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Résumeé étendu

Cette étude a pour but de quantifier le rble dehlase fluide et vapeur sur le comportement
du zinc et du cadmium dans les processus hydrotherrat volcaniques, en combinant mesures
expérimentales en laboratoire (solubilité, potenétrie, coefficients de partage) et spectroscopie
d’absorption de rayons X (XAS) in situ avec modiiens physico-chimiques et analyses des
fluides naturels.

L’identité, la structure et la stabilité des conxgle que forme en solution aqueuse le
cadmium avec le chlorure (Cl), le plus importanhtguant des fluides géologiques, ont été
déterminées, dans une large gamme de tempérafueTl(Z 500°C), pression (& P <2000 bar) et
concentration de ligand (® mg < 18 mole/kg HO), par essais de solubilité et potentiométrie,
combinés a des mesures in situ par spectroscopi8. XMos résultats mettent en évidence la
formation de complexes de stoechiométrie G@E€I0),”™ ayant des géométries octaédriques ou
tétraédriques selomm et mg.. Ces changements structuraux reflétent I'évoluties propriétés du
solvant (constante diélectrique, densité, liaisoydrogéne) et de I'affinité chimique métal-ligand
avec la température et I'activité du ligand. EBesit similaires a ceux subits par d’autres métaux d
transition comme Zn, Fe, Co, Ni. L'évolution degométrie des complexes Cd;€h fonction du
nombre de ligand (n) est en bon accord avec nosireegpotentiométriqgues indépendantes du
volume standard molaire de ces especes chlorutéedormation structurale fournie par la
spectroscopie d’absorption X peut donc étre uéliggour mieux contraindre les propriétés
thermodynamiques d'especes aqueuses obtenuesspagtbodes de solubilité ou potentiométrie.
Les parametres thermodynamiques (G, H, S, Cp, éoefficients du modele HKF) générées pour
ces complexes dans une large gammeTdet P démontrent que le chlorure est largement
responsable du transport de Cd par les fluidesdtlydrmaux et que les autres ligands naturels
comme les hydroxydes et les sulfures jouent unmiteeur dans le transfert de ce métal.

Ces résultats, couplés avec une révision critigege données de la littérature sur la
spéciation aqueuse du zinc, indiquent que les aaxeplchlorurés de Cd sont beaucoup plus stables
gue leurs analogues de Zn. Ceci est en accorddmgemesures de coefficients de partage liquide-
vapeur pour les deux métaux que nous avons cosdigtes le systeme,8-NaCl et qui montrent
un plus fort fractionnement de Cd en faveur deHasp liquide riche en sel. Dans un systéme
minéral-vapeur, en I'absence de liquide, nos masdeesolubilité de ZnO et CdO dans la phase
vapeur HO-NaClI-HCI indiquent un enrichissement de la vapauiCd versus Zn. L'ensemble de
ces résultats a été traité dans le cadre d'un reatietiensité qui est le paramétre macroscopique de
la phase fluide/vapeur le mieux connu dans unddrge gamme d&-P-composition.

Ces mesures peuvent rendre compte de I'enrichisgeare Cd dans les condensats de
fumeroles du volcan Kudryavy analysées lors deatravde terrain durant cette these et ceux
d’autres volcans actifs reportés dans la littéetdu cours de ce travail de terrain, nous avorss mi
au point une nouvelle méthode de prélevement dedecsats de fumerolles de haute température.
Ces échantillons ont été traités et analysés pargiis technigues analytiqgues (ICP-MS, ICP-AES,
chromatographie ionique) afin de mettre en ceuvr@rooédé analytique dépourvu d’artéfacts de
prélévement et de traitement d’échantillons de gafumeroles volcaniques (e.g. précipitation,
perte, dégazage, interférences analytiques) et é&wérgr un petit ensemble cohérent de



concentrations de Cd, Zn, de principaux ligandsl'atitres métaux majeurs et traces dans les
condensats du volcan Kudryavy.

L’ensemble des données expérimentales et analgtiqpEenues permet de mieux
interpréter le comportement du cadmium et du zartsdes milieux de haufieP et de proposer un
nouveau traceur géochimique des processus hydnadlogr basé sur le rapport Cd/Zn. Ainsi, un
fluide hydrothermal ou une vapeur volcanique enli&ge avec une phase minérale-porteuse de Cd
et Zn (e.g. sphalérite cadmifére) aura tendanceraishir en Cd vis-a-vis de Zn lorsque la teneur
en chlore dans la phase fluide (ou vapeur) augmedrgepression aurait également un effet
important sur le rapport Zn/Cd. Par exemple, urfeakgpite, précipitée a partir d’'un fluide salin
porteur de Cd et Zn, serait enrichie en Cd d’aupdund que la pression est forte. Ceci peut servir
d'un traceur de pression lors de la formation demgients de zinc et d’autres métaux. En revanche,
dans un systeme liquide-vapeur, lors de I'ascensidiebullition d’un fluide métallifere, la phase
vapeur sera appauvrie en Cd par rapport de la sauocmexistante. Ceci permettrait de tracer les
phénoménes d’'ébullition et de séparation de phase spbissent la majorité des fluides
hydrothermaux.

Les résultats de ce travail contribuent au dévedopmt des modeéles thermodynamiques et
structuraux des fluides des hautes températugessions ; ils permettent de mieux comprendre le
comportement d’autres métaux d'intérét économicasoeiés a Cd et Zn comme Cu, Pb, Au. lls
peuvent avoir des implications pour I'extractiors dainerais et les procédées de dépollution de
mines de métaux de base, ainsi que pour l'inteapoét des fractionnements isotopiques de Zn et
Cd dans les processus hydrothermaux et volcangpresotre planéte.

Mots clés: cadmium, zinc, fluide hydrothermal, complexes aedtorure, constants de
stabilité, propriétés thermodynamiques spectrogclpiS, solubilité, potentiomeétrie, ratio Cd/Zn,.



Pacuuupennoe pesrome

Llenb muccepranuy — UCCIIECAOBaHUE KaIMHUS U IIMHKA B TUIPOTEPMAIIbHBIX/BYIKaHHYECKUX
00CTaHOBKax C  HUCIOJb30BAaHMEM  JKCIHCPHUMEHTAIBHBIX  METONOB  (pacTBOPUMOCTH,
MOTCHIIMOMETPHS, paclpeneieene KAAKOCTh-TIap), N Situ CIEeKTPOCKOCKOMUKM  ITOTJIOIIEHUS
PEHTIEHOBCKHX JIy4ei, 1 (PU3UKO-XUMHUYECKUM MOJICITUPOBAHHUS IIPHUPOIHBIX (ITFOMIIOB.

CrexuoMeTpusi, CTPYKTypa M CTaOMIBHOCT (OpPM HaXOKACHHS KaIMUS B BOJHBIX
pacTBopax ObLITH M3MEPEHBI B IMHPOKOM Auaro3oHe Temmeparyp (20< T < 500°C),nasnenmnii (1< P
< 2000 bar)u xonuenrpamuii xsopa (0 < mCl < 18 mons/kr H,O) ¢ ucnonp3oBaHUEM METOIOB
pPacTBOPUMOCTH, TOTEHIIMOMETPHU U CIIEKTPOCKOPUH IMOTJIONICHHS PEHTIeHOBCKUX Jiyded (XAS).
[oTydeHHbIC TaHHBIE JEMOHCTPHPYIOT 0OpasoBaHMe XIOpHAHBIX KomrurekcoB CACh(H,0). 2™ ¢
OKTadJJPUUECKOIl M TETPa’APHIECKON CTPYKTYPOH B 3aBUCHMOCTH OT TEMIIEPATyphl U COJICHOCTH.
TepmonuHaMUYeCKUEe TapaMeTpbl MOOJTYYEHHBIC UIS ATUX YaCTHUI[ YKa3blBalOT HA TO, YTO OHU
SBIIAIOTCS TOMUHHUPYIOIIMMHU (hopMaMu HaXOXJICHUS KaJMHUS B THAPOTEPMAIBHBIX (IIIOMIaX, B TO
BpEMsI KaK TUAPOKCHIHBIC KOMIUIEKCHI U KOMIUICKCHI CO/ICPKAIINE Cepy HE MIPAIOT CYIICCTBEHHOM
pOJIH B MIEPEHOCE KaIMHs B TUIIMYHBIX THAPOTEPMATBHBIX M BYJIKAHUYECKHX YCIOBHSX.

Hamm pe3yasTaThl MO KaJMHIO U KPUTHYECKHI 0030p JIMTEPaTypHBIX JaHHBIX 110 BOJHBIM
YacTHIAM [IMHKA TTOKa3bIBAIOT, YTO KOMIUIEKCOOOpa30BaHKUE C XJIOPOM Iopas/io CHIbHEE y KaJMus,
4YeM y LWHKA. JTO MOATBEPXAAIOT: 1) HamM JKCHepHMEHTANbHBIC TaHHBIE IO PACIPECICHUIO
xunkoctb-map B cucreme H,O-NaCl, B xoropoii kaammii oboramaer >XKHUIKyiO a3y paccona
CHJIbHEE YeM LIUHK, U 2) HaIM JaHHble 1o pactBopuMocT CAO and Zn(s MaiomioTHOH mapoBoii
¢aze B cucreme H,O-NaCl-HCI, cormacHo koTopbiM B mapoBoil (asze ¢ yBenUuCHHEM
KOHIIEHTpalMu xyopa pactBopuMocTh CdO pacTeT Ha HECKOJIBKO IOPSIKOB CHIBHEE, YeM
pactBopuMOCTh ZNO. DTH IKCIIEPUMEHTHI B XOpoIIeM coriacuu ¢ oboramennem Cdra3oB BynkaHa
KynpsiBelii, KOHICHCATBI KOTOPBIX OBUTH OTOOpAHBI W MPOAHATM3UPOBAHBI B paMKaxX HACTOSIICH
paboThI, a TaKXKe C JTUTEPATYPHBIMU JaHHBIMH. KOMIUIEKC 9KCIIEpUMEHTAIBHBIX, aHATTHYECKUX U
TEPMOJANHAMUYECKHX JaHHBIX ObUI TOJYy4YeH B HACTOSIICH paboTe Ui MHTEPIPETALUH TTOBEICHUS
KaJMUsl ¥ IIMHKA B MPUPOIHBIX THApOTEpMaibHBIX (uonnax. [Tokazano, yro Zn/Cd oTtHolieHune
MOKET OBITh MHIMKATOPOM SBOJIONNH M COCTaBa pyaoo0pa3yrommero ¢iionaa. OTH HOBbIC JaHHbIC
HEOOXOMUMBI ISl TOHMMAaHMS MEXaHM3MOB TPAHCIOPTa W OTJIOKCHHS LWHKA, KaaMUs W

ACCOLMMPOBAHHBIX C HUMH SKOHOMUYECKH BakHBIX MeTaiuioB (Cu, Pb, Au).

