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Abstract: Serpentinite powdered samples from four different regions were characterized using
scanning electron microscopy (SEM), X-ray diffraction (XRD), Spgr and porosity measurements,
UV-Vis and Infrared Spectroscopy of the skeletal region and surface OH groups. SEM micrographs
of the samples showed a prismatic morphology when the lizardite was the predominant phase,
while if antigorite phase prevailed, the particles had a globular morphology. The few fibrous-shaped
particles, only observed by SEM and weakly detected by XRD on MO-9C and MO13 samples, were
characteristic of the chrysotile phase. All diffraction XRD patterns showed characteristic peaks of
antigorite and lizardite serpentine phases, with crystallite sizes in the range 310-250 A and with
different degrees and types of carbonation processes, one derived from the transformation of the
serpentine, generating dolomite, and another by direct precipitation of calcite. The Sggr reached
values between 38-24 m?-g~! for the samples less crystalline, in agreement with the XRD patterns,
while those with a higher degree of crystallinity gave values close to 8-9 m?-g~!. In the UV region all
electronic spectra were dominated by the absorption edge due to O?~ — Si** charge transfer transition,
with Si** in tetrahedral coordination, corresponding to a band gap energy of ca 4.7 eV. In the visible
region, 800-350 nm, the spectra of all samples, except Donai, presented at least two weak and broad
absorptions centred in the range 650-800 and 550-360 nm, associated with the presence of Fe>* ions
from the oxidation of structural Fe?* ions in the serpentinites ((MgXFe2+1_X)3Si205(OH)4). The relative
intensity of the IR bands corresponding to the stretching modes of the OH’s groups indicated the
prevalence of one of the two phases, antigorite or lizardite, in the serpentinites. We proposed that
the different relative intensity of these bands could be considered as diagnostic to differentiate the
predominance of these phases in serpentinites.

Keywords: XRD; SEM; IR; RD-UV-Vis spectroscopy; chrysotile; antigorite; lizardite characterization

1. Introduction

Serpentine minerals are phyllosilicates with a large metamorphic stability field that is
generally formed during the hydration of basic to ultrabasic rocks. They have a general formula
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(MgxFe1_4)3SipO5(0OH)4; 0 < x < 1 and are characterized by a 1:1 unit with a tetrahedral Si-centred
layer and a trioctahedral Mg-centred layer. The different spatial arrangements of these layers result in
three main polymorphs: Lizardite, chrysotile and antigorite. The sheets form flats layers in lizardite,
fibrous cylinders in chrysotile and corrugated structures in antigorite [1]. Although it is known
that lizardite and chrysotile are the main varieties that are present in serpentinites with low-grade
metamorphic transformations [2,3] and antigorite is found in rocks with high-grade metamorphic
transformation environments [4], the P-T conditions of their thermodynamic transition are poorly
defined and sometimes it is difficult to evaluate to which conditions the rocks were exposed. On the
other hand, the variety of chemical substitutions of mono-, di and tri-valent metals ions [5,6] makes it
difficult to specify the composition and thermal stability of these phases.

Serpentinites are commonly used as raw materials for the production of a high purity of magnesium
oxide, asbestos and as ornamental stone [7]. In spite of this, details of their physicochemical properties
such as the crystal structure of the most common phase lizardite and antigorite are still a matter of
controversy. The behaviour of these rocks seems to be dependent on the serpentine phase that is
predominant in their composition [8,9] although sometimes it is not easy to identify them by traditional
petrographic methods. Additionally, the application of serpentinites depends upon the mineralogical
composition [10] and a specific analysis of the mineralogy of these rocks could provide appropriate
information about their possible use in industry.

In this paper, we reported the results of a characterization study by SEM microscopy, XRD and IR
and Vis-UV spectroscopy of six different serpentines, one from India, one from Portugal and the other
four serpentinites from two different regions in Spain that had been the subject of other investigations.
Our interest in this study was to deepen the understanding of the physicochemical properties of this
important family of materials and propose a quick and easy method in order to discern each of the
phases that were mixed in these serpentine minerals.

