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Abstract

Hydrothermal fluids play a key role in transport, enrichment and deposition of the metallic elements, and
therefore, quantitatively discretion of the hydrothermal mobility of metal elements has always attracted consider-
able attentions. Hydrothermal experiments are one of the most effective ways to understand the behavior of the
metallic elements in hydrothermal systems. The Ti-alloy-reactor solubility experiment, conducted under various
physical and chemical conditions, combined with the related thermodynamic calculation, can accurately deter-
mine the solubility, the complex coordination number, the partitioning coefficient between gas-liquid phases and
the other related thermodynamic parameters of metal elements. The application of these thermodynamic dataset

could effectively evaluate the mechanisms responsible for hydrothermal transport and deposition of the metal ele-
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ments. In this contribution, we review various hydrothermal experimental methods, and analyzes the advantages
and disadvantages of various experimental and analytical methods. Combined with the study cases in scandium
mineralization process, the solubility experiments conducted in titanium alloy fusion reactors are particularly in-
troduced. This paper also summarizes current application status of this method in simulation of mineralization
process, and the research trends are put forward in the end. This paper provides a comprehensive review of the Ti-
alloy-reactor solubility experiments and the related thermodynamic calculation, and the existing problems of this
method are explained, in order to promote the application and development of this method in simulation of the

mineralization process, and so as to make a major breakthrough in the study of the mechanism of super-enrich-

ment strategic key metals.
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YEAT T 1500 5 Timofeev 25 (2017 ) 7E 100~250°CHEA 5L
B A T BH A B RO AR () 9% B2 5 Nisbet 55 (2018)
FE 150~250°C A ST T & A I aL i s i B
H L Williams-Jones A1 BA 18 15 52 56 FEK A4 A L4 1)
T ZERUARTEBE A Cu-Au-(Mo) R G i i 2 iy,
I Z A1 R T RIFT , 220 1 T 4R M YRORE B A 1 S
AR A 05 5 SV VR T B I VS A B RN 28 5 W R R
(Wang et al., 2022) . BtAR  ARFEIE AWM E A , Pok-
rovski A1 BA 25 & XAFS 73 Bt (X 5 £ W UAORS 4 445 14
T ) FF AR i S T A B S O X AT S R
T I SR TN 52 10, AR 1 T B ) B0 i A 5 A
RIS i B A AR S 45 D, T HLUEGRE A& 5 2
TR 531 615 (ICP-OES) 43 At XAFS iz 47 1if 5 %8 W
G Je VIR JBE R SN O, T S R T4 B SR R HKCF R
A 07 TN A BE AR 3E AT 43 B (Pokrovski et al.,
2005a) . Pokrovski 1 BAR FIiZ 7 i:0F 58 T R A4
1 Sb-Ge-Au-Ag %5 4 J& MIRAETE A& X 7K-#h-UR R
H,0-NaCl-KCI-HCIE K S R 1 42 8 S A e
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x1 PHREBESVWERRTE IR ZITARE BHEI T % (48 Chou,2021a 182)
Table 1 The most commonly used experimental methods for studying the geochemical behavior of metal complexes in
hydrothermal fluids (modified from Chou,2021a)
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Table 2 Common analytical methods for studying the structure and composition of metal complexes (modified from

Brugger et al., 2016)
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Fig. 1 A sketch of the experimental set-up (modified from Wang et al., 2022)
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SIEITEWE . YLK R & F IR R B ] AL £k
B4 N2 oI AR U N A B S0 AR S
VRO B AR R RO A T RO, O B B RS A R
ST, T ARG A Y 4 5 R SRR RN 48 22 (RN
NG R B K DU UE I 4R R R e B v N Ab
(V-1 (L9 A6 PR 2 WKL 2) .
33 RAESEITERE

FE VS A B S G P A ) 2 O T B R AL L 4%
B YIS TERERTT R 4B T H BORIE R
B,

(1) BEY 5B TG RTHE T 1923 4542
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@ 7 8 o B K
FHRET (holder. LHIERD , WERRM, BKEX

P L pH. HEEER I
BT EARE

) Debye-Hiickel 5+ B W HS , 7F 15 i 5 5256 5 Ly
AR TC A R A WS R 42 B JT R IR N 3R AR
J NPT, S BRI AL T Bl 2 VA I,
TR TR T 48 5 B R B TR R
7 (Helgeson, 1969;1981)
A[z,PVI .
1+B-aVI

Kb, TURTL SRR TR, 2 h 5L
R B E N A AR B S ECH T
HRC, & SRR PR ] /N R BE L b AR
i G W N D RITR N N s IS g o
KAWL X WAAEZE 5o AR AT Y B 25
TBCAR e 2% G Wy Fh S R IF 5T, W] L GE i
VW I S TR SR DHe AN R 2 5 W X0 3 i
FEARE

R T ARG A SO AT I ORI i B R
e, R 45 Nelder - Mead simplex #% % (Nelder et al.,
1965; Dennis et al., 1987)%} 5 /M 152 22 bR ELE 4711
A HERIA AR
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Fig. 2 Flow chart of solubility experiment in titanium alloy reactor
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g [yl = losCir)
| losCy

o d SRR B AR A SEER A, O A S
5 A 1) 42 8 T R (AR A8 S 30 B 9 0 8 46 ) ik
FE, Cor & FHES T H 5 ok iy vk BE (Migdisov et al.,
2007; Timofeev et al., 2015) ,

KEVIE BT R, LS 6 2RI 9
BT BT AT E R A S SR AR R R B DG
F ARSI R

AGI(T) =AG 040 T) AGeqciand(T)

