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INTRODUCTION AND AIM OF THE WORK

Topaz, ALSiO4OH,F)., is one the main fluorine bearing silicates that occurs as accessory minerals in
fluorine rich silicates rocks associated with magmatic or hydrothermal events (Alberico et al., 2003; Zhang et al.,
2011). In some cases, it can also be a principal component in some peculiar rocks called “topazite” (or topaz
rhyolites) (Kortemeier & Burt, 1988; Burt ef al., 1982; Soufi, 2021) and topaz ongonite (Burt et al., 1982; Soufi,
2021). Because of this characteristic, topaz deposits are spread worldwide and can form in very different
environment. The structure consists of [SiO4]* groups linking octahedral chains of Al[O4«(F, OH):] in a zig-zag

I** ion belong to [SiO4]* tetrahedra;

arrangement parallel to the c-axis. Four out of the six anions surrounding the A
and two form F - or OH - groups (Fig. 2 a, b). Natural topaz crystallizes in the orthorhombic Pbnm space group;
pronounced sectoral textures with growth planes {hkl} optically triclinic, {Okl}, {kOl}, and {hkO} optically
monoclinic, and {100}, {010}, and {001} optically orthorhombic are also well documented. (Precisvalle et al.,
2021).

By the way, this mineral is not only an important petrologic indicator, but also a well renowned gemstone
that since ancient times is searched and desired by people for its beauty. From the literature, the main method to
distinguish topazes of different origins is to determine the OH/F ratio (Ribbe & Gibbs, 1971; Ribbe & Rosenberg,
1971; Wunder et al., 1999). To do this, methods based on the study of the structure of topaz have so far been used,
through correlations between the measurement of its cell parameters (b parameter and unit cell volume) and the
estimation of the weight percentage of F, then obtaining the OH content by difference (Ribbe & Rosenberg, 1971;
Alberico et al., 2003). However, this method, although effective when comparing a small number of samples,
proves to be deficient when the number of topazes of certain origin increases and compared with each other. In
addition, another limitation of this methodology is that it does not consider the various types of deposits, which,
as mentioned above, differ greatly in the chemistry and temperature of the magmas or hydrothermal fluids. In this
work two topaz “families” from different origin, natural blue topaz from Padre Paraiso municipality (Brazil) and
colourless topaz from Baoshan county (China), has been fully characterized in terms of geochemical and
crystallographic features in order to explore the relationships between structure (i.e., OH/F substitution) and
environmental conditions. The aim of this work is to establish a correlation between OH/F ratio and formation
chemical environment in relation to the efficiency of the mineral/fluid partitioning process in topazes and in the
end, define a model to explain the accommodation of elements in the crystal structure as function of the geological
environment, thus possibly determine the gem identity and provenance.

MATERIALS

Padre Paraiso blue topaz (PadPar)

The blue topaz crystals studied in this work have been collected in the Padre Paraiso municipality, located
in the North-East area of Minas Gerais State in Brazil. The whole area belongs to the Late Neoproterozoic-
Cambrian Araguai orogen, a great orogenic body that show up in the eastern part of Brazil (Pedrosa-Soares et al.,
2011). The pegmatitic district belonging to this orogeny form the Eastern Brazilian Pegmatite Province (EBPP)
(Pedrosa-Soares et al., 2011; Precisvalle et al., 2021). The granite that form the EBPP has been grouped in 5
different supersuites, characterized by different age, geochemical data and structural features called G1 to G5 (De
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Campos et al., 2004; Pedrosa-Soares et al.,2011). The blue topaz samples come from the G5 supersuite. The Padre
Paraiso topaz in this study are all centimetric in size, from 1 to 2 cm, with irregular shape and no recognizable
form; they present a clear to intense light blue colouration, with no fades or colour flaws in all the samples
collected. All crystals have good transparency with medium-high clarity. They are very poorly to poorly included,
with solid and biphasic inclusions. The solid inclusions are sporadic and are mostly represented by small quartz,
micas and very rare sulphides and oxides.

Baoshan colourless topaz (Bao)

The colourless topaz studied in this work comes from the Baoshan ores area in the Yunnan province of
China. It is part of the Sanjiang region that comprehend the SE Tibet Plateau and the NW Yunnan, formed from
the amalgamation of the Gondwana derived continental blocks and arc terranes as a result of oceanic subduction
that occurred before the late Paleozoic tectonic events that lead to the continental collision. (Deng ef al., 2014)
The topaz deposits in the Yunnan province are related to the Thetys Sn metallogenic domain, in particular the
Tengchong-Baoshan block with its hydrothermal vein type mineralization. The magmatism is dominated by crustal
melting (S-type granitoids) with an age that ranges from Early Cretaceous to Late Cretaceous/Early Cenozoic
(Wang et al., 2013). In Tengchong and Baoshan there are eight principal metallic deposits, bearing Sn, Nb, Ta and
Li all related to low metamorphization due to hydrothermal fluids. The Baoshan topaz run from small chips to
bigger euhedral samples. All crystals have a good transparency and high clarity; the solid inclusions are
predominant, the most recognizable are tantalite, quartz, tourmaline, oxides and sulphides.

