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Abstract

The awareness of the potential risks associated with the environmental exposition of
asbestos is on the rise and has facilitated a new interest in in situ identification and as-
sessment of the hazards of fibrous minerals. The mineralised metacarbonate rocks of the
Guelb Moghrein deposit have not been studied regarding the identification and characteri-
sation of fibrous minerals occurrences. Thus, the aim of this study was to collect samples
from different lithotypes with visually identifiable fibrous minerals and to examine the
geological–structural features pertaining to their mode of occurrence and formation. The
mineral fibre components of the rock samples demonstrate that fibrous and asbestiform
mineralisation occurred via several modes, including fracture fill, slip-fibre recrystallisation
and replacement. The geological diversity of fibrous amphibole mineralisation points to
the chemistry of the rocks in this area and open space being the major factors controlling
the presence of NOA in this deposit. The variability of NOA due to different fibrous
mineral intergrowths is investigated by determining the bulk mineralogical and geochem-
ical properties of the fibrous mineral content of each sample. A novel observation was
pointed out in this study, showing the coexistence of fibrous siderite and anthophyllite.
The identification of the asbestiform features exhibited by siderite, anthophyllite and talc
in the mineralised metacarbonate of the Guelb Moghrein deposit underlines the necessity
for further mineralogical research to enhance our understanding of fibrous minerals and
how we assess their potential hazards to health.

Keywords: asbestos; anthophyllite asbestos; risks; geological occurrences

1. Introduction
The commercially applied term asbestos encompasses a group of six naturally occur-

ring fibrous silicates used in numerous past industrial and commercial applications for
their unique and desirable characteristics [1]. However, unlike commercially used UICC
asbestos, naturally occurring asbestos (NOA) samples are characterized by different fibre
morphologies, intermixed mineral phases and heterogeneous chemical compositions [2].
Thus, conventional geological, health-based or legal definitions for the term asbestos cannot
be easily used when studying NOA fibres [3]. Fibrous minerals encountered in natural
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geological deposits referred to under the generic term naturally occurring asbestos (NOA)
include those classified as both regulated and un-regulated [4]. Thus, the term elongated
mineral particles (EMPs) has been proposed by the US National Institute for Occupational
Safety and Health [5] as an extension to the definition of asbestos.

Growing concerns of the potential health effects from disturbed NOA have also facili-
tated investigations worldwide. Increasing attention to mineral fibre and NOA occurrences
in their natural geological settings has ensued over recent years in view of environmental
hazard assessment [6]. Naturally occurring asbestos (NOA) is a term used to define fibrous
minerals that are natural components of soils and rocks [7,8]. Natural and anthropogenic
disturbances to the NOA-hosted geological material represent a major source of asbestos
dispersion and subsequent exposure presenting an aggressive environmental hazard [9].

Asbestos minerals are defined as a specific group of six silicate minerals (i.e., serpentine
and amphiboles) that occur naturally as long, thin, flexible fibres as bundles orientated
parallel to each other. Unlike asbestos, fibrous minerals is a broad category that includes
any mineral exhibiting a fibrous elongated habit. Asbestos minerals are all fibrous minerals,
but not all fibrous minerals are asbestos. However, certain fibrous minerals such as winchite
have been shown to be extremely hazardous.

Metal deposits mined for copper, gold, silver, lead, tungsten or zinc are known to
be associated with fibrous minerals, especially in geologic environments where iron and
magnesium silicate minerals have interacted with water [10]. The mineralogy of potentially
hazardous airborne fibrous particles in mined mineral deposits is restricted by that of
the deposit type and associated rock lithologies. Anticipating and/or predicting natural
occurrences of asbestos in their geological environment offers a fundamental strategy for
mitigating the hazards of asbestos exposure and dispersion [11,12]. However, to adminis-
ter such progressive and prognostic hazard identification and mitigation, guidelines for
reducing the risks of environmental exposure to asbestos and an increased understand-
ing of the relationship between asbestos mineralisation and the geological conditions are
required [13,14]. Fibrous minerals, including asbestos, are found in a broad spectrum of
geological settings [11]. Predicting and quantifying the asbestos hazard and associated risks
in the natural environment requires knowledge on the geological setting and conditions
relevant for NOA environments [12]. Thus, if saving lives is to be accomplished in such
heterogeneous and unconfined (exposed to the atmosphere) settings, it is imperative that
greater attention be devoted to applying geological–structural based research for discerning
the correspondence between potential asbestos occurrences, geo- and lithological diversities
and any other impacting geological factors, such as deformation [15].

