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400iC AS REVEALED BY IN-SITU RAMAN SPECTROSCOPY

Eleonora CarocdiP*, Laurent Truche, Michel Cathelinead, Marie-Camille Caumof) and Elena

F. Bazarkin&ef9

aUniv. Lorraine, GeoRessources, CNRB8000,Nancy,France

bDepartment of Earth and Environmental Sciences, LuddagimiliansUniversitSt,
Theresienstrage 41, MYnchen 80333, Germany

¢ Univ. Grenoble AlpeECNRSJSTERRE, 38041 Grenoble, France

dUniv. Grenoble AlpesCNRSINSTITUT NfEL 25 Avenue des Martyrs; 88042 Grenoble Cedex
9, France

¢Institute of Geology of Ore Deposits, Petrography, Mineralogy and Geochemistry, Russian
Academy of Sciences (IGEM RAS), 35 Staromonetny per., Moscow 1190i&/, Russ

fThe Rossendorf Beamline at ESRF, The European Synchrotron, CS40220, 38043 Grenoble
Cedex9, France

YInstitute of Resource Ecology, Helmholtz Zentrum Drefiessendorf (HZDR), PO Box 510119,
01314 Dresden, Germany

* Email: eleonora.carocci@min.umiuenchen.de

Keywords:

Tungsten polymers; Polytungstates, Fused silica glass capillary technique; Ore deposits


mailto:eleonora.carocci@min.uni-muenchen.de

g+

s
s
3%
$9%
$&
g
8("
9"
g
%+
%Y
%#
%S

%%

%&

o
%(
%)
o
&+
&l
&
&$
&%
&8
&
&("
&)"
o
o
g o
"
4o
o
"

Abstract

Tungsten (VI) speciation in hydrothermal solutiggvestigatedhroughin-situ Raman spectroscopy coupleith the
fused silica glass capillary technique at temperatupeao 40GC. The effect of temperature, pH, chlorinity and carbonate
speciationare evaluatedAt all investigated temperatures, thagstate ion W (927 cm?) is the only W species in
solution at pH > 10At a given pH, lhe presence of dissolved carbonates chloride d@s not affect the tungsten
speciationTungsten polymeremainstable up to 40QC under acidic to circuameutral pHconditionsand total tungsten
concentration above 0.01 niau20t. Among thethreeobserved polymers, namely p¥%4]® (paratungstaté\, ~ 960
cnml), [W100s32]* (tungstateY, ~ 970 cn?), and .-[HW1204]®  -metatungstate~ 990 cntl), only the heptaand
dodecatungstate are stable at elevated temperatDoenbinedwith revised literature datdhese resultallow the
thermodynamic stability constants of these W polynterge constrained, enabling quantitative predictions of their
relative abundancat temperaturesup to 300iC. These predictions suggest that W polymerization occurs under
hydrothermalconditionseven at low W concentration (down to-31@nolé&kgn2c?) underacidic conditions These
observations imply that the currently availalgleochemicaimodek on W transport and deposition deep and hot
geological fluids need to be revised.

1. Introduction

The knowledge of tungsten (W) speciation in hydrothermal solutions is of primary importance to develop
geochemical models faungsten ore depositenesis. W mobility in deep and hot geological fluidsusently poorly
constrained despite a consensuat W is predominantly transported in the -6weming fluids as W(VI) anions with
negligible chloride complexation. The few rare models of hydrothermal transport and deposition of tungsten are based on
tungstenspeciation dominated by tungstic acid:(tH0,°) and its dissociatioproductsHWO, and WQ? (Heinrich,

1990; Gibert et al., 1992, Wood and Samson, 2000). Hhadiwely simple aqueous W speciation model at elevated
temperature (T) and pressure fRinlyrelies on the interpretation of data ontaing minerals solubility from quench
experiments available at that time (Eugster and Wilson, 1985; Wood and Vlassopoulos, 1989; Wood, 1992). Wang et al.
(2019 recently investigatedV solubility and speciation in Na@learing solutions up t850 jC through quenched
solution analysis. Thegemonstrate that NaCl concentration ésnot affect the solubility of tungsten trioxide. They
alsoconcurredwith a W speciation dominated by monaidungstate species over the entire pH range gt 7350

iC.

This view of W speciation under hydrothermal condition contrasts with the ameddgtudied W speciation at ambient

T-P, where the coexistence of several polyanions containing 6, 7ndOgven 12 \Watoms depending on pis
demonstrated (Duncan and Kepert, 1961; Aveston, 1964; Arnek and Sasaki, 1974; HSufe, 1982; Ng and Gulari, 1984;
Cruywagen and Van Der Merwe, 1983umerova and Rompel, 2012 It also ignores osimplifiesthe conclusions of

two pioneering studies reporting-gitu measurements of W speciation under hydrothermal conditions. First, Wesolowski

et al. (1984 )provided the results of potentiometric titrations of tungstaéaring solution in the range 800 ;{C and

reveakd that polytungstates @(WO4)s> H7(WO4)e™, Hig(WO4)12%) dominate the speciation in the 2ol kguzo?

solution below pH 5T his latertotal W concentration (i.e. about 2000 ppisiplreadyrelativelyhigh compared to natural

oreforming fluids However, it is nofrrelevant asV concentrations > 1000 ppm are frequently reported frositin
o
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analysis offluid inclusiors associatedvith W-ore depositdKorges et al., 2018Beuchat et al., 2004At lower W
concentratios, the monomers (HW9and WQ?) become increasingly stable, but at least one polymg(\WiDs)s*)
remains predominant at pH below 3 up to 350 jC. Second, thankssttmiRaman spectroscopy, Bilal et al. (1986)
showed two stable ptymeric W-species, WOsz* and HW1,040>, thatdominate the W speciation at T up to 2@
under acidic and circumeutral conditiongW concentration in their experiments was not provided but it is supposedly
0.01mol.kgw20?Y). Theydid not succeeih detectinghe presence of HWover the 29 pH range andoncludel that
the polymerization degree increases with increagéngperatureand pressure Recently,Wang et al. (220g 20208
performedan in-situ Raman spectroscopic investigation of the hydrothermal speciation of tungsten under moderately
acidic (pH > 4 at room T) to alkaline conditicausd W concentratidown to 0.005n0l.kg12c L. Althoughthese authors
unambiguously detectetie presece ofpolymeric species of W undeomewhagcidic conditions, at least at T up to
300 iC, theyignored them in their thermodynamic modelling. Interestinghg, mentioned abovehe W polymers
supposed to be present at elevatdperaturalo not correspond to thoseell identified at ambient conditions such as
paratungstate A (VD,.%, with a G, symmetry), paratungstate B {1,04,*%, with a G symmetry) or Dmetatungstate
(H2W1204¢%, with a Keggin structure). To our knowledge, thiese studies(Wesolowski et al., 1984; Bilal et al., 1986;
Wang et al.2020a, 2020b are the only onethat document W speciation under hydrotherpmadditionsusing insitu
techniques. They demonstrate that polymerispgcies may remain in solution at elevate® @ndcircumneutral to
acidic pH conditionsnddisplaysignificantdisagreementsegardingthe polymer naturand their respective stability.

