; Hbl: hornblende. [mid-width]

Table captions

Table 1. Samples, mineral assemblages, and analytical methods.

Table 2. Chemical composition of selected analysed amphiboles.
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Table 1. Main characteristics of the selected samples.

Primary fabric Secondary (tectonic) fabric
Sample (main mineralogical Rheological Structures Main mineral
assemblage) regime assemblage
Igneous, fine-grained Syn-greenschist mylonltlc
. foliation; pl+am+chl+ep
TB59 texture Ductile .
corona structures around +ilm+ttn+ox
(cpx+pl) -
CpX grains
Relicts of igneous
texture, fine-to-coarse- Ductile-to-semi- .
" . + +
TB61 grained texture brittle Shear vein pl+am(+qtz)
(cpx+pl)
Igneous, coarse-grained Corona structures around
TB62 texture Semi-brittle and microcracks in cpx pl+am-+chl
(cpx+pl) grains

am: amphibole; chl: chlorite; cpx: clinopyroxene; ep: epidote; ilm: ilmenite; ox: oxides; pl: plagioclase; qtz: quartz; ttn: titanite
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Table 2. Chemical composition of the selected analysed amphiboles.

Micro-texture

in corona structures

along syn-greenschist

in veins post-dating
the greenschist

foliation N
foliation
Sample TB59 TB62 TB59 TB61
actinolite hn(:?r?t?IZ?:(?e actinolite hr(r)]?r?bnli:ge actinolite hn;ﬁ]gtg]lgilge actinolite
Sio2 55.03 47.10 54.09 48.44 54.29 48.44 54.98
Tio2 0.01 0.46 0.02 0.95 0.00 0.01 0.02
Al203 1.61 4.14 2.16 414 1.04 3.87 1.15
Cr203 0.04 0.00 0.00 0.03 0.00 0.03 0.00
FeO 7.53 11.26 11.92 7.85 5.78 7.26 8.95
MnO 0.15 0.12 0.09 0.16 0.07 0.07 0.11
MgO 18.79 14.17 16.74 16.01 17.97 17.33 16.15
CaO 12.37 10.53 11.95 11.06 11.69 10.53 11.76
Na20 0.58 1.28 0.52 1.24 0.23 0.25 0.23
K20 0.08 0.08 0.07 0.13 0.00 0.02 0.05
H20* 2.10 2.02 2.10 2.05 2.10 2.09 2.08
Total 98.29 97.32 99.66 97.66 98.21 97.83 99.14
Si 7.85 6.98 7.73 6.95 7.71 6.95 7.82
Ti 0.00 0.05 0.00 0.10 0.00 0.00 0.00
Al 0.27 0.71 0.36 0.71 0.17 0.64 0.20
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.02 0.23 0.16 0.44 0.00 0.06 0.00
Fe2+ 0.88 0.89 1.27 0.31 0.62 0.31 1.06
Mn2+ 0.02 0.02 0.01 0.02 0.01 0.01 0.01
Mg 3.99 3.13 3.57 3.49 3.78 3.69 3.47
Ca 1.89 1.63 1.83 1.73 177 1.60 1.78
Na 0.16 0.36 0.14 0.34 0.06 0.07 0.06
K 0.01 0.01 0.01 0.02 0.00 0.00 0.01
Tot. Cat. 15.09 15.20 15.09 15.20 15.03 15.04 15.04
Ca+(Na)B 1.97 1.85 1.90 191 1.92 1.64 191
Mg/(Mg+Fe2) 0.82 0.73 0.74 0.78 0.79 0.82 0.71

* Calculated assuming OH = 2 atoms per unit formula
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