In this work, an example of an NOA occurrence in mineralised metacarbonate rocks
from the Guelb Moghrein Mine, Akjoujt, Inchiri Region, Mauritania, is investigated
(Figure 1). The geological conditions directly control the formation of the asbestiform
or fibrous crystal habit of minerals during crystallisation [16]. This site-specific geological–
structural investigation identifies the presence of NOA and provides insight into non-
asbestos fibrous minerals associated with asbestos that have not yet been documented.
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Figure 1. Graphical abstract of work investigated in the study.

2. Geological Background and Mineralisation
The Guelb Moghrein Mine is located close to the town known as Akjoujt, ~260 km

northeast of Nouakchott (capital city) in the Inchiri Province of Mauritania [17]. The Guelb
Moghrein Fe oxide-Cu-Au deposit is situated within the Mauritanide fold-and-thrust belt
that accreted during the Variscan orogeny along the western edge of the West African
craton [18]. Bound by thrust faults, a Ferro-Magnesian Carbonate unit (FMC) hosts the
two outcropping and lensoid Oriental and Occidental deposits of the Guelb Moghrein [19].
The FMC is situated between meta-basalt and mafic schists along its contacts [17]. The
coarse-grained, massive metacarbonate Oriental and Occidental bodies are host to the
iron oxide–copper–gold mineralisation [19]. These metacarbonate bodies primarily consist
of siderite with the accompanying ore and alteration minerals chalcopyrite, pyrrhotite,
pentlandite, gold, graphite magnetite and Fe-Mg clinoamphibole [20]. Surrounding the
mineralised metacarbonate bodies is an extensive zone of oxidation that formed during
weathering and is characterised by hematite, goethite and siderite with minor graphite
and anthophyllite [21]. The epigenetic Fe oxide-Cu-Au mineralisation is controlled by a
range of shear and fault zones [22]. The metacarbonate is truncated by discrete shear zones
characterising brittle deformation along which the Fe oxide-Cu-Au-Co mineralisation is
concentrated [22]. The stage of mineralisation is regarded as coeval with this shearing,
as the resulting breccia in the metacarbonate is always host to some Fe oxide-Cu-Au-Co
mineralisation [21]. Multiple, merging breccia zones up to 30 cm in width and consisting of
siderite, magnetite, Fe-Mg clinoamphibole, graphite and sulphide assemblages constitute
the shear zones in the mineralised metacarbonate (Figure 2) [21].
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Figure 2. Schematic illustration of the Fe oxide-Cu-Au-Co mineralised metacarbonate deposit of the
Guelb Moghrein (Gru–grunerite, chl-chlorite) (adapted from [21]).

The lithology and associated textures are characterised by their horizontal location
transversing along the distal least-altered and mineralised wall rocks through to the zones of
alteration and eventually the massive ore zones at the core of the mineralised metacarbonate
body (Figure 2). Progressing with horizontal distance towards the central ore zones is a
systematic increase in brecciation (fragment size and clast–matrix ratio [21]).

3. Materials and Methods
3.1. Sample Location and Collection

Fibrous mineral-containing rock fragments representing different lithotypes, textures
and modes of NOA occurrence and mineralisation were collected from the Guelb Moghrein
Mine (19◦44′45′′ latitude and 14◦25′40′′ longitude) (Figure S1). The Guelb Moghrein mine
comprises a single open pit, 141 m above sea level, from which the ore body is removed
and stockpiled [17]. The ore mined from the pit can be classified as structurally-modified
iron oxide–copper–gold (IOCG) mineralisation, and it is hosted in a unit of coarse-grained
ferro-magnesian carbonate. The deposit is marked by a siliceous gossan that outcrops as
two hills [23]. The samples were collected from the open mine pit based on their visually
apparent fibrous mineral content and varying lithotypes. The rock fragment lithologies
are easily assigned because in-pit geology exposures allow for a greater understanding of
close-space grade and geological continuity [17].

3.2. Sample Characterisation

The samples were examined using a geological–structural approach to characterise
the rock fabric and structural heterogeneities related to fibrous mineral occurrence and
formation (Figure 3).
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Figure 3. Flowchart for macroscale characterisation of the metacarbonate rocks.