KiaroueBble CJa0Ba. xamvmii, wunk, THAPOTEPMAJIbHBIC  (DIIFOUMABI, XJIOPUIHBIC
KOMIUIEKCBI, KOHCTAHThI ~ YCTOWYMBOCTH, TEPMOJMHAMHUYCCKHE CBOWCTBA, CIIEKTPOCKOIHS

MOTJIONIEHNST PEHTTEHOBCKHUX JIydeit XAS, pacTBOPUMOCTSD, moTeHImomeTprst, Cd/ZnotHomieHue.
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Extended abstract

The goal of this work is to quantify the role oétliapor and fluid phases in the behavior of
zinc and cadmium in hydrothermal/volcanic environtse using a combination of laboratory
experiments in model systems (solubility, potengtny, partitioning) and in situ X-ray absorption
spectroscopy (XAS) measurements with physical-cb@hmodeling and analyses of natural fluids.

The identity, structure and stability of aqueousnptexes formed by cadmium with
chloride, which is the major constituent of geotagifluids, were determined in a wide range of
temperature (2& T < 500°C), pressure (& P < 2000 bar) and ligand concentration<{0ng <
18m/kg HO) using solubility and potentiometry experimentsnbined with XAS spectroscopy.
Our results show the formation of Cd-Cl complexeith vstoichiometries Cd(,;[HZO)nZ'm and
octahedral or tetrahedral geometries dependingToet mq. The thermodynamic parameters
generated for these species imply that chloridéaigely responsible for the Cd transport by
hydrothermal fluids, and that other natural ligalikis hydroxide and sulfur play a minor role in the
Cd transfers at elevated temperatures.

These results, coupled with a critical revisionh# literature data on Zn aqueous speciation
and solubility, indicate that aqueous and gaseali€@oride complexes are far more stable than
their Zn analogs. This is in agreement with i) vapor-liquid partition coefficients measurements
for both metals in the system®-NaCl, which reveal a stronger fractionation of i@davor of the
brine, and with ii) our CdO and ZnO solubility maesments in KHD-NaCl-HCI vapors, which
show Cd versus Zn enrichment in the vapor phases@lexperiments are in agreement with the Cd
enrichments in fumaroles of the Kudryavy volcanmgked and analyzed during this thesis work,
and data on condensates and sublimates from athemoes reported in the literature.

The ensemble of experimental, analytical and thdgmamic data obtained in this work
permits to better interpret the Cd and Zn behawidrigh T-P environments, and to propose a new
geochemical tracer of hydrothermal fluid evolutiamd composition based on the Zn/Cd ratios in
the fluid and minerals formed therefrom. The resoltthis study contribute to the development of
thermodynamic and structural models of higkP fluids and allow better constraints on the
behavior of other metals of economic interest d@ased with Cd and Zn like Cu, Pb, Au.

Key words: cadmium, zinc, hydrothermal fluids, chloride conxgle, stability constants;
thermodynamic properties, X-ray absorption spectpg XAS, solubility, potentiometry, Cd/Zn
ratio
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Chapter I. INTRODUCTION

I-1. Geochemistry of cadmium and zinc

Chemistry, mineralogy, and economic significance

Cadmium and zinc make up a column of the pericalitet (together with mercury, Fig. I-1),
thus their physical and chemical properties arg genilar one to another. These elements are typica
metals possessing two valence electrons. Theittiposin the periodic classification immediately
follows the transition series, and in keeping vilte usual periodic trends, they have comparatively
high electronegativity values for metallic elemeatsd form bonds with nonmetals of significant
covalent character. The covalent properties aree@ased on going down the column from zinc to

mercury.
1 = hydrogen poor metals 2
H alkali metals nonmetals He
4 = alkali earth metals = Noble gase 10
Be = transition metals = rare earth element: Ne
12 18
Mg Ar
20 21 22 23 24 25 26 27 28 29 30 36
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Figure I-1. Periodic table of the elements. Studied elememtgnd Cd, are marked in grey.

Zinc, a common metal widely found in Nature, iseeded into the environment through
mining and industrial operations, and though thtunad weathering of ores. Zinc forms many own
minerals. The most common are sphale#&nS, wurtzitef-ZnS, zincite ZnO, smithsonite ZnGO
zincosite ZnSQ willemite ZnSiO,. Sphalerite is the most important industrial mateof Zn.
Cadmium resembles zinc in its chemistry in manyeets. As a result, obtaining zinc free from a
cadmium impurity is difficult (Bailey et al., 2002admium usually follows its “big brother”, zinc,
but occurs in nature only as a minor component fffein order of abundance in the Earth’s crust).
The own minerals of cadmium are very rare. The mowtwn of them, greenockit@-CdsS,
monteponite CdO, otavite CdGadmoselite CdSe and hawleyit€dsS, originate mainly from Cd-
bearing zinc ores and their weathering productu@®ences of very rare Cd-Zn-In sulfudes were



described in high-temperature fumarolic minerai@att the Kudryavy volcano, Kuril Islands, Russia
(Kovalenker et al., 1993).

Zinc has been used by humans since Roman times.inBlustrial revolution of the 19
century resulted in a large increase of the Zn (emusequently, Cd) world production (Fig. 1-2).
Nowadays zinc stands fourth among all metals inldvproduction — being exceeded only by iron,
aluminum, and copper (Tolcin, 2009). Despite thestant increase of production, Zn prices do not
show systematic increase at least over the fiveyaars (Fig. I-3a), mainly due to the constant
improvement in extraction and mining technologi&bout 3/4 of zinc used is consumed as metal,
mainly as a coating to protect iron and steel fiamrosion (galvanized metal), as alloying metal to
make bronze and brass, as zinc-based die casimg ahd as rolled zinc. The remaining 1/4 is
consumed as zinc compounds mainly by the rubbesmidal, paint, and agricultural industries
(Tolcin, 2009). The growing concern over cadmiuridity (see below) has lead to significant
restrictions, especially in the European Union tle¢ use of cadmium in most of its applications
(Tolcin, 2008). As a result, the production of Gaktstabilized since 1990’s (Fig. 1-2b), and thegsi
on average did not change over the last 5 yeagstdeseveral short-term fluctuations (e.g., Figb)-
However, cadmium is unavoidable byproduct from mgnismelting, and refining of zinc-bearing
sulfide ores and can be useful for numerous indlisapplications. Cadmium has such unique
properties as excellent resistance to corrosioricp&rly in alkaline and seawater environmentsy |
melting temperature and rapid electrical exchanggvity, both high electrical and thermal
conductivity. According to the International CadmiAssociation (2003), Cd industrial use is shared
as follows: 79% — NiCd batteries, 11% — pigmen®s, 7 coatings, 2% — stabilizers for plastics, and
1% — other minor uses. NiCd batteries have a highber of charge-discharge cycles, high rate of
energy discharge, and a wide operating temperdhatteis very important for industrial applications
and aircraft electrical systems. The main advantaig®iCd batteries in comparison with other
batteries is their stability in harsh weather emwinents. However, for such applications as laptops
cellular phones, NiCd batteries are nowadays caelyleeplaced by Li-ion batteries which have
greater energy density (power-to-weight ratio). @hehe uses of cadmium attracting the growing
interest is solar cells. Cadmium telluride (CdTp4film solar cells are an alternative to tradi@b
crystalline silicon solar cells and are practicad Eommercial rooftop applications and large scale,
ground-mounted utility systems (Tolcin, 2008). Amat small but important application is the use of
cadmium sulfide crystals in radiation detectionides and photo-sensitive elements. It should be
mentioned that cadmium wasting or storage mighibee dangerous for humans than accurate and
rational using with recycling.

Biogeochemistry and environmental aspects

Larger differences between cadmium and zinc aréhéwr biochemistry. Whereas zinc is
essential to life, cadmium is highly toxic. Zinc a& important constituent of enzymes; the daily
requirement for an adult is 15-20 mg of Zn (WHOQ@&P Thus, it is essential for humans and animals
and comparatively nontoxic, with drinking water ilisnof 3 ppm (WHO, 2006). The biochemical role
of cadmium for different life organisms is still gry known. For humans cadmium is classified as
extremely toxic. The drinking water limit of Cdas low as 3 ppb, which is 2-5 times lower than¢hos
for mercury, arsenic, lead and uranium and 100@<itower than that for zinc (WHO, 2006). The
reason for the high cadmium toxicity may in pad in its similarity to zinc: for example, it can
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substitute for Zn in enzymes, but because of tmger Cd bonding and stereo-chemical differences,
the function of such Cd-bearing enzyme is perturbeie most notable widespread example of
cadmium poisoning occurred in 1940's along the lowezu river in central Japan, where
approximately 200 people developed a disease céli@dtai” after eating rice grown in paddies
watered from the river, which was contaminated va#tumium released from lead and zinc mine
wastes (Nogawa and Kido, 1996). The tragic inciddrdadmium poisoning in Japan was associated
with the fact that high toxic effects of cadmiunvedeen unknown for a long time and consequently,
its concentrations in the Zn mine wastes have eenhltontrolled.
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Figure 1-2. World production of zinc (a) and cadmium (b) durih§00-2007
according to U.S. Geological Survey (2008a, b).