AGr(T) = -RTInp

K AGH(T) 2 v J7 FE 5 A A BE R i
B, THRSCRR B  InB AR B R 4k

AN A T 3 38 HCh K {4 %) “ Unitherm database”
Dy Re AR F5 )2 B 72 #5 31 Helgeson-Kirkham-Flowers
(HKF) #BMR 25 75 78 5 Ryzhenko-Bryzgalin (RBM)
FERLIRZS T 2 , i — 2P A5 B2 G W V-1 5 £ logK o
3.4 RRERF

HhER A2 FR G0 ) B 2 RO T L T A
RS AT 2 P BT 38 A R AT DA Ak
T8 57 A R AL T 3 1) M R Ak 2 R G, THEEAIL
Bk AW S BRI (Oelkers et al., 2009) , M SE
95 B0 AR A AR 2 A3 AT SR PR BT, JF R
AT A E R BRI B A . 3
G2 T LRI AR T | 3 4o 25 A 3RO 25 B0 P T
BRI AT BR b 27 A 2R rh B0 PV e B NS JoT
H“EMIEAL

BT 3k FRASEADL AT LUE A4 IR 4 8 ST R AE AR
TR RS B A S UTE A R L AR S R BT HCh R A
IR Bl A HCh o] IR R iR R £
L3 AR 2 A R A S 5 v i T B R 5 O
Z—o BRITERR =N 0 A T RE A £ s
£ ¥ (Unitherm database ) Fil - & J¥* (Main program)
(E13).

B 2 #2 ¥ (Unitherm database ) % 11 £ %2 H T
ot il 0 Ak BB T 2 RO B L VS I B 1 ) (Ttems ) LA
J I 1 75 F (Reaction ) #B 2 i 52 2 2y e S 8K, 17 Hh
BRAE 27 22 48 A AR A RS 4D B 0 3 R Y (Main
program ) G G B SCAF AT Y, FE N EALHE: R
45 21 W (System ) . R 4 )z v ¥ (Blank ) .55 e b {9
75 0 5 1 W (Input ) (584809 45 1) 320 72 ( Control ) 55,
Horfr DL Control” B I FH A 28 10, F H THREILER
HERNAL AL AE 5 . N A Ttems ™ B8 0 s vz
Yy, “Reaction” iy A SN J5 F2 |, oK 3K BUAS [A] I R 4%
P B ) pKAE (&1 3) o Al 7] 38 3 4% & “ System”
F1“Blank” 3C {4 o % B 1A & 41 R 4y, B S 15
B )i 801 75 A Wi 72 77 (Gibbs program ) S48 BRI AT, &
R T F2 78 1 4 i) B9 SCAF 5 K30 2 (Unitherm ) A
M 28 5 W M BT ke TH AR B I B 2R T S0 B 22 i B
T2 R R N R E S BR RN
F= 21 43 R0 pH 5 6l B &R 48 N &5 T [ (b-gam-
ma) P, 0 E AR DU FR  Control” SCAF Fl 5 1 Ml 5T
it R

HE TS B St AR SR TS
B, T AR A [ B2 F pH 25 4F T Bk imi Ak h 26 5

=3 BRI ZEBIIRF (38 Oelkers et al., 2009 €2 )
Table 3 Geochemical modeling codes (modified from Oelkers et al.,2009)

(A0 N
SUPCRT92 http://pdukonline.co.uk/download
+SLOP9S8 database http://geopig.asu.edu/supcrt_data.html
EQ3/6 https://ipo.llnl.gov/technology/software/softwaretitles/eq36.php
PHREEQC http://wwwbrr.cr.usgs.gov/projects/ GWC_coupled/phreeqc/index.html
MINTEQA2 http://www.epa.gov/ceampubl/mmedia/minteq/index.htm

Visual MIn REQ
MINTEQAZ2 for Windows
CHESS
Geochemists Workbench
GEM-Selektor
THERMOCALC
HCh

http://www.lwr.kth.se/english/OurSoftware/Vminteq/
http://www.allisongeoscience.com/MINTEQ.htm
http://chess.ensmp.fr/
http://www.geology.uiuc.edu/Hydrogeology/hydro_gwb.htm
http://gems.web.psi.ch/
http://rock.esc.cam.ac.uk/astaff/holland/thermocalc.html

http://www1.geol.msu.ru/deps/geochems/soft/index_e.html
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K3 HCh#FACH J7 % (J5 Shvarov, 2008; Wang et al., 2022 f&14)
a. LG B PR E EAL GRS W OC T aH Fl aF 1936 BE I 5 b. Dl -6 A A EAE IR R
(T - A7 Sk B AR BGOSR Pl 188 5 LA B4 4 R B /s O KB AR )
Fig. 3 Interaction scheme of components of the HCh (modified after Shvarov, 2008; Wang et al., 2022)
a. Activity diagrams of scandium fluoride and scandium hydroxide complexes for aH" and aF~; b. Fluid-rock interaction model
(Thin arrows correspond to information trans-fer, and double arrows show the transfer of control. Additional components are shown as dashed-line

rectangles)
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JET W53 B, B B DA B A A TR R T
55 0 3 HCh 4K 4 H “ System ” e 50 iy 2 WA it 14
WIHRIC R o o =438 3 “Blank ™ 26 500 A G 1 I 14
AT REVS S 455 W0 o 5 U038 5 Input” 1E T A
Pl I N R Rl R ) ATV 7 A 6 s 3 1
1 Control ™ & F9ffy 2 J ™ It A< 1 43 Y05k 2 R o Ui Ao
J& o BN AR T Result” PEI0 43 BT [ 8L o T X6 1l 4
A s S T A R A AR SE i AL o AL AR
G B R R AT =0 5 R AR A AR, 2R Y 2P i
“Input” ¥ I 5 B I 1A v 4 T o 2Kk R S
RA MR AR5y . 58 A5l i “ Control ” 14 Tiil
B WO A AR TR A L) R S BRI A R 5B
7N A3 3 Result” B 500 70 B EAR B0 L] o 48K
SN ) R 3 3 Input 36 50 A RE T A R 42 T
Uk 5 0 e R Tl AR [ A 49, 38 3 Control " 1E T
B 2 B A IR B R T AR B AR ) AR AR AR
PEE BN AR T & LA i Rl E T iE 8
B F U T, Fe 28 3 “Result” BT 43 A EAR i
B