A geological–mineralogical description of the samples was recorded, and they were
assigned to their respective lithological and corresponding structural classes. A total of
11 hand sample specimens were collected. The fibrous minerals identified in the rock
samples were classified based on colour, morphology, habit and properties (Figure S2).
Additionally, each sample was documented photographically.
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3.3. Fibre Subsample Extraction; Distinguishing Fibrous and Pseudo-Fibrous Minerals; and Acid
Test on Fibres (Determination of Carbonate Presence)

Fibres in each sample were identified and a small amount removed from the rock
specimen using sterile stainless-steel forceps. The removed fibrous material was placed in
a mortar and pestle and crushed to determine whether it was genuinely fibrous or pseudo-
fibrous. This was accomplished by observing whether the crushed material (i) formed
separable fibres or needles, (ii) matted together to form a ball, (iii) formed cleavage frag-
ments or (iv) formed a powder, under a binocular microscope. Carbonate impurities or
fibrous minerals were determined by exposing the extracted fibres to a weak solution of
hydrochloric acid (10%).

3.4. Mineralogical and Geochemical Investigation

From the entire suite of studied samples, sample 1 was selected for mineralogical and
geochemical analysis based on the peculiar characteristics of its fibrous mineral content.
The mixed fibrous morphological types identified in sample 1 include (i) flexible to ridged
fibrous crystals (asbestiform), (ii) brittle acicular crystals and (iii) coarsely acicular crystals
with a more massive appearance. All occur within a large poly-filamentous bundle of
parallel-arranged crystals within the metacarbonate host rock surface surrounding a siderite
matrix. The long crystal lengths (up to 10 cm) and their restriction to the surface plane
surrounding the pebble-like siderite matrix implies that the fibres are a slip-fibre type that
formed by recrystallisation in highly sheared zones [24]. However, unlike those of the
same lithology and slip-fibre origin demonstrated in samples 2 to 6, the fibrous bundles in
sample 1 exhibited a strong reaction to the acid test and produced many morphological-type
by-products (i.e., fibres, cleavage fragments and powder) following mechanical abrasion
via crushing.

3.4.1. Polarised Light Microscopy (PLM)

The intact subsampled fibres from sample 1 were placed on a slide, covered and exam-
ined using Polarising Light Microscopy (Olympus BX53M). The thin sections were made
parallel to the c-axis of the fibres to determine the textural and compositional relationships
within and between individual fibres comprising parallel-arranged fibre bundles. The
optical properties under plane polarising light (PPL) and cross-polarising light (XPL) were
determined.

3.4.2. X-Ray Diffraction (XRD)

The fibrous subsamples from sample 1 were disaggregated and crushed in a mortar
and pestle and submitted for XRD analysis to assess the bulk mineralogical composition.
Diffractograms were obtained using a Malvern Panalytical Aeris (Malvern Panalytical,
Worcestershire, UK) diffractometer with PIXcel detector (Malvern Panalytical, Worcester-
shire, UK) and fixed slits with Fe filtered Co-Kα radiation. The phases were identified using
X’Pert Highscore plus software. The relative phase amounts (weight %) were estimated
using the Rietveld method (quantitative analysis). The relative intensities (Equation (1))
and d-spacing (Equation (2)) were calculated from the diffractogram data.

Relative intensity (%) = I/I1 × 100 (1)

where I is the intensity of the peak and I1 is the intensity of the highest peak.

nλ = 2d sinθ (2)

where n = 1, λ (CoKα) = 1.78892 and d = nλ/2*sin(θ) (d-spacing value).
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3.4.3. X-Ray Fluorescence (XRF)

Major and trace element concentrations of the four asbestos mineral fibre samples
were determined using X-ray fluorescence (PANalytical Axios Max (Malvern Panalytical,
Worcestershire, UK) and Panalytical Philips PW2404 X-ray spectrometer, Malvern Pan-
alytical, Worcestershire, UK) at the Earth lab, Bernard Price Building, University of the
Witwatersrand, South Africa. Major elements were determined using the Norrish Fusion 1
technique using in-house correction procedures. Calibration standards were from Interna-
tional Reference Materials USGS series (USA) and NIM series (South Africa). Precision was
taken as 1% for elements in abundance greater than 5% by weight, and 5% for elements in
abundance less than 5%. Pressed pellets were prepared for trace element analysis.

