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ARTICLE INFO ABSTRACT

Ni-Mg-phyllosilicates, so-called “garnierites”, are significant Ni ores in Ni-laterite deposits worldwide. In addi-
tion, they are the natural analogues of synthetic catalysts involving Ni and phyllosilicate substrates used in re-
actions for the remediation of greenhouse gases. However, the nomenclature, classification and characterisation
of Ni-Mg-phyllosilicates is a long-lasting problem, because of their fine-grained nature, poor crystallinity and fre-
quent occurrence as intimate mixtures. This work presents and discusses DTA-TG, Raman and FTIR spectroscopy
data of a series of well characterised, naturally occurring Ni-Mg-phyllosilicate samples with a variety of mineral
compositions (including serpentine-dominated, talc-dominated and sepiolite-falcondoite, with various Ni con-
tents). The results are compared to data obtained from crystalline, 1:1 and 2:1 Mg-phyllosilicates and from the
literature. DTA-TG confirmed that the talc-like fraction in garnierite mixtures belongs to the kerolite-pimelite
series. The different garnierite types analysed are distinguishable from their Raman and FTIR spectra, and the
serpentine, talc and sepiolite components could be identified (e.g. by Raman bands at ~690cm~!, ~670cm™"
and ~200 cm ™, respectively). Knowledge of Raman and FTIR vibrations of garnierites with constrained structure
and composition is paramount in order to effectively characterise these phyllosilicates, and can be applied to
mineral identification in ore exploration and processing, and after synthesis for nanotechnology purposes.
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1. Introduction

Ni-Mg-phyllosilicates, often grouped under the term “garnierites”,
are important Ni ore minerals in weathering profiles developed on ul-
tramafic rocks (e.g. Golightly, 1981, 2010; Freyssinet et al., 2005). This
group of minerals had been extensively studied during the 1960s to
early 1980s (Caillere, 1965; Faust, 1966; Brindley and Hang, 1973;
Brindley, 1978) and gained interest recently (Wells et al., 2009;
Villanova-de-Benavent et al., 2014, 2016; Cathelineau et al., 2016;
Fritsch et al., 2016; Roqué-Rosell et al., 2017; Cermékovi et al., 2017).
The problem with the identification of the garnierite minerals deals with
their poorly crystalline, fine grained nature and their frequent occur-
rence as mixtures of serpentine, talc, sepiolite, chlorite and/or smec-
tite (e.g. Brindley and Hang, 1973). Apart from their significance as
Ni ores, garnierites are in fact the natural analogues of widely de-

scribed synthetic catalysts involving Ni and phyllosilicate substrates
(Kawi and Zao, 1999; Melo et al., 2008; McDonald et al., 2009; Bloise
et al., 2010; Kong et al., 2015), with applications such as the remedi-
ation of greenhouse gases (e.g. Sivaiah et al., 2011; Bian et al., 2015).
Even more so, some natural garnierites have been considered as plau-
sible catalysts (Jacobs et al., 1980; Linares et al., 2014) because the Ni
concentration is similar to that of certain commercial catalysts (Topsoe
et al., 1996).

Differential thermal analysis coupled with thermogravimetry
(DTA-TG) has been historically used to identify most phyllosilicate
groups (Caillére and Hénin, 1957a, 1957b, 1957c) and is essential to
determine the amount and the location of water in their structures. Ac-
tually, it has been proven very useful to distinguish among the serpen-
tine group minerals (Viti, 2010). Some authors studied the thermal be-
haviour of certain garnierite types, with a limited number of samples
(Caillére, 1965; Hang and Brindley, 1973; Springer, 1976; Tauler et al.,
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2009; Bunjaku et al., 2011; Sufriadin et al., 2012), but a comparative
study including different mineral compositions is needed, as detailed
studies are scarce (Fritsch et al., 2016).

Micro-Raman spectroscopy represents an easy, trustworthy and
non-destructive method that can be used to distinguish phyllosilicate
minerals in situ, even when samples are very fine grained, consist
of intimate mixtures at the nanometre scale and/or are poorly crys-
talline. In particular, serpentine group minerals (antigorite, lizardite and
chrysotile) are easily identified by this technique, as each of them dis-
plays characteristic Raman bands (Rinaudo et al., 2003). In addition, a
very detailed, recent study on the so-called talc-like, kerolite-pimelite
series provides valuable hints on the variation of the Raman effects with
Ni content (Cathelineau et al., 2014, 2015). However, available mineral
databases of micro-Raman spectra lack trustworthy references of most
garnierite minerals.

Complementary to DTA-TG and Raman spectroscopy, infrared spec-
troscopy contributes to a better understanding of the structure of
Mg—Ni— phyllosilicates (Brindley and Wan, 1975; Brindley et al.,
1979), but most studies focussed on a single mineral species or series
(Ishida, 1990; Kloprogge et al., 2000; Yeniyol, 2014), or analysed syn-
thetic Ni-phyllosilicates (Dumas et al., 2013; Baron and Petit, 2016;
Blanchard et al., 2018).

The present work provides and discusses detailed DTA-TG, Raman
and IR spectroscopy data from garnierite samples made of various pro-
portions of serpentine- and talc-like minerals, and sepiolite-falcondoite,
with well constrained mineral compositions. The results are compared
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with data obtained from crystalline 1:1 and 2:1 Mg-phyllosilicates (ser-
pentine, talc and sepiolite) and with data from the literature. The aims
are to demonstrate the viability of these techniques to provide a reliable
and easy identification of the poorly understood garnierite mixtures,
and to shed light on the effect of the mineral chemistry (in terms of Ni,
Si and water contents) on the thermal and spectroscopic study of these
minerals. A better knowledge on the thermal behaviour and the Raman
and FTIR response of Ni-Mg-phyllosilicates could be used to better con-
strain the mineral composition of the material derived to the smelting
furnace during mineral processing, and to help unravel the stability and
properties of similar synthetic phyllosilicates for their specific nanotech-
nological purposes.

2. Materials and methods
2.1. Samples

For the present study, eight garnierite samples from the Falcondo
Ni-laterite mining district in central Dominican Republic (Fig. 1a) were
selected as the most representative of the five types described in
Villanova-de-Benavent et al. (2014, 2016) and Roqué-Rosell et al.
(2017) in terms of their structure and composition determined by pow-
der X-ray diffraction (XRD), electron microprobe (EMP) and transmis-
sion electron microscopy (TEM) (Table 1): a) types I and II (dominated
by serpentine-like minerals); b) types III and IV (mixed serpentine- and
talc-like minerals); and c) type V (sepiolite-falcondoite).
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Fig. 1. Geological setting and mode of occurrence in the field of garnierite mineralisations in the Falcondo mining district: (a) geological map of the Ni-laterite deposit formed by weath-
ering of the Loma Caribe peridotite (modified from Nelson et al., 2015); (b) schematic Ni-laterite profile in the study area; (c) garnierite veins, (d) coatings and (e) breccias.
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Table 1
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List of the samples analysed by DTA-TG, Raman spectroscopy and FTIR for this study, including the mineralogy (obtained by powder XRD), the average structural formulae (analysed by
EMP, number of analyses averaged in brackets), the calculated talc fraction of the garnierite mixtures (Xtalc) and the provenance of the samples (n.a. = not analysed, < d.l. = below

tetra

Y octa

detection limit). *Xtalc = 1.5 X -1

Sample _Mineralogy (XRD]

Structural formula (EMP)

NiO (wt.%) Xtalc* Locality

lizardite Liz-1 n.a. na. - Cornwall (United Kingdom)
lizardite Liz-2 Mgz 72Alp.16F €0.15811.5005(OH)s [15] 0.02-0.06 Elba Island (ltaly)

chrysotile CRIS Mgy 7gF€g 11Mng g4Siz.0205(0H), [3] <0.01 Huelva (Spain)

tale TLC M2 0:Alg g1F€0,01Sis.01049(OH): [7] <0.02 Leon (Spain)

sepiolite SEP Mg3 s2F€0.04Al.01Si5.04015(OH)6H,0 [3] <dl. - (Spain)