XA 20 R B & s 1 & 4R T, Wang 45
(2022) 5 FERA 4 RV B R B SCI0B E T & IR
PRI Th BT R MV R B A B BB T
JE TR R R, B, TR B S R AR S
o A G, X L RS 481 250°C AT 500bar 45 14 R
S¢,05, fE Imol/kg NaCl ] 4 Uit 44 i A ¥ i , 76 1 ik
FEFLA2X10OB RN A o 55—, B B R
1 mol/kg NaCl, pH iy 3 (i 55 Sc,05 I , JE 1,
T AR, eh e o] AR R S SRR AR B
TR IR B MR RPINAF  ME
F & 30 & ek & W 2 AT 1 22 Ak a3, 3l
i F R BL R T ARARAE A R R E U R TR
BUry oK frit . IGs A HOKE OB e i R A4
SEHEAT ANV ULEE o A, B U AR K A 2 T 0
W E 1mol/kg NaCl, 387 & 2000x 10 (14 1% HL 16 Al i
A (1.2x10°) , £ 250°C , 500bar, pH Jy 9.15 ) 55 14
T S5kBRER A N e . HK G EHE 90% H o
A 10% B KA 1 H = AR A . 55—
A BERE 100 g A AR S5 1 kg BRR R 75 1B A HEA T
F NG I R R S ) AR . S e
100 g BUA™ AR 5 55 =2 b SN R F A H 4 S .
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. Wang % (2022)i o LR B3 & BLTE LA 1F T
Sc-F& AW ERE & £ S, PR 45 R R H
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fif 535 2.9 x 107 A BL, 48 HH K ROV TE LA 48
CrE B R E 2 . R Tt e ik —
VT & AR R b Sc i # AL (Wang et al.,
2023),

FE TR 4 SN 4 VS ik R S 6 RN G g R AR
L, AR HE T A9 R (Wang et al., 2019) FIEH A R
(Shang et al., 2020) LA™ HLHIAFFE o Z5 BT ik, JE
T AR S5 A 3 FR AL 5 A 4 R T BIL
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4 FEONRH5EH
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(1) FE T BRG4GB 42 IO A B2 S 36 J7 1 AT LA
T AL S B0 VA R 4 e A [T A, o S 5 AR A R A Y
REMEAE TR, AR AR T 0% BE AYAT S5l K% 07 ik
5 ICP-MS &5 5l 4l o & it iR I 280 2
TET | EEORGHE , 7240 22 2008 128 1) S 7 45 R R R
MBS AT T AT 2R LS

(2) 38 i ¥ fif 2 SR AT ST AR B R AL 25 1F R
LR MBI XA A 2+ 28 T UL T i Jm
JLERAE AR IR AT o — 20 O R i 4
VSRR AT SR IR R R S S R R e ]
i, A7 B Bl A A P 5 B < AT HEE B S AR 5%
BN,

(3) T, 38 A A U0 S AR A AR R 25 5
P S e TR R T — 2R R Z i
IR BRI, LS 2 AR 2R b 2 8O0 3R I I
S-S VR RIFTIE . He TR ] LB A7 35 o
A DCTA] A 7 S ARG i 5 24 A7 BR E LR UE K ds
fEE T

Bt RO B A R L SO0 TR
Z ST FE IR B AL Hh A Tl R
DL, 1 s 20 A



A3 1 B RS PR R SR AN 2 SR IR AR U i R A B4 0 81

References

Benfatto M, Angelo D P, Longa D S and Pavel N V. 2002. Evidence of
distorted fivefold coordination of the Cu?*" aqua ion from an X-
ray-absorption spectroscopy quantitative analysis[J]. Physical Re-
view B, 65(17):174205.

Brugger J, Etschmann B, Liu W, Testemale D, Hazemann J L, Emerich
H, Van Beek W and Proux O. 2007. An XAS study of the struc-
ture and thermodynamics of Cu(I) chloride complexes in brines
up to high temperature (400°C, 600bar)[J]. Geochimica et Cosmo-
chimica Acta, 71(20): 4920-4941.

Brugger J, Liu W, Etschmann B, Mei Y, Sherman D M and Testemale
D. 2016. A review of the coordination chemistry of hydrothermal
systems, or do coordination changes make ore deposits[J]? Chemi-
cal Geology, 447: 219-253.

Bunker G. 2010. Introduction to XAFS: A practical guide to X-ray ab-
sorption fine structure spectroscopy[M]. New York: Cambridge
University Press. 1-258.

Chen J. 2019. Metallogenesis and effective utilization of strategic-criti-
cal metals[J]. Science & Technology Review, 37(24): 1-5(in Chi-
nese with English abstract).

Chou I M. 2021a. In situ observations and quantitative Raman spectro-
scopic analyses of samples in high-pressure optical cells in hydro-
thermal experiments[J]. Science Bulletin, 66(19): 1933-1935.

Chou I M, Wang R and Fang J. 2021b. In situ redox control and Raman
spectroscopic characterization of solutions below 300°C[J]. Geo-
chemical Perspectives Letters, 20: 1-5.

Cottis R A, Shreir L L and Burstein G T. 2010. Shreir’ s corrosion:
1.01-Chemical thermodynamics[M]. Oxford: Elsevier. 1-12.