2. Materials and Methods

Six natural serpentinites were collected from four different massifs, where they were quarried and
marketed with the following commercial names:

Verde Pirineos (MO-9C and MO13) from Moeche, in Cabo Ortegal, Galicia (Spain) [8,9].

Verde Macael (MA8 and MA-2B) from Macael in Andalucia (Spain) [11,12].

Rain Forest Green (FG1), from Udaipur Rajasthan (India). This rock was extracted in a bedrock
quarry near the village of Vidhasar in the district of Bikaner, Rajasthan, India. This serpentinite is very
resistant to different strengths, compared to others of the same nature, such as Verde Donai (Donai),
from the Braganca-Morais massif (Portugal).

The rock samples were grounded and prepared to get homogeneous polycrystalline samples in
the case of X-ray analyses.

Thin sections of the six serpentinites were studied for a first mineralogical analysis using a Leica
DM2500P microscope with digital camera.

Scanning electron microscopy (SEM) studies were recorded with a Zeiss EM 900 instrument.
Previously, the samples were prepared in aqueous suspension in an ultrasonic bath.

X-ray powder diffraction (XRD) patterns of the six serpentines tested were recorded on a Siemens
D-500 (40 kV and 30 mA) diffractometer using CuKa radiation (A = 1.5437 A) Ni-filter, equipped with
the Diffract ATV3 software package. The crystal size was determined using the Scherrer formula [12].

The BET surface areas and porosity were measured using N, adsorption/desorption at 77 K
determined both volumetrically with a Micromeritics Gemini 2380 instrument.

FT-IR studies were performed with a Nicolet Avatar 360 FI-IR spectrophotometer in the range
4000-400 cm™, recording each spectrum from the same amount of sample pressed into thin wafers
with KBr and in an air atmosphere. Vis-UV spectra were recorded using a Shimadzu UV-2401 PC
spectrophotometer in the range 200-800 nm using the diffuse reflectance technique (DR-UV-VIS).
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3. Results and Discussion

3.1. Petrographic Studies

From the petrographic studies, we observed that all samples presented a high percentage of
serpentine phases (Figure 1a,b). Some of them were extremely carbonated. The origin of carbonation
in each case is being investigated at present.

Figure 1. (a) Serpentinite from Macael: Most original minerals have been replaced by serpentine.
The latter was replaced by carbonates in a later stage and acicular crystals of amphibole were
cutting the serpentine in a final metamorphic transformation. Cross Nichols microphotograph.
(b) Serpentinite from Cabo Ortegal (Moeche). The original ultramafic rock completely transformed into
serpentine. Fibrous chrysotile could be identified by cutting the other serpentine phases of the rock.
Cross Nichols microphotograph.
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3.2. Scanning Electron Micrographs (SEM)

SEM of the serpentine samples are reported in Figure 2. The morphology of the MA-2B and
MAS samples was mainly prismatic, corresponding to the lizardite phase, while the other samples,
Donai, FG1, MO-9C, MO13, showed quite a globular morphology, in agreement with the literature
data [1,4], probably due to the high-grade of metamorphic transformation of these samples with
respect to the first two ones. In addition, the few particles with fibrous shapes observed in MO-9C and
MO13 samples were assigned to the chrysotile phase of the serpentines [6].

Figure 2. Scanning electron microscopy micrographs of serpentinites.