(a) | (b)

Cadmium 99.99%

Figure 1-3. Prices for Zn (a) and Cd (b) in US dollars in 20P@99 according to
www.metalprices.coniB = pounds (1LB = ~ 0.45 kg); LME = London
Metal Exchange; FOB Warehouse USA= selling pricdudes all costs
plus transportation to final warehouse in USA.

In the 28" century significant amount of both Zn and Cd weteed and deposited in the
biosphere (Nriagy, 1988, 1990; Callender, 2003)mbmy instances, the inputs of these metals from
anthropogenic sources exceed the contributions frataral sources (weathering, volcanic eruptions,
forest fires) by several times (Adriano, 1986). Minreleases metals to the fluvial environment as
tailings and to the atmosphere as metal-enrichest dinereas smelting releases metals to the



atmosphere as a result of high-temperature refipnogesses (Callender, 2003). As it was shown by
Callender (2003), both Zn and Cd transport to &hed via water (fluvial) is many times greater than

that by air (atmospheric). In the case of Zn, #ivhputs to the ocean are also dominant (Callender
2003). However, natural atmospheric emissions of (@adcanoes) are most likely the cause of

substantial atmospheric Cd fluxes to the marinérenment (Nriagu, 1990; Callender, 2003).

Abundance of zinc and cadmium in Nature

Cadmium is far less abundant in Nature than ziimc % the 28 most abundant element in
the Earth's crust whereas cadmium is only . Asai$ wientioned before, most cadmium occurs as an
isomorphic substitution for zinc in Zn-bearing mials. The chemical similarity of Cd and Zn
explains correlations between Zn and Cd conceatratoccurring in Nature. Thus, different magmatic
rocks are characterized by stable Cd/Zn weighosatilx1G very close to average value of Cd/Zn in
the Earth’s continental crust (Table I-1). It isteiresting to note that primitive chondrites are
characterized by average Cd/Zn ratio of 2.3%(able I-1, Wombacher et al., 2008) which is cltuse
the Cd/Zn crustal ratio (Rudnick and Gao, 2003)riateons in Cd/Zn ratio for different types of
chondrites are expected to be caused by secondzrggses (Wombacher et al., 2008). In the Earth’s
crust, the elevated Cd/Zn ratios are observed ddmentary and metamorphic rocks, ocean water,
hydrothermal ores and volcanic gases (Table I-&). é&xample, some sedimentary rocks like shales
are characterized by elevated Cd/Zn ratios in coisga with the average continental crust with
values up to 14xId(Table I-1, Heinrichs et al., 1980). Both cadmiamd zinc have nutrient-like
profiles in seawater with depleted values in waurfexe water and the most enriched concentrations
in deep waters (Lynch-Strieglitz, 2003). In theecad zinc, the nutrient-like profile can be easily
explained by the fact that it is a necessary mitrfer phytoplankton and diatoms. In the case of
cadmium, the factors controlling its concentratiomseawater are still poorly understood (Eldedfiel
and Rickaby, 2000; Lynch-Stieglitz, 2003; Lacamalet2006).

The highest Cd/zn ratios (up to 2000%)Gre observed for hydrothermal/volcanic settings
(Table I-1). In hydrothermal ores and volcanic mate both Zn and Cd are concentrated mainly in
sphalerite (ZnS). The Cd/Zn ratio in sphaleritesdatrolled by the Cd content. Although the typical
Cd contents in hydrothermal ZnS are 0.1-0.5 wt% toaresponds to a Cd/Zn ratio ~ (2-10)X10Qp
to 13.5 wt % Cd were described in some skarn sptede(Cook et al., 2009) that corresponds to a
Cd/zn ratio of ~ 150x18 which is 2 orders of magnitude higher than avermystal value. CdS-ZnS
solid solutions recently described in fumarolestltd Kudryavy volcano (Chaplygin et al., 2007)
demonstrate that the Cd/Zn ratio ranges from 17xb025,000 x18. Cd/Zn ratios measured in the
volcanic gases are also anomalously high (Table Itshould be noted that host rocks of volcanoes
usually have compositions close to andesite-basktiss, the volcanic gases are up to ~ 3 orders of
magnitude more rich in Cd than the host andesitedesite-basalts or basalts.

It is interesting to note that the Cd/Zn ratio vpasposed for distinguishing between different
genetic deposit types (e.g., Qian, 1987; Decréal.et2008) or for tracking changes in fluid-rock
interactions for some ore deposits (e.g., Gottesnaand Kampe, 2007). For example, in the Zn-Pb
Tumurtijn—Ovoo deposit, Mongolia, the Cd/zn ratiodres was found to be sensitive to the type of
ore , ranging from (1.7%0.3)xT0in metamorphic ores to (3.5+0.3)x10n spatially associated
hydrothermal-metasomatic ores (Gottesmann and Ka2@¥). Such variations might reflect, at least
partly, the major chemical difference between cammand zinc which is the tendency of cadmium to



form more covalent bonding than zinc, and thus nstable complexes in the fluid phase. Knowledge
of Zn and Cd speciation in the fluid phase at hiltgomal conditions is thus required may help to use
the Cd/Zn ratios as potential indicators of thgioriand composition of ore-bearing fluids as wsll a
post-precipitation processes.

Table I-1. Abundance of zinc and cadmium in Nature.

Cd, ppm Zn, ppm QdAnx10° Reference

Upper Continental Crust 0.090 67 1.3 Rudnick and Gao, 2003

Bulk Continental Crust 0.080 72 1.1 Rudnick and Gao, 2003

Primitive chondrites (CI) 0.275 120 2.3 Wombacher et al., 2008

Magmatic rocks

Granites 0.087 50 17 Wedepohl, 1972 ; Heinrichs
et al., 1980

Andesites 0.058 74 08 Wedepohl, 1972 ; Heinrichs
et al., 1980

Basaltes 0.10 114 0.9 Wedepohl, 1972 ; Heinrichs
et al., 1980

Sedimentary and

metamorphic rocks

Sandstones 0.071 45 1.6 Heinrichs et al., 1980

Calcareous rocks 0.068 15 4.5 Heinrichs et al.0198

Deep see clays 0.40 170 2.3 Callender, 2003

Heinrichs et al., 1980;

Shales 0.30-1.4 95-100  3-14 Callender, 2003

Ocean(total) 0.00005 0.002 25 Callender, 2003

Ore sphalerites (ZnS)

Epithermal deposits 2,594-9,582 50,000* 5-20 Cda.e2009
Skarn deposits 2,262-73,800 50,000* 5-150 Cook g2@09
Strata-bound deposits 1,011-6,938 50,000* 2-14 @veh., 2009

Volcanic gases
Kudryavy volcano, Kuril 0.25-

0.09-0.88 50-880 Taran et al., 1995
Islands T=535-940°C) 13.5 8 '

Augustine volcano, Alaska

0.004-0.4 0.24-3 4-58 ds et al., 1990
(T=390-870°C) 3 8 Symonds et al.,
Mount St.Helens, Pacific
Northwest USA 0.041 0.019 2092 Symonds and Reed, 1993
(T=710°C)
Colima volcano, Mexico /e 740 50.81 991 Taran et al., 2001

(T=740-830°C)

* Averaae Zn concentration in sphalerite (Zi



Ore-deposits geology of Zn and Cd

All cadmium in the world is produced from Zn-beagriminerals and consequently mainly
from Zn ores, and to a lesser degree from Zn-bgdtmand Cu ores. Worldwide, 95% of the zinc is
mined from sulfidic ore deposits, in which sphaker(ZnS) is present together with Cu, Pb, Fe
sulfides. All these Zn-bearing deposits have beeméd from a range of ore-forming processes in a
variety of geologic and tectonic environments oatteast the last two billion years of the Earth’s
history. The deposits display a broad range oftimlahips to host rocks, such as stratiform, strata
bound, and discordant ores. The sulfides may beepteas open-space fill and replacement of
sediments or sedimentary rocks, filling porositgated by displaced pore fluids in sediments, or
precipitated directly on the sea floor. Consequyerttlere is no united single scheme for Zn deposits
providing rigorous classification criteria. Nevestbss, three major types can be distinguished:

= Mississsippi Valley-type (MVT) with such examples kbead Belt and Viburnum trend in USA
(e.g., Sangster, 1990; Leach et al., 1995) anauapgof Irish type deposits (e.g., Lisheen deposit,
Hitzman et al., 2002);

= Sedimentary exhalative (SEDEX) deposits with sudmmples as Red Dog in Alaska USA (e.g.,
Moore et al., 1986), Sullivan deposit in Canada.(d.ydon et al., 2000), Gorevsk deposits in
Russia (e.g., Smirnov, 1977), and a group of Brdhidintype deposits in Australia (e.g., Parr and
Plimer, 1993);

= Volcanogenic massive sulfide (VMS) with typical exales of Bell Allard and Norita in Canada;
Scuddles in Australia, Los Frailes in Spain, anplodés in Southerth Urals in Russia (e.g., Galley
et al., 2007).