3.4.4. BET-N2 Specific Surface Area

The specific surface area of the asbestos rock samples was determined by the BET
method using a Micromeritics TriStar 3000 V6.05 (Micromeritics Instrument Corporation,
Norcross, GA, USA) at the University of the Witwatersrand, Johannesburg, South Africa
and a surface area analyser with N2 as absorbing gas at the School of Chemistry, University
of the Witwatersrand, South Africa. A mass of ~0.2 g of each sample was placed in BET
sample tubes and degassed for 4 h. The samples were then loaded into the BET instrument
and N2 absorption isotherms were obtained, and the specific surface area determined.

4. Results
4.1. Sample Characterisation

Sizes, lithological and textural assignment, mineralogy and magnetic properties for all
samples as identified macroscopically are given in the Supplementary Material (Table S1).

Rock sample 1 (Figure S2) is composed of coarse-grained (~2 cm), light and dark
coloured, compact siderite crystals that exhibit perfect cleavage. Small magnetite crystals
are disseminated throughout the siderite crystal mass imparting weak magnetism to the
sample. The fibrous material is restricted to the surface of the carbonate rock and has a
white to clove-brown colour. The fibres occur in parallel fibre bundles showing a preferred
orientation with the longest fibre length being 10 cm and having a high aspect ratio.
The poly-filamentous fibre bundles show curvature and have splayed and/or irregular
ends. The fibres constitute the parallel fibrous aggregates and show mixed morphologies:
From fine, flexible asbestiform habits with individual fibres being readily separated from
bundles to coarser, more brittle acicular and lamellar habits that are less easily resolved
into individual fibrils and more tightly welded together. The mixed and heterogeneous
morphology, habit and tensile strength across parts of this sample suggest some alteration.
Crushing of the fibrous material subsamples resulted in a combination of fibres, cleavage
fragments and powder material.

In sample 2 (Figure S3), the extremely long, fine, white to clove- and dark-brown fi-
brous amphibole surround a matrix of pebble-like siderite breccia. The length of these fibres
and the slip-fibre occurrence indicates that their formation is a result of recrystallization
along shear planes. The subsampled fibrous material is clearly asbestiform, being flexible
and retaining its original aspect ratio and forming matted fibrous balls when crushed.
Additionally, these fibres did not react to exposure to acid, indicating that they are not
fibrous siderite or other carbonate minerals.

The four fibre bundles represented by samples 3–6 (Figure S4) show both fibrous and
acicular morphology, having mixed flexible and brittle fibrous portions. The fibres are
white to clove brown in colour and are arranged in parallel bundles. Sample 4 has splayed
fibre bundle terminations and sample 5 shows matted fibre on the surface indicating that,
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although the fibres in these four bundles appear quite straight and ridged, they do possess
a degree of flexibility.

The rock samples 7 to 11 are dark grey in colour and are composed mainly of siderite
and magnetite with white, fibrous amphiboles and sulphide intergrowths, which appear to
have a replacement paragenetic association of siderite. The texture in these samples is a
crackle breccia, where incipient brecciation of the siderite is identified by less mineralisation
and a weakly fractured appearance. These samples show structures that include variably
orientated and healed microfractures filled with both sulphides and fibrous amphiboles.
These veins resulted during in situ fragmentation of the primary siderite and subsequent
syntaxial vein filling [21]. The very weak response of the fibrous material in these samples
(besides sample 10 and 12) to acid implies that their bulk composition is most likely that
typical of silicates. Additionally, the mechanical crushing test resulted in the formation of
numerous individual finer fibres that retained their original aspect ratio in fibre bundles
and can therefore be interpreted as asbestiform particles. Sample 7 (Figures S5 and S6)
shows the textures and rock fabrics associated with the growth and occurrence of fibrous
amphiboles. Sample 8 (Figures S7 and S8), sample 9 (Figure S9), sample 10 (Figure S10)
and sample 11 (Figure S11) show fibrous amphibole occurrences because of vein filling and
replacement growth.

4.2. Polarised Light Microscopy (PLM)

The photomicrographs of sample 1 are given in Figures 4 and 5, showing a range of
pleochroic and birefringence colours within and between fibres along the c-axis, indicating
compositional heterogeneity. The PLM images show straight fibres forming parallel- ar-
ranged bundles. The fibres show both asbestiform (Figure 4) and acicular habits (Figure 5).
The colours observed in PPL include a mixture of pale-yellow and green, blue, and light
and dark shades of brown. Vibrant pink, blue, yellow, orange, green and white birefringent
colours are observed under XPL, and the sample has a parallel extinction angle.