To fill this gap, we useguantitativein-situ Raman spectroscopy W-bearing aqueous solutisat T up to 400
iC to determine the identity, stability, concentrations and thermodynamic propertissafed tungsten species in the
Na-WO,-CI-CO,-H,0 system over a wide range of pH and tungstate/chloride concerdratimnew dataallows for
thefirst-time quanttative predictions of the abundanceWfpolymers in geological fluids anttle evaluation of their role

on W transport and deposition in ore deposits.

2. Methods

2.1. Experiments

Tungsten saltssodium tungstate dihydrate (N8O4, 2H,O, "Sigma -Aldrich) or sodium metatungstate hydrate
(NasW12039H20, “Sigma-Aldrich) - were dissolved in miliQ water (resistivity of 18.2 M tm at 25 jC) to preparthe
W-bearing aqueous solution. The initial total W concentration was generally set to 0.blkggps?), but some
experimentsvere conducted at lower W concentrations (0d31d0.05 m). The effect of pH, chlorinity and dissolved
carbonate/bicarbonate concentration on W speciation was studied by mktiog/n amount of the followingeagers:

NaCl, NaOH, HCI, HCOOH, CECOOH, NH,CIl, CH;COONa, NaHC@ NaCOs;, and CQ (see below fothe loading

procedure of C@gas). A summary of eadolutionwith the values of parameters used is given in Table 1. All solutions

were prepareda minimum 12 hours before the experiments and kept at room T all along thid. peh® olutions
DQDO\]HG WR KRXUV DIWHU EHLQJ SUHSDUHG DUH QRWHG KHUHDIW
month later, labeO H G 3 D J /& medstird at room temperature using a glass combined electrode and calculated at
elevated T usinghe HCh software package (Shvarg@)s).



Table 1 List of hydrothermal solutions. Concentrations are expressed in molality (mékgnzo™)

W from W from

SZL PHzsc  NaWiOséd NaWO.a HCI  NaCl NaOH NaHCO; NaCO; CHsCOOH HCOOH CH,COONa (r:lijr) NH.CI
H.0 2H;0

1 110 0.1 0.1

2 687 0.1 0.1

2.2 7.06 0.2 0.1

3 0.15 0.1 1.0

5 560 0.1 0.1

6 10.58 0.1 0.1

8 956 0.1 3.6

9 10.06 0.1 0.1

10  13.02 0.1 0.1

10.1 13.03 0.01 0.1

10.2 1294 0.05 0.1

10.3 12.98 0.2 0.1

11 8.90 0.1 1.1

111 7.50 0.1 0.1

112 8.32 0.05 0.1

11.3 831 0.05 0.1

12 72 0.1 151

12.1 7.2 0.1 199

13 11.85 0.1 1.2

R1  4.00 0.1 0.5

R12 275 0.1 0.5

R2  3.00 0.1 0.5

R2.2 2.00 0.1 0.5

R3 9.00 0.1 0.5

R3.2 7.80 0.1 0.5

N1 7.2 0.1 1.05

2.2. Spectroscopic cell and Raman datcquisition

Solutions must be contained in a material that satisfies several congvadbtsin highquality Raman spectra
First, the cell material must have sufficient mechanical resistance at the experim@rtahditions. Second, it must be
transparent in the visible spectral regiand it must not induce fluorescence. Third, the cell matewsitbe chemically
inertwhen in contact wittaqueous solutions and must igeneratecatalytic or redox processes. Fused silica capillary
capsules (BCC) satisfy all these requirements (Chou et al., 2008; Caumon et al., 2013; Dargent et al., 2013; Truche et
al., 2014). The capillaries were purchased from Polymicro Technologiesvi®@&an LQWHUQDO GLDPHWHU R
DQ H{IWHUQDO GLDPHWHU RI P 7KH VDPSOH ORDGLQJ SUHR&sEe@I&dUH LQF

at one extremity usingnaH,-O. micro torch (Elmaflame), (Zhesolution (Table 1yvasloaded fromhe open end of the

%



" tube and centrifuged towards the closed end at 12000 rpm, (3) the open end of Westudreected to a vacuum line,
II# " then immersed into liquid nitrogen to freeze the solution, and the atmosphere above the frozernwasetracuated,
$" (4) CQ gas(when neededyasloaded cryogenically, and (5) the open end of the capillassealed using a hydrogen
%"  flame, while the closed endlaskept frozen in liquid nitrogen under vacuum. The pressure efi@@ed cryogenically
lI&" is estimated to b&0barat 20 jC.The artial gas pressur@ascalculated from the pressure drop in the source reservoir.
I " Themethodaccuracywasconsidered to be within 20 %, based on volume errors and pressure uncertainty.

ne" A heatingstage dedicated to capillary heating at saturatgmburpressure (‘(CAR500 Linkam)wasused to

) " reach the experimental T, with an accuracy@i+C in the range ©20 +400 jC. Theheating stagavascoupled with a

II* " Raman spectrometer (Labram HR, "Job¥von, Horiba) and an optical microscope ("Olympus). The best compromise
I#+"  combining the highest intensity of tHg Raman band of the tungstate ion and the fegsttion of silicaglass spectrum

I#! " was obtained using a 20nagnification and a 50@Mm diameter for the confocal holgsing agratingof 1800 grooves
I##"  per mm, the 800 mm focal distance of the spectrometer and théhiG(it width a spectral resolution df.5 cmtis

I#$"  obtained The 514.532 nm line of an Alaser (spectra physics, "Newport Corporatiomgs used, with &ser powepf

I#9%' 70 mW.The pectrawere collected in the spectral interval between 150 and 4500 cm, after 60 s acquisition time
I#&"  per spectral window and four accumulatiombe nmeasurementsvere performed first at rootemperaturg22+1 C,

I# " without considering laser heatingnd from100 jC, up to 400 jC by step of 100 iC at a heating rate of 10;Cé&arin
I#(" each solution coexisting withwvepourphase below the critical point.

1#) " 2.3. Fitting procedure ofthe Raman spectra

I#* " We used commercial software “LabSpec 5.64.15 and "OriginPro9 to determine peak position, intensity, area, and
I$+"  shape factor for each component in the liquid phafer baseline subtraction, thikecomposition wamade using a

I$! " pseudeVoigt function (a lineacombination of Gaussian and Lorentzian functiob&solved W speciesave Raman
I$#"  banddocalized in the 860010 cm! wavenumbers regioffhe wavenumberaere constrained before the fitting

I$$"  calculationat the maximum intensity of the different band comgnts of the W species in the 86010 cm' region

I$9%6'  After baseline correction, each Raman peak was integrafeaind normalized to thaerea of théd 1 bending band of
IS&"  water Av20) between 1450 and 1850 dnfig. 1 displays typical raw Raman spectra ofdéaring solutiosobtained

I$' " atT ranging from 25 to 400 jC. A zoom on thavenumbedomain corresponding to the symmetric stretching (W=0)

I$(" vibrations is also showin this figure.