Despite this rough classification, there is a gmnim between the characteristics of SEDEX
and VMS depositon the one hand, and SEDEX and MVT deposits onother hand. It can be
demonstrated by the general model of its formafieig. I-4). The distinction between the three
classes of deposits is based on the typical pHysibemical and geological attributes of member
deposits and their respective geological environméiVT deposits are located in carbonate platform
settings, typically in relatively undeformed orogeffioreland rocks, commonly in foreland thrust
belts, and rarely in rift zones (Leach and Sangd®@93; Paradis et al., 2007). The platform carbona
sequences commonly overlie deformed and metamoegdhasntinental crustal rocks, and have some
hydrologic connection to sedimentary basins affétte orogenic events (Paradis et al., 2007). MVT
deposits usually occur in platform carbonates atl@lv depths on flanks of sedimentary basins. The
MVT deposits/districts are localized by geologifedtures that permit upward migration of fluids,
such as faults and basement highs. Other structsmebl as barrier reef complexes, breccias,
paleokarsts, depositional margins near carbonatie/sltlges, and facies tracts could also be importan
in trapping mineralized fluids (Paradis et al., ZDOSEDEX deposits occur in intra-cratonic and
epicratonic sedimentary basins, the tectonic gttare variable and include intra-cratonic riftivein
by mantle plumes, reactivated rifted margins, aadfield backarc rifting (Nelson et al., 2002;
Goodfellow and Lydon, 2007). All SEDEX depositsrfeed during periods of tectonism, typically
manifested by fault reactivation, intrabasin clasdedimentation, and in many cases magmatism
manifested by volcanism and/or sill emplacementstMiteposits occur in reduced marine basins that
formed during the sag phase of basin history, adjato deeply penetrating, commonly strike-slip



Chapter I. Introduction

faults. These structures cut the regional carbopatehale seal and tap metal-bearing fluids from
hydrothermal reservoirs in syn-rift highly permealslastic sedimentary rocks (Nelson et al., 2002;
Goodfellow and Lydon, 2007). The most common feat@mong all types of VMS deposits is that
they are formed in extensional settings, includipgth oceanic seafloor spreading and arc
environments. Modern seafloor VMS deposits aregeized in both oceanic spreading ridge and arc
environments (Galley et al., 2007), but deposiés #re still preserved in the geological recoranied
mainly in oceanic and continental nascent-arcedifarc and back-arc settings (Allen et al., 2002;
Galley et al., 2007). This is because during sutioioiedriven tectonic activity much of the ancient
ocean-floor is subducted, leaving only a few opteosuites as remnants of obducted ocean-floor
(Galley et al., 2007). To summarize, both SEDEX BNAT deposits occur within or in the platforms
with a thick sedimentary basin and are thoughesuit from the migration of basinal saline fluidSra
typically between 70 and 200°C (Fig. 1-4b), wher®¥&8S deposits occur in submarine volcanic-
sedimentary belts, and are formed from convecti@rdthermal fluids driven by, and/or magmatic
fluids from, a sub-volcanic intrusion with> 350°C. Both SEDEX and VMS deposits are formed by
hydrothermal systems that vented fluids onto tlzefle®r, so that the age difference between the ore
and the immediate host rocks is always small. trest, MVT deposits formed in the subsurface, and
so the age difference between ores and host reckbe much larger than for SEDEX deposits (Leach
et al., 2001).
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Figure 1-4. (a) General model for the formation of sedimentaxpalative(SEDEX), volcanogen
massive sulfide (VMS) and Mississippi Valley-tyd¥'T) deposits in the zone afear
plate subduction and back-arc riftinylodified from Nelson et al. (2002). (b) Detai
model for the formation of SEDEX and MVT depoditdés model indicatethat botl
SEDEX and MVT depits formed by the mixing of metalliferous fluideshvambien
anoxic waters at the seafloor (i.e. SEDEX depositg)} within permeablearbonate
rocks (i.e. MVT deposits). Modified from Goodfell@®07).

The composition, temperature and metal concentratiof the hydrothermal fluids that
operated in these geological settings can be stunliedeep drilling and submersible sampling in the
case of modern hydrothermal systems or by analgéaadividual inclusions in ore and gangue
minerals in the case of ancient hydrothermal systefnlarge data set available from both deep
drilling/submersible samples and fluid inclusiors hydrothermal fluids responsible for Zn ores



formations was recently summarized by Yardley (30@8d is presented in Fig. I-5. The Zn
concentrations vary from 0.05 up to°Jfbm as a function of temperature (Fig |-5a) ancc@itent
(Fig. I-5b). Data for cadmium are very scarce. Matd Trefry (2000) reported Cd concentrations in
the modern hydrothermal fluids from 10 to 100 pph & 200-350°C and Cl contents from 20,000 to
45,000 ppm. To interpret rigorously the cadmium aimt transport and fractionation by aqueous
fluids at high temperatures and pressures, we tedohow the identity and properties (structure,
thermodynamic stability) of the dominant aqueouscggs responsible for their transport.
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Figure 1-5. Concentrations of Zn in hydrothermal ore-formingids as a
function of temperature (a) and salinity (b). Sumeea data from
deep drilling samples and fluid inclusio(Yardley, 200%).

[-2. Cadmium and zinc aqueous species in hydrothatrfiuids

Major ligands for Cd and Zn in hydrothermal fluids

The major natural ligands capable of transportidigu@der hydrothermal conditions are OH
IH,0, CI, and HSH,S. The thermodynamic properties of cationd*zmd Cd" are very well known
and recommended values of standard thermodynamatidus can be found in CODATA (1989). In
aqueous solution the Znand Cd" cations undergo hydrolysis with formation of Zn(@¥ and
Cd(OH)2" hydroxide complexes, where<ln < 4. The stability constants of Zn and Cd hydroxide
species at ambiefit-P are well known from extensive experimental studaesl compilations of the
thermodynamic properties of these complexes wererted (Baes and Mesmer, 1976; Wagman et al.,
1982; Martell and Smith, 1998; Zhang and Muhamn&ff)1). Based on these data and theoretical
correlations with other metal hydroxide complex@kock et al. (1997) reported HKF parameters of
Zn(OH)*" and Cd(OHy" allowing calculations at elevated T-P  (SUPCRT,
http://geopig.asu.edu/index.htinl/However, for zinc the predicted temperature dedpace was
shown to be too strong by recent experiments (BO65C (Bénézeth et al., 2002), which indicate that




these complexes may be much weakern at ighthan predicted by Shock et al. (1997). It is thus
expected that the currently available predictiamscdmium hydroxide complexes stabilities given by
Shock et al. (1997) might suffer from the same flatvelevated temperatures. To resolve the
discrepancies about the role of hydroxide compleére€d and Zn transport by high-temperature
fluids, additional experiments are required, pattidy at temperatures above 300°C, which will be a
part of this work.

A recent review of the available low-temperaturpekmental studies of Zn and Cd aqueous
complexes with sulfide can be found in Rickard &mther (2006). Despite the generally stronger
chemical affinities of both metals for the “softestilfide ligand than for “borderline” chloride (e.g
Pearson, 1963), sulfides complexes are unlikelypdoimportant for these metals in acidic high-
temperature hydrothermal solutions. The stabilitieZn-S/HS complexes were shown to exhibit very
weak temperature dependence, whereas the domagreddminance of Zn-Cl complexes expands
rapidly with increasing temperature (Rickard andhiem, 2006; Tagirov et al., 2007). Despite the
higher chemical affinity of Cd to the sulfide lighoompared to Zn, and the lack of experimental data
for Cd-S complexes at temperatures above ambieatCt-S/HS complexes are also expected to be
minor in comparison to CdCl species. This conclusie dictated by the generally low sulfur
concentrations in most natural hydrothermal fluitigically less than 0.1 wt% (Barnes, 1979),
whereas chloride is by far more abundant ligandyirothermal fluids, with concentrations attaining
10-30 wt% (Barnes, 1979). Moreover, in acidic agdrmeutral solutions typical of Cd/Zn ore deposit
formation, the concentration of charged H§ands is low compared to the neutraSHwhich has a
much weaker complexing capacity. Analyses of nathyarothermal fluids (see above, Fig. 1-4)
indicate positive correlations between Zn and Choemtrations, thus implying that chloride
complexes are likely to be dominant for Zn and ptiese metals (e.g., Yardley, 2005). Thus, it @an b
assumed that chloride complexes play a main rolehen both cadmium and zinc transport in
hydrothermal settings. We discuss the availabla datstructures and stabilities of Cd-Cl and Zn-Cl
complexes below.