4.3. X-Ray Diffraction (XRD), X-Ray Fluorescence (XRF) and BET-N2-Pecific Surface Area

The XRD (λ (CoKα) = 1.78892) and Rietveld refinement data of the minerals detected
in the fibrous material of sample 1 are shown in Figure 6, and the corresponding numerical
position and intensity data given in Table S2. The relative intensity and d-spacing deter-
mined for the anthophyllite–gedrite phase (Table S3) is consistent with that of the known
principle lattice spacings of anthophyllite [25].

X-ray fluorescence (XRF) was used to obtain the bulk geochemical major and trace
elements of the fibrous material extracted from sample 1 (Table 1. The BET-N2-specific
surface area of the fibrous material subsampled from sample 1 is 3.26 m2/g.

Table 1. Major (oxide wt%) and trace element (ppm) concentrations of fibrous material subsamples
extracted from sample 1, values of elements in the human lungs (ppm) [26] and the threshold values
(ppm) of metals in soils [27].

Oxides (wt%) Trace Elements (ppm) Elements in Human Lungs (ppm)
(Vanoeteren et al., 1986) [26]

Threshold Values (ppm)
(Toth et al., 2016) [27]

SiO2 19.73 Sc 100 ND NA
Al2O3 0.08 V DL 0.50 100
Fe2O3 34.13 Cr DL 0.50 100
MnO 1.43 Co DL 0.10 20
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Table 1. Cont.

Oxides (wt%) Trace Elements (ppm) Elements in Human Lungs (ppm)
(Vanoeteren et al., 1986) [26]

Threshold Values (ppm)
(Toth et al., 2016) [27]

MgO 17.70 Ni 43.9 1.00 50
CaO 0.88 Cu 7419 5.00 NA

Na2O 0.00 Zn 1.3 30 200
K2O 0.02 Ga DL NA NA
TiO2 0.01 Rb 0.65 10 NA
P2O5 0.12 Sr 1.5 1 NA

Cr2O3 0.00 Y 7.01 ND NA
NiO 0.01 Zr 0.06 NA NA
LOI 22.02 Nb 0.72 NA NA

Mo 1.53 NA NA
Ba DL >1.10 NA
Pb 8.42 0.50 60
Th DL ND NA
U DL 0.005 NA

Total 96.09 7585
DL: Detection limit; NA: Not available; ND: Not detected.

 

Figure 4. Sample 1: Photomicrographs of fibrous-acicular bundles in (a) plane polarising light and
(b) cross-polarising light. The fibre bundles show heterogeneous birefringence colours, and the red
oval highlights splayed ends of the asbestiform component.
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Figure 5. Sample 1: Photomicrographs of fibrous-acicular bundles in (a) plane polarising light and
(b) cross-polarising light. Heterogeneous pleochroic and birefringence colours are observed along the
length of the crystals. Notice the lenticular inclusion within the fibre bundle.
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Figure 6. X-Ray Diffraction and Rietveld refinement diffractogram of the fibrous material subsampled
from sample 1.

5. Discussion
NOA recognition and assessment actions are crucial for equipping industrial and

regulatory agencies with practical knowledge to implement procedures for controlling
exposure to NOA and other fibrous minerals during mining, construction and other geo-
disturbing activities. Worldwide, many worker populations or communities surrounding
NOA-bearing disturbed and/or exploited geological sites are potentially exposed to as-
bestos, fibrous minerals and/or EMPs (e.g., [28–37]), and awareness is growing. Incidences
of malignant mesothelioma and lung cancer have, in recent years, excessively been re-
ported in the USA, Corsica, Greece, New Caledonia, China, Italy and Turkey because of the
presence of NOA [38].

Fibrous amphiboles, including anthophyllite, actinolite and tremolite, constitute 2%
of the Guelb Moghrein deposit, where they commonly occur attached to the carbonate
minerals, along fractures or as discrete fibrous aggregates [20]. Samples 1 to 6 represent slip-
fibres that form in localised planes of shearing, resulting in the siderite being recrystallised
to amphibole fibre that is orientated in the direction of shear. Slip-fibre inference is based on
the long-lengths of the fibres observed in samples 1 to 6, as well as their occurrence as slip-
fibre coatings on the surfaces of metacarbonate host rocks. The nature of fibres observed in
samples 2 to 6 is unlike that in sample 1, which appears to have been altered by weathering
processes to some degree. Fracture-filling hydrothermal fibrous and replacement-type
fibrous mineral occurrences, as shown in samples 7 to 11, represent an early hydrothermal
event and late replacement stages, respectively. The fibrous mineral content of samples 7 to
11 are smaller and more irregularly distributed than that of samples 1 to 6. Additionally,
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much longer fibre lengths are observed in samples 1 to 6 (>6 cm), whereas those in samples
7 to 11 do not exceed ~2 cm.