I$) " The ungstat§ WO, KHUHD IWBU BR@MAH) WdalbwstedasingZalibration equatiorestablished

I$*"  from measuremestin four strongly alkaline solutions having total 8@ncentrationsanging from 0.01 to 0.th. In the

1%+  860-1010 cm' spectral region, where the preserf W species may be identified, the Raman spectra collected with these
1%!"  standard solutions display a single symmetric band at around 92tmout any additional features that might suggest
1%#  the presence of other complexes (Figs. 2A, B).

1%9$ We used a liear relationship (Eq. 1) between the volumetric concentration of tungstate({C') and its HO-

1%% normalized Raman band area)(#d determine the calibration coefficielt (seeAppendk A, Table Al, Figs.Al.1, .2)

1%& of this species at a given(Figs. 2C, D)

1%'" Ci=Ki(T)! A 1)



19%(" The calibration coefficienK;) depends on the Raman creggsxtion of the considered band and the spectrometer
1%)" response. The tungstate volumetric concentration at each investigated T was previously derived according to Eq. 2
1%*"  (Appendk B, Tables B1-10):

1&+" C= (l-duid/F) I'm; (2)
I&!'"  where mis the molality of tungstate (m&bu20?), F themolinity to molality conversion factor F= 1000/(160) where
I&#" b is the mass in grams of total dissolved solutes per 1 kg of liquididanthe density (Gm?) of aqueous solution at a

I&$" given T andvapoursaturation pressure. Tlensitywasmeasured at 25 jC and 1 barwgighingl ml of each solution.
1&%  The knowledge ofhe densityat high temperaturenecessitatedomputational models because ha&dno controlover

1&&" volumetric variations othe solution inside the FSCC during heating. For fhispose, weompare the soWwat model

I& " (Driesner and Heinrich, 2007; Driesner, 2007) witaAgSo-NaCl model(Bakker, 2018). Thes@vo models requirei)

I&("  the calculation of NaCl mole fraction, according to Eq. 3:

1&)" xNaCl = mokgnac/[Megnact (1000b)/Ukz0] 3)

I&*"  where b is the mass in grams of total dissolved solutes per 1 kg of liquid-ansl the molecular mass of water, andl (

I't+ " the pressure value tfesolution at each investigated T: 1, 0.9, 15, 85.83 andaefor T = 25, 100, 200, 300 and 400

' " jC, respectively. Both methodmvethe same results at the second decimal levabéndix B, Tables B-10).

I'g " The obtained calibration coefficients for spedBeat T ranging from 25 to 400 j(igs. 2C, D)allows us to

I'$ " quantify its concentration in adlolutiors andestimate the concentration of the other W species thanks to the following
I'e"  procedure. First, in all the collected Raman spectradestified those displaying only one Raman band in addition to
I'& " that of tungstate (at 927 cthin the 8661010 cm' spectrakegion. This configuratioexistedonly under circurmeutral

I" " to mid-alkalineconditions- the C species being the only secondary Raman band contribution. Secaiedivattthe W

' " corcentration belonging tthe C species by subtracting the previously chlted tungstate concentratiaiB-species)

N " from the total W concentration of the solution. Third, iwterredthe calibration coefficient ¢k for the C species at T
I'* " ranging from 25 to 40QC andcalculat@ the W concentratiorof C species in all our solutions. Finally, wepeagdthis

I(+" stepby-step procedure for Raman spectra displayinmgeand eventuallyfour Raman bands in the 8601010 cmt
I " spectral region. Of course, uncertaiimgreasedver the curse of this approach because of growing cumulative errors

I#" and because some calibration linesrepoorly constrainedXppendk C - TablesC.1-3).
I($"

(%" 3. Results

I(&" A total of 5 different Raman bandeeredetected in the 8601010 cm' spectral regionwhich corresponds to

I " the symmetric stretching (W=0) vibration domaiiis latter domain is overlapped by the asymmetric stretching (W=0)
I(( " vibration domain ranging from 825 to 930 érTheseRaman bands are identified with alphabetic letters (A, B, C, D, E)
I) " and ranked by increasing wavenumbarthe following sectionsThe corresponding Wpecies include simple dissolved
I(* " ions clusters and polyanion species, like heteropoly acids with kgggimctures known as heteropolytungstates. We

N+ " discuss their respectiRaman bandittribution in section 4.1.

e "
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3.1. Effect of temperature and pH on W speciation

Fig. 3 showdour series of Raman spectra correspondinigtodifferent W-bearingaqueous solutions collected
at different pH conditions and T ranging from 25 to 400 jC. Under strongly alkaline cosdiign3A), only one single
Raman band exists in the 860010 cm! VSHFWUDO UHJLRQ DW HDFK LQY H \ewtifielwitsl G 7 7K
intense and sharp features-&23 cmt at 25{C, which slightly shifs toward lower frequencies wiihcreasingr. Under
acidic to circuraneutralconditions W speciation is far more complex, witlp to five well-identified Raman bargd
coexistingover the investigated T range. The relative evolution of the area of these bands refleetsutien of the
speciation of tungsten.

7KH 5DPDQ EDQG QRWHG 3%$° LV FKDUDFWHUL]HE4IEMDAIEIOR D, GisDQG ZH
band exists in solution from strongly acidic to neutral condst{&ig. 3B-D), and its area normalized tioeewater bending
bandVOLJKWO\ LQFUHDVHY RYHU WKH WR S+ UDQJH 7KH LQWHQVLW\
above200& 7KH 5DPDQ EDQG QRWHG 3%" SUHYLRXVO\ LGHQWLILHG XQGHU D
pH and T rangessStill, its intensity decreases abruptly under cireneutral pH conditions and remains very low under
acidicconditonsTheRanDQ EDQG QRWHG 3&° LV LGHQWLILH®SOENRtQdnQampeaitd. D QG V
Its intensity is maximum under circuneutralconditions but it decreases rapidly with increasing pH and disappears at
aS+ DURXQG +RZHYHU WKH LQWHQVLW\ R lundeK &cidic ondEdnenhd rein@is\ VO L J}
significant even a& pH below 1 at room T. A slight wavenumber shift toward lowaueswith increasingT is also
REVHUYHG IRU WKLV EDQG 7KH 5 DapB Rel@&7QGo@rRampeeatire. IDsSchatdoterize by
an intense and sharp peak-8870 cm!, downshifting toward slightly lowevavenumberssT increass. Thisband is
the most intensef all at pHvaluesbelow 7 anda temperature d@5 jC. It remais detectable in solution at T up to 400
iC, but a fifth bandnoted 3 () progressively replacedat T <200 jC. This latter band is well identified by a sharul
intense peak at 988 cm! at 200 ;C, downshifting te 983 cmt at 400 jC. AtapH below 2 and T > 200 C, precipitation

occurs and no more dissolved \8pecies remasdetectable.