Type | 09GAR-2 serpentine (7.26-7.32 A) (M35 34Nig 4F€0.15)Si2 4606 27{OH)3 49°0.26H,0 [16] 3.19-14.58 0.26 Falcondo (Dominican Republic)
Type Il LC-100  serpentine (7.30 A) + talc-like (10.20-10.54 A) (Mg2 0aNig a7Fe0,05)(Siz 53Al0,05) 5 53(OH)3 35°0.31H0 [66] 377-2662 0.31 Falcondo (Dominican Republic)
Type Il GAR-2 serpentine (7.40 A) + talc-like (10.56 A (Niz 42Mggs6F€0,01)Si2 7105 g1(OH)3.25'0.36H,0 [4] 42.90-4524 036 Falcondo (Dominican Republic)
Type IV GAR6 talc-like (9.94-10.14 A+ 7.34 A) (Ni1 9oMg1.10)(Si3 61Alp,01)0g 06(OH)2.40'0.81H,0 [17] 24.26-38.91 0.81 Falcondo (Dominican Republic)

LC-100 talc-like (9.94-10.14 A £ 7.34 A)

(Ni1.05MG1 04)Sis 6305 24(OH)2.300.85H,0 [109]
Mg 02Nios1F €0 12Si12.11Alp 02015(OH)2 6H,0 [16]

18.37-44.39 0.85 Falcondo (Dominican Republic)
2.06-3.53 Falcondo (Dominican Republic)

FALC-4  sepiolite (12.07 A)
FALC-3 sepiolite (12.15 A)

The garnierite mineralisations exposed in the Ni-laterite mining pits
are found mainly within the lowermost part of the saprolite (lower, ser-
pentine-rich horizon), and less frequently in unweathered serpentinised
peridotite (bedrock) at the base of the profile and in the upper sapro-
lite horizon (Fig. 1b), occurring mainly as veins in fractures (Fig. 1c),
or coatings on fault surfaces (Fig. 1d), and as clasts and/or cements in
breccias (Fig. 1e).

Type I garnierite is yellowish pale green (Fig. 2a) in colour and
consists of serpentine according to powder XRD (Table 1,
Villanova-de-Benavent et al., 2014); but TEM investigations reveal the
presence of thin talc-like fibres (Villanova-de-Benavent et al., 2016).
This garnierite type has the lowest Ni contents in Falcondo garnierites
(3.19-14.58wt% NiO in the analysed sample) (Fig. 21); and is the
only with remarkable Fe content (1.66-5.35wt% Fe,O3), whereas Fe
is mostly below detection limit in the other garnierite types (Table
1). Type II is apple green and often occurs as coatings on angular
saprolite fragments (Fig. 2b). It is characterised by a very intense and
sharp reflection at ~7.30 [o\, and a lower, broader reflection at ~10f\,
corresponding to the basal spacings of serpentine group minerals and
talc, respectively (Table 1). This suggests that the sample consists of
a serpentine-like phase with talc-like impurities, as confirmed by TEM
(Villanova-de-Benavent et al., 2016) (Fig. 2b). The Ni content is higher
than in type I, between 3.77 and 26.62wt% NiO in the sample se-
lected for this study (Fig. 21, Table 1). Type III garnierite displays an
intense green colour with a characteristic dull to greasy lustre. It oc-
curs as coatings on other garnierites and cements in breccias (Fig. 2c).
It has two reflections with similar intensities around 7.30 A and 107\,
indicating a mixture of serpentine- and talc-like phases at the nanome-
tre scale (Table 1). Type III garnierites contain the highest Ni content
of the Falcondo garnierites, from 42.90 to 45.24wt% NiO in the se-
lected sample (Fig. 2l, Table 1). Type IV is bluish green, and forms
thin coatings and cements in breccias, is often overgrown by microcrys-
talline quartz that fills porosity (Fig. 2a, b and d). Type IV garnierite
only shows a broad reflection at ~10A suggesting that it consists of a
talc-like phase (Table 1). It yields a wide range of Ni compositions: be-
tween 18.37 and 44.39wt% NiO in the samples selected for this study
(Fig. 21, Table 1). Its most characteristic feature is the appearance as
banded botryoidal aggregates observed under the optical microscope
(Villanova-de-Benavent et al., 2014). Its texture and mineral chemistry
is similar to those of the kerolite-pimelite from New Caledonia described
and analysed by Wells et al., 2009, Fig. 7) and Cathelineau et al. (2016).
Type V garnierite forms white (Ni-sepiolite, Fig. 2e) to pale green (fal-
condoite, Fig. 2f) compact sets of schistose, friable, soft material. As type
IV garnierites, sepiolite-falcondoite have various Ni concentrations, be-
tween 2.06 and 26.82wt% NiO in the selected samples (Fig. 21, Table
1). Different types of garnierite may coexist in the same sample (Fig. 2a
and b), however, it is important to point out that sepiolite-falcondoite
have never been observed in contact with garnierite types I to IV (ser-
pentine- and talc-like garnierite mixtures) in the study area, unlike in
the case of New Caledonia (Fritsch et al., 2016).

Nis 15M0s 42F €0 01511184l 12015(OH)2 6H,0 [3]

18.26-26.82 Falcondo (Dominican Republic)

The study is complemented with samples of crystalline 1:1 and
2:1 Mg-phyllosilicates from other localities, in order to detect differences
in thermal behaviour and Raman and IR response between Ni-bear-
ing and their corresponding Mg end members; including lizardite from
Lizard, Cornwall (lizardite type locality, United Kingdom; Fig. 2g) and
Elba Island (Italy; Fig. 2h), and chrysotile, talc and sepiolite (from
Huelva, Le6n and Setcases, respectively, in Spain; Fig. 2i-k) (Table 1).

2.2. Differential thermal analysis and thermogravimetry (DTA-TG)

The same powders studied by XRD were later analysed by DTA-TG
(Netzsch STA 409C/CD) in the Departament de Mineralogia, Petrologia
i Geologia Aplicada, Facultat de Ciéncies de la Terra, of the Universitat
de Barcelona. DTA was acquired from 50 mg of each garnierite type and
the crystalline 1:1 and 2:1 Mg-phyllosilicate reference samples using an
alumina crucible, from 25 to 1000°C at 10°C/min, under a dry air at-
mosphere with a flow rate of 80 mL/min. The software Netzsch Proteus
Analysis® was used to calculate the loss of water for each step in the
TG diagrams, and to obtain the temperatures of the endothermic and
exotermic peaks in the DTA diagrams (the maxima and minima of the
curves, respectively).

2.3. Micro-raman spectroscopy

Raman spectra were obtained on polished thin sections with a
HORIBA JobinYvon LabRam HR 800 dispersive spectrometer equipped
with an Olympus BXFM optical microscope in the Centres Cientifics i
Tecnologics of the Universitat de Barcelona (CCiT-UB). Different laser
wavelengths were tested in order to obtain the best possible spectra
avoiding fluorescence related to crystalline defects and fluorescence
emitting centres: 325nm (near ultraviolet), 532nm (green), 785nm
(red) and 1064nm (near infrared). Best results were obtained with
the 1064 nm laser, and spectra using the 532nm wavelength are also
displayed, for comparison (despite strong fluorescence effects), and to
show the high frequency region (> 3300cm™). Non polarized Raman
spectra were obtained in the backscattering confocal geometry, with
a 50 x objective for the NIR measurements (beam size around 2pum)
and 100 X objective (beam size around 1pm) for visible Raman analy-
sis, with 10 measurement repetitions for 60s each. An InGaAs detector
cooled at and —110°C was used for the Raman measurements obtained
in the NIR excitation laser, whereas for the visible experiment a CCD de-
tector cooled at —40°C was utilized. The instrument was calibrated by
regularly recording a silicon reference and checking the position of the
silicon band at ~520 cm™!. The micro-Raman data were processed using
the LabSpec® software (Jobin Yvon). The final spectra were produced
by subtracting the fluorescence signal.