3.3. X-ray Diffraction

The diffraction patterns of the serpentine samples are compared in Figure 3 and their
crystallographic parameters calculated by the Chekcell v.2. program of refinement software [13]
is summarized in Table 1. All graphics showed characteristic peaks of serpentine-based structures
with crystallite sizes calculated by the Scherrer method [14] in the range 310-250 A. In MAS8 and
MA-2B samples the fundamental phase of the serpentines was lizardite (Z = 1, ICDD No. 11-0386) and
their crystallographic parameters agreed with those reported in the ICDD card. The pattern for the
MAS sample corresponded mainly to the lizardite phase [12-15], with principal (h k 1) reflections at 26
values: 12.2(001),24.6(002),35.5(111),41.9(103) and 61.5(1 1 1) while in MA-2B samples additional
reflections were observed and its diffractions peaks were broader due to its lower crystallinity and
crystallite size. In the case of the MA-2B sample the new peaks were assigned to Ca(OH), (ICDD
No.78-0315, 26 = 18.8 and 34.7), calcite (CaCO3), (ICDD No. 5-586, 20 = 29.4, 39.6, 44.8, 47,6 and 48.3)
and dolomite (Ca;_xMgx(CO3)), (ICDD No. 36-426, 20 = 30.8). Taking into account the XRD analysis
in these samples, it seemed that there were two types of carbonation processes, one derived from
the transformation of the serpentine, generating dolomite, and another from direct precipitation of
calcite. It should be noted that in the area of origin of Macael serpentinites some of them appeared
sandwiched between sheets of carbonates. Ca?* ions coming from these layers, combined with CO,
fluids circulating on fractures and produced calcite precipitates [11].

In samples MO-9C and MO13 from Cabo Ortegal (Galicia) as well as Donai from Braganca
(Portugal) and FG1 from India, the predominant polymorph of serpentine was antigorite [16] (Z = 6,
ICDD No. 10-0402); i.e., serpentine from the transformation of surface olivines and pyroxenes (probably
due to the influence of meteoric water and mainly of sea water) whose crystallographic parameters
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agreed with those reported in the ICDD card. Four samples had a content higher than 75% of antigorite,
but carbonation was greater in FG1 and MO13 and, as a result, besides the peaks corresponding to the
antigorite, other small diffraction lines could be observed.

Patterns for MO-9C and Donai samples corresponded mostly to antigorite serpentine mineral
with principal (h k 1) reflections at 26 values: 12.1 (0 0 6),24.3 (0 0 12), 35.4 (1 3 4) and 60.1 (2 3 18). In the
case of FG1, MO13 and MO-9C, in the latter with less intensity, additional reflections from dolomite
(ICDD No. 36-426, 26 = 30.8), CaO (ICDD No. 82-1691, 20 = 32.3) and MgO (ICDD No. 78-0430,
20 = 42.9) were observed.
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Figure 3. XRD patterns of serpentinites: “ch” chrysotile, “x” Ca(OH),, “c” calcite and “d” dolomite.
The position and intensities of the peaks were reported according to the ICDD cards.

Table 1. Mineralogic composition, crystallographic data, calculated from the XRD patterns and specific
surface area.

Sample Mineral Phase Cell Paramaters(A) V(A3) D(A)  Sper (m?-g™)

A(A) B(A) C(A)

Lizardite, calcite, dolomite,

MAS nagnetite 5335(3) 5.335(3) 7.335(3)  180.8(3) 308 8
Map ~ Lizardite calcite, dolomite, g 5,90 535930 73390y 180502) 257 9

clorite, tremolite
Mo-9c  AAntigorite magnesite, 509000 g517(1) 42910(4) 20962(6) 280 )

dolomite

Antigorite, chrysotile,
MO13 ; . 52892(6) 9.204(2) 42.862(6) 2086.7(9) 307 25

magnesite, dolomite

Antigorite, calcite,
FG1 oo 52919(6) 9.214(2) 42.786(5) 2086.3(9) 380 25
Donai Antigorite 5301(1) 9.2064(2) 42.726(6) 2085.1(9) 237 38

Lizardite ICDD file No. 18-0779: a = 5.73172; monoclinic, SG: P31m (157), Z = 1. Antigorite ICDD file No. 12-0583: a
=5.305, b = 9.189, ¢ = 42.75, orthorombic, SG: (O), Z = 6. Predominant phase is marked in italics.
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3.4. Surface Area and Porosity

The surface area values for all serpentine samples are reported in Table 1. The nitrogen
adsorption/desorption isotherms (Figure 4) corresponded to type II of the BDDT classification [17].
Desorption and adsorption branches were coincident, which showed the non-existence of mesopores
but the presence of macropores (diameter, o > 50 nm) in these materials [17].