3.2. Stability and reversible formation of polytungstates

The question of the stability and reversibility of the previously described W speciation was aduiré¢isisee
different ways: 1) by comparing Raman spectra acquired immediately after heatiagitlaycat 200, 300and 400 iC
with those obtained at the same temperature fftgr-eighthours of preheating at 350 |C, 2) by performing heating
and cooling cycles, and 3) by measuring W speciation at 25 jC two months after having heated the toagia C
and by comparing the obtained Raman spectra with both fresh and agesiXaftenths) unheated solutions.

Fig. 4 shows one example of these tests performed on a capillary containing a solution ato€al \w
concentratiorfrom Na;WO,4 and 0.5 m acetic acid (#R1), having a pH = 4 at 25 {C, and thus being demonstrative of the
evolution of thefive previously described Raman ban@ike comparison of the Raman spectra obtained at 200, 300, and
400 iC immediately after loading the capilldfig. 4A, lower part) and after 48 hours of freating at 350 jC (Fig. 4B)
are perfectly identical in terms of peak feat(Fall Width at Half MaximumFWHM and Gravity Center of the band)
and peak intensitiesMaximum Heigh}, when normalizd to water bendingseeAppendixD +Table D. The W
speciation islsofully reversible upon heatingooling cycles over the 200400 jC T range. The D and E Raman bands

observed at 20(C and 300 C disappear favourof species C at 400 jC. These two first tests demonstrate tHauthe
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Raman bands B, C, D and E belonggator different W species. They alstiowthat thesdour species are stable and that
the equilibrium is achieved within minutes under hydrotherowiditions. However, the third test, which consists
comparing Raman spectra obtained at room T with i) freshly prepared, ii) aged, and iii) heated up to 400 jC solutions,
shows a different picture (Fig. 4A). In particuldre species E, not present in thiesh solution, remains abundantlie
solution immediately otwo months after cooling. Species C, which was present ifnthial solution, is absent after
cooling, and the abundance of species D is different before and after heating/cooling. Natspleaiation at 25 {C in
theunheated solution remains nearly identicahi@freshly prepared solution and af@x monthsof ageing. This latter
comparative test demonstratinat W-speciationdoes not reflect equilibriuras observed othe initial solution The
freshly-preparedN-bearingsolution is in a metastable equilibrium state. Equilibrimould requiremorethansix months

to be reached at 25 jGpecies E being the thermodynamically stablgimduct of the D (and probably C) species
decompaitionin solution.It should be noted thapeciesB, C, D and Eare present in the system eveteattimes lower

W-concentration (0.01 m total W concentration; .
3.3. Effect of carbonate and chloride ligands

The effect of carbonate div-speciation was studied using three coningstarbonatebearing systems, where

either CQ(aq) Golution#12, pHs;c = 7.2), HCQ" (solution#11, pHs,c = 8.3), or CG (solution#13, pHs,c = 11.9)

were the dominant dissolved carbonate species. At room T, #ieuipH value of the Wearing solution (0.1 m

NaWOy) in equilibrium with 0.15 bar Cglg) wasestimated usinglCh software packagespvarov, 2@5), based on the

relative abundancef t1COz; and CQ(aq). The Raman spectra shown in.Fare strictly identical to those obtained

under similar pH and T conditions without carbonate (see Fig. 3). Thus, the presence of dissolved carlaonate in

VXEVWDQWLDO DPRXQW ! P KDV QR HIIHFW RQ : VSHBRAgBSWLRQ RYHU W
The effect of chloride on W speciation was examined thrabgresolutionsin the presence of 0.1 to 3.6 m

NacCl. Fig 7 shows the Raman spectra collected for two differesiid&ring solutions containingsn NacCl, adifferent

pHzsic values 5.3 and 96, respectively. In both systenhloride complexation with dissolved W species doe®ootr,

as no new species are detectethmsolutionother tharthose already describednderslightly acidiccondition(Fig.

7A), W speciation remain ideingl to the one measuredsplution #5 (low chloride content and pklc = 5.6), up to 300

iC. At high salinity (Fig. 7) WKH SUHVHQFH RI VSHFLHV 3&  VHH PwithW&chiktde®W R P R W H (

solutionsconducted under similar pebnditions(i.e. solutiors #5 and #6 Fig. 3.

4. Discussion

4.1. Identification of W-species

Among thefive previously detected Ramdmands, only the one at 927 cnEHORQJLQJ WRnayBeHFLHV 3
assignedvith certainty to the (W=0) symmetric stretching vibration of the \WQanion (Ng and Gulari, 1984; Bilal et
al., 1986; Vigasina et al., 2000; BarrZ et al., 2005; and Redkin and Bondarenko, 2010). Note £\t asymmetric
stretching mode at 83! and the/(W=0) bending mode at 326 chof WO4> are hindered by the Raman bands of the
silica-glass of the FSCC. The othiaur observed bands (at ~890, 955, 970 and 98%)@re muchmore difficult to
assignto a specific W species as there is no consensus in the literature. Howewetamméinding of this study is that
all the detected species under hydrothernaditionsexist in solution at roortemperature HYHQ VSHFLHV 3(7 WKI

)



#&" XSRQ KHDWLQJ DW 7 = ftéo Exnitids BiftdrRcbaligg \at xouwddripedatlire Thus, the observed W
#&("  species are not specific ttee hydrothermal conditionTheymust have been described in the plethora of stuéiésated
#&)" to W speciation at ambienbndition

#&* In an attempt to propose a first comprehensible identification of thespedies, we crossompare the
#+"  published Raman spectroscopic studigspendk E - TableE.1) with other sources of W speciation dgatentiometric

#1 " titration, solubility experiments, ultracentrifugation, mass spectrometry, Nuclear Magnetic Res@gprerdk E -
##" TableE.2), and thermodynamic calculatiofgppendk E - TableE.3). This exercise allows us to infer the most probable
#$" W species associatedith each Raman peak previously observ&tdW concentration above 0.01 m, there is a large
#96' consensus in the literature (see recent review by Gumerova and Rompel, 2020) ttaatagueous solution of tungstate

#8&" s acidified, condensation reactions lead to the formation of polytungstates.