A micro-Raman map was obtained on a selected region of interest
containing saprolite fragments and two different types of garnierites.
This map allows the observation of the distribution of the different
species in the analysed area by their respective characteristic Raman
spectrum. This map was performed using a WITec alpha300RA + Con-
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Fig. 2. Hand specimen pictures (a-k) and mineral composition (1) of the studied Ni—Mg phyllosilicates: a) type I garnierite (sample 09GAR-2), b) type II garnierite (LC-100A), c) type
1II garnierite (GAR-2), d) type IV garnierite (GAR-6), €) type Va Ni-sepiolite (FALC-4), f) type Vb falcondoite (FALC-3), g) lizardite (LIZ-1, from Cornwall), h) lizardite (LIZ-2, from
Elba island), i) chrysotile (CRIS, from Huelva), j) talc (TLC, from Le6n), k) sepiolite (SEP, from Setcases). Legend: I-IV = garnierite types I-1V, sapr = saprolite fragment, Qz = quartz,
Ni-Sep = Ni-sepiolite, Fal = falcondoite, Lz = lizardite, Ctl = chrysotile, Tlc = talc, Dol = dolomite, Sep = sepiolite. The ternary diagram (1) includes EMP analyses of the samples 09GAR-2
(I), LC-100 (II and IV), GAR-2 (III), GAR-6 (IV), FALC-4 (Ni-sepiolite) and FALC-3 (falcondoite), fields from Villanova-de-Benavent et al. (2014). Legend: Ker = kerolite, Pim = pimelite,
Nep = népouite, Pec = pecoraite.

focal Raman Imaging Microcoscope, with a 532nm laser (CCiT-UB). The The map was obtained after scanning the area, applying a cluster
size of the analysed area is 6750 x 1000 pm, with 100 scanned lines analysis to the confocal Raman image, which allow to group the Ra-
and 675 analysed points per image (i.e. Raman spectrum is recorded man spectra according to their similarities in the range 150-750 cm™!
every 10pm), and 0.3s of integration time (202.5s per line). (where serpentine and talc phases present more differences in band po-
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sition and intensity), and merging the areas into one single image in
which the colour scale represents characteristic Raman signal. The map
and the spectra associated to it were processed using the software WITec
Project version 2.08.

2.4. Fourier-transform infrared spectroscopy (FTIR)

Each sample was powdered and analysed by Fourier transform in-
frared spectroscopy (FTIR) in attenuated total reflection (ATR) mode,
using a diamond cell. The equipment used was an infrared spectrome-
ter Bomem MB-120 equipped with DTGS detector in the CCiT-UB. The
resulting spectra are the sum of the 30 scans collected from 4000 to
350cm™! at a resolution of 4cm™1.
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3. Results and discussion

3.1. Thermal behaviour of Ni-phyllosilicates

For the garnierite samples, the DTA-TG curves are shown in Fig. 3a—f
and the endothermic and exothermic peaks and mass loss values are
listed in Table 2. For the crystalline 1:1 and 2:1 Mg-phyllosilicate sam-
ples, the DTA-TG curves are presented in Fig. 4a—e, respectively, and the
values are listed in Table 3.

Garnierite types I and II show similar DTA and TG curves, with
two weak endothermic peaks at low temperatures (at 80°C in type I,
109°C in type II), and at 624-635°C, and a strong exothermic peak at
816-817 °C (Fig. 3a-b, Table 2). In both garnierite types mass loss is pro-
duced in three steps: 3.4-3.74, 9.0-9.52 and 1.1-1.88wt% (Fig. 3a-b,
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Fig. 3. DTA (dashed lines, data in grey) and TG (solid lines, data in black) curves of the garnierite samples selected for this study: a) type I (sample RD-1a), b) type II (LC-100A2), c) type

III (GAR-2), d) type IV (LG-100A2), e) type Va (FALC-4), f) type Vb (FALC-3).
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Table 2
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Differential thermal analysis (DTA) results and thermogravimetry (TG) losses in weight percent (T = temperature; exo = exothermic; endo = endothermic) of the garnierite samples
analysed: a) type I (RD-1a), b) type II (LC-100A2), c) type III (GAR-2), d) type IV (LC-100A2), e) type V — Ni-sepiolite (FALC-4) f) type V — falcondoite (FALC-3).

Type I Type II Type III Type IV Type Va Type Vb
T (°C) DTA peak T (°C) DTA peak T (C) DTA peak T (°C) DTA peak T (°C) DTA peak T (°C) DTA peak
80 endo 108.9 endo 102.2 endo 96.3 endo 114.4 endo 112.1 endo
624.4 endo 635 endo 575.1 endo 397.9 exo 359.4 endo 343 endo
816.3 exo 804.7 endo 776.6 exo 394.4 exo 383.9 exo
816.9 exo 888.9 endo 479.4 exo 541.9 endo
539.4 endo 763.7 exo
679.4 exo 807.4 endo
809.4 endo 823 exo
834.4 exo
Type 1 Type I Type III Type IV Type Va Type Vb
TG loss T range TG loss T range TG loss T range TG loss T range TG loss T range TG loss
Trange (°C) (%) Q9] (%) Q9] (%) (§9] (%) (§9)] (%) (0) (%)
25-130 3.36 25-180 3.74 25-170 7.21 25-180 3.42 25-200 8.22 25-170 8.96
130-690 9.03 180-700 9.51 170-625 5.53 180-380 1.19 200-390 4.55 170-400 2.57
690-1000 1.13 700-1000 1.88 625-1000 2.32 380-745 2.83 390-525 3.16 400-645 1.64

745-1000 3.06 525-1000 3.82 645-1000 2.29

Table 2). In general, the DTA and TG curves obtained are comparable
to the curves for serpentine group minerals in the literature (Caillere
and Hénin, 1957b; Viti, 2010; Fritsch et al., 2016), but the last mass
loss can be assigned to the presence of a talc-like mineral (Figs. 3a-b,
4d; Table 3). However, the endothermic and exothermic peaks for
antigorite, lizardite, polygonal serpentine and chrysotile of Viti (2010)
are at slightly higher temperatures than those obtained in type I gar-
nierite (likely due to different serpentine polytypes). The peaks in the
range of 550 to 800°C occur at relatively low temperatures (620 °C),
more similar to the thermal effects of chrysotile than to those of antig-
orite, lizardite or polygonal serpentine (Viti, 2010). Fritsch et al. (2016)
also found higher temperatures for chrysotile (650°C) and antigorite
(670°C). The TG curve is similar to that presented in Sufriadin et al.
(2012) for sample KR-1, composed mainly of lizardite and/or chrysotile
and kerolite-pimelite.

Type III garnierite has two endothermic peaks at 102 and 575°C
(Fig. 3c, Table 2). Mass loss is performed in three steps: 7.21, 5.53 and
2.32wt% (Fig. 3f, Table 2). The DTA curve is similar to that of talc
(Caillére and Hénin, 1957a). The TG curve is comparable to those of
serpentine group minerals, but with a larger initial mass loss (Fig. 4a—c,
Table 3).

Type IV garnierite shows smooth endothermic peaks at 96 and
889°C and exothermic peaks at 398 and 777 °C are observed. Mass loss
is performed in four steps: 3.42, 1.19, 2.83 and 3.06 wt% (Fig. 3d, Table
2). The remarkable mass loss at low temperatures of this sample con-
trasts with that of talc, of only about 6 wt% above 800 °C (Fig. 4d, Table
3). Fritsch et al. (2016) also obtained a total mass loss of ~10wt% in
talc-dominated garnierites. In addition, the differential thermal analysis
is different from that of talc, in which only a strong endothermic peak
at about 1000 °C appears (Caillére and Hénin, 1957a; Fig. 4d, Table 3).

The rapid mass loss at low temperatures (near 100 °C), also related
to the first endothermic peak, is related to the loss of hygroscopic (ad-
sorbed) water (Brindley and Hang, 1973). The loss at higher temper-
atures, around 600°C in serpentine-containing garnierites (types I to
II) and around 900°C in garnierites with remarkable amounts of a
talc-like fraction (types III to IV), corresponds to the loss of structural
water or dehydroxylation (Caillére and Hénin, 1957a, 1957b; Brindley
and Hang, 1973). This was also related to the presence of mixtures of
crystalline serpentines (mostly lizardite) and serpentine-like minerals
by Fritsch et al. (2016). Indeed, these authors have noted that the en-
dothermic peak related to the dehydroxylation of talc-like minerals is

barely discernible, particularly at high serpentine contents (e.g., gar-
nierite type I), as it interferes with the intense exothermic peak at about
825°C generated by the breakdown of serpentine and the formation of
anhydrous silicates.