The specific surface areas (Sggr) reached values between 38-24 mz-g_1 for the samples less
crystalline (Donai, F1G and MO-9C and Mo-13), in agreement with XRD patterns, while those with
values of 8-9 m?-g~! corresponded to the higher degree of crystallinity (MA8 and MA-2B) in accordance
with its lower surface area.

20 4

15 - —— Donai
I FG1
5 ——MA2B
B —MAS8
> 101 MQO9C
2 —MO13 |
S 54
<]

Figure 4. Nitrogen adsorption isotherms on serpentinite samples at 77 K.
3.5. DR-UV-Vis Spectroscopy

The electronic spectra of the investigated samples are shown in Figure 5. All spectra were dominated
by the absorption edge associated with O?~ (2p) — Si** (3p) charge transfer transition, with Si** in
tetrahedral coordination, in the range 350265 nm, corresponding to a band gap energy of ca 4.7 eV.
The E; energy gap of MgO corresponded to charge transfer O~ — Mg?* was reported [18] to be of ca.
8 eV, corresponding to a wavelength of 155 nm, which was just below the lower wavelength limit of
our instrument.

In the visible region, 800-350 nm, all spectra, except Donai, presented at least two weak and broad
absorptions centred in the regions 650-800 and 550-360 nm. According to previous studies [19-21]
the first band could be associated with the °A; — *T; (*G) crystal-field d — d transition of octahedral
Fe3* ions, while the second was due to an oxygen-to-metal charge-transfer transition (0>~ — Fe3*).
The absence of absorption bands in the visible region in the Donai sample indicated that it either lacked
Fe?* replacing Mg?" ions or it had not been oxidized to Fe3*.

The UV-VIS spectrum of the FG1 sample presented the same absorptions described above,
although in this case the bands due to O?>~ — Si** charge-transfer transition and d-d transition of
octahedral Fe3* ions, showed lower intensity than in the other ones. However, the absorption in the
500-350 nm range, where the intensity was higher than in the other samples, had two of the most
intense components with maxima at 500 and 370 nm attributed to a charge-transfer transition (O*
— Fe®*) and metal-to-metal charge-transfer transition, which could be schematized as 2Fe3* — Fe?*
+ Fe?t, respectively [22,23]. These data, according to XRD patterns, indicated a higher structural
degradation of the FG1 sample with respect to the other ones and, as a result, an increase in the
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concentration of Fe** ions, due to oxidation of structural Fe?* ions (Mgy,Fe?*1_,)3Si,O5(OH),) to Fe3*,
and a decrease in the concentration of Si** ions tetrahedrally coordinated in the serpentinite.

Absorbance (a.u.)
PO O (R T . |
LA M [

I 3 I L | ¥ | ] | ! | 2 1
200 300 400 |, 500 600 700 800
A (nm)

Figure 5. DR-UV-vis spectra of the different serpentinites: (1) DONAIL (2) FG1, (3) MO-13, (4) MO-9C,
(5) MA-2B and (6) MAS.

3.6. FT-IR Spectroscopy

The IR spectra of the serpentine samples, in the 4000-400 cm™! range, were characterized by three
groups of bands: (i) Strong absorption bands in the range 3800-3500 cm™! (Figure 6), due to MO-H
(M = Fe?* or Mg?") stretching vibrations modes; (ii) a very strong complex of bands in the range
1200-600 cm~! (Figure 7), due to asymmetric and symmetric Si-O-Si stretching modes and (iii) one
or more strong bands in the region 600-400 cm™! (Figure 7) assigned to M-~OH stretching (M = Fe?*
or Mg2+) and Si-O-5i deformation modes [24]. Moreover, all the samples, except the so-called Donai,
presented absorption bands characteristic of carbonate species [25] of varying intensity, near 1440 cm™~!
and 880 cm™!, due to symmetric stretching and bending modes, respectively (Figure 7).