Cusanelli A, Frey U, Richens D T and Merbach A E. 1996. The slowest
water exchange at a Homoleptic Mononuclear Metal Center: Vari-
able-Temperature and variable-pressure 'O NMR study on [Ir
(H,0)¢]**[J]. Journal of the American Chemical Society, 118(22):
5265-5271.

Dennis J E and Woods D J. 1987. New computing environments: Mi-
crocomputers in large-scale computing [J]. SIAM, Philadelphia,
116-122.

Dove M T. 2002. An introduction to the use of neutron scattering meth-
ods in mineral sciences[J]. European Journal of Mineralogy, 14
(2): 203-224.

Duan Z H. 2010. Geological fluid state equation[J]. Scientia Sinica
(Terrae), 40(4):393-413(in Chinese).

Efthimiopoulos I, Jahn S, Kuras A, Schade U and Koch-Miiller M.
2017. Combined high-pressure and high-temperature vibrational
studies of dolomite: Phase diagram and evidence of a new distort-
ed modification[J]. Physics and Chemistry of Minerals, 44: 465-
476.

Etschmann B E, Liu W, Mayanovic R, Mei Y, Heald S, Gordon R and
Brugger J. 2019. Zinc transport in hydrothermal fluids: On the

roles of pressure and sulfur vs. chlorine complexing[J]. American
Mineralogist, 104(1): 158-161.

Etschmann B E, Liu W, Pring A, Grundler P V, Tooth B, Borg S, Teste-
male D, Brewe D and Brugger J. 2016. The role of Te(IV) and Bi
(IIl) chloride complexes in hydrothermal mass transfer: An X-ray
absorption spectroscopic study[J]. Chemical Geology, 425: 37-51.

Etschmann B E, Liu W, Testemale D, Miiller H, Rae N A, Proux O,
Hazemann J L and Brugger J. 2010. An in situ XAS study of cop-
per( 1) transport as hydrosulfide complexes in hydrothermal solu-
tions (25-592°C, 180-600bar): Speciation and solubility in vapor
and liquid phases[J]. Geochimica et Cosmochimica Acta, 74(16):
4723-4739.

Gillet P. 1996. Raman spectroscopy at high pressure and high tempera-
ture. Phase transitions and thermodynamic properties of minerals[J].
Physics and Chemistry of Minerals, 23: 263-275.

Grundler P V, Brugger J, Etschmann B E, Helm L, Liu W, Spry P G,
Tian Y, Testemale D and Pring A. 2013. Speciation of aqueous tel-
lurium(1V) in hydrothermal solutions and vapors, and the role of
oxidized tellurium species in Te transport and gold deposition[J].
Geochimica et Cosmochimica Acta, 120: 298-325.

Grunwaldt J D, Wandeler R and Baiker A. 2003. Supercritical fluids in
catalysis: Opportunities of in situ spectroscopic studies and moni-
toring phase behavior[J]. Catalysis Reviews, 45(1): 1-96.

Guan Q, Mei Y, Etschmann B, Testemale D, Louvel M and Brugger J.
2020. Yttrium complexation and hydration in chloride-rich hydro-
thermal fluids: A combined ab initio molecular dynamics and in si-
tu X-ray absorption spectroscopy study[J]. Geochimica et Cosmo-
chimica Acta, 281: 168-189.

Guo H, XiaY, Bai R, Zhang X and Huang F. 2020. Experiments on Cu-
isotope fractionation between chlorine bearing fluid and silicate
magma: Implications for fluid exsolution and porphyry Cu depo-
sits[J]. National Science Review, 7(8):1319-1330.

Han H and Gysi A P. 2022. UV-Vis spectrophotometric determination
of the hydrolysis constants of erbium at near-neutral to alkaline
pH and 25°C[C]. Goldschmidt: Hawaii, USA.

He J.1993. Some problems in the study of epithermal deposit geoche-
mistry[J]. Journal of Sichuan Building Materials College, 8(1): 48-
53(in Chinese with English abstract).

Helgeson H C. 1969. Thermodynamics of hydrothermal systems at ele-
vated temperatures and pressures[J]. American Journal of Science,
267(7): 729-804.

Helgeson H C. 1981. Prediction of the thermodynamic properties of
electrolytes at high pressures and temperatures[J]. Physics and
Chemistry of the Earth, 13-14: 133-177.

HuR Z, Wei WF,Bi XW,Peng JT, Qi Y Q, Wu LY and Chen Y W.
2012. Molybdenite Re-Os and muscovite *°Ar/*’Ar dating of the
Xihuashan tungsten deposit, central Nanling district, South China[J].
Lithos, 150: 111-118.

Hunter E A, Hunter J R, Zajacz Z, Keith ] D, Hann N L, Christiansen E
H and Dorais M J. 2020. Vapor transport and deposition of Cu-Sn-

Co-Ag alloys in vesicles in mafic volcanic rocks[J]. Econ. Geol.,



82 R

b Jt 2024 4F

115(2): 279-301.

Hurtig N C, Migdisov A A and Williams-Jones A E. 2021. Are va-
por-like fluids viable ore fluids for Cu-Au-Mo porphyry ore forma-
tion[J] ? Econ. Geol., 116 (7): 1599-1624.

Jiang S Y and Wang W. 2022. How did supernormal enrichment of stra-
tegic key metals occur[J] ? Earth Science, 47(10): 3869-3871(in
Chinese).

Lange B, Scholz F, Bautsch H J, Damaschun F and Wappler G. 1993.
Thermodynamics of the xanthoconite-proustite and pyrostilpnite-
pyrargyrite phase transition as determined by abrasive stripping
voltammetry[J]. Physics and Chemistry of Minerals, 19: 486-491.