The large initial mass loss of type IV garnierite near 200°C (com-
pared to that of talc in Caillere and Hénin, 1957a) suggest that the min-
eral contains extra water in the structure. This is coherent with the low
oxide totals (sum of oxide wt% in EMP analyses) observed in type IV
garnierite, suggesting that it consists of hydrated talc (kerolite-pimelite
series) rather than of a standard talc (talc-willemseite series). In addi-
tion, as stated by Brindley and Hang (1973), the separation between de-
hydroxylation water (OH, structural water) loss and the monohydrate
water (H,0, the extra water in the kerolite-pimelite structure) loss is un-
clear. According to these authors, monohydrate water is lost from 110
to 700 °C. At first, the additional water, so-called “monohydrate water”,
was thought to occupy interlayer positions based on the 001 reflection
at ~10A (like cations in micas) (Brindley and Hang, 1973). However,
afterwards some data stated that the 001 reflection was at ~9.5-9.6 10\,
so the last explanation is either invalid or incomplete. Much of the ex-
cess water is removable at temperatures up to 300 °C and probably oc-
cupies external positions (Brindley et al., 1979). The presence of molec-
ular water in kerolite and pimelite was proven by IR spectrometry with
the absorption in the 1900 cm™! band (Brindley et al., 1979). The large
surface area of these minerals and the small crystal size are coherent
with a large amount of adsorbed water (Brindley, 1978). The slightly in-
creased spacing with respect to that of tale (9.35 A) may account for ran-
dom layer stacking in kerolite-pimelite (Brindley, 1978). Hence, for this
type of phase (the talc-like component), the terms kerolite and pimelite
are more appropriate than talc and willemseite. Despite kerolite and
pimelite were discredited by CNMMN-IMA (Nickel and Nichols, 2009,
http://www.materialsdata.com), they are included in the recommenda-
tions for the nomenclature of phyllosilicates by the Association Inter-
nationale Pour 1'Etude des Argiles (AIPEA; Guggenheim et al., 2006)
and these names are still used nowadays (Tauler et al., 2009; Wells et
al., 2009; Gali et al., 2012; Villanova-de-Benavent et al., 2014, 2016;
Cathelineau et al., 2015). As a conclusion, given the DTA-TG presented
in this work and previous EMP results (Villanova-de-Benavent et al.,
2014), the garnierite type IV might actually be a mineral of the kero-
lite-pimelite solid solution series.

The TG curve of Ni-sepiolite and falcondoite is characterised by a
mass loss in four steps (8.22, 4.55, 3.16, 3.82wt% for Ni-sepiolite and
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Fig. 4. DTA (dashed lines, data in grey) and TG (solid lines, data in black) curves of the 1:1 and 2:1 crystalline Mg-phyllosilicate samples selected for this study: a) lizardite (LIZ-1,
Cornwall), b) lizardite (LIZ-2, Elba island), c) chrysotile (CRIS, Huelva), d) talc (TLC, Ledn), €) sepiolite (SEP, Setcases). Legend: Lz = lizardite, Ctl = chrysotile, Tlc = talc, Sep = sepiolite.

8.96, 2.57, 1.64, 2.29wt% for falcondoite) (Fig. 3e—f, Table 2), which
do not show the typical ratios 6:4:3:1 (Caillére and Hénin, 1957c;
Tauler et al., 2009). The DTA curves show that each step of water loss
corresponds to an endothermic peak (at 112-114, 343-359, 539 and
807-809°C), with a strong exothermic peak at 823-834°C.

These curves are comparable to the sepiolite reference analysed in
this study (Fig. 4e, Table 3) and to the published TG curves of Ni-se-
piolites and falcondoites (Caillére and Hénin, 1957c; Springer, 1976;
Tauler et al., 2009; Fritsch et al., 2016). According to Caillére and
Hénin (1957) and references therein, mass loss at low temperatures rep-
resents the loss of zeolitic and/or hygroscopic water. Frost and Ding
(2003), suggest that the peak at 200°C corresponds to the loss of ad-
sorbed water and possibly to the beginning of the loss of structural wa-
ter. The peaks at the region 300-600 °C indicate the loss of coordinated
water (Nagata et al., 1974). The endothermic peak at 807-809°C cor-

responds to the dehydroxylation of the structure, and the exothermic
peak at 823-834°C to the formation of pyroxene (Jones and Galan,

1988).
3.2. Raman spectra of Ni-phyllosilicates

In this work the description of Raman data is divided into a) the
low frequency region (100-1000cm™'), which depicts the bonds be-
tween atoms in inorganic materials; and b) the high frequency region
(> 3300cm™1), involving OH stretching vibrations. The Raman spectra
of garnierite samples is shown in Figs. 5a—e and 6a-f (obtained with the
1064 and 532nm lasers, respectively) and those of the crystalline 1:1
and 2:1 Mg-phyllosilicate reference samples are included in Fig. 6g-k
(with the 532 nm laser). All Raman bands and the corresponding assign-
ments are shown in Table 4.
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Differential thermal analysis (DTA) results and thermogravimetry (TG) losses in weight percent (T = temperature; exo = exothermic; endo = endothermic) of the reference samples

analysed: a) lizardite (LIZ-1 and LIZ-2), b) chrysotile (CRIS), ¢) talc (TLC), d) sepiolite (SEP).

lizardite (LIZ-1) lizardite (LIZ-2) chrysotile (CRIS) tale (TLC) sepiolite (SEP)
T (°C) DTA peak T (°C) DTA peak T (°C) DTA peak T (°C) DTA peak T (°C) DTA peak
42.7 exo 140.1 exo 506.4 exo 812.6 exo 85.5 exo
67.7 endo 210.1 endo 666.4 endo 110.5 endo
127.7 exo 605.1 exo 806.4 exo 175.5 exo
257.7 endo 680.1 endo 275.5 endo
587.7 exo 700.1 exo 700.5 exo
647.7 endo 720.1 endo 725.5 endo
687.7 endo 795.1 endo 795.5 exo
782.7 exo 815.1 exo 820.5 endo
797.7 endo 830.5 exo
812.7 exo
lizardite (LIZ-1) lizardite (LIZ-2) chrysotile (CRIS) tale (TLC) sepiolite (SEP)
T range (°C) TG loss (%) T range (°C) TG loss (%) T range (°C) TG loss (%) T range (°C) TG loss (%) T range (°C) TG loss (%)
25-300 1.31 25-300 1.22 25-200 0.94 800-1000 1.69 25-200 6.99
300-800 11.85 300-800 12.57 200-400 2.65
400-750 6.31
750-1000 1.07
386 668 n687
a)type |

Raman intensity (A.U.)

150 200 250 300 350 400 450 500

b) type Il

c) type Il

d) type IV

550 600 650 700 750 800 850 900
Raman Shift (cm-1)

Fig. 5. Micro-Raman spectra of the five garnierite types described, obtained with the 1064 nm laser: a) type I (sample 09GAR-2), b) type II (sample LC-100), c) type III (sample GAR-2),

d) type IV (sample GAR-6), e) type Vb (sample FALC-3).

3.2.1. Low frequency region (100-1000cm™")

The serpentine-dominated garnierites (types I and II) are charac-
terised by the presence of strong Raman bands at 229-236, 382-389
and 687-692cm~!, and weaker bands and/or shoulders at
364-368cm™! (Figs. 5a-b, 6a-b, Table 4). The peaks at ~230 and
~385cm™! can be assigned to either serpentine group minerals or talc
(Table 4), although they are less intense (or even absent) when the
garnierite contain high amounts of kerolite-pimelite (or when the sam-
ple consists uniquely of kerolite-pimelite) (Figs. 5a-d, 6a—d, Table 4).
These two bands are observed in the lizardite and chrysotile reference
samples (Fig. 6g-i), and are absent in talc and sepiolite reference sam-
ples (Fig. 6j and Kk, respectively). In the literature, the band at ~230
is attributed to either metal-oxygen (M—O, Kloprogge et al., 1999) or
O—H—O vibrations (Rinaudo et al., 2003; Groppo et al., 2006); the

peak at ~344 to M—O (Kloprogge et al., 1999) or SiO, bending (Rin-
audo et al., 2003; Groppo et al., 2006), the band at ~385 to M—O
(Kloprogge et al., 1999) or symmetric SiO, vibrations (Rinaudo et al.,
2003; Groppo et al., 2006), and the one at ~690 to Si—O vibrations
(Kloprogge et al., 1999; Rinaudo et al., 2003; Groppo et al., 2006), all in
serpentine minerals (Table 4). Apart from this, the band at ~345cm™!
in type II could be related to that at 356 cm™! of chrysotile (this study),
and it was related to both lizardite and chrysotile by Kloprogge et al.
(1999) and Groppo et al. (2006), and to chrysotile by Rinaudo et al.
(2003). Finally, the broad 823 band has been attributed to Ni—OH de-
formation (Frost et al., 2008; Table 4).