Molecular structures of Cd and Zn complexes in agsesolution

The structures of cadmium and zinc aqueous spéetigsloride solutions were studied using
X-ray diffraction (XRD), Nuclear Magnetic Resonan¢BIMR), Raman, Infrared, and X-ray
absorption spectroscopies (XAS) (e.g., Irish etl863; Waters et al., 1973; Drakenberg et al.8197
Fontana et al., 1978; Shuvell and Dunham, 1978;eAukn et al., 1979; Caminiti et al., 1980;
Buback, 1983; Paschina et al, 1983; Anderson e1295; Mosselmans et al., 1996; Mayanovic et al.,
1999; Bassett et al. 2000; Seward and Driesner;200Q et al. 2007) and computational theoretical
methods (e.g., 1992; Butterworth et al., 1992; d¢Rofd and Pye, 1998). Most of these studies agree
abouta) octahedral structures of the ions*Caind Zri* which are coordinated by 6 water molecules in
the nearest atomic sphere of the mdiatetrahedral structures of Cd€land ZnCJ*; c) the presence
of water molecules in the first coordination stadllintermediate chloride species Ca€o, 2" and
ZnClH,0,>" d) the decrease of the average number of water mekeeuith increasingl and Cl
concentration in such species; agdthe coordination change from octahedral to tetieddewith
increasing Cl concentration in solution for botmcziand cadmium chloride complexes. However,
these even rather accurate and detailed spectiose@asurements at ambient conditions are still
difficult to interpret in terms of formation of aixture of Zn and Cd chloride species in solutiomg a



to determine the exact ‘moment’ for the octahetbraktrahedral transition as a function of ligation
number. For example for zinc, this transition kely to occur at the formation of the second claeri
complex zZncl (Buback, 1983; Mayanovic et al., 1999; Bassetalget2000; Liu et al., 2007). For
cadmium the coordination change was proposed afotineation of the second Cdfaq) or third
CdClk complex, depending on the solvent (Ahrland, 19%9hould be noted, that the formation of
low-coordination tetrahedral species with both @éagingmc and T, demonstrated for other base
metals (e.g., Fe, Zn, Co, Ni), is expected to $icgtly increase ore-metal solubility (e.g., Creea
al., 1985; Susak and Crerar, 1985).

The structure of cadmium and zinc agqueous spetiésngeratures above ambient remain
very poorly known. Few scarce structural data weported for Cd-Cl complexes using XAS, but
they explored very limited andmg, ranges ific < Im, T < 250°C, Mosselmans et al., 1996; Seward
and Driesner, 2004). These data do not allow deoivaf the identity and stability of the dominant
Cd-Cl complexes. For zinc, more spectroscopic studt elevated are available. The major Zn-Cl
complexes identified by Raman and X-ray absorptapectroscopy atlT above 300°C are
ZnCl,(H,0),° and ZnCJ* (Buback, 1983; Mayanovic et al., 1999; Bassetalgt 2000; Liu et al.,
2007). However, these data are debatable becaeygeldhnot cover systematically the sufficient range
of mg and T to reveal unambiguously structures and stoichidagtof the different possible Zn
chloride species. The major limitations of the spEsTopic methods ara) the difficulty to detect the
presence of oxygen atoms (i.e., water or hydrokgéends) in the first coordination shell of the alet
in its chloride complexedy) the difficulty to interpret the XAS spectra in easf a mixture of species
in solution; ancc) the lack of confrontation of the structural spestopic data with thermodynamic
information about the complex stabilities. Thedattmitation is probably the most important on& an
a rigorous confrontation between structural andntieglynamic data has not been done so far for Zn
and Cd, to the best of our knowledge. Unfortunattie existing thermodynamic data for chloride
complexes of both elements at elevaieB appear to be surprisingly contradictory, prohitgttheir
comparison with the few structural results discdsabove. In the two following sections, we will
present the state of the art about the stabilémas$ stoichiometries of the major aqueous Cd and Zn
chloride complexes reported in the literature.

Thermodynamic properties of cadmium chloride comgse

Numerous experimental studies were performed < 50 - 100°Cto determine the stability
constants of stepwise formation for chloride comete CdGF™", where n ranges between 1 and 4
(because the water activity is close to one in nstgties of aqueous solutions, structuraDH
molecules present in these complexes are omittealéoity). These studies have been conducted
using potentiometry (e.g., Vanderzee and DawsoB31Reilly and Stokes, 1970; Gutz and Neves,
1985; Tomas et al., 2001), calorimetry (e.q., Gegdil966; Provost and Wulf, 1970), polarography
(e.q., Eriksson, 1953), solubility (e.q., King, P94ebulliometry (e.q., Oliveira, 1979), and ulvai
absorption measurements (Valleau and Turner, 196Ag majority of databases and review
compilations show a decent agreement as for thdigtaconstants values for the first three cadmium
chloride complexes at 25°C and 1 bar (Table I-2inher, 1952; Glushko, 1972; Wagman et al., 1982;
Sverjensky et al., 1997; Archer, 1998; Pivovardd)%). The only exceptions are a) the NBS data of
Wagman et al. (1982) that are likely to contairoesras it was demonstrated by a more recent review
of these data by Archer (1998), and b) an old ttepiothe CdC1 formation constant recommended by



Latimer (1952). Data on the Cd€lstability constant, however, are scarcer thanettiosthe lower Cl
number species. Nevertheless, the two existingeves/iof Sverjensky et al. (1997) and Pivovarov
(2005) report comparable values (within < 0.3 lagt,uTable 1-2). The distribution of cadmium
species in a f0-NaCl-HCI solution at pH ~2 as a function of tata, at 25°C and 1 bar calculated
according to Sverjensky et al. (1997) is preseintd€g.|-6a.

Table 1-2. Stability constants of cadmium chloride compleae25°C and 1 bar from the literature.
logi %  (Cd* + nCI = CdC|>™)

Source CdCl CdCL’  CdCk CdCl”
Latimer, 1952 1.35 2.17 2.00 -

TKV Database (Glushko et al., 1972) 1.96 2.58 197 -
ipigeopgasueduinduen 297" 250" 2400 147
Critical Database (Martell and Smith, 1998) 1.9880. 2.60+0.10 2.40+0.10 -

NBS 1982 (Wagman et al., 1982) 2.71 3.35 2.72 -
Critical review of NBS data (Archer, 1998) 1.97 2.6 2.00 -
Pivovarov, 2005** 2.00+0.02 2.70+£0.05 2.40+0.10 (x@.20
“-” = not available.

*Taken from Turner et al. (1981).
**Calculated from data of Eriksson (19
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Figure I-6. Distribution of Cd (a) and Zn (b) species in a N&{T| aqueous solution
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In contrast, the available data from different ekpental and theoretical studieat
temperatures above ambientare surprisingly inconsistent and display largeiatens in the
temperature dependence of the stability constantallf Cd-Cl species. This can be seen in Table I-3
where we compared the reported values of the stdnpartial entropy %o 15 for each chloride
complex, derived from the log; s Tdependence between 20 and 100°C in differentesudtican be
seen in this Table that differences in tHeSsvalues for a same complex attain almost 40 oabl
'K (e.g., for CAG between Latimer, 1952 and Sverjensky et al., 199@gh a difference in’Sg 15
corresponds to a difference of more than 2.5 ordensagnitude of the Cdglstability constant when
extrapolating these data to 150°C. The situatioavesn worse at higher temperatures, typical of Zn
and Cd ore formation (~200-400°C). For exampley amie experimental work &t up to 250°C is
available for the first chloride complex Cd@Palmer et al., 2000) , to the best of our knogted

Table 1-3. Standard molal entrop;?zgg,wfor cadmium chloride complexes from the literature
50298.15 calmol _l[K_l

Source CdCl cdCk’(agq) CdCi(aq) CdC)”
Latimer, 1952 5.6 17.0 50.7 -
Provost and Wulff, 1970 8.0 23.0 48.0 -
TKV Database (Glushko et al., 1972) 7.4 25.0 39.3 -

SUPCRT (Sverjensky et al., 1997 ;

http://geopig.asu.edu/index.htynl/ 0.8 10.3 10.9 0.2
NBS 1982 (Wagman et al., 1982) 10.4 29.1 48.5 -
Critical review of NBS data (Archer, 1998) 7.1 25.7 45.1 -

“." = not available.

This brief analysis of the available data showg #ithough the stability constants of all
cadmium chloride complexes at ambient conditions accurately constrained by numerous
experimental measurements, large disagreement$s axito the temperature dependence of the
formation constants. The discrepant entropy (aridadpy) values for most Cd-Cl complexes do not
allow reliable extrapolations above 100-150°C. TH&UPCRT thermodynamic database
(http://geopig.asu.edu/index.htinlividely used by geologists in modeling hydrothdrnilaids
contains a complete set of the HKF equation-ofestatrameters for the four Cd-Cl species derived
from the ambientT-P data and using empirical correlations amongstntbeynamic values of
different metal complexes (Sverjensky et al., 198#wever, as we showed above, these data are in
clear disagreement with other sources (Table Ir8)taus cannot be used with confidence at elevated
T-P. Thus, there is an urgent need for systematicrexpetal data of the identities and stabilities of
Cd-ClI species in high-temperature solutions.




Thermodynamic properties of zinc chloride complexes

Zinc complexing with chloride in aqueous solutiona wideT range has attracted far more
considerable attention than that of his “little te” cadmium. As a result, numerous experimental
and modeling studies are available on the statmfiginc chloride complexes Zn&l, where n ranges
from 1 to 4. The available formation constantstf@se zinc chloride complexas 25°C and 1 bar
are given in Table I-4. Despite the large volumewdilable experimental and theoretical studidsdis
in this Table, the stabilities of all Zn-Cl compésx exhibit surprisingly larger variations amongst
different data sources than their Cd analoguesl€Tiad), attaining more than one log unit (in terafis
logio B%). This is due to the fact that Zn-Cl complex ditibs are 1-2 orders of magnitude lower that
their Cd counterparts (e.g., Fig. I-6). This resdémore difficult accurate direct measuremenZiof
Cl interactions at ambient conditions, so that nstability constants reported in Table |-4 are Hase
on extrapolations from high-temperature conditiotere the stability of Zn-Cl species is higher. For
ZnCI" and ZnC)°(aq) most reported data are in decent agreemethtinvd.2-0.4 log units, except the
old NBS report (Wagman et al., 1982) and the rewisif Pivovarov (2005) who used few selected
sources of data. Their values of stability constalgrived by the original authors (Ruaya and Seward
1986; Bourcier and Barnes, 1987; Plyasunov andolvat991) from three high-temperature solubility
studies are in excellent agreement within 0.1 log.urhe data for Zn-Cl species from the most
popular amongst geologists database SUPCGRP:{/geopig.asu.edu/index.htinlbased on a critical
revision by Sverjensky et al. (1997) of selecteldilsitity studies (e.g., Ruaya and Seward, 1986) are
slightly different from the original values citebave (by ~ 0.2-0.4 log units) likely because of
different extrapolation procedures used. For tigidr ligand number complexes, ZgGind ZnCJ%,
the agreement is worse, and differences betweeBWRCRT database and the solubility studies cited
above attain more than one order of magnituderimgeof overall stability constanp¥). Note also
that these discrepancies further increase forl#s# ZnCl?> species, for which the limited amount of
available data does not allow derivation of theststent value.