Liebscher A, Meixner A, Romer R L and Heinrich W. 2007. Experi-
mental calibration of the vapour-liquid phase relations and lithium
isotope fractionation in the system H,O-LiCl at 400°C 20-28
MPa[J]. Geofluids, 7: 369-375.

Lin S, Liu Q and Li H. 2014. Electrochemical behavior of pyrite in
acidic solution with different concentrations of NaCl[J]. Chinese
Journal of Geochemistry, 33(4), 374-381.

Liu J F and Xu D M.1984.Preliminary experimental study of the type
of migration of uranium in hydrothermal solution[J]. Journal of
Mineralogy and Petrology, 70-78(in Chinese with English ab-
stract).

LiJ K, Zhang D H and Li S H. 2011. Application of melt inclusions to
estimating ore-forming pressure (depth) of granite-related ore de-
posits[J]. Mineral Deposits, 30(6): 1002-1016(in Chinese with
English abstract).

Liu W, Borg S J, Testemale D, Etschmann B, Hazemann JL and Brug-
ger J. 2011. Speciation and thermodynamic properties for cobalt
chloride complexes in hydrothermal fluids at 35-440 °C and 600
bar: An in-situ XAS study[J]. Geochimica et Cosmochimica Acta,
75(5): 1227-1248.

Liu W, Etschmann B, Foran G, Shelley M and Brugger J. 2007. Deri-
ving formation constants for aqueous metal complexes from
XANES spectra: Zn?>* and Fe?* chloride complexes in hypersaline
solutions[J]. American Mineralogist, 92 (5-6): 761-770.

Liu W, Etschmann B, Mei Y, Guan Q, Testemale D and Brugger J.
2020. The role of sulfur in molybdenum transport in hydrothermal
fluids: Insight from in situ synchrotron XAS experiments and mo-
lecular dynamics simulations[J]. Geochimica et Cosmochimica
Acta, 290: 162-179.

Liu W, Etschmann B, Migdisov A, Boukhalfa H, Testemale D, Miiller
H, Hazemann J L and Brugger J. 2017. Revisiting the hydrother-
mal geochemistry of europium( Il /1) in light of new in-situ XAS
spectroscopy results[J]. Chemical Geology, 459: 61-74.

Mao J W, Ouyang H G, Song S W, Santosh M, Yuan S D, Zhou Z H,
Zheng W, Liu H, Liu P, Cheng Y B and Chen M H. 2019. Geolo-
gy and metallogeny of tungsten and tin deposits in China[J]. Soci-
ety of Economic Geologists Special Publication, 22: 411-482.

Mao J W, Yuan S D, Xie G Q, Song S W, Zhou Q, Gao Y B, Liu X, Fu
X F,CaolJ,Zeng Z L, Li T G and Fan X. 2019. New advances on

metallogenic studies and exploration on critical minerals of China

in 21st century[J]. Mineral Deposits, 38(5): 935-969(in Chinese
with English abstract).

Mao J W, Zheng W, Xie G Q, Lehmann B and Goldfarb R. 2021. Rec-
ognition of a Middle-Late Jurassic arc-related porphyry copper
belt along the southeast China coast: Geological characteristics
and metallogenic implications[J]. Geology, 49(5): 592-596.

Mei Y, Liu W, Sherman D M and Brugger J. 2014. Metal complexation
and ion hydration in low density hydrothermal fluids: Ab initio
molecular dynamics simulation of Cu( I ) and Au( 1) in chloride
solutions (25~1000°C, 1~5000bar)[J]. Geochimica et Cosmochim-
ica Acta, 131: 196-212.

Mei Y, Etschmann B, Liu W, Sherman D M, Testemale D and Brugger
J. 2016. Speciation and thermodynamic properties of zinc in sul-
fur-rich hydrothermal fluids: Insights from ab initio molecular dy-
namics simulations and X-ray absorption spectroscopy[J]. Geochi-
mica et Cosmochimica Acta, 179: 32-52.

Migdisov A A and Williams-Jones A E. 2007. An experimental study of
the solubility and speciation of neodymium ( Ill) fluoride in F-
bearing aqueous solutions[J]. Geochimica et Cosmochimica Acta,
71(12): 3056-3069.

Migdisov A A, Bychkov A Y, Williams-Jones A E and Van Hinsberg V
J. 2014a. A predictive model for the transport of copper by HCI-
bearing water vapour in ore-forming magmatic-hydrothermal sys-
tems: Implications for copper porphyry ore formation[J]. Geochi-
mica et Cosmochimica Acta, 129: 33-53.

Migdisov A A and Williams-Jones A E. 2014b. Hydrothermal transport
and deposition of the rare earth elements by fluorine-bearing aque-
ous liquids[J]. Mineralium Deposita, 49: 987-997.

Migdisov A A, Williams-Jones A E, Brugger J and Caporuscio F A.
2016. Hydrothermal transport, deposition, and fractionation of the
REE: Experimental data and thermodynamic calculations[J].
Chemical Geology, 439: 13-42.

Neilson G W, Mason P E, Ramos S and Sullivan D. 2001. Neutron and
X-ray scattering studies of hydration in aqueous solutions[J]. Phil-
osophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 359(1785): 1575-1591.

Nelder J A and Mead R. 1965. A simplex method for function minimi-
zation[J]. The Computer Journal, 7(4): 308-313.

Nisbet H, Migdisov A A, Xu H, Guo X, Hinsberg V V, Williams-Jones
A E, Boukhalfa H and Roback R. 2018. An experimental study of
the solubility and speciation of thorium in chloride-bearing aque-
ous solutions at temperatures up to 250°C[J]. Geochimica et Cos-
mochimica Acta, 239: 363-373.

Oclkers E H, Bénézeth P and Pokrovski G S. 2009. Thermodynamic
Databases for Water-Rock Interaction[J]. Reviews in Mineralogy
and Geochemistry, 70: 1-46.