Type III garnierite has a strong band at 679-680 cm™, but the other
intense bands shown by type I and II are absent. In contrast, it shows
intense bands at around 182-184 cm~; and a slightly less intense band
at 367-368 cm™! in both 1064 and 532nm laser spectra. Another peak
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Fig. 6. Micro-Raman spectra of the five garnierite types described, obtained with the 532nm laser: a) type I (sample 09GAR-2), b) type II (sample LC-100), c) type III (sample GAR-2), d)
type IV (sample LC-100), e) type Va (sample FALC-4), ) type Vb (sample FALC-3). Micro-Raman spectra of the crystalline 1:1 and 2:1 Mg-phyllosilicates analysed for comparison, obtained
with the 532nm laser: g) lizardite (Lz, sample LIZ-1, Cornwall), h) lizardite (Lz, sample LIZ-2, Elba island), i) chrysotile (Ctl, sample CRIS, Huelva), j) talc (Tlc, sample TLC, Ledn), k)

sepiolite (Sep, sample SEP, Setcases).

at 209 cm~! was produced by the 1064 nm laser, which is exclusively re-
lated to serpentine (Groppo et al., 2006; Fig. 6¢, Table 4). The shifted
position of the serpentine M—O Raman band to lower wavelengths
from ~230cm™! down to 209cm~! when comparing samples type I/
II to type III may be correlated with the disappearance of the polygo-
nal serpentines present in types I and II and the development of bent
lamellae of serpentine present in type III in agreement with the re-
sults obtained by means of high resolution TEM on equivalent samples
(Villanova-de-Benavent et al., 2016).

In contrast, type IV garnierite with dominant kerolite-pimelite pre-
sents high intensity bands at 184-187 and 672-676 cm™, and less in-
tense bands at 364, 382-385, 640 and 823cm~! (Figs. 5d, 6d). The
occurrence of talc-like particles in the garnierite samples is stated by
the bands at 184-187 and 364 cm™! (Figs. 5b-d, 6b—d, Table 4). Both
are found in the talc reference sample (Fig. 6j). The peak at 364cm™!
is assigned to the M—O vibrations in talc (Blaha and Rosasco, 1978)
and that at 672-676 cm™! corresponds to O—Si—O bridging/Si—O0—Si
symmetric stretching in talc (Blaha and Rosasco, 1978; Rosasco and
Blaha, 1980; Table 4). These characteristic talc bands were also ob-
served in type I, I and III garnierites, like the weak bands at 364-368,
confirming the presence of variable amounts of talc-like particles in the

samples. Therefore, even though the talc-like was not identified by pow-
der XRD in type I garnierite, the particles were observed by TEM and
can be detected by Raman spectroscopy (shoulder at 364cm™! in Fig.
5a). In type II, the new appearing band at 179-186 cm™! is more intense
than the band at 229-231 cm™!, and the former decreases slightly in in-
tensity when compared to the same band in type I. This can be indica-
tive of a higher amount of talc than serpentine in the sample for the
analysed spot, and a decrease of serpentine in type II when compared to
type I (Figs. 5b, 6b).

The two Si—O bands in the range between 668 and 692cm™! de-
serve special attention, and are present in all five garnierite types. Both
668-674 and 687-692cm™! peaks are observed in type I and II gar-
nierites, the latter being more intense in type I. A band in-between these
two, at 680 cm™!, is shown in type III garnierites (Figs. 5¢, 6¢), and only
the peak at 672-676cm™" is observed in type IV garnierites (Figs. 5d,
6d).

Therefore, the higher Raman band shifts in this range may be char-
acteristic of serpentine minerals, whereas bands at lower Raman shifts
may be related to talc-like phases; which is coherent with This Blaha
and Rosasco (1978), Rosasco and Blaha (1980), Kloprogge et al.



Table 4

List of the Raman bands detected using the 1064 and 532nm lasers in the garnierite samples, compared to the Raman bands obtained from the Mg-phyllosilicates from other localities and Mg-Ni-phyllosilicates from the literature (legend: s = strong,
m = medium, w = weak, sh = shoulder, d = doubtful; Srp = serpentine, Lz = lizardite, Nép = népouite, Ctl = chrysotile, Pec = pecoraite, Atg = antigorite, PS = polygonal serpentine, Tlc = talc, Ker = kerolite, Sep = sepiolite). The laser wavelength used in
the references is indicated in brackets.

Ctl (a, Srp (b, Srp (c,
This study - 1064 nm This study - 532nm This study - 532nm 633nm) 514.5nm) 1064 nm)
Type I Type II Type III Type IV Type Vb Type I Type II Type 1II Type IV Type Va Type Vb Lz Lz Ctl Tle Sep
(09GAR-2) (LC-100) (GAR-2) (GAR-6) (FALC-3) (09GAR-2) (LC-100) (GAR-2) (LC-100) (FALC-4) (FALC-3) (LIZ-1) (LIZ-2) (CRIS) (TLC) (SEP)
134.0m 135.1w 135.1w 135.1m - - -
164.0m - - -
186.1s 183.6s 186.7 s 186.4sh 182.4w 184.2s - -
195.5s 199.9w 196.5w 196.6s 200.0m  M-O - Alg mode of
Mg(0,0H)6
in Ctl
(Kloprogge et
al., 1999)
209.3m - - -
230.6s 230.5s 235.7m 229.1s 234.7s 239m 235.3s M-O lattice and vibrations of
interval O-H-O
vibrational ~ groups in Srp
modes (also
(weak in Kloprogge et
Lz, strong al., 1999)
in Ctl, Atg,
PS)
255.6w - - -
271.3w - - -
291.4w - - -
333.8w - - -
344.6sh 359.4m 355.9w M-O - bending of
Si0, in Ctl,
Lz (also
Kloprogge et
al., 1999)
364.4sh 367.7sh 368.4m  363.9w 366.4w - - -
385.8s 384.2s 385.1w 384.9w 388.8m 382.2s 382.0m 388.3m  394.2s 389.8s M-O lattice and symmetric
interval v5(e) Si04 in
vibrational Srp (also
modes in Kloprogge et

Srp al., 1999)




414.3w

lattice and
interval
vibrational
modes in
Srp




Table 4 (Continued)

Ctl (a, Srp (b, Srp (c,
This study - 1064 nm This study - 532nm This study - 532nm 633nm) 514.5nm) 1064 nm)
Type I Type II Type III Type IV Type Vb Type I Type II Type 1II Type IV Type Va Type Vb Lz Lz Ctl Tle Sep
(09GAR-2)  (LC-100)  (GAR-2) (GAR-6)  (FALC-3) (09GAR-2)  (LC-100) (GAR-2)  (LC-100) (FALC-4)  (FALC-3)  (LIZ-1) (L1Z-2) (CRIS) (TLC) (SEP)
463.9w 482.5s - lattice and -
interval
vibrational
modes in
Srp
625.2w - lattice and antisymmetric
interval OH-Mg-OH
vibrational ~ translation
modes in modes in Ctl
Srp (Kloprogge et
al., 1999)
639.6m  639.5w - - -
668.2sh 674.3s 680.4s 675.9s 673.4s 678.6s 671.7s 674.1s 669.6s 679.6s  674.0s - - -
686.5s 686.5s 692.2m 686.5s 689.8m 694.2m 694.2s Si-O - vs Si-Ob-Si in
bridging Srp (also
or Kloprogge et
stretching, al., 1999)
also 692
Lewis
(1996)
and 622
Bard
(1997)
822.9m - - -
1038.0m - - -
1438.2s - - -
1454.6s - - -
1597.6w - - -
3624s - internal -
stretching
vibration
of OH
groups
(weak in
Atg)