Table 1-4. Stability constants of zinc chloride complexe2%tC and 1 bar from the literature.
logip%  (Zrf" + nCI = ZnCZ")

Source ZnCl ZnCLaq) ZnCk ZnCl>
TKV Database (Glushko et al., 1972) 0.38 0.60 - -
Turner et al., 1981 0.49 0.62 0.51 0.20

SUPCRT (Sverjensky et al., 1997; i )
http://geopig.asu.edu/index.htyl/ 0.20 0.25 0.02
Critical Database (Martell and Smith, 1998) 0.4060. 0.60 - -

NBS 1982 (Wagman et al., 1982) -0.53 -1.04 -0.008 1.09
Ruaya and Seward, 1986 0.42 0.62 0.34 0.19
Bourcier and Barnes, 1987 0.43 0.61 0.53 0.20
Plyasunov and Ivanov, 1990 0.49 0.62 0.10 -1.00
Pivovarov, 2005* -0.30+0.10 0.00+0.20  -0.40+0.30 .56%0.50
“-" = not available.

*Recalculated from experimental data of Ferri ansa®are (1988) and Sillén and Liljeqgvist (19«



In contrast with Cd, the stability of Zn-Cl compésxat hydrothermal temperatures
(typically to 350°C) has been a subject of several solubility studiearnsarized in Table I-5. The
comparison of these data shows that while the fmtéhe uncharged Znglag) complex are very
consistent over a wid€ range (with a single exception of Plyasuvov arehbwr, 1991), the situation
for the other complexes is less good, with diffeenattaining 4 orders of magnitudeatT > 300°C
for ZnCI" and ZnCJ*. The distribution of Zn-Cl complexes in a Mland 2n NaCl solutions at
350°C/R, according to different original solubility studiese illustrated in Fig. I-7. The values
suggested by Ruaya and Seward (1986), BourcieBamndes (1987) and Wesolowski et al. (1998)
imply that ZnCt and ZnC)°(aq) are the dominant species at chloride condémgatypical of most
Zn-bearing ore-forming fluids (0.1-2ONacCl). This conclusion is also supported by theulsiity
data of Cygan et al. (1994) at supercritical terapees (300-600°C). In contrast, the stability ¢cants
values of Plyasunov and Ivanov (1991) suggestZh@i,” is by far the major speciesmg, > Im. It
should be emphasized that the identity (~ numbeZldigands) of the dominant Zn species exerts a
major control of Zn-bearing mineral solubilities agunction of pH and chloride concentration. The
discrepancies apparent in Fig. I-7 imply that insingaline hydrothermal fluids, the solubility
dependence of Zn sulfides and silicates as a famaif acidity and chlorinity will be different if
modeled using different data sources (e.g., RuaghSeward, 1986 versus Plyasunov and Ivanov,
1991).

Table I-5. Stability constants of zinc chloride complexeglavvated temperatures from available
solubility studies and the SUPCRT database.

log % (ZrF + nCl = ZnCIZ™)

logio B logio B logio B’ logio B %
T =200°C,P= 15.5 bar Psa)
nplgeopgasuedduyy 40 41 32 -
Ruaya and Seward, 1986 4.01+0.02 3.98+0.04 3.0+0.14.2+0.1
Bourcier and Barnes, 1987 3.1+0.3 4.3+0.2 5.2+0.2 .41@11
Plyasunov and Ivanov, 1991 2.2 4.9 3.0 4.3
Wesolowski et al., 1998 2.5+0.1 4.2+0.1 - -
T=2350°C,P=1652 bar Psa)
nupiigeopig.asueduindoxh 7T %4 88 -
Ruaya and Seward, 1986 8.0+0.1 9.5+0.1 - -
Bourcier and Barnes, 1987 7.0 9.3 9.3 7.7
Plyasunov and Ivanov, 1991 53 11.2 9.7 11.4

= not available.
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Figure 1-7. Distribution of Zn chloride complexes in 0.1m CJ ¢xand 2m CI (b, d)
agueous solutions at 350°C ang,Pcalculated from data of Ruaya and
Seward, 1986 (a, b) and Plyasunov and lvanov, 1(@91), using the
stability constants reported in Table I-5.

This short critical revision demonstrates that nwd be difficult to resolve the existing
discrepancies of the sole basis of the existingtslitly studies. It is clear that more experimertata,
particularly combining complementary approachesg.(e.solubility, in situ spectroscopy,
potentiometry) are required to enable a self comsiset of stability constants for this importaase
metal. The present study is a modest attempt taiecquch new necessary data for both Zn and Cd
using different experimental methods and to battederstand their transport and precipitation by
high-temperature geological fluids responsible fioe formation of the majority of these metals
resources on our planet.



I-3. Aims of the present study

The growing need for Zn and Cd mineral resourcetteb understanding of ore formation
processes, and improving ore treatment and exdra¢échnologies in environmentally responsible
manner require knowledge of cadmium and zinc bemawi geological fluids in a wide range of
physical-chemical conditions (e.g., temperaturesgure, density, fluid composition) and scales{fro
atomic to geological). This study is aimed at qifgimg the identity, stability and structure of
cadmium and zinc aqueous complexes responsibtadédransport and precipitation of these metals in
hydrothermal fluids and vapors, and applying theéata to model Cd and Zn transport and Cd/Zn
ratios in hydrothermal/volcanic environments.

The main objectives of the present study are theisallowing:

« To determine the identity, stability and structwk aqueous cadmium chloride
complexes in the wide temperature and pressurerainigydrothermal fluids;

* To investigate the behavior of cadmium and zindydrothermal brine and vapor
phases formed during boiling and immiscibility pbherena of ore-bearing fluids;

* To quantify physical-chemical factors controllingetCd/Zn ratios in hydrothermal
and volcanic fluids and minerals;

» To confront the obtained new experimental and tleynamic data with geological
information on Cd and Zn distribution and conteintsatural hydrothermal-volcanic
environments.

I-4. Manuscript organization

The present manuscript is composed of an Introolicthe present Chapter 1) and the
following five chapters describing the methodologyfferent experimental, analytical or modeling
parts of this study, together with a brief discassof the perspectives of this work. The content of

each of the five following chapters is resumed belo

e Chapter Il: METHODS. This part of manuscript presents the experimeatad)ytical, and
thermodynamic approaches employed or developedhism work. The advantages and
complementarities of each method are discussed.

* Chapter lll: POTENTIOMETRIC STUDY OF CADMIUM CHLORI DE COMLEXES
FROM 1 TO 1000 BAR AT 25°C.This chapter presents an article submittedRtssian
journal Geology of Ore Deposit;n August 2009 (Bazarkina et al., 2009a) and \pi
published in both Russian and English. In this paie effect of pressure on the stability of
cadmium chloride complexes at ambient temperat@®measured, for the first time, using in
situ potentiometric methods. The partial molal voés for the four cadmium chloride

complexes derived from these data were used ifraineework of the revised HKF equation



of state to provide improved pressure-dependent p&&meters for each Cd-Cl species, thus
allowing calculations of their thermodynamic prdpes at pressures up to 5000 bar.

Chapter 1IV: STRUCTURE AND STABILITY OF CADMIUM CHLO RIDE
COMPLEXES IN HYDROTHERMAL FLUIDS. This chapter presents an article submitted
to Chemical Geologyn October 2009 (Bazarkina et al., 2009b). In thiwk, in situ X-ray
absorption spectroscopy was combined with solybiliheasurements to investigate
systematically the stoichiometry, structure andbifitg of cadmium chloride aqueous
complexes in higfT-P saline hydrothermal fluids to 450°C and 600 bdrese new data were
compared with the available structural and thermadyic information on major Zn-Cl
complexes, and a new potential geochemical traictreofluid composition using the Zn/Cd
ratio has been proposed.

CHAPTER V: Cd/Zn RATIO IN LOW -DENSITY HYDROTHERMAL VAPORS,
BOILING WATER-SALT HYDROTHERMAL SYSTEMS AND VOLCANI C GASES:
COMPARISON OF EXPERIMENTS IN MODEL SYSTEMS WITH GEO LOGICAL
OBSERVATIONS. This part of the manuscript describes the restiltmeasurements of Cd
and Zn solubility in low-density fluids and vapagtiid partitioning coefficients in the system
H,O+NaCI+HCI pertinent to natural boiling hydrotheilnfi@ids. These data, combined with
thermodynamic calculations of CdS and ZnS solukdjt where compared with natural
analyses of Zn, Cd, associated metals and mairtileoleggands S and Cl in high-P
fumaroles of the Kudryavy volcano, sampled andyaeal during this study. The potential use
of the Cd/zn ratio in the fluid and mineral phades tracing the fluid evolution and
composition is discussed.

Chapter VI: CONCLUTIONS AND PERSPECTIVES. This last chapter gives a summary
of the results obtained above and discusses naaeftesearch perspectives opened up by the
present PhD work.