Pokrovski G S and Dubessy J. 2015. Stability and abundance of the tri-
sulfur radical ion S, in hydrothermal fluids[J]. Earth and Plane-
tary Science Letters, 411: 298-309.

Pokrovski G S, Martin F, Hazemann J L and Schott J. 2000. An X-ray

absorption fine structure spectroscopy study of germanium-organic



A3 1 B RS PR R SR AN 2 SR IR AR U i R A B4 0 83

ligand complexes in aqueous solution[J]. Chemical Geology, 163
(1-4): 151-165.

Pokrovski G S, Roux J and Harrichoury J C. 2005a. Fluid density control
on vapor-liquid partitioning of metals in hydrothermal systems[J].
Geology, 33(8): 657-660.

Pokrovski G S, Roux J, Hazemann J L and Testemale D. 2005b. An X-
ray absorption spectroscopy study of argutite solubility and aque-
ous Ge(IV) speciation in hydrothermal fluids to 500°C and 400
bar[J]. Chemical Geology, 217(1-2): 127-145.

Pokrovski G S, Borisova A Y, Roux J, Hazemann J L, Petdang A, Tella
M and Testemale D. 2006. Antimony speciation in saline hydro-
thermal fluids: A combined X-ray absorption fine structure spec-
troscopy and solubility study[J]. Geochimica et Cosmochimica
Acta, 70(16): 4196-4214.

Pokrovski G S, Tagirov B R, Schott J, Hazemann J L and Proux O.
2009. A new view on gold speciation in sulfur-bearing hydrother-
mal fluids from in situ X-ray absorption spectroscopy and quan-
tum-chemical modeling[J]. Geochimica et Cosmochimica Acta, 73
(18): 5406-5427.

Pokrovski G S, Borisova A 'Y and Harrichoury J C. 2008. The effect of
sulfur on vapor-liquid fractionation of metals in hydrothermal sys-
tems[J]. Earth and Planetary Science Letters, 266(3-4): 345-362.

Pokrovski G S, Roux J, Ferlat G, Jonchiere R, Seitsonen A P, Vuil-
leumier R and Hazemann J L. 2013. Silver in geological fluids
from in situ X-ray absorption spectroscopy and first-principles
molecular dynamics[J]. Geochimica et Cosmochimica Acta, 106:
501-523.

Qi D, Behrens, H, Botcharnikov R, Derrey I, Holtz F, Zhang C, Li X
and Horn I. 2020. Reaction between Cu-bearing minerals and hy-
drothermal fluids at 800°C and 200 MPa: Constraints from syn-
thetic fluid inclusions[J]. American Mineralogist, 105(8): 1126-
1139.

Reynard B and Guyot F. 1994. High-temperature properties of
geikielite (MgTiO,-ilmenite) from high-temperature high-pressure
Raman spectroscopy: Some implications for MgSiO;-ilmenite[J].
Physics and Chemistry of Minerals, 21: 441-450.

Rinaldi R, Gatta G D, Artioli G, Knight K S and Geiger C A. 2005.
Crystal chemistry, cation ordering and thermoelastic behaviour of
CoMgSiO, olivine at high temperature as studied by in situ neu-
tron powder diffraction[J]. Physics and Chemistry of Minerals,
32: 655-664.

Rinaldi R. 2002. Neutron scattering in mineral sciences[J]. European
Journal of Mineralogy, 14(2): 195-202.

Schmidt C, Gottschalk M, Zhang R, and Lu J. 2021. Oxygen fugacity
during tin ore deposition from primary fluid inclusions in cassiter-
ite[J]. Ore Geology Reviews, 139, 104451.

Scholten L, Schmidt C, Lecumberri-Sanchez P, Newville M, Lanzirotti
A, Sirbescu M L C and Steele-MacInnis M. 2019. Solubility and
speciation of iron in hydrothermal fluids[J]. Geochimica et Cos-
mochimica Acta, 252: 126-143.

Shang L B, Williams-Jones A E, Wang X S, Timofeev A, Hu R Z and

Bi X W. 2020. An experimental study of the solubility and specia-
tion of MoO,(s) in hydrothermal fluids at temperatures up to
350°C[J]. Econ. Geol., 115 (3): 661-669.

Shvarov Y V. 2008. HCh: New potentialities for the thermodynamic
simulation of geochemical systems offered by Windows[J]. Geo-
chemistry International, 46(8): 834.

Suleimenov O and Seward T. 2000. Spectrophotometric measurements
of metal complex formation at high temperatures: The stability of
Mn( II') chloride species[J]. Chemical Geology, 167(1-2): 177-
192.

Testemale D, Hazemann J L, Pokrovski G S, Joly Y, Roux J, Argoud R
and Geaymond O. 2004. Structural and electronic evolution of the
As(OH), molecule in high temperature aqueous solutions: An X-
ray absorption investigation[J]. The Journal of Chemical Physics,
121(18): 8973-8982.

Timofeev A, Migdisov A A and Williams-Jones A E. 2015. An experi-
mental study of the solubility and speciation of niobium in fluo-
ride-bearing aqueous solutions at elevated temperature[J]. Geochi-
mica et Cosmochimica Acta, 158: 103-111.

Timofeev A, Migdisov A A and Williams-Jones A E. 2017. An experi-
mental study of the solubility and speciation of tantalum in fluo-
ride-bearing aqueous solutions at elevated temperature[J]. Geochi-
mica et Cosmochimica Acta, 197: 294-304.

Timofeev A, Migdisov A A and Williams-Jones A E. 2018. Uranium
transport in acidic brines under reducing conditions[J]. Nature
Communications, 9: 1469.