Asbestiform habit was established for the fibrous minerals in all 11 samples. However,
unlike samples 2 to 11, sample 1 showed mixed and interlocking elongated crystal habits
within its fibrous mineral content, with asbestiform being subordinate relative to acicular.
The asbestiform habit of the minute fibres in samples 7 to 11 are easily identified using a
hand lens; they project from the fibrous bundle or aggregate mass. The macroscale habit of
fibrous minerals often does not correspond to that observed at the microscale, aiding in the
difficulty of distinguishing asbestos and non-asbestiform mineral fibres under regulatory
and scientific guidelines [39,40]. However, simple crushing tests allow fibrous material
from non- or pseudo-fibrous material to be distinguished based on flexibility and aspect
ratio retention of the crushed material using a binocular microscope.

The development of secondary textures of fibrous amphiboles is observed in samples 7
to 11, where the fibres appear to have originated at the siderite crystal boundaries, cleavage
planes and fracture. Those formed by siderite replacement along cleavage planes are
generally no longer than 4 mm in length; their preferred direction of growth is related to
the nature of the siderite surface. When fibre development due to siderite replacement is
advanced, mats of both parallel and/or random amphibole fibres are found surrounding
and covering the rock mineral substrate. The parallel mineral fibres displayed in samples
9 and 11 appear to produce a foliation covering the original rock minerals. Replacement
during late-stage, distal hydrothermal alteration has produced mesh textures in samples
8 and 10, where tiny fibrous minerals of interpenetrating and orientated bundles are
arranged along the siderite cleavage cracks. The samples studied here illustrate that, within
a single deposit type, several modes of fibrous mineral occurrences, textures and mineral
assemblages can occur.

The fibrous Fe-Mg clino-amphibole (i.e., cummingtonite, grunerite, tremolite and acti-
nolite) minerals are formed during equilibrium reactions, and directly replace siderite [21].
Hydrothermal metamorphism causes the siderite of the metacarbonate to metamorphically
react with silica-bearing hydrothermal fluids, leading to the paragenetic association of
quartz-free magnetite and fibrous amphibole minerals [41].

The unusual, intermixed fibre morphologies and compositions identified during the
crushing and acid tests of sample 1 were confirmed by bulk mineralogical and geochemical
analysis. The fibrous mineral content of sample 1 is unique in that it embodies all the
attributes of asbestos occurrences in complex mineralogical environments showing a wide
range of morphologies and intergrown mineral varieties. Bulk mineralogical and geochem-
ical analysis was performed only on sample 1, as its fibrous phases appear unlike those
observed in samples 2 to 11. Research pertaining to unusual but potentially harmful fibrous
minerals, not using the established parameters for defining asbestos in the regulatory sense,
are greatly lacking due to the challenges involved in identifying and characterising non-
conventional fibrous minerals in the natural environment. Optically, fibre colours observed
in sample 1 are heterogeneous on the micrometre scale, exhibiting colour banding within
and between individual fibres (Figures 4 and 5). This variation in colour suggests that the
fibres are chemically heterogeneous, providing evidence to either multiple generations
of mineral fibre growth or the partial replacement of original fibres [42]. The variety of
pleochroic colours observed under PPL (Figures 4a and 5a) suggests that transition elements
are incorporated within the mineral fibre structure [42]. The irregular colour zoning forms
distinct colour patches along the c-axis (Figures 4b and 5b), which are compatible with
formation during dissolution and reprecipitation [42]. Despite their minute size, the fibres
show complex and strong colour zoning in PLM, representing compositional heterogeneity
and most likely reflecting features typical of complex mineral fibre dissolution and repre-
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cipitation reactions [43]. This compositional heterogeneity observed in PLM is confirmed
in XRD, XRF and BET-specific surface area measurements that are unlike those of UICC
anthophyllite asbestos. The quantitative phase analysis of XRD data, using the Rietveld
method, shows that fibrous material of sample 1 is composed of three intergrown mineral
phases being siderite (65.7%), anthophyllite–gedrite (25.9%) and talc (8.3%). This mineral,
and therefore chemical, heterogeneity accounts for the anomalous and heterogeneous
pleochroic and birefringent colours observed within and between the crystals under PLM.
Although talc (8.3%), as observed in sample 1, is known to occur as in intergrowth within
anthophyllite at the submicrometric scale [31], to the best of our knowledge, this is the first
documented case of fibrous anthophyllite coexisting with fibrous siderite. Talc, whether in
the fibrous or non-fibrous form, has been shown to result in the induction of lung tumours
in rats following chronic particle inhalation [44]. There is no research or knowledge on the
carcinogenic and pathogenic effects of asbestos-associated fibrous siderite mineral phases.
Although these associated phases are thought to be harmless, little information on their
potential toxic effects is known [45], although asbestos-associated mineral phases should
not be neglected when considering the combined factors encompassing the toxicity of NOA.
Thus, the characterisation of natural assemblages should include all phases occurring with
asbestos fibres [46].