The IR spectra of the six serpentinites in the region of the surface hydroxyl is recorded in Figure 6.
All spectra were dominated by a broad absorption band with a maximum and shoulders of different
relative intensities. In the case of Donai, MO-9C, FG1 and MO13, maxima at 3685 (for Donai) and
3681 cm~! and shoulders at 3704, 3693 and 3670 cm™~! were observed. These bands are characteristic of
the stretching modes of the isolated surface OH’s over MgOg octahedra [26,27]. The spectra of the
MA-2B and MAS8 samples showed the same bands but the relative intensities differed significantly
from the preceding ones. In particular, the spectra clearly showed a maximum at 3670 cm™! and
evident shoulders at 3704, 3693 and 3685 cm™! i.e., the maximum at 3685 cm~! and the shoulder
at 3670 cm™! in the former samples and in the two latter ones were observed as a shoulder and a
maximum, respectively. The IR spectra corresponding to OH’s stretching modes we reported here
for serpentinite samples agreed with those reported in the literature [25,26]. However, in the case of
our serpentinites, we observed clearly a shift in the maximum of absorption to lower wavenumbers
from 3685-3681 cm~! for Donai, FG1, MO13 and MO9C samples, in which the prevalent phase was
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antigorite, down to 3670 cm™! for MA-8 y Ma-2B samples, where the prevalent phase was lizardite.
We considered that this shift of the maximum of absorption, corresponded to the isolated surface OH’s
groups over MgQOg octahedra, which was related to the structural effect of the antigorite or lizardite
phases. In fact, the lower values of cell parameters in lizardite compared to antigorite corresponded to
a lower Mg-O bond length, therefore in lizardite O-H bond length increased and as a result, the OH’s
stretching modes of the two rich in lizardite samples, MA-8 and MA-2B, were observed at a lower
frequency than in the case of the other ones in which the predominant phase was antigorite.
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Figure 6. FT-IR spectra of the serpentinites in the 3800~3350 cm™~! range.
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Figure 7. FT-IR spectra of the serpentinites in the 1700400 cm™! range.
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The IR spectra in the skeletal region of all samples reported in Figure 7 could be interpreted on the
basis of the known IR spectra of the silica polymorphs, where any oxygen atom in a tetrahedral-based
SiO, polymorph was bonded with two tetrahedral cations (Si**) and has a point group of symmetry
Cov [28-30].

The spectra of MA8, MA-2B samples were composed of sharp bands, indicating a high ion
ordering in the structure. These spectra showed the very strong Si-O-5i asymmetric stretching mode
with a maximum at 985 cm~! and shoulders at 1068 cm™~! (pronounced) and 966 cm~!. The higher
vibration mode, according to the literature [24,31], was due to the in-phase coupling of the asymmetric
stretching modes of the nearest Si-O-Si groups. The spectra of the samples FG1, MO13, MO-9C,
and Donai (Figure 7) were similar to the samples MA8 and MA-2B, although with less intense bands
and different relative intensities. Thus, the sharp band observed on MA8 and MA-2B at 985 cm?,
associated to asymmetric stretching of the Si—-O-Si bridges decreased consecutively in intensity in FG1,
MO13, MO-9C and Donai samples and, in parallel, the shoulder observed on the MA8 and MA-2B
samples to 966 cm™! increased its intensity up to be observed as an absolute maximum in the latter four
samples. Considering that the absorption maxima corresponding to the O-5i-O asymmetric stretching
mode were related to the value of cell parameters of the lizardite and antigorite phases, we associated
the higher vibration frequency of the MA8 and MA-2B samples, i.e, lower Si-O-5i bond length, to the
predominance of lizardite over antigorite and, on the contrary, the lower vibration frequency observed
for the other four samples where antigorite predominated over lizardite, was in agreement with the
SEM and DRX analysis.