Voigt A, Cassidy M, Castro J M, Pyle D M, Mather T A, Helo C, Ab-
durrachman M and Kurniawan IA. 2022. Experimental investiga-
tion of trachydacite magma storage prior to the 1257 eruption of
Mt Samalas[J]. Journal of Petrology, 63(8): egac066.

Wang J L, Wei H Z, Williams-Jones A E, Dong G, Zhu Y F, Jiang S Y,
Ma J, Hohl S V, Liu' X, Li Y C and Lu J J. 2022. Silver isotope
fractionation in ore-forming hydrothermal systems[J]. Geochimi-
ca et Cosmochimica Acta, 322: 24-42.

Wang J X, Williams-Jones A E, Timofeev A, Liu J J and Yuan S D.
2022. An experimental investigation of the solubility and specia-
tion of scandium in fluoride-bearing aqueous liquids at tempera-
tures up to 250°C[J]. Geochimica et Cosmochimica Acta, 330: 67-
79.

Wang J X, Williams-Jones A E, Timofeev A, Zhang X N, Liu J J, Yuan
S D. 2023. The role of scandium chloride and hydroxide complex-
es in the formation of scandium deposits: Insights from experi-
ments and modeling[J]. Econ. Geol., 118 (8): 1995-2004.

Wang X S, Timofeev A, Williams-Jones A E, Shang L B and Bi X W.
2019. An experimental study of the solubility and speciation of
tungsten in NaCl-bearing aqueous solutions at 250, 300, and
350°C[J]. Geochimica et Cosmochimica Acta , 265: 313-329.

Wang X S, Williams-Jones A E, Hu R Z, Shang L B and Bi X W. 2021.
The role of fluorine in granite-related hydrothermal tungsten ore
genesis: Results of experiments and modeling[J]. Geochimica et

Cosmochimica Acta, 292: 170-187.



84 R

b Jt 2024 4F

Waychunas G A and Brown G E. 1990. Polarized X-ray absorption
spectroscopy of metal ions in minerals[J]. Physics and Chemistry
of Minerals, 17: 420-430.

Wen H J, Zhou Z B, Zhu C W, Luo C G, Wang D Z, Du S J, Li X F,
Chen M H and Li HY. 2019. Critical scientific issues of super-en-
richment of dispersed metals[J]. Acta Petrologica Sinica, 35(11):
3271-3291(in Chinese with English abstract).

Wen H J, Zhu C W, Du S J, Fan Y and Luo C G. 2020. Gallium(Ga),
germanium(Ge), thallium(Tl) and cadmium(Cd) resources in
China[J]. Chinese Science Bulletin, 65(33):3688-3699(in Chinese
with English abstract).

White W M. 2013. Geochemistry[M]. Chichester: John Wiley & Sons.
1-660.

Williams-Jones A E and Migdiso A A. 2014. Experimental constraints
on the transport and deposition of metals in ore-forming hydro-
thermal systems[M]. Building Exploration Capability for the 21st
Century, Kelley K D and Golden H C. U S: Society of Economic
Geologists. 18: 77-95.

Williams-Jones A E, Migdisov A A and Samson I M. 2012. Hydrother-
mal mobilisation of the rare earth elements: A Tale of "Ceria" and
"Yttria"[J]. Elements, 8(5): 355-360.

Xia Y H, Wu R, Zhang Y F, Liu S Q, Du HL, HanJ Z, Wang C S,
Chen X P, Xie L, Yang Y C and Yang J B. 2017. Tunable giant ex-
change bias in the single-phase rare-earth-transition-metal inter-
metallics YMn,, Fe_ with highly homogenous intersublattice ex-
change coupling[J]. Physical Review B, 96(6): 064440.

Xiong X L, Hou T and Wang X L. 2022. Advances and perspectives of
experimental metallogeny[J]. Earth Science, 47(8): 2701-2713(in
Chinese with English abstract).

Yin Y and Zajacz Z. 2018. The solubility of silver in magmatic fluids:
Implications for silver transfer to the magmatic-hydrothermal ore-
forming environment[J]. Geochimica et Cosmochimica Acta, 238:
235-251.

Yuan S D, Chou I M, Burruss R C, Wang X L and Li J K. 2013. Diso-
portionation and thermochemical sulfate reduction reactions in S-
H,0-CH, and S-D,0-CH, systems from 200 to 340°C at elevated
pressures[J]. Geochimica et Cosmochimica Acta, 118: 263-275.

Yuan S D, Ellis G S, Chou I M and Burruss R C. 2017. Experimental
investigation on thermochemical sulfate reduction in the presence
of 1-pentanethiol at 200 and 250°C: Implications for in situ TSR
processes occurring in some MVT deposits[J]. Ore Geology Re-
views, 91:57-65.

Yuan S D, Williams-Jones A E, Mao J W, Zhao P L, Yan C and Zhang
D L. 2018. The origin of the Zhangjialong tungsten deposit, South
China: Implications for W-Sn mineralization in large granite
batholiths[J]. Econ. Geol., 113(5): 1193-1208.

Yuan S D, Williams-Jones A E, Romer R L, Zhao P L and Mao J W.
2019. Protolith-related thermal controls on the decoupling of Sn
and W in Sn-W metallogenic provinces: Insights from the Nanling
region, China[J]. Econ. Geol., 114(5): 1005-1012.

Yuan S D, Zhao P L and Liu M. 2020. Some problems involving in pet-

rogenesis and metallogenesis of granite-related tin deposits[J].
Mineral Deposits, 39(4): 607-618(in Chinese with English ab-
stract).

Yuan S D and Zhao P L. 2021. New synthetic fluid inclusion method to
investigate partition behavior of ore metals between melt and flu-
id phases[J]. Scientia Sinica Terrae, 51(2): 241-249(in Chinese
with English abstract).