3632s - - -




Table 4 (Continued)

Ctl (a, Srp (b, Srp (c,
This study - 1064 nm This study - 532nm This study - 532nm 633nm) 514.5nm) 1064 nm)
Type 1 Type I Type 11 Type IV Type Vb Type I Type II Type III Type IV Type Va Type Vb Lz Lz Ctl Tlc Sep
(09GAR-2)  (LC-100) (GAR-2) (GAR-6) (FALC-3) (09GAR-2)  (LC-100) (GAR-2)  (LC-100) (FALC-4)  (FALC-3)  (LI1z-1) (LIZ-2) (CRIS) (TLC) (SEP)
3654sh 3650sh 3647s 3643s 3651w inner OH - -
stretch
3667s 3674m 3664w OH internal -
stretch, stretching
also 3685 vibration
Bard of OH
(1997) groups
(Atg)
3685s 3687s 3681w 3680w 3679s 3685s 3679m 3688s OH internal -
stretch or stretching
external vibration
OH of OH
stretch, groups
also 3700 (Lz,
Bard shoulder
(1997) in Ctl and
PS)
3707m 3702w 3706w 3696 - internal -
stretching
vibration
of OH
groups
(Lz, Ctl,
Atg, PS)

(a) Kloprogge et al. (1999), (b) Auzende et al. (2004), (c) Rinaudo et al. (2003), (d) Groppo et al. (2006), (e) Frost et al. (2008), (f) Fritsch et al. (2016), (g) Blaha and Rosasco (1978), (h) Rosasco and Blaha (1980), (i) Cathelineau et al. (2015), (j) McKeown
et al. (2002), (k) RRUFF
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(1999), Rinaudo et al. (2003), Groppo et al. (2006), and the RRUFF
database.

Finally, sepiolite-falcondoite is easily identifiable by the band at
196-200 cm™, which is lacking in the other garnierite types. The bands
at 385, 640 and 670-674 cm™! are also observed in the other garnierites
(Figs. 5e, 6e—f), and the Si—O band (670-674 cm™!) is present at even
lower Raman shifts than in type IV garnierite (672-676 cm™!) (Fig. 5d,
Table 4). In addition, the Ni-bearing sepiolite and falcondoite patterns
are similar to that of the reference sepiolite (Fig. 6k, Table 4). Bands
at ~200, ~650 and ~1100cm™! have also been observed in sepiolite
by McKeown et al. (2002), and a broad peak at ~670cm™! is also seen
in the RRUFF database (sepiolite, ID R070311). However, a band at
~250 cm™! is present in both references, but not in the samples analysed
in this study (Fig. 6k).

In the low frequency region of Raman spectra, the effect of the Ni
content of Ni-bearing phyllosilicates is difficult to unravel. Wang et al.
(2002) explained the influence of the cations in the octahedral site and
the position of the bands in the range < 600cm™ in phyllosilicates.
Most Fe-bearing phyllosilicates show a wide, strong band at ~550 cm™?,
most Al-bearing have a wide, strong peak at ~420, and most Mg-bear-
ing show a strong peak at ~350cm™!. Therefore, the Ni content in
phyllosilicates may have a characteristic Raman effect on the garnierite
patterns. However, by comparing the garnierite spectra with the crys-
talline, Ni-free serpentine, talc and sepiolite patterns, no significant dif-
ferences were found which could be attributed to the presence of Ni in
the minerals.

3.2.2. The high frequency region (>3300cm™)

Serpentine-dominated garnierites (types I and II) display a strong
band at 3685-3687 cm™! and a shoulder at 3650-3650cm™!. The lat-
ter is present as a strong band in type III (at 3647 cm™!) and type IV
(at 3643 cm™!) garnierites, in addition to another band at 3667 cm™! in
type III and at 3674cm™! in type IV. Both Ni-sepiolite and falcondoite
have a weak band at 3680-3681 cm™, although Ni-sepiolite has also
weak bands at 3664 and 3702 cm™!, and falcondoite at 3651 cm™! (Fig.
6, Table 4).

All these bands are often assigned in the literature to OH stretch-
ing or OH vibration of phyllosilicates (Kloprogge et al., 1999; Wang
et al., 2002; Auzende et al., 2004; Frost et al., 2008; Fritsch et al.,
2016; Blaha and Rosasco, 1978; Rosasco and Blaha, 1980; Cathelineau
et al.,, 2015; Table 4). The number of OH peaks, their positions and
their relative intensities are controlled by the number and types of OH
sites and the types of cation occupancies around OH groups (Wang
et al., 2002). In particular, the band at ~3640cm™~! was identified in
chrysotile (Kloprogge et al., 1999; Frost et al., 2008), pecoraite (Frost
et al., 2008). The band at ~3670cm™! was found in the lizardite from
Cornwall (Fig. 6g), in chrysotile (Kloprogge et al., 1999) and talc (Blaha
and Rosasco, 1978; Rosasco and Blaha, 1980; Fig. 6j). The band at
~3680cm™! was observed in chrysotile (Kloprogge et al., 1999; Fig.
6i). Finally, a band at 3700cm™! was identified in lizardite (Fig. 6h),
chrysotile and pecoraite (Frost et al., 2008) and kerolite (Cathelineau et
al., 2015) (Fig. 6g, Table 4).

In addition, some authors use the high Raman frequency region to
distinguish among species of the serpentine group (Petriglieri et al.,
2014, 2015). Petriglieri et al. (2015) found that chrysotile and polygo-
nal serpentine have similar Raman spectra in this region, characterised
by a very strong peak (at 3698 in chrysotile and at 3697 in polygo-
nal serpentine) and a shoulder (at 3691 and 3689, respectively), and
preceded by a very weak peak (at 3651 cm™! and 3646 cm™!). In con-
trast, lizardite had a weak band at 3660 preceding a strong band at
3683 with a shoulder at 3703 cm™! (Petriglieri et al., 2015). The bands
in type I and II garnierites are comparable to those of lizardite reported
by Petriglieri et al. (2015) and that of the reference sample (Table 4);
but can also be assigned to chrysotile (Kloprogge et al., 1999; Auzende

14

Applied Clay Science xxx (3xxX) XXX-XXX

et al., 2004; Fritsch et al., 2016) and polygonal serpentine (Auzende et
al., 2004).. It is worth noting that the spectrum of lizardite from Corn-
wall (Fig. 6g) resembles that of lizardite in Petriglieri et al. (2015),
whereas the spectrum of lizardite from Elba Island (Fig. 6h) is similar to
that of polygonal serpentine in the same article (Table 4); and the latter
may contain chrysotile impurities (Lacinska et al., 2016).

Furthermore, Cathelineau et al. (2014, 2015) established that the po-
sition and intensity of the Raman bands in the high region was sensi-
tive to the Ni content in the kerolite-pimelite series: the lower Ni con-
tents are related to intense bands at higher positions (3670, 3685 and
3700cm™!, being the last the only band present when Ni is absent), and
the higher Ni contents are associated to lower positions (3650, 3660
and a shoulder at 3625cm™); being the intermediate Ni contents re-
lated to a complex band cluster with three major peaks at 3649, 3670
and 3700cm™!. On this basis, the bands observed in the Raman spec-
trum of type IV garnierite indicate that the point analysis may have been
performed on an area with a remarkably high Ni content (Fig. 6d). In
contrast, the bands in type III could be explained by the presence of a
kerolite-pimelite with slightly less Ni (Fig. 6¢). Finally, the sepiolite-fal-
condoite bands at ~3690 cm~! were detected in this study (Fig. 6e, f, K,
Table 4) but not in the literature for sepiolite.

3.2.3. Micro-raman map

The micro-Raman map was performed in an area containing type II
and IV garnierites, a saprolite fragment (consisting of fine grained, low
Ni serpentine with minor goethite and quartz) and quartz crystals filling
a void (Fig. 7a-e).