ANNEX. This annex presents a published article not diyeelated to the thesis results. “An
in situ X-ray absorption spectroscopy study of geitbride complexing in hydrothermal
fluids” published in 2009 irfChemical Geology59, pp. 17-29, by Pokrovski G.S., Tagirov
B.R., Schott J., Bazarkina E,Hazemann J.L., Proux O.
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Chapter Il. METHODS

Studies of the chemical speciation of metals inlaggoal fluids require a range of
complementary experimental, analytical and thecaktpproaches applicable to the extremely wide
temperature, pressure and concentration rangeusfatifluids. In this work, we combined laboratory
experiments (potentiometry, solubility, partitiogircoefficients measurements, and in situ X-ray
absorption spectroscopy XAS), modern analytical hoe$ of analyses of natural and synthetic
aqueous solutions, field sampling of high-temperatatural fluids, and thermodynamic modeling to
assess the identity, structure and stoichiometfi€2d- and Zn-bearing complexes responsible for Cd
and Zn transport in natural settings. The preskapter briefly describes the methods employed in
this work.

lI-1. Potentiometry

Potentiometry is a selective electrochemical metfardstudies of element speciation in
aqueous solutions. This method is based on thendetion of the difference in electric potentials
between an indicator and a reference electrodes. difference is a function of the thermodynamic
activity of components in the chemical reactionolwing production or consummation of electrons
which is described by the Nernst equation:

RIT [T
AE=E,, -E, =E° +Eﬂh(a1)+ E, =E"+ 2.3026% [dog(a) +E; (I1-1)

where AE = measured difference in potentials between thigcator electrodel;,y) and reference
electrode E.p); E° = standard potential of used indicator electradative to reference electrodR =
universal gas constant (8.31439 JiI™); T = temperature in Kelvinn = number of electrons
participating in chemical reactiof = Faraday constant (96,493.1 C-Ti')olai = activity of the
measured componenk; = liquid-junction potential.

In this study, the potentiometric method was useithtestigate Cd-Cl complexes stability by
measuring the Cd activity in aqueous solution at 25°C as a functibriotal chloride concentration
and pressure. Two types of potentiometric measuntsrag 25°C were performetl) as a function of
KCI concentration at 1 bar in agueous solutiondwibnstant Cd(N¢), concentration; an@) as a
function of pressure (1-1000 bar) in Cd(j3 KCI solutions. Measurements at 1 bar were paeréar
to i) verify the efficiency and performance of the Ctestive electrode, ani) refine the CdGF
stability constant that was reported with a largecrgpancy in previous studies (see chapter I-2
above). Measurements at elevated pressures wefermed to obtain the individual volumetric
properties of CdC| CdCh(aq), CdC}, and CdCf aqueous species, for which only theoretical
predictions are currently available (Sverjenskglet1997;http://geopig.asu.edu/index.htpal/

A Cd-selective electrode with a solid CdS.8gmembrane (®“Niko-analit”, Russia) was
modified for measurements at elevated pressur&9@Q-bar) by adapting a rubber tube filled with oil




for pressure compensation (Fig. 1I-1). The membrthis electrode is selective to Cdree ions due
to the electrochemical reaction of solid CdS infrembrane with the free €don in solution:

Cd*+ Ag,S(s) + 2 = CdS(s) + 2Ag(s) (11-2)

Connector bushing and lead-in

Etll

Silicon ail

Ag wire

—— Cd-selective membrane
(Cds, AgS)

Figure II-1. Scheme of the Cd-selective solid-contact electrosed for
experiments at 1-1000 bar and 25°C.

At ambient pressure, a classical Ag/AgCI referealeetrode with liquid junction (& KCI)
was used. At elevated pressures, a specially dasigeference electrode described elsewhere (Fig Il-
2a, Zotov et al., 2006) was employed. The spemalstuction of this electrode enables pressure
compensation and allows stable flow of the refeeesmution into the experimental solution even at
elevated pressures, so that the valug e constant. The liquid junction is thus may besidered to
be constant over the estimated concentration aggspre range and thus appears as a single adgustabl
parameter of the calibration curv&q + E; eq. II-1). The potentiometric cell used for maasoents
at ambient and elevated pressures is thus thenfiokp

Cu, Ag, AgS-CdS | Cd(Ng), + KCI solution || KCI (8n) | AgCI, Ag,Cu

The electrodes were fixed in the cover of a Tiyalmitoclave (internal volume ~500 Ynpresented in

Fig. lI-2b. The temperature was controlled with dylde thermocouple. The pressure was maintained
with a hydraulic hand-driven pump and measuredgugisapphire tenso-resistive pressure transducer
(to 1500 bar) and a standard pressure gauge (@ &0, both externally calibrated using a precisio
piston pressure gauge. The uncertainties of presmegasurements and fluctuations during the
experiment do not exceed +10 bar. Calibration wexrfopmed at 25°C with Cd(N], solutions. The
calibration curves at 1 and 1000 bar are presdnté&dgure 11-3. For two-valent ions the theoretical
Nernst slope at 25°C is -29.58 mV/pCd. The usethis study Cd-selective electrode demonstrates
slopes very close to this theoretical value indbecentration range $010°m Cd(NO;),. However, as



it was shown by Baumann (1971) and Rozhkova €P809) ion-selective electrodes of this type can
be used down to 1010°m of the ion concentration in solution where compkf the measured
element dominate over its ions and if the totalcemration of the measured elemert0>-10*m.

Connector bushing To Hydraulic Press

and lead-in /

Thermocouple ;
lass electrode vesse Cd-selective electrode

Ag wire N
9 Reference electrodg

Hole for adding Rubber plug

KCl solution and o

ail
Solution

Ag/AgCl half-eleme 3mKd ‘ Cds, AgS

Rubber plug Glass tube

Ceramic fri Aqueous

thermostat

Testing
solution

Rubber plug Magnetic bar

Ceramic frit

Figure I -2. (a) Scheme of the reference electrode used for expaisrae high pressure
(Zotov et al., 2006); (b) Scheme of the experimesgtup used for high-
pressure measuremen

-9C 1 P T T R
i £ 20 05 pCd2* - 26.64
-105 — R? = 0.9998 —
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E = -29.89 pCd?* - 38.06
R2 = 0.9993
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Figure 1l -3. Calibration curves of the Cd-selective electrodeatC and pressures 1 and
1000 bar. AE°» denotes the pressure-dependent change in the athnd
potential (seequationll-1). R* represents the squared correlation coeffic.



[1-2. Solubility

Solubility is the most common method used to deteenthe metal speciation in agueous
solutions at highir-P. This method is based on measurement of thed@sblved concentration of the
given chemical element in a solution equilibrateithwa stable element-bearing solid phase
(commonly oxide, sulfide, or poorly soluble salthe dissolved concentration depends on both the
solution composition (e.g., ligand concentratiom, predox potential) at given temperature and
pressureT-P) and the identity and stability of the elementemus species. The solubility approach is
particularly efficient to study the metal speciat@t elevated-P because of the following reasoms:
true thermodynamic equilibrium between the solutiad the solid phase (the primary requisite for the
interpretation) is more easily attained at elevatdelthan at ambient conditions, so that a number of
artifacts common to low- measurements such as slow kinetics, metastabléibeiqu bad solid
crystallinity, are eliminated at elevatddP; ii) potentiometric and spectroscopic measurements are
usually more delicate to apply at hydrothermal dtowk, particularly at supercriticdkP; iii) because
of the availability of many efficient analytical deniques for measurements of total dissolved
concentrations (see section 1l-6 below), multi-edatmexperiments in systems closely matching
natural hydrothermal fluids may be performed.

Different complementary techniques were used ia tork for solubility measurements of
zincite (ZnO, cubic), monteponite (CdO, cubic) amdenockite (CdS, hexagonal) at 350-400°C, 165-
600 bar and 0+ of total Cl concentration. The chemical reactigostrolling ZnO, CdO and CdS
solubility in Cl-bearing fluids are the following:

ZnO(s) + nCl+ 2H' = ZnC}*" + H,0 (11-3)
CdO(s) + nCl+ 2H" = CdC|?" + H,0 (11-4)
CdS(s) + nCl+ 2H" = CAC}*" + H,S° (11-5)

where n =1, 2, 3, 4. Varying total chloride corteation (NaCl) and fluid acidity (HCI) in equilitarim
with these solids, together with measuring totalafd Cd concentrations and taking into account
independent structural information, we have derifed Cd the identities and stabilities of the
dominant chloride complexes at elevale®. Although data for Zn we obtained were not sudiintito
estimate the stabilities of Zn chloride complexethie samd-P range, they allowed useful qualitative
estimations of Zn-Cl species structures and stoibtiries in comparison with literature data.

[I-2-1. Hydrothermal pretreatment of CdO and ZnQidso

The important condition of a reliable solubility asrement is the stability and good
crystallinity of the solid phase used. The majodfycommercial metal oxide and sulfide compounds
are known to contain amorphous impurities, finetipl®s and surface defects that may lead to
‘artificial’ increase in dissolved metal concenimats in comparison to the well-crystalline material
The presence of such particles and defects mayredsidt in irreproducible ‘solubility’ values and/o
irregular kinetic patterns precluding unambiguoesednination of the steady-state concentrations.
Consequently, the commercial powders of zinciteQZoubic) and monteponite (CdO, cubic) were
treated before experiments. First, the initial persdwvere washed several times with deionized water
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to remove ultrafine particles. After that, the wedlslurry was treated in water at 350°C and satdrat
vapor pressure (B for a month in a titanium autoclave quenchedatdnd of the run; the solid was
then recovered and dried at 100°C for 24h. Scanelagtron microscopy (SEM) performed on the
initial (Fig. 11-4 a,b) and final (Fig. 1I-4 c,d) rpducts showed that such treatment was extremely
beneficial, resulting in significant crystallinifynprovement and elimination of surface defects and
ultrafine particles for both CdO and ZnO. During tteactor quench, the formation of Cd(@&lid
could not be avoided completely, however, and #selting solid contained about 10% of hydroxide
phase as detected by X-ray diffraction. These hhdrmally treated solids were used for solubility
measurements in pure water and Cl-bearing solutimiisg Coretest and batch reactor techniques
described below.