#o 6 S HF L HMWRafdn band at 88892 cm™."The morphology of this Raman band is very different from the
#(" others: low intensity and very large fulidth at half maximum (averaged FWHM are 24, 18 and 14 an®25;C, 100
#)" CDQG f& UHVSHFWLYHO\ 7KLV 5DPDQ EDQG LV RQO\ GHWHWWHG DW

#*" WKH SUHVHQFH RI1 WKH, and itS Qo8ndiied Igtendiypv@riés/accordingly with these latter bainds

#(+" Raman spectra of Keggheterepolytungstate anions exhibit bands between 950 and 1025 ¢W=0) symmetric

#(!"  stretching mode) and 8280 cm! ( .{W=0) asymmetric stretching mode) as well as bands at lower wavenumbers
#@#" arising from the bridging WD-W bonds (Ros#Medgaarden and Wachs, 200Thus, this latebehaviourleaves us

#$* WKLQNLQJ WKDW WKH 38" EDQG FRUUHVSRQG VW WERJ B\ HRZHDON PLRVENE PRHIVWSLH
#UW &

#(&" 6 S H F L H3R&ah band at 95@60 cm."This band is sharp and intense. It is located next to?$pecies

#('" 2%’ ZLWK D VO wakerumxesh lexidtgvatlalDinvestigated T and ghd < 10.5. Its maximum intensity is

#((" reachedatplic~ DQG URRP 7 7KH V®exkiEthlbhe with WR2Dat 7< pHs,c <10.5 and at T up to 400

#(0)" iC (Fig. 3C). At T > 300iC, it forms at the expense of species E (aiocalesser extent) and its fortiem at elevated T

#(*" is fully reversible upon cooling. Redkin and Bondarenko (2010) assumed this band to be related to the vibration of
#)+"  [HWs02]%, by analogy with thermodynamic simulations relying on data reported by Baes and Mesmer (1976) and
#)!1'"  Wesolowski etl. (1984). In their extensive potentiometric investigation of W(VI) speciai®00 jC, Wesolowski et

#)#" al. (1984) considered several criteria to sethotespeciation schemes compatible with their data. Amonghtee

#)$"  speciation schemes, two includifW-O.4]% were proposed, but slight preference was givethabcomprising the two

#)%  hexamers [HWOi]>and [WsO1g)% in addition to monomers and the dodecameWiO40]¢. The inclusion of hexameric

#)&"  or heptameric species in their speciation schender weakly acidic conditioris debatablelndeed, since the pioneering

#)' "  work of Jander et al. (1929%he hexameric anion Bdeen included in nearly all speciation models. Howesgch a

#)(" choice wasunequivocally removed by the combined results of NMWRKsimovskaya and Burtseva, 1985; Hasting and

#))"  Howarth, 1992)potentiometrid Cruywagen and Van Der Merwe, 1987), cyclic voltagtric (Himeno et al., 2000), and

#)*" Raman (Fuchs and Flindt, 1979; Himeno et al., 2000) studies. All these fawdis the existene and stability of

#+" [W7024% LQ WKLV S+ GRPDLQ 7KLV VSWO)skivneric gtRoHNgVRdhavi BabdRa-J953 e

#*1"  room temperature (Fuchs and Flindt, 1979; Himeno et al., 2000; Weiner et al., 2005). A comparison of the Raman
#4#"  spectrumof [W-024)% in the solidstate (isolated as a piperidinium salt) and a freshly acidified tungstate solution led to
#$" the identification of [WO24]® in solution (Fuchs and Flindt, 1979). A remarkable similawgs noted between the

#98 infrared spectra of heptamolybdate salts and the spectra 4¥.J¥ in solution (Pope, 1983). Maksimovskaya and

#*&' Burtseva (1985), thanks ®'’O and®W NMR investigatbn of tungstate solutions, showed the presence of both

*n



# " [W7024% and [HHW12047]1%. Theequilibriumconcentrationbetween thessvo specieslepend on temperature and total

#*(" W concentration. Despite all these brad evidence, Wang et.gR0209 recentlyassignedhis Raman band to HWQ

#*)"  to comply with the thermodynamic predictions made by Wesolowsky. €1384) or Wood and Samson (2000)e

#*"  disagree with this choiceyen if we recognize that this band assignment is tempuiragnly because it satisfies the

$++'  classical view of W speciation at elevatethperatureand the fact that neutral or weakly charged speciefagoeired

$+!"  under hydrothermaconditionsdue to the decrease of the dielectric constant of water (e.g. Crerar et al. 1985; Brimhall
$+#'  and Crerar, 1987Because of polynuclear W ions, tH®VO, wasnever observed by spectroscopic technigeesn at

$+$'  very high dilution (Cruywagen, 1999Jhe Raman band at 98B0 cm' is keptat room T over a wide pH range (from

$+% pH = 1 to nearly 10), and its main features (i.e. position and FWHM) do not change with T. This key observation
$+&  contradics the existence of HWE a species never reported in such conditions. Therefore, we assigriRahtian band

$+'"  at ~953 cit to [W-O24]® (paratungstaté).

$+(" 6 S H F L H ¥Raran band at 97®79 cm."At room temperature anglpH < 6, this band is the most intense

$+)" RI DOO ,WV LQWHQVLW\ VWURQJO\ GHFUHDVHYV DW 7 + condifioris@gM< UHP DL C
$+*"  5). The disappearance of this band at elevated T is not reversible upon cooling (Fig. 4)RThétef WKH VSHFLHYV
$I+"  metastable. Bilal et al. (1986}signedhis band to the [WOs7* species (tungstat¥) in their Raman spectra recorded

$!I'"  at 150iC, 1 kbar and pkb,c = 6. These authors also observed the complete disappearance of this band0T.=

$#"  This behaviours in good agreement with our observations. Tungstateknown to be kinetically unstable in aqueous
$!$"  solutiors (Gumerova and Rompel, 202@)pon prolonged heating at 80,jiCyields the thermodynamically stable true

$196'°  .-metatungsta .-[HW1,040% (Hasting and Howarth, 199Ximeno and Kitazumi, 2003). Thus, vessignedthe

$1&"  Raman band at 97879 cm' to [W10032]* (tungstateY).

g 6 S HF L H¥Ra&nman band at 98895 cm?. This band is very sharp (averaged FWHM &r6, and2 cm* at

$I(" 200, 300, and 400 iC, respectively) and intense. It only appearSa ” DQG 7 - f& XSRQ KHDWLQJ
$Hh" H[SHQVH RI VSH Bahawbutdf ther spetiesorrespondng to this band is surprising since its formation is

$!*"  reversible upon heating and cooling in the 28000 {C T rangeOnce formedit remains stable at rootemperature

$#+'  even aftetwo months (Fig. 4). This bandasassigned to the [WOs2]* by Himeno et al(2000) in their Raman spectra

$#!"  obtained at room T aralpH < 4, without heating. They observém bandlisappearance upon increasthg pH above

$##' 3 or after heating at 80 jC fdhreedays. Thisbehaviouris inconsistentwith our observatios: species E forms upon

$#$'  heating preferentially under slightly acidic conditions. Thus, we rule out the possibility fe®{}¢" to belong tathis

$#% Raman band at 98395 cmt. This bandvasassigned to [BW:12040]> by Bilal et al. (198) in their spectra recorded at

$#& 150 |C, 1 kbar and pidoic = 6. These authors also observed that this complex is the only stable polymeric species at
$#'" pH<5, T=200iCandP =1 kbar. Again, this observationeg@ellentagreement with our measureme@ther minor

$#(" speciegmainly B and D) may be attributed lmwver pressurgvapoursaturation pressur@y a better sensitivity of our

$#)"  spectrometer. Wang et al. @I also detected this band in their experiments perfofnoed 0.03 to 0.1 mol kg of