METHODS

Synchrotron X-ray powder diffraction

The powdered topazes were poured into a thin-walled boron capillary (diameter 0.5 mm) and then collected
in transmission geometry (monochromatic wavelength of 0.827 A, 15 keV) and 1x0.3 mm? spot size at the MCX
beamline of Elettra - Synchrotron Trieste, (Italy). They were then mounted on a standard goniometric head and
spun during data collection. Powder diffraction patterns were collected in 10°-65° 20 range with a step size of
0.008° and an exposure time of 1 s. Each sample was subjected to the same heat treatment; samples were heated
from room temperature to 1273 K with a heating rate of 5 K/min using a hot gas blower directing a hot air flux
onto the spinning quartz-capillary. Diffraction data were collected every 50 K. The temperature was continuously
measured by a thermocouple and calibrated using the quartz thermal expansion and phase transition.

Neutron powder diffraction

Neutron Powder Diffraction (NPD) experiments were then carried out on the high-flux two-axis neutron
powder diffractometer D20 at the Institute Laue Langevin (ILL, Grenoble, France) using the same topaz sample.
Useful data were collected between 6 and 142 degrees, of which 22 to 142 degrees were treated as follow. The
samples were heated in situ under flowing gas (5% Hz/He), from room temperature to 1273 K (heating rate 2
K/min). Data sets were collected for 2 minutes, thus covering 4 K. A wavelength of 1.54 A was chosen, from a
germanium-(115) monochromator at 90° take-off angle. The sample was poured into a 4 mm diameter vanadium
cylinder, placed in the centre of the furnace’s vacuum vessel, and heated by a 30 mm diameter vanadium resistor
(Martucci & Hansen, 2019). A type-K thermocouple was in the centre of the furnace to calibrate the temperature.
The same configuration was maintained during all data collection. A set of diffraction patterns were obtained with
this procedure as a function of temperature.

Scanning electron microscope (SEM)

For this study, both populations were analysed with a CAMSCAN MX 2500 Scan Electron Microscope
(SEM) with an EDAX system for Energy Dispersive Analyses. The SEM was equipped with a high brightness
LaB6 cathode, operating in a high vacuum. The samples were coated with carbon. For quantitative purposes, a set
of natural minerals was used as standards for their specific elements: augite (Si and Ca), fluorite (F), gahnite (Al)
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and olivine (Mg, Fe). Relative analytical errors (1o) of major elements were below 1.00% for Si and for Al; and
3.00-6.00% for F. Images were collected both in SEI (Secondary Electron Imaging) and BEI (Backscattered
Electron Imaging). The parameters used for the analyses were EHT 20 kV, EMI 71 pA, FIL 1.80 A with a working
distance of 25 mm. Imaging and measurements were performed at the Microscopy Laboratory of the University
of Padova.

Laser Ablation - Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)

The chemical characterization for trace elements for both populations has been obtained by mean of LA-
ICP-MS. In order to carry out in situ chemical analyses of the samples a section had to be made. The obtained thin
cross-sections generally have a thickness of 0.4 cm with an average diameter of 1 cm. Raw samples has been
polished with a diamond disk and then with diamond suspension. The sections have been prepared at the Sample
Preparation Lab at University of Ferrara. Trace elements were analysed by (LA-ICP-MS) using an Agilent 8900
Triple Quadrupole ICP-MS, coupled to a GeoLas200 Microlas Eximer laser with a wavelength of 193 nm using
an ArF gas. The measurements have been carried out at the IGG (Istituto di Geoscienze e Georisorse) - CNR
(Centro Nazionale delle Ricerche), Pavia (Italy). The spot size was 50 um. Fluorine combined with argon was a
carrier gas and ablation have been carried out with a pulse rate of 10 Hz and an energy density of 8 J/cm*. The LA-
ICP-MS data collection have provided 60 s of background acquisition followed by 70 s of ablation. The software
GLITTER 4.0 has been used for data reduction with NIST 610 and NIST 612 as primary external standard, BCR
—2 g as second external standard and *°Si as internal standard.