Two Raman spectra associated to serpentine were distinguished, one
corresponding to the saprolite fragments (in red) and the other to the
type II garnierite (in navy blue) (Fig. 7d-e). Type IV garnierite (kero-
lite-pimelite) was easily identified as well (in green) (Fig. 7d—e), with its
characteristic zoning visible in the integrated intensity image (Fig. 7c).

3.3. FTIR results

In the 500-800 cm™! region (Fig. 8a, Table 5) the spectrum of type
I and type II garnierites show two bands at 569cm~' and 606cm™!
which are thought to be related to the Mg—OH libration and Mg—OH
bending of chrysotile (Kloprogge et al., 1999; 2000) and/or lizardite
(Baron and Petit, 2016). The absence of the band corresponding to the
Ni—O libration at 674 cm™! rules out the presence of népouite (Baron
and Petit, 2016). In type III the band at 606 cm™" still persists, but only
as a shoulder, suggesting the progressive disappearance of the serpen-
tine. New bands at 668 cm~! and 710cm™! do appear corresponding to
the Mg—OH and Ni—OH libration of talc and willemseite, respectively
(Ishida, 1990). Type IV and V garnierite do still have the Mg—OH and
Ni—OH libration band modes of talc and willemseite but the type V gar-
nierite additionally shows bands at 780 cm™! and 640cm™! close to the
Mg—OH libration modes of sepiolite (Yeniyol, 2014).

In the lattice bands region (Fig. 8b, Table 6) the type I, II and III gar-
nierites display two bands at 968 and 1030 cm~! which are thought to
be related to the Si—O stretching of chrysotile (Kloprogge et al., 1999,
2000) and probably lizardite (Baron and Petit, 2016). Type IV garnierite
presents a large band in the region at 1000 cm™ is thought to be re-
lated to the Si—O stretching in kerolite-pimelite (Brindley et al., 1979).
Ni-sepiolite and falcondoite samples display two bands at 974 cm™! and
1210cm™! that do sit close on the Si—O and Si—O—Si stretching bands
of sepiolite (Yeniyol, 2014).

In the OH-stretching zone (Fig. 8c-d, Table 7) the type I and II gar-
nierites present absorption bands at 1635cm™! corresponding to H,O
O—H—O bend (Frost et al., 2008), Mg—OH stretching (Kloprogge et
al.,, 1999), absorbed H,0O bend (Kloprogge et al., 2000) in népouite,
chrysotile and pecoratite. The band at 3645cm™! corresponds to OH
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Fig. 7. Micro-Raman map on a selected area containing various garnierite types and other associated phases: a) image of the area on sample LC-100; b) reflected light photomicro-
graph showing the textural relationships between garnierite types II and IV, saprolite fragment and quartz crystals; c) false colour integrated intensity micro-Raman image in the range
150-750cm™! (brighter areas indicate higher Raman signal and/or higher fluorescence in this range); d) micro-Raman map; ) corresponding colour-coded spectra of each characteristic

zone in d). Red rectangles indicate the scanned area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

stretching in lizardite, népouite, chrysotile, pecoratite and kero-
lite-pimelite (Baron and Petit, 2016; Capitani and Ventruti, 2018; Frost
et al., 2008; Kloprogge et al., 2000; Brindley et al., 1979). The band at
3685cm™! is probably also corresponding to OH stretching in lizardite
and/or chrysotile (Baron and Petit, 2016; Kloprogge et al., 1999, 2000).
Type III garnierite has the same bands at 1635cm™! and 3645 cm™ but
missing the band at 3685cm™! corresponding to chrysotile (Kloprogge
etal., 1999). Type IV garnierite presents bands at 1635 cm™!, which may
correspond to the adsorbed water in garnierite (Kloprogge et al., 2000
and references therein) and 3625 cm™! corresponding to the OH stretch-
ing in kerolite-pimelite (Brindley et al., 1979). Ni-sepiolite and falcon-
doite samples display the bands at 1620 cm™! corresponding to zeolitic
water, at 3570 cm™! and at 3625 cm™! corresponding to the OH stretch-
ing in sepiolite (Yeniyol, 2014). Furthermore, variations were observed
in the position of the FTIR bands that can be atributted to different
configurations of water/OH in the structures of the studied garnierites.
First, bands assigned to zeolitic water are characteristic of sepiolite-fal-
condoite, at 1620 (this study) and 1660cm~! (Yeniyol, 2014). Second,
the bands in the range of 3400-3700cm™ in kerolite-pimelite are as-
signed to OH stretching (Brindley et al., 1979). These bands are ob-
served in the serpentine-bearing garnierite types I to III (at 3645cm™)
and type IV, which consists of mostly kerolite-pimelite (at 3625cm™1,
Table 7). Unfortunately, the adsorbed water bands at about 3400 cm™!
(Brindley et al., 1979) were not observed in this study. Finally, the
OH stretching bands of serpentine-group minerals are present at around
3650 and 3700cm~! (Baron and Petit, 2016; Kloprogge et al., 1999;
2000), and they were observed in the serpentine-bearing garnierite
types I to III (Table 7).

3.4. Implications of the study of natural garnierites in ore exploration and
processing, and phyllosilicate synthesis

Firstly, pyrometallurgical processes used to obtain ferronickel from
laterite ores are highly energy consuming, because the input mater-
ial has to be dehydrated (including free moisture and structural wa-
ter) and later calcined, using hydrocarbon fuels and/or electric power
(Dalvi et al., 2004). Garnierites are only a part of the slag processed
by pyrometallurgy to produce ferronickel, which is composed of about
1.5-2.5wt% Ni, 10.5 Fe/Ni and 1.6 SiO,/MgO, 25-35wt% free mois-
ture and 10-12% structural water (Warner et al., 2006; Swinbourne,
2014). In the furnace, the temperatures required to produce low carbon
ferronickel (like the one obtained in Falcondo, Dalvi et al., 2004) are
higher (1450-1460°C) than those to produce high carbon ferronickel

(1250-1350°C) (Swinborne, 2014). However, the minimum tempera-
ture in the furnace is determined by the composition of the slag (in low
carbon ferronickel, characterised by high Fe/Ni ratio and high MgO con-
tent). The SiO,/MgO ratio has to be constrained to values below 2 and
above 2.5, (avoiding the interval between 2.3 and 2.5, as it is corro-
sive to the furnace lining, Dalvi et al., 2004). Hence, a precise identi-
fication of the mineralogy of the slag (in terms of SiO,/MgO and H,0)
could be ultimately beneficial to lower the energy consumption and to
avoid undesirable SiO,/MgO ratios and Fe contents. However, a chem-
ical identification is insufficient in most cases, and should be coupled
with a mineralogical identification. For this reason, portable X-ray fluo-
rescence and Raman spectroscopy devides have been recently incorpo-
rated by mining companies during ore exploration, as they represent an
excellent, rapid, easy-to-use, non-destructive methods for both chemical
and mineralogical characterisation of samples in the field.

Nevertheless, the position of the bands in the interval 670-690 cm™!
gives information of the minerals that constitute the garnierite mixture.
In serpentine-dominated mixtures, the band is near 690 cm™!, whereas
in kerolite-pimelite-dominated mixtures, the band is at about 670 cm™'.
As reported by Villanova-de-Benavent et al. (2016), the garnierites from
the Falcondo mining district with higher talc fractions also contained
the higher Ni concentrations. Therefore, the position of the aforemen-
tioned band at higher Raman shifts indicates the presence of abundant
kerolite-pimelite and, in turn, in the case of Falcondo, suggests that the
garnierite might be Ni-rich. This is significant, as a) it allows identifying
indirectly the Falcondo garnierites with higher Ni contents; and b) it al-
lows detecting possibly unwanted talc-like or kerolite-pimelite particles
generated when synthesising Ni-Mg-phyllosilicates (in particular tubular
structures like Ni-chrysotile), that might concentrate Ni (instead of Ni
being deposited onto or incorporated in chrysotile). This also proves the
importance of having a detailed, previous characterisation of the mate-
rials of each study area, to be used as internal standards to be compared
with the analyses obtained in the field.