$#*"  total W concentration in the presence of C6till, they did not assignit to a particular polymeric species. In their

$$+  thorough and comprehensive NMR spectroscsipgy (*®3W, 70O and'H) of tungstate solution in the pH range 1.5 to 8,
$$!"  Hasting and Howarth (1992)avean indepth perspective on the formation of W species int&wl based ompoly-

$$#'  oxoanions already characterized in the setiate. The [BW12040]> polyanions is a protonated form of paratung@te

$$$'  ([H2W12042]1%) that forms at pH < 2. This description does not correspond to our observations because speeiasE

$$% at T > 100 {C and slightly acidic conditions. Thusa\¥#-0a4q]> and [Wi¢Os2]* complexes cannot be assigned to the
$$& Raman band at 98295 cm'. Instead, the weknown behaviour R -P HW D W X Q[H¥WAOuN¥ Hwhich is the

I+
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dominant and thermodwamically stable \Aspecies thaiormsupon prolonged heating (70 jC) below pH 6 (Hasting and
Howarth, 1992; Himeno et al., 2000, Himeno et Kitazumi, 2003) satisfies atlb@ervatios. Therefore, weassigned
the Raman band at 98®5 cm! W HH W1,04]® -metatungstate).

Sodiatedtungstatespeciesnverenever reported in the literature (see review by Gumerova and Rompel, 2020)
andarecent (preliminary) XAS investigation under hydrothere@hditionstends to confirm the absenoef sodiation
(Klemme et al., 2021). Salts containing fragments of heptatungstate strucfiFe;Vié®.,] (Hartl et al., 1993)were
isolated from concentrated weakly acidic agueous solutions, but there is no evidence that tigsstadidenin solution.
Thefact that protonated and ngmotonated polytungstate species may coskistiitaneouslhand norprotonated species
may even dominate W speciation under very acidinditionsrelies onexperimentatiatareportedby numerous stilies
(seeGumerova and Rompel, 2026r a review. Part of this observation may be explained by the enthalpy factor of the
condensation process and by the metastability of some anions. HoWéecalculations are definitively needed to

solve thiscritical question.
4.2. Tungsten speciation

Based on our calibration procedure, wereable to derive the concentration of WCand to estimate step by
step the concentration of thiereeother identified speciemamely [W0.4]%, [W10032]*, and .-[H2W1,040]® in all our
solutiors at eachtemperature up to 400 j0he obtained calibration coefficienK() valuesare within the 0.01 to 0.2
mol.L? range. Surprisingly, the tungsten polymerization doesigmificantly affectthe value of the Raman scattering
coefficiens. These coefficients tend to decrease with temperature starting from abaublLt5at 25 jC and decreasing
abruptly to 0.02+0.04 molL* at T > 200 jC. Only the calibration coefficient of tH&/40.4% speciesdisplay a
significantly differentbehaviouy with a slight increase with T from 0.15 to @mdl.L* over the 254400 iC T range. The
solutionpH wasmeasured at rootemperaturendthencalculated at elevategdmperatureising thethe HCh software
package (Shvarov, P8). This approach iselatively safe under extreme pebnditions(pH < 3 or pH >10) or in the
presence of concentrated pH buffers {mcacid, formic acid, carbonate/bicarbonate solutions) bectugsevolving
tungsten speciation weakly impaét* activity. However, for a small number of solutions (e.g. sol.#2, #2.2 and #5) where
the circumneutral pHconditionsmeasured ambient conditionsvere not buffered, owralculatiors weremade forthe
indicative purpose as there is no thermodynamic data avadadvierifor the observed complex at elevatethperature
The resulting tungsten speciation as a function of pH is shiowig 8 at 25, 100, 200, and 300 C.

The WQ? anion is the predominant speciesptd above 7.%and T =25 jC. Its predominance domain is slightly
shifted towarda lower pH value withincreasing temperaturénterestingly, wedetected anduantifiedthe presence of
WO even under strongly acidic conditgnwhere it still represents between 5 to 10 % of the total dissolved W
concentrationThe [W£O24]® polyanion is the predominant species under circ@mtralconditions(6 < pH < 7) at T up
to 100 {C.This latter species still representsemsentiatontribution to the W speciation (20 to 40 &)lower pH At
higher T, its concentration in solutionadtically decreases, and it only represents 10 to 20 e total dissolved W
concentration. ThfW10037]* polyanion, which is metastable, dominates the W speciation at pH <5 and T up to 200 {C
upon heating. Under these conditipits concentration presents 40 to 80 % of the total W speciation. Upon further
heating [W¢Os2]* progressively disappearsfavourof .-[H2W1,04]%. Thedisappearance §fV1¢0s2]* is not reversible
XSRQ FRROLQJ -[HMRDLolyadrisnis the most abundant and stabfeecis at pH < 6 and Te f&
Once formed,.-[H2W12040]® remains in solution upon cooling, which is not the das@\ 1¢032]*.



$(@  4.3. Thermodynamic calculatiors

$(&" Raman spectroscopy data on W speciatiotained in this studwereused to calculate the stability constants of
$(' " W polymers The followingreactionsdescribe thie formationfrom WQ,?:

$((" y91§? Ez*> L 9.1i3 Evrel 1)

$0" sSr918? Esx> L 954187 )

$(*"  St9187 Esz> L *4956157 E 2%61 ©)

$)+" Besidesthefollowing pH-independenteactiors can bewritten

)" v91§? E95,418% L t9. 147 (4)

S ts918° Etv9s,18 Etr*gl L tr*q9s6l55 E U9. 153 (5)

$)$" The most important Wpolymers (~50% of dissolved W) coexistg with high amounts ofVO4% (~=50% of

$)%  dissolved W)under our experimental conditions §v;0.4% at 25 £100{C and .-[H2W1204q)® at 200- 300;C. The

$)&" experimentally determined concentrations (in &wplo) of thesepolymersand WQO? togethemwith the corresponding

$)' " estimated pH values were used to calculate the apparent constantgéactims 1 and 3 according to:
" . 3-kD3EZ] 0
$)( H}gﬁa.s,LHK;%EzL* 6)
3 KA =27
$)" HKE, U LHIEEC B0 g7 « @
@ kb Ey’ og
$)*" At 25{C andpH above 6.5a good consisincy between the ptandWO42*and[W-04)® concentrationsvere

$*+"  found for all solutions excephat under high NaCl concentration (306 NaCl). We expect thigo be caused by the
$*1" increasedincertainty in classical pH measurementsigh NaCl concentration3 hus, thispoint was excluded frorthe
$*#" analyses. Faheotherexperimentat pH 6.5 8.5, the pH values within 8.3 uncertainty were described by the apparent
$*$" constant logKm(1) value 671 + 1.5 calculated according to equatid). (At pH below 6.5 the equilibriumbetween
$*%  WO4> and [W,O,4% does not seelo be reached.e.there isno stable relatioshipbetween the pH value aWdO,* and

$*&'  [W7024]% concentrationsThe pH-independenteaction (4) wasalculatedas

TR T ®
$*(" The apparent constant logf) was found to b&.4 + 1.0for all solutionsat 25;C. A similar analysis of W pgimers

$ " formationwasdoneat100iC. The corresponding constadaigiven in Table2.