TwinMic: Soft X-ray Transmission and Emission Microscope

Low energy X-ray fluorescence (LEXRF) analyses were performed at TwinMic beamline of Elettra
Synchrotron Trieste. The incident X-ray beam energy was 2 keV to ensure the best excitation and detection of the
Ka lines of Si, Al, Ga, Ge, As and F atoms. The samples were raster-scanned with a step size of 0.8 um across a
microprobe of 0.8 um diameter delivered by a 600 um diameter Au zone plate optics with 50nm outermost zone.
XRF maps were acquired on areas of around 76 pm x 76 um or 72 um x 72 um, with 5 s/pixel acquisition time
and were process with PYMCA software package. These energies of acquisition needs samples with large surface,
but 5 microns maximum thickness. This condition applied on solid crystalline state is quite challenging. The
sample preparation procedure has been specifically developed for this study and, as far as I know, never applied
before on this material. The samples have been prepared at Center for Electron Microscopy at Istituto Officina dei
Materiali - CNR Trieste. The samples have been prepared with the Precision Ion Polishing System (PIPS). It is
based on a technique that produces discs with a diameter of 3 mm that can be thinned mechanically down to about
50 microns. The disc is then thinned in the central area (using a dimpler) to create a crater geometry with a thickness
that varies from the outside to the inside (from 50 microns on the outside to 25 microns in the centre). This disc is
then placed in an ion bombardment system to thin the central zone until a hole is created in the centre. The thinnest
zone will be the one around the hole, which has a thickness of up to 50 nm at the very edge of the hole. The crater
geometry is preserved: the thickness increases from the inside to the outside. The so-obtained samples have been
mounted on a Cu TEM grid for focusing.

RESULTS

The successful strategy to combine EDS microanalyses with synchrotron X-ray and neutron powder
diffraction in situ measurements (from RT to 1273 K) allowed to accurately determine the mineral structure of
topaz, and to reconstruct backwards both the environment and the possible conditions of formation. The results,
then, have been subsequently supported by the trace element analysis and the micro-XRF mapping helped to better
understand the setting-up for trace elements on topazes’ surface.

The fluorine content obtained from the EDS analyses reveals an average F content of ~1.05 a.f.u for Padre
Paraiso topaz and ~1.53 a.f.u. for the Baoshan topaz.
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These values are in pretty good agreement with those estimated from the refined occupancies of neutron
diffraction data of ~1.03 a.f.u (Padre Paraiso) and ~1.59 a.f.u (Baoshan) with OH/(OH+F) = 0.484 (Padre Paraiso)

and 0.24 (Baoshan) (Table 1).

Table 1. Cell parameters and calculated a.f.u. from refined F site for Padre Paraiso and Baoshan topaz at room temperature.

Cell Synchrotron  Synchrotron Neutron Neutron
parameters PadPar Bao PadPar Bao

(RT)

a 4.6524(1) A 4.6493(1) A 4.6445(1) A 4.6406(1) A
b 8.8048(1) A 8.7964(1) A  8.7877(1) A 8.7767(1) A
c 8.3894(1) A  83901(1)A  8.3742(1) A 8.3743(1) A
Vol 343.65(1) A>  343.13(1) A>  341.79(1) A} 341.08(1) A’
afuF 1.032 1.599

The study of trace elements by means of micro-XRF mapping showed good results about distribution of

major and trace elements on topaz surface. Indeed, here for the first time it has been possible to have a direct

observation of elemental substitution in tetrahedral and octahedral site and elemental adsorption. In particular, in
the correlograms and the colour maps: demonstrated the random distribution of O and F in octahedra, Al-Ga and
Si-Ge substitution has been observed; they showed a random distribution along the topazes’ surface, Arsenic, for

the first time, has been shown to be included in topaz either as a substitute for Si (as in the case of Padre Paraiso
topaz) or absorbed in the cavities between octahedrons (as in Baoshan topaz). The in situ analyses from both neutron
and synchrotron data showed an expansive trend for the topaz structure evolution through heating (Fig. 1 a, b, c, d).
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Fig. 1 - Evolution of unit cell parameters for Padre Paraiso and Baoshan topaz normalized with respect to room
temperature values (a/a0, b/b0, c/c0, V/V0) from in situ synchrotron (a, ¢) and neutron diffraction (b, d) data.
Standard deviation errors are within the symbol size. The thermal expansion coefficients (calculated from Fei, 1995)
has investigated for both samples from 298 to 1273 K using the EosFit7-GUI software (Gonzalez-Platas et al., 2016)

and are reported on the graphs.
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From in situ neutron diffraction, the appearance of mullite phase is observed at different temperature in the
two topaz populations (1181 K and 1225 K for Padre Paraiso and Baoshan, respectively). In this work, for the first
time the progressive transformation of topaz into mullite was recorded by diffraction analyses unlike previously,
where this transformation was only observed at the end of a calcination cycle (Day et al., 1995; Miao, 1999;
Monteiro & Sabioni, 2014).