Zajacz Z, Halter W E, Pettke T and Guillong M. 2008. Determination
of fluid/melt partition coefficients by LA-ICPMS analysis of co-
existing fluid and silicate melt inclusions: Controls on element
partitioning[J]. Geochimica et Cosmochimica Acta, 72(8): 2169-
2197.

Zajacz Z, Seo J H, Candela P A, Piccoli P M, Heinrich C A and Guil-
long M. 2010. Alkali metals control the release of gold from vola-
tile-rich magmas[J]. Earth and Planetary Science Letters, 297(1-
2): 50-56.

Zajacz Z, Candela P A, Piccoli P M, Sanchez-Valle C and Wille M.
2013. Solubility and partitioning behavior of Au, Cu, Ag and re-
duced S in magmas[J]. Geochimica et Cosmochimica Acta, 112:
288-304.

Zajacz Z, 2015. The effect of melt composition on the partitioning of
oxidized sulfur between silicate melts and magmatic volatiles[J].
Geochimica et Cosmochimica Acta, 158: 223-244.

Zhai Y S. 1999 .On the metallogenic system[J]. Earth Science Fron-
tiers, 6(1):14-28(in Chinese with English abstract).

Zhang S and Liu Y S. 1995. Experimental study of gold solubility and
its geological significance[J]. Geochimica, (S1): 168-176(in Chi-
nese with English abstract).

Zhao P L, Zajacz Z, Tsay A and Yuan S D. 2022a. Magmatic-hydrother-
mal tin deposits form in response to efficient tin extraction upon
magma degassing[J]. Geochimica et Cosmochimica Acta, 316(1):
331-346.

Zhao P L, Zajacz Z, Tsay A, Chu X, Cheng Q M and Yuan S D. 2022b.
The partitioning behavior of Mo during magmatic fluid exsolution
and its implications for Mo mineralization[J]. Geochimica et Cos-
mochimica Acta, 339: 115-126.

Zhao P I, Chu X, Williams-Jones A E, Mao J W and Yuan S D. 2022c.
The role of phyllosilicate partial melting in segregating W and Sn
deposits in W-Sn metallogenic provinces[J]. Geology, 50(1): 121-
125.

Zhao P L, Yuan S D, Williams-Jones A E, Romer R L, Yan C, Song S
W and Mao J W. 2022d. Temporal separation of W and Sn mine-
ralization by temperature-controlled incongruent melting of a sin-
gle protolith: Evidence from the Wangxianling area, Nanling re-
gion, South China[J]. Econ. Geol., 117(3): 667-682.

Zhao X L, Li H P and Su G L. 2013. A progress on quartz solubility in
aqueous fluids at high temperature and high pressure[J]. Acta Min-
eralogica Sinica, 33(1):75-82(in Chinese with English abstract)

Zhong R, Brugger J, Chen Y and Li W. 2015. Contrasting regimes of
Cu, Zn and Pb transport in ore-forming hydrothermal fluids[J].
Chemical Geology, 395, 154-164.



A3 1 B RS PR R SR AN 2 SR IR AR U i R A B4 0 85

Zhou L, Mavrogenes J, Spandler C and Li H. 2016. A synthetic fluid in-
clusion study of the solubility of monazite-(La) and xenotime-(Y)
in H,0-Na-K-CI-F-CO, fluids at 800°C and 0.5 GPa[J]. Chemical
Geology, 442: 121-129.

Bt 1 32 5 3% Sk

PRER . 2019. JC5E 4 Jm e & AR 0T R = AOR 0], BHE R AR, 37
(24):1-5.

BAliRzE . 2010, M BT MRS Dr R T]. h E R HBREL A, 40(4):393-
413.

A[YT. 1993 AIGIRG" R B ML BR AL F A 53 1) S e [l ). DU 1| EbA 2
B4, 8(1): 48-53.

P DU, 0. 2022, SEREE OCHE G o 2 W] R A B e AR LT I [T,
HERFLF, 47(10):3869-3871.

AR, A Sy, ZERE AR L 2011 K AR BRI LE A 4K B A 2 R E
TR T G EE)J5 T AR FH[T] . 5 PR ML, 30(6):1002-1016.

X 05, RAEE . 1984, PR TR RS IR UM )6 SRR RS [T]. 54
A4, (1): 70-78.

RO, sk, WHEET, AR, JEE, Sk, X, AN, 86,
R4 AR IR 25 [, SRR AR . 2019, 21 22 DIk h E e 4 R B
P AT ST RE (D). W R ML, 38(5):935-969.

DR, JHIE L5, AL, B o, R4, kR, ZE B, BRigkol,
ZELTAE . 2019. Wil 4 e M AR 00 R BERL AR R B J]. A
i, 35(11):3271-3291.

W ICHE, AL, FEETT, S, B E . 2020. H EER R A AR SR T].
Rl IR, 65(33):3688-3699.

RE/IVBR, 538, T/IVRR . 2022, SEEGTT 25 1) 22 Jie SIUTR R iy 55 i BT
HBRRLE, 47(8): 2701-2713.

L, W87, XUEL. 2020, 548 A B0 1A v 1E T
#r TS [I]. 57 KL T, 39(4):607-618.

TENE, BAWH7 . 2021, T 910G BT AL Ry 1 ™ 4 I e
JE V- TR AR TR A3 O AT 19 SE WA (7). v LR 2% - MR} 2%,
51(2):241-249.

B . 1999. IR R GE[T]. HAF T 2R, 6(1):14-28.

gk, X E L. 1995, 4 ¥ fif B S0 F 5T S Hb i B ST M BR AR 2,
(S1): 168-176.

X IGER, 2RI, SRARR] . 2013, w5 Tl i T A U A v A S I i 2 AT
FEIFJE I W4, 33(1):75-82.