S At 200- 300C, .-[H2W1204q)® and WQ? distribution in experimental solution as a function of pH can be
%+% described by the apparent constants given in Table

%-+!

%+# Table 2. Apparent constantsdetermined in this study

Reaction T logKm I mm) pHr
yo91§? Ez*” L 9. 13 Ev¥gl 1) 25 67.1+1.5 0.30.7
100iC 651+1.0 0.30.7
Vo187 E 95,183 L t9. 143 4 25jC 54+1.0 0.31.2 0.1-5.6
100iC 53%+12 0.31.2 0.1-5.6
St91§7 Esz*” L *¢956l55 E 2%61 (3) 200iC 116.0£35 0.30.8 4.56.0
300;C 116.0£15 0.308 4.56.0
%+$ "
%+% Thecorrection to the ionic strengthrisquiredto calculate the constants at infinite dilutiéor this correction

%+& the extended DebydYdkel equation was applied:

#"



%+ HKEL FVP& L F\ﬁ%& 9)

%+(  whereD is the DebyeHYckel termwith A andB parametersvhich are constardt a given temperatur¢Appendk F,
%+) Table F.1), andly is the ionic strength, calculated as

%+ 4 L ravehigl o@f (10)

%!+  wherem andz are a concentration (in molakg?) and a charge of aqueous spediespectively The ionic strength was
%!!"  calculatedconsideringthe experimental data on W polymer concentratimmd assuming all other iemsdissociated
%!#  Rather high uncertainties in the pid elevated temperaturespeceés concentrations, and ionic strengticulatiors,
%!$'  together with the use of multipieectrolytes, imply very high uncertainties in tadty coefficient calculatios. Thus,
%!% applying more accurate models of ionic strength correc{eny. specificion interaction model or Pitzer moda$

%!& meaninglesdor this study The extended Deby&iYckel theoretical approach (equati® was the most suitable.

%!""  Constants given in Tabl@werecalculated fronthe apparent costants(Table2) according to
5 =27

%" HKE* s L HKESTLS EzL* F 2& (11)

DEy7 ;7

3 KA =27

%!)" Hrgg-:“:u;LHlé%oEszL*Est& (12)
@ kb Ep' og

%I*"

%#+ Thethermodynamiconstants ofeactiong1) and (2)at 200 £300;C were optimized tbetter reproducthe experimental
%#!" distribution of W specied he optimized valuesf thermodynamic constanése given in Tabl&.

%## Table 3. Thermodynamic constantsdetermined in this study

Reaction T logioK®
yo1§? Ez*” L 9. 13 Ev¥gl (1) 25iC 65.6+ 1.5
100;C 62.9+ 1.5
300iC 48.8+ 1.5
Sr918? Esx*> L 95,183 (2) 300C 107.0+ 1.5¢
st9187 Esz*” L *956157 E 2%61 (3) 200iC 119.0+ 35
300;C 119.0+ 05
%#$  * this species [WOs2]* is believed to be metastable (see more discussion in the text).
%#%
%oH#& The value of logK(1) at T= 25 jC obtained in this study66.6+ 1.5)agreeswith the literature data (65.19,

%#"  Cruywagen and Van Der Merwe, 1987). The values of stability constants of W polymers at high tensparature
%#( deteminedfor the first time.In Fig. 9, the speciationof W at 300 jC in 1 m NaCl solution is calculatém Na,WO4-

%#) HCI-NaOHH,0 systemas a function of pHbased orthe datareported inTable3 andby appling equation (9or the
%#*  activity coefficient calculatioriThe polymefW100s2]* is expeted to be thermodynamically unstakdee section above)
%%+ The value of logK(2) given in Table3 allows estimatingsometheoreticabehaviourof this speciesinder equilibrium
%3$!"  When excluding [W10037]*, the modelspredict .-[H2W1,040]® as the dominant W speciesinder low pH.The
%$# predominance of W polymers calculated filg. 9A does not changevhen [W100s]* is excluded. Thuspur

%%$$ thermodynamic datean be used fanodellinghydrothermal transport of W during ore deposit formation.
%$% 44. Geological implications

%$& The evolution of Wspeciation is strongly dependent ¢@mperatureand pH. Our experimental study
%$" demonstrates that W fornhéghly-charged polymers up to 40 like the paraungstate A (C species) (-4)%, which

%$( is stable at all investigated temperatures, and the decatunggtspecies) (WOs2)*. This latter species isetastable

1$”
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and may be replaced by tHedecaDmetatungstate (E species)Wh2040)°% which forms at T « 200{C. Even ifthese
polymeric speciemay beconsidered witltaution theypredominate in solution under acidic to circumneutral conditions
attemperaturesip to 400 jC. The existence of stalidgghly-charge polymeric species aemperatursup to 400 iC is
a significantdiscovery as it definitively shifts the lorglanding paradigm that only neutralweakly-charged species
predominate under hydrothermal conditiofi$is is due tahe decrease of the dielectric constant of water «ilith
increasingemperatur¢Crerar et al., 1985; Mei et al., 2014; Brugger et al., 2016).
MoreovertheW species detected at elevatethperaturgalso exisatambient conditionsvith no new complex

or polymers formation. This strong tendency of tungsten to form complexes, like heterapoigpoly, and isopoly
tungsten compounds, is unique. No other element of the periodic table (not even Mo, the W chemical brother) acts in that
way. Thecontrastig behaviourbetween W andlo may be explained by the weakening of bonding of the valence
electrons from Mo to Wresultingin the stability increase of the higher oxidation states of W and its tendency to form
oxygen compounds having Kegging structvi® combines with S t@recipitatemolybdenite whereas W still forms
oxides like wolframite or scheelit&quation 13 from Barabanov (197dhows this strong affinity of W for oxygen in
acidc conditions andts gradual weakening with incradag pH valuesas observed in the present study

%&H "

%&$  (13)

%&%

%&&
This new view of W speciatiomnder hydrothermal conditionisas significant consequences for W transport and
deposition in natural environments by hydrothermal aqueous fluids.