Bulk rock geochemistry of the fibrous material subsampled from sample 1 shows that
Fe2O3 (34.1 wt%), SiO2 (19.7 wt%) and MgO (17.7 wt%) are the main components of the
fibrous content. The iron, magnesium, calcium and manganese values are consistent with
those of the siderite previously reported for this deposit by [21]. The significantly higher
SiO2 content measured here is a result of the anthophyllite–gedrite and talc mineral phases
as identified by XRD. The elevated Ni and Cu values are also consistent with those given
by [21]. However, the Sr concentration is significantly greater and may also be attributed
to the additional mineral phase. Sakellaris [21] attributed Cu values > 1500 ppm to the
occurrence of local sulphide (chalcopyrite) mineralisation in the siderite rock. However,
the lack of sulphide mineral phase detection by XRD indicates that the 7420 ppm Cu
measured by XRF must be incorporated within the structure of one or more of the three
mineral phases reported by XRD in this study. This is an interesting finding and should be
considered for further examination.

The metal concentrations measured in the bulk, mixed mineral phase fibrous material
of sample 1 that are above the threshold values (ppm) in soil [27] and human lungs [26]
(Table 1 are copper (7491ppm), nickel (43.9 ppm), lead (8.42 ppm) and strontium (1.5 ppm),
and are to be considered an ecological and human health risk. The fibrous minerals isolated
in sample 1 are composed of an intergrowth of three mineral phases, namely siderite,
anthophyllite–gedrite and talc, and therefore it is important to regard their contribution
to the bulk major and trace elemental composition determined by XRF or XRD analysis.
The trace element concentrations are highly variable compared to UICC standards due to
the different mineral phase intergrowths and the independent geochemical mechanisms
influencing their genesis [33,46]. The specific surface area of UICC anthophyllite asbestos
is 4.4 m2/g [47], which is greater than measured here (3.26 m2/g). The BET surface area
of asbestos and other fibrous minerals influences the potential bioavailability and toxicity
of the minerals following inhalation, as the total surface area of these minerals controls
the extent of mineral fibre and biological system interactions. The total surface area of the
anthophyllite asbestos measured in sample 1 is lower than that of the UICC anthophyllite
sample and therefore it can be deduced that this sample has a reduced bioavailability
and toxicology. The heterogeneous and mixed mineral phase nature of NOA in natural
environmental settings is excellently depicted in sample 1.
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6. Implications for In Situ Identification and Health Risk Assessment
The samples and their fibrous mineral content represent different lithotypes within

the deposit, and their various textural associations are attributed to distinct geological
processes. This study highlights that the nucleation and growth of fibrous amphiboles
occur in numerous environments via different mechanisms within a single type of deposit.
The length of fibre growth also appears to be dependent upon the location or occurrence.
Replacement at siderite cleavage planes and grain boundaries having short fibre lengths
(maximum of 4 mm) and recrystallisation at shear planes or slip-fibre type resulted in the
greatest lengths (11 cm shown in sample 2 and 3). Fibres formed as a product of fracture
filling show intermediate lengths between replacement and recrystallisation mechanisms
of formation. The study identifies that fibrous amphibole and/or fibrous mineral formation
requires open space (i.e., cleavage cracks, fractures and/or shear planes). Mitigating the po-
tential risks of NOA exposure from mining activities requires an extensive understanding of
the geological setting and associated conditions favouring asbestos mineralisation. Knowl-
edge pertaining to NOA geological environments allows predictive asbestos management
tools to be developed that are critical for protecting public health.