In the 700-500 cm™! region, two bands were observed, the first one, of medium strength with
two components at 646 and 624 cm ™!, corresponded to the symmetric Si-O-Si stretching mode, which
also had a Si-O-Si in-plane bending character, while the other one was observed at ca. 564 cm~! was
assigned to stretching Mg—-OHy\.0) in octahedral sites [24].

The first component at 646 cm™ appeared as a maximum in samples MA8 and MA-2B, where the
predominant phase was lizardite, while the second at 624 cm™~! was a maximum when the prevalent
phase was antigorite. The maximum at 564 cm~! observed for the MA8 and MA-2B samples shifted
down (up to 555 cm™) for the F1G, MO13, MO-9C and Donai samples due to the higher Mg-OH bond
energy of the two former samples with respect to the latter ones.

Considering a tetrahedral symmetry for SiOy4, the two components observed on the lowest
frequency sharp band at 459 and 445 cm~! were associated to the Si-O-Si out-of-plane bending
vibration (6g;—0—si) and rocking mode of the Si-O-5i bridges [31], respectively.

The broad absorption band with maxima between 1430 and 1450 cm™! and the sharp band at
876 cm~! corresponding to the carbonate groups, decreased in intensity in the order: MA-2B, FG1 and
MO13 samples, agreeing with the diffractograms of these samples, where, in addition to the antigorite
and lizardite phases, diffraction peaks corresponding to the calcite and dolomite carbonates were
also observed.

Particularly, in the MA8 sample the presence of two bands at 1445 and at ca. 1220 cm™! (weak)
characteristic of surface hydrogen carbonates [32] (C—O symmetric stretching and COH deformation
modes, respectively), confirmed the formation of these species, more soluble than the carbonates,
by reaction of carbonate species with excess CO, circulating through the fractures of the rocks, according
to the reaction:

MCOg(S) + HzO(aC) + COz(g) R M(HCOg)z(S) - M=~Ca, Mg)

4. Implications of the Serpentinites

Many different tools have been used in the study of serpentinites and their mineralogy. Most of
them are confusing when trying to differentiate the different polymorphs. However, the proper
mineralogical characterization of these rocks is important when used in different applications, from
materials for construction to materials for insulation and as ornamental stone. Some fibrous minerals
have been proven to be related to specific health problems such as asbestosis. It has been reported that
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rigid fibers such as those identified with acicular amphiboles (e.g., actinolite, tremolite) can cause tissue
damage that can degenerate into mesothelioma [33,34]. It has not been fully proven that serpentine
polymorphs are related to health issues, but it is very important to present a complete and reliable
characterization of stones when they are commercialised in a quality demanding market. The easy
methods we proposed in this paper for the analysis of serpentinites such as Vibrational and Electronic
spectroscopy can save a lot of time in the characterization of these rocks, with the implications in
the advance of petrogenetic research of them, but also the economic implications related to different
economic areas, from natural stone exploitation to the use of serpentine phases in new ceramic products,
avoiding acicular/fibrous and suspicious phases.

The presence of Fe3* cations, from the transformation of serpentinites, may be detected by Vis-UV
spectroscopy. Thus, the presence of two broad absorptions bands at 800 and 350 cm, due to °A; —
Ty (*G) crystal-field d — d transition of octahedral Fe** ions, and oxygen-to-metal charge-transfer
transition (O* — Fe3*) was indicative of the presence of Fe>* ions from the oxidation of octahedral
Fe?" ions, partially replacing Mg?* ions, in the serpentine phase.

We proposed that the twobands of the IR spectrum assigned to terminals OH’s groups on octahedral
Mg?* ions of serpentinites, with maxima at ca. 3685-3681 cm~! for samples whose predominant phase
was antigorite and 3670 cm™ for those whose predominant phase was lizardite, could be considered
diagnostic in order to differentiate the predominance of these phases in serpentinites.
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