Secondly, it must be taken into account that natural garnierites are
mixtures of phyllosilicates (mainly serpentine- and talc-like) and that at
least in Falcondo, Ni is more concentrated in the talc-like phase of the
mixture. A garnierite matching this description was studied as possible
natural catalyst by Jacobs et al. (1980). To examine the catalytic ac-
tivity, the mineral was reduced in hydrogen. During hydrogen activa-
tion (> 673K), the serpentine and talc-like components of the mixture
decomposed (although the latter is more stable), and Ni reduction oc-
curred, so that Ni° particles formed first in the talc-like phase (higher
reducibility) and later in the serpentine fibres (lower reducibility)



C. Villanova-de-Benavent et al.

Applied Clay Science xxx (3xxX) XXX-XXX

-
)
s
s "
= L
: R
2 ]
=]
< &
/‘\
)\\
4
09/
7 3
%5
éocb "V
\f \\,,_
%
G// %—j
\/M «"/
2 \"“l
-~
aa ool e s ol ay PRI T S 'Y L | I S T Y PR ST S T Y
5 6 7 8 1 1.25 1.5 1.75 3.5 3.75
10° em”' 10° em”' 10° cm” 10° em’’

Fig. 8. FTIR absorption bands corresponding to the a) 500-800 cm™! region, b) to the 800-1300 cm™! region, ¢) and d) to the OH region (type I: 09GAR-2; type II: LC100B; type III: GAR-2;

type IV: GAR-6; type Va — Ni-sepiolite: FALC-4; type Vb — falcondoite: FALC-3).

(Jacobs et al., 1980). Hence, the optimum reduction of Ni depends on
the mineralogy of the garnierite mixture. Furthermore, energy mod-
els on the redistribution of cations in conical and cylindrical serpen-
tine nanotubes (applied to Ni-doped synthetic minerals, but translat-
able to other cations such as Co and Fe) show that morphology (conical
and cylindrical serpentines) and cation redistribution affect the stabil-
ity of the minerals. This may inhibit recrystallisation when serpentines
are long exposed to treatments in hydrothermal conditions (Krasilin
and Gusarov, 2017). Therefore, even the morphology of the serpentine
nanoparticle may affect the stability of the synthetic phyllosilicate and
the mobility of Ni during catalytic reactions.

Consequently, a better knowledge, not only of the structure and
chemical composition, but also of the thermal behaviour and Raman
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and FTIR spectroscopy response of natural garnierites could be used, for
example: a) to check the composition of the slag undergoing pyromet-
allurgy processes (based on the mineralogy, in addition to the chem-
istry); b) to analyse the mineralogy (with a portable Raman spectrom-
eter, coupled with a X-ray fluorescence device) on site in the field; and
c) to constrain the mineralogy (different serpentine minerals, talc-like
phases, sepiolite) and the distribution of Ni (in serpentine-/talc-like
phase, structural, adsorbed) of either natural or synthetic phyllosili-
cate-supported catalysts. The techniques used in this study represent
an inexpensive and easy method for Ni-Mg-phyllosilicate identification
(structure, amount and distribution of water, proxy for structural Ni
content), require no (Raman spectroscopy) or very simple (DTA-TG and
FTIR) sample preparation, can be applied to small amounts of samples
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Table 5
FTIR absorption bands corresponding to the 500-800 cm™! region compared with Mg-Ni-phyllosilicates from the literature (* = weight percent calculated from the structural formula of
the mineral analysed in the cited work, ** = weight percent presented in the cited work, *** = from the DTA-TG results in this study).

Pecoraite Talc_Willemseite __Kerolite Pimelte _Sepiolte Gamnierite | Type | Typell _Typelll Type IV

72
780

827 2084 3972 2734 3.02
1352 153" 15.06™ 105" 1975 1546™ [H.Owt%

(a) Baron and Petit (2016) and references therein, (b) Capitani and Ventruti (2018), (c) Frost et al. (2008), (d) Kloprogge et al. (1999), (e) Kloprogge et al. (2000) and references therein,
(f) Ishida (1990), () Brindley et al. (1979), (h) Yeniyol (2014)

Table 6
FTIR absorption bands corresponding to the 500-1300 cm™! region compared with Mg-Ni-phyllosilicates from the literature (* = weight percent calculated from the structural formula of
the mineral analysed in the cited work, ** = weight percent presented in the cited work, *** = from the DTA-TG results in this study).

Chrysotile _Pecoraite__Talc _ Willemseite __Keroite Pimelite___Sepiolite_Gamierite | Type | Type | _Type lll Type IV

968 968

1210 1210

827 2084 3972 2734 3.02 2017 NIO wt.%
1352 15.13"* 1506 105  19.75" 1546 |HOwt%

(a) Baron and Petit (2016) and references therein, (b) Capitani and Ventruti (2018), (c) Frost et al. (2008), (d) Kloprogge et al. (1999), (e) Kloprogge et al. (2000) and references therein,
(f) Ishida (1990), () Brindley et al. (1979), (h) Yeniyol (2014)

Table 7
FTIR absorption bands corresponding to OH-stretching zone compared with Mg-Ni-phyllosilicates from the literature (* = weight percent calculated from the structural formula of the
mineral analysed in the cited work, ** = weight percent presented in the cited work, *** = from the DTA-TG results in this study).

Mpel Type Typem

1635 1635 1635

3645 3845

3685

- s - " - asas” 68248 261331 - 8457 B 827 201 7
1800 9as® 1300 9ae*  ars' 373 6668557 7678837 azs” 373 s 1352 1543 15.06% 105 1975 1546 [HOw%

(a) Baron and Petit (2016) and references therein, (b) Capitani and Ventruti (2018), (c) Frost et al. (2008), (d) Kloprogge et al. (1999), (e) Kloprogge et al. (2000) and references therein,
(f) Ishida (1990), (g) Brindley et al. (1979), (h) Blanchard et al. (2018), (i) Yeniyol (2014)

tions of different garnierites with well constrained structure and

(areas of few square micrometres or small powder samples), and may composition is a significant improvement for the evaluation of the

provide valuable information for a variety of industrial applications reliability of these techniques to characterise the mineral phases con-
(e.g. Villanova-de-Benavent et al., 2012; Blanchard et al., 2018). tained in the garnierites.

3. Certain Raman and FTIR bands can be related to serpentine group

4. Conclusions minerals, talc or sepiolite from the literature or from the analysed

reference samples. From Raman spectra: a) the presence of serpen-

The detailed characterisation of Ni-phyllosilicates of the Falcondo tine is shown by the bands at ~230, ~340 and ~680 cm™!;; b) kero-

Ni-laterites by means of DTA-TG, micro-Raman and IR spectroscopy lite-pimelite particles were identified even when they were not de-

leaded to the following conclusions: tected by powder XRD; c) in garnierite mixtures, the band in the

range 670-690cm™! is closer to 690cm™! in serpentine-dominated

1. Both the low oxide totals obtained by EMP and the large water loss at mixtures, whereas it is near 670 em~! in tale-dominated mixtures;

low temperatures of the talc-like garnierite confirm the presence of and d) the band at ~195cm™! is exclusive of sepiolite. From FTIR:

extra water in its structure, and therefore the use of the names “kero- a) bands at 569, 606, 968 and 1030cm™ indicates the presence of

lite” and “pimelite” seem appropriate. Although these are also not serpentine group minerals; b) bands at 663, 712, 780 and 1000 cm™!

accepted by the IMA-CNMMN, those terms have been widely used in would indicate the presence of talc-like structures; and c) 640, 780,

the recent literature for Mg-Ni-bearing phyllosilicates with talc-like 974 and 1210cm™! are typical of sepiolite.

structures and additional water. 4. The variability of the position of bands in the 3625-3700 cm™! range

2. Despite the limited occurrence of Raman and FTIR spectra of confirm the wide variety of Ni contents in the garnierites from the
Mg-Ni-phyllosilicates in the literature, each garnierite type described Falcondo mining district.

in this work is distinguishable by means of a characteristic Ra-
man and FTIR pattern. Knowledge of characteristic Raman and FTIR
vibra-

17
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5. DTA-TG, Raman and FTIR spectroscopy results complement each
other and provide a comprehensive picture of the form of water/OH
contained in Ni-bearing Mg-phyllosilicates.
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