The importance of W polymers in eferming hydrothermal fluids wasodelledaccording to thermodynamic

data obtained in this study (Tal#® and presented in Fi@. The possible input offWO;/H,WO4%4q) Specieswas
calculated according to Wang et al. (20I®)e inclusion of this speciés the model does naiignificantly changethe
speciationof W polymers(see Figs. 8 and B). The total W concentration and pH are the main factors controlling the
formation of W mlymers in NaaWOs-NaCFHCI-NaOH system The aciic pH and high W content§avor W
polymerization(Fig. 9d).Our modelingshows that the concentratiohNaCl stronglyaffectsthe W speciatiodue tothe
high charge of W polymers (s&#g.F.1.3. For example, the role of highly charged species (i.e. W polymers) increases
with increasing electrolyte concentration. Moreover, the solubility of W minerals is known to increase with increasing
NaCl or KCI concentration (see Redkin and Cygan, 2020-efiedences cited)n Ca and Febearing fluids with near
neutral pH, the low solubility of scheelite CaWweénd ferberite FeW@prevents the formation of W polymers. Under
more acid conditions, the formation of W polymers would favour high solubilityuibdér pH below 4.5, the fields of
W polymers and We@precipitation overlap (i.e. Fig. 9d). The latter means that the presence of dissolved Ca and Fe in
natural fluids does not favour high W concentrationsngsterore forming fluids may contain more tha800 ppm W,
as recently revealed by fluid inclusion studies (Korges et al., 2018). Such high W concentrations reaching the millimolar
range are sufficient to trigger W polymerizatias demonstrated by our-situ measurements and thermodynamic
calculatbns (Figs. 5a and 9%ome geological fluids are very rich in W, and a totat&centratiorof around 2000 ppm
is not unrealistic in natural offlerming fluids (Tabled). We point out here that most fluid inclusion studiese made
on quartzhat issupposed to be coeval with-Béaring minerals. It implies that the entrapped fluidsepartly depleted
in W duringthe oreforming stage. Despite this phenomenthese fluids still contain more than 200 ppm ofafid the

original W bearingfluid was probably even richer in W (Naumov et al., 2011; Goldmann et al., 2013; and Hulsbosch et

196"



%()" al., 2016. Korges et al. (2018) revealed viasitu LA-ICP-MS analysis of fluid inclusions from the SM Zinnwald
%(*  depositin the Erzgebirge (Geamy) thatore-formingfluids contained up to 1000 ppm total W concentration. Beuchat et
%)+  al. (2004) repoadexceptional W enrichment in fluid inclusions from theGM-Zn-Pb San Cristobal district (Peru), with
%)!" W concentration exceeding 10,000 ppm in qurdm the early W ore deposition stage.
%)#
%)$ Table 4. W concentrations in natural fluids
METHODOLOGY SOURCES W concentrations from literature
Beuchat et al., 2004 Naumov et al.,, 2011  Hulbosch et al., 2016 Fusswinkel et al., 2017 Zhang et al., 2017 Korges et al.,, 2018 Guo et al., 2019
LA-ICP-MS and
Microthermometric F Wfm-Qtz-Py Stage 100 < ppm < 10000
studies
Database Review Magmatic Melts 6.8 ppm (+81 ppm/-6.2 ppi
MineralForming Fluids 30 ppm (+114 ppm/-25 ppi

RAMAN on FI Ms associate with Sch and Frb

3 < ppm < 1310

Studies Tur associate with pegmatite
LA-ICP-MS in FIA Early Qtz vein 0.03 < pg/lg < 9.9
LA-ICP-MS in FIA Late Extensional vein 8.24< pg/g <23
LA-ICP-MS Two-mica granite 50 < ppm < 70
LA-ICP-MS in FIA Wmf-Cst-Qtz 10 < ppm < 10000
ICP-MS in Active Water samples 0.05 < pg/L < 110¢
Hydrothermal Syster Sediments nearby the ventg 6.49 < ppm < 536

Abbreviations Legend
Sch = scheelite
Frb = ferbrerite
Tur = tourmaline
Wfm = wolframite
Qtz = quartz
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Py = pyrite

Usually, fluid inclusions associated with quaviin type wolframite deposits are commonly accompanied by
the dominant presence of @(Higgins, 19808Ball et al., 1985Wood and Samson, 2000; Rios et al., 2003; Naomov et
al., 2011 and Ni et al., 2015)According toCatelineau etd. (2020, W-ores atPanasqueira W deposit (Portugal)
precipitated from low salinitygqueouscarbonic fluids withCO,- CH4- N2 present in the volatile phasBungsten does
not form complexes with carbonate species over the whole pH and Tsramgstigatedn the present work This
observation does not precludeessentiafole for CQ/carbonates in thieansport and deposition of Wirst, the presence
of dissolved C@may buffer the pH in the range-% and thudavoursa W speciation dominated by polymeric species.
Second, C@water immiscibility may result in CQlegassing and trigger wolframite pigtation due toa pH increase
(Liu et al., 2018Wood and Samso2000;Liu and Xiaq 2Q20; Wang et al., 209, 2020b. Third, although pressure has
a secondary effect othe transport and deposition of \We minerals, unmixing of COmay indirectly promote the
instability of W species by decreasing water activity and modifying the dielectric constant of the solvent, which controls
ion paring (Kokh et al., 2017)nmixing is recognizeat Panasqueira (Portugal)-We deposibut only diring the last
stages (noted IV following Cathelineau et al., 2020). Unmixing could have a role on W speciation and subsequently on
the W precipitationbut it does not explain most of the wolframite precipitatat the very beginning of itormation

under high pressumnditions whichexcludesany unmixingprocessluring early stageat Panasqueira.

1&"



&++ 5. Conclusiors

&+!" The present study was based osiin Raman observation$ W speciationn aqueous solutiorieaded infused
&+#  silica capillay capsules (FSCC) &mperaturesanging from 3 to 400 jCandat different pH conditiond/Ne identified
&+$  four main Wspecies: (ithe tungstate aniofwO,)> which was foundto bepredominanat pH above 7.5 at®;C; (i)
&+% the paratungstate polyanion(W-O..%), which was found stablender circurmeutral condition (6 < pH < 7) afl d
&+& 100 G (iii) thedecatungstat¥ -polyanion(W100s:*), a metastable polyanipwhich predominatestapH < 5 and Td
&+" 200 jC upon heatingand (iv) Dmetatungstate .¢[H2W1,040]%) which wasthe most abundant speciesagtH < 6 and T
&+(" e f&

&+)" Significant findings from this studgre summarized below.

&+* 1) In agueous solutions of highly soluble salts\W&., and NaW1.039, tungsten polymers formeversibly under acidic
&!+"  to circumneutral conditions and T up to 400 jC with a total tungsten concentration down to 0.01 m (~1700 ppm).
&' 2) Tungsten does not form complexes with chloride and carbonate ions over the pH and T range investigated here (0 <
&' pH<13,25{C<T<400;C,0.0lm<W<0.2m).

&!$"  3) The W polymers identified under hydrothermal conditionssandlar tothose already well characterized at room T.
&!%  4) This work shifts the longtanding paradigm thatghly-chargel polymers cannot exist under hydrothermal conditions
&!&" because of the decrease of the dielectric constant of water with T increase.

&!""  5)Thermodynamic constants for ttieeedetected polytugstate anions are provided up to 3400urnew dataenabled
&!I("  thefirst quantitativepredictions of the abundance of W polymers in geological fluidsalodied us to evaluatéheir
&N" rolein W transport and deposition in ore deposits.

&!*" To constrainboth electronic reorganization and nuclear quantum effects associdteoxygen bondingand
&#+  polymerization accurate ab initio molecular dynamics (AIMD) modats neededPredicting the Raman spectra of the
&#!"  detected W polymers using density functional the@¥T) will be essentiafor a full attribution of the W polymer
&##  Raman bands observed in this study
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