The temperatures obtained thus were interpreted as the potential temperatures for the crystallisation of a
topaz, depending on the amount of fluorine in the structure, and thus on the fluorine availability in the environment
in which the topaz crystallises (Fig. 2 a, b).

Padre Paraiso

100 16
90 15
80 14
70 —o—o—0—oT 13
X 60 I 12 %
I P i =
$ 50 > 1<
40 o o 1
30 e 09
20 A 08
a
10 0.7
0 0.6
1180 1190 1200 1210 1220 1230 1240 1250 1260 1270
T (K)
a —@— Wt. Frac. Topaz —@—Wt. Frac.Mullite a.fu. F
Baoshan

120 1.6
1.5

100 0—0—0—0 00001 14
20 ‘-‘M.\. 13

8 12
£ 60 11 3
= “
1 o
40 0.9
20 e P N—
-0 0.7
0 ::—c,—;;—'t—:’—r‘—::-;:—::—;,/ 0.6
1180 1190 1200 1210 1220 1230 1240 1250 1260 1270
T (K)
b —@— Wt. Frac. Topaz —&— Wt. Frac.Mullite afu.F

Fig. 2 - Fluorine behaviour in topaz-mullite transition zone for Padre Paraiso (a) and Baoshan (b) topaz from
neutron diffraction refinements. F atoms in topaz (atomic formula unit, a.f.u.: grey pattern); weight fractions
(wt. fract.) patterns of topaz and mullite in blue and orange, respectively.

So, from these temperatures and F contents obtained from the neutron diffraction it has been possible to
reconstruct the nature of topaz forming fluid system. In order to do this, it has been modified the Barton (1982)
equation for biotite and adapted to topaz. The fluorine content, expressed as the ratio log(fH2O/fHF )suid, of possible
fluids (or H2O-F saturated silicic melt) coexisting with the topaz, was modelled based on the partitioning of F-
(C1)-OH behaviour between fluorine bearing minerals and late- post magmatic pegmatitic fluids/greisenization
reaction. In such a view, it is possible to infer that Padre Paraiso topaz nucleated at ~1148-1181 K from a water
rich /fluorine poor fluid ((fH20/fHF)nuia ~ 4.5 log units). This value is coherent with a OH/F ratio as observed in
typical pegmatitic-hydrothermal type fluids (Barton,1982; Dolejs & Baker, 2004); instead Baoshan topaz started
to form at higher temperature ~1203-1225 K from a water poor /fluorine rich fluid ((fH2O/fHF)muid ~ 1.2 log units).
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This lower value (and relatively high temperature of topaz formation) suggests that Baoshan forming fluids is
more influenced by fluorine activity as observed for late magmatic fluid that acts as metasomatic agents for the
greisenitazion reactions. (Barton, 1982; Dolejs & Baker, 2004). Coherently with the F/OH topaz ratios, the topaz-
forming fluids of Padre Paraiso is richer in water compared to Baoshan. The remarkable high of Li, Be and B and
low Ge contents confirms the pegmatite origin of the Padre Paraiso blue topaz, in agreement with the pegmatite
type composition as reported for Padre Paraiso topaz deposits (Cerny, 1991; Zagorsky et al., 1999; Cerny & Ercit,
2005; Martin & De Vito, 2005; Miller-Lorch et al., 2007; Pedrosa-Soares et al., 2011). Another good hint of
pegmatitic origin is the Fe content, that is a strong geochemical signature of Padre Paraiso gemstones
mineralization and like in Padre Paraiso aquamarine, could be related to the strong light-blue coloration
(Achtschin, 1999; Gandini et al., 2001; Ferreira et al., 2005; Kahwage & Mendes, 2003; Pedrosa-Soares et al.,
2011).

The Baoshan topaz has higher contents of Ge with respect to Padpar topaz. Germanium is main vicariant
element for Si (and to lesser extent Al), that is a typical enrichment for minerals from greisen-type deposits from
alteration of S-type granites (Breiter et al., 2014; Launay et al., 2021). This result is perfectly in line with that
reported by Guo ef al. (2011), who in their study on the tin ore deposits of the Tengchong-Baoshan block analyse
the granitoids in the area of origin of our samples and describe them as originating from S-type granites. Other
indicators of the greisen origin of Baoshan topaz are the presence of Fe and Ti, Ga and the related depletion of Zn,
W and Sn that crystallise into other phases such as cassiterite and other oxides (Breiter e/ al., 2014; Guo et al.,
2011; Launay, 2021). The greisen deposit origin for the Baoshan topaz and allows us to reduce the number of
possible source deposits presents in the Tengchong-Baoshan Sn-polymetallic metallogenic belt from eight
(counting only the main deposits) to four, the greisen type deposits, namely: Baihuanao, Xiaolonghe, Dasongpo
and Lailishan (Li et al., 2009; Wang et al., 2013).
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