7. Conclusions
In this study, metacarbonate rocks with visible fibrous minerals were collected from

the Guelb Moghrein mining site. The fibrous minerals correspond to fracture fill, slip-
fibre and replacement fibre modes. The asbestiform nature of the fibrous material content
was easily discernible in hand samples or under hand lens. The variable compositions
obtained for the fibrous mineral content of sample 1 are due to the mixed fibre content
and mineral phases. The coexistence of fibrous siderite and anthophyllite asbestos was
determined by XRF analysis in sample 1 from this deposit, which is a novel observation
not ever before recorded in the scientific literature. NOA occurrences are highly dependent
upon the geological conditions, and understanding these in various settings may allow
for the development of predictive strategies necessary for the in situ identification and
hazard assessment required for health-risk mitigation in the context of mining and other
geologically disruptive activities. Asbestos and fibrous minerals have been shown to
host various heavy metals that impart their toxicity once inhaled. Apoptosis and cellular
damage are caused by the exposure of cells to Ni ions and the subsequent induction of
tumours [48]. Lead is highly toxic and has extensively contaminated the environment and
led to numerous health issues in numerous parts of the globe [49]. Brain damage, mental
retardation, kidney damage and birth defects are some of the effects caused by chronic
exposure to lead [50]. Future research should include incorporating optical reactions into
PLM investigations and measuring the content of asbestos fibres in the air at the mine site.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/min15090991/s1: Figure S1: Photographs of different parts of the
Guelb Moghrein mine; Figure S2. Rock sample 1, showing least-altered siderite with white to clove-
brown-coloured, ‘slip-fibre’ type poly-filamentous, parallel-arranged fibre bundles on the surfaces.
Curvature of fibres and bundles, and splayed and/or frayed fibre bundle ends are observed; Figure
S3. Rock sample 2, showing long pebble-like, low clast/matrix ratio siderite breccia surrounded by
very long, fine fibrous amphibole; Figure S4. Samples 3 to 6, showing discrete, white to clove-brown
parallel-arranged fibre bundles ranging in length from 11 to 6 cm. The bundles of fibres demonstrate
quite rigid acicular habit. The bundle ends in sample 4 are splayed and have longitudinal splitting
in flexible fibres. Matted fibre masses are observed on the surface of sample 5; Figure S5. Sample
7, showing (a) white fibres occurring as mats encompassing and surrounding different minerals.
The flexible white fibrous bundles formed around mineral grain boundaries; within cleavage planes
and fractures, they directly replace siderite. (b) Fibre bundles as fracture filling in siderite crystals.

https://www.mdpi.com/article/10.3390/min15090991/s1
https://www.mdpi.com/article/10.3390/min15090991/s1
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The fibrous amphibole grew as fracture filling material in siderite microfractures and shows clear
crystallographic preferred orientation with respect to the fracture; Figure S6. Textures observed in
fibrous amphiboles, sulphides and magnetite within the siderite host rock; Figure S7. Sample 8,
showing (a) white- to tan-coloured vein filling asbestos in siderite organised in bundles; bundles
have a curvilinear trend orientated parallel to vein wall. Fibre bundle ends show individual fibrils
disseminated/splaying into the siderite matrix, and the boundary between the vein and the host
rock is sharp. (b) Replacement of siderite along cleavage cracks by fibrous amphiboles; Figure S8.
Fibrous amphibole mesh textures observed in sample 8 replacing siderite along cleavage cracks
and grain boundaries, forming thin sub-parallel bands; Figure S9. Sample 9, showing large mats of
fibrous mineral replacement of siderite overprinting original rock mineralogy and texture in both
(a) and (b); Figure S10. Sample 10 (a and b) shows replacement of siderite by fibrous amphiboles
along grain boundaries and cleavage cracks. The orientation of fibre growth conforms to that of the
cleavage microcracks and boundaries of the siderite grains; Figure S11. Sample 11, showing large
mats of replacement material having an elongated crystal habit covering original mineralogy and rock
textures. Table S1. General macroscopic description and lithotype category of the different fibrous
mineral-containing rock fragments; Table S2: Values of ◦2θ and intensity (I) recorded for the peaks of
each phase from the X-ray diffraction record (λ (CoKα) = 1.78892); Table S3: Reduction of data from
X-ray diffractogram (λ (CoKα) = 1.78892). The value of I/I1 (relative intensity %) is determined from
Equation (1), where I1 is the intensity of the highest peak of the phase and d (Ǻ) is calculated from
Equation (2) assuming n = 1.
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