Figure Il -4. SEM images of solids before the hydrothermal treatmCdO (A) and ZnO (B);
and after the hydrothermal treatment: CdO (C) am®DZD).
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[I-2-2. CdO and ZnO solubility in pure water anavsaline solutions at 350-400°C and 220-400 bar

For measurements of hydrothermally treated zingfi®O, cubic) and monteponite (CdO,
cubic) solubility in pure KO and low-saline and low-dense NaCl-HCI agueoust®wis containing
up to 0.02n NaCl and up to 0.G8 HCI at 350-400°C and 400-220 bar we used a flexdelll reactor
(Coretest®) allowing multiple samples of the flyithiase at givem-P conditions (Fig. 1I-5). The
experimental setup was similar to that describesttvethere (Pokrovski et al., 2008). Briefly, the
reactor consists of a titanium flexible reactiorll €850 cn?) inside a large-volume (800 ém
stainless-steel pressure autoclave with water@gssure medium. This construction is placed into a
rocking furnace, which is temperature controllechim +1°C. A gas-driven high-pressure pump
allows delivery of water into the vessel to maint&iduring sampling, and a back-pressure regulator
served to release water from the vessel duringriteat addition of solution into the reaction cell.

During the experiment, small amounts of fluid ph&s2 g) were periodically extracted from
the flexible cell via titanium tubing and two high-P valvesand trapped into a titanium ampoule. The
rapid fluid transfer into the ampoule (< 1 s) uné&perimentalT-P allows avoiding solute losses
induced by metal precipitation and volatile degagsiuring sampling at elevatdd(Pokrovski et al.,
2008). During the run, the fluid composition in tbell (mNaCl andmHCI) can be modified by
injecting a given quantity of a new solution usangalibrated manual pump.

Handle

Stainless steel jacket
Packing (Teflon)
Washer (Titanium)
Valve needle (Titanium)

Coned titanium seat Sampling ampoule

Thermocouple (2ml)
v I Ee— Capillary pressure tubing
] (0] (to high-pressure pump)

Stainless steel collar

Stainless steel tubing
— (0.25" OD)

(— Titanium capillary tubing

Thrust bolt (0.90" OD)

Titanium head — Titanium collar

Flat titanium seat
Titanium gland nut al 2
Titanium filter

Titanium flexible cell (150ml)

Figure 11-5. Scheme of thiéexible-cell reactor Coretest with high T-P sampliused
in solubility experiments at 350-400°C and 200-6@0b pure water and
low-saline solution.



The major advantage of this flexible cell is thesgbility of accurate and reversible pressure
changes during experiment. The other important @ideg is low detection limits for the measured
dissolved concentrations. The smaller reactionmelun comparison to a constant-volume titanium
reactor (e.q., Fig 1I-8 below) limits, however, thmount of sampled fluid. The other disadvantage is
that this technique cannot be applied for measun&men highly soluble solids at elevat&dor
concentrated salt solutions because sampling vétillary may fail owing to solute precipitation
upon the fluid extraction at high-P to ambient conditions.

Our measurements on Zn in low-density chloride-ingarapors complement those performed
by many authors in high-dense saline liquids (Ruayd Seward, 1986; Burcier and Barnes, 1987,
Plyasunov and Ivanov, 1991; Cygan at al., 1994; didesski et al., 1998). For Cd, however, the
solubility data at elevated are very limited (see chapter I-2) in both low- dngh-density chloride
solutions. Therefore, in addition to the data irw-gensity fluids, we performed solubility
measurements of CdO and CdS at 400°C and 600 lanientrated yD-NaCl-HCI solutions using
batch-reactor quenching technique, which is desdriielow.

[I-2-3. CdO and CdS solubility in saline soluticats400°C and 600 bar

Batch autoclaves (Fig. 1I-6) made of Ti-alloy weused for monteponite (CdO) and
greenockite (CdS) solubility measurements in NaCI-H,O solutions containing 0-5.28NaCl and
0-0.13n HCI at 400°C and 600 bar. Details about this teplmay be found elsewhere (Pokrovski et
al., 2006). Briefly, the solid phase is put infartium holder, which is fixed in the upper parttioé
autoclave so that it does not contact the solwicambient-P. The reactors are placed vertically in a
temperature-controlled (£1°C) furnace. ExperimeRtah our runs was calculated from the degree of
filling of the autoclave using the PVTX propertiesthe HO-NaCl system at 400°C and 600 bar
(Anderko and Pitzer, 1993; Bakker, 2003) and assgntihat low concentrations of HCingc <
0.13m) and dissolved Cdnfq < 0.15m) do not significantly modify these properties. Tieximum
error of P estimations does not exceed +50 bar. At the ertdeofun, the reactor was quenched in cold
water to rapidly separate the solid from the sohuti

The dissolved Cd contents were determined by AAGQuenched solutions and by weight loss
of the solid phase. These two independent apprsafdresolubility determination allow accurate
assessment the possible errors of solubility measemts. However, the eventual solid re-
crystallization and metal adsorption on the reaci@lls result in elevated detection limits in
comparison to high-sapling technigue (see section 1l-2-2 above). &Hisits were estimated to be
~0.002n Cd from experiments in pure water and deluted NedDitions. Consequently, the batch-
reactor method was found to be successful onlycémcentrated NaCl solutions (> &\ aCl), in
which CdO and CdS solubilities are above 0rA@H. Our measurements of CdO and CdS solubility
provide new data about Cd speciation at such Migheonditions. These solubility measurements
were combined with XAS spectroscopy data for Ceé (sglow). For better understanding both Cd and
Zn behavior during the evolution of hydrothermalidlk, solubility data were complemented by
measurements of Cd and Zn distribution coefficidetsveen the coexisting liquid and vapor phases in
the HO-NaClI-HCI system.
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Figure 11-6. Scheme of the batch quench-based autoclave ussadluhility
experiments at 400°C and 600 bar.

11-3. Vapor-liquid partitioning

Vapor-liquid partitioning experiments provide thaigue information on the individual
behavior of metals in the co-existing liquid angh@aphases, which cannot be derived from solubility
measurements in a single vapor or liquid phasthignstudy, we investigated vapor-liquid partitiogi
of cadmium and zinc in the ;B-NaCI-HCI system at 400°C and 450°C. We assumad gmall
amounts of HCI (< Orh) do not change the vapor-liquid equilibrium cumieH,O-NaCl system
which is well known and was described in detaitewhere (Fig. 11-7, Bischoff, 1991). The critical
points are 2.2 wt% NaCl and 281 barTat 400°C and in 8.8 wt% NaCl and 423 baiTat 450°C.
Our experiments on Cd and Zn distribution betwden ¢o-existing vapor and liquid phases were
performed using titanium-alloy rocking autoclavaegrally heated at controlled temperature (£2°C)
and pressure (£2 bar). A NaCIl-HCI aqueous solutith small amounts of Cdghnd ZnCj chlorides
was introduced under an argon flux into the autexl&amples of the vapor and liquid phases were
periodically taken through titanium capillary tubfiesed at both ends of the reactor and analyzed for
Cd, Zn, Na and Cl. The large autoclave volume (~&®) allows multiple separated sampling of the
coexisting liquid and vapor phases (Fig. 11-8).
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Figure 11-7. Vapor-liquid equilibrium curves at 400°C and 450/C
the HO-NaCl system according to Bischoff (1991).
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Figure I1-8. Scheme of the rocking Ti autoclave used in vapuidi
partitioning experiments at 400°C and 450°C.



Two types of sampling were applied: slow sampliggdbops of condensate with a sampling
rate of 0.03-0.1 cffs and rapid sampling into titanium ampoule (1®cmith a sampling rate 1
cnt/s. The agreement between both methods is goodlifdiquid samples, but is worse for vapor
samples. The majority of rapid vapor samples toatmpoule have shown the presence of Cd-bearing
solid phases and, consequently, too high Cd coratéemts (10-100 times higher in comparison with
slow sampling by drops). The temperature and pressecrease during the rapid sampling is likely to
contaminate the low-concentrate and low-densitywdyy precipitating some Cd oxides/hydroxides in
the sampling capillary and ampoule. It should beeddhat the vapor sampling in this autoclave is
different from that in the Coretest reactor. In lgter, the total volume of autoclave is ~2 tirb&gger
attenuates the pressure drop during the samplsférato the ampoule. Moreover, the system of
double valves (Fig. II-5) and back-pressure regulédirther minimizes the pressure change during
sampling which is less than 1% in contrast to tres@nt autoclave where pressure drops may attain
10% of the totaP value. Thus, in the partitioning autoclave, th@assampling drop by drop of the
vapor condensate, was considered to be more co@abt few rapid samples at the highest pressure
near the critical point have shown an agreemerit thié corresponding slow samples, and thus were
included in the data analysis (vapor density neiical point is high and pressure decrease during
sampling is thus weaker in comparison with samgliaiglow pressures far from critical point).

Solubility and partitioning methods described abave very efficient for characterizing the
bulk Cd and Zn transport by the fluid/vapor phadewever, the interpretation of such solubility and
partitioning data in terms of individual stoichiotne and thermodynamic properties of aqueous
species is often ambiguous. To assess these pesperte combined these methods with in situ
spectroscopy described below.

lI-4. X-ray absorption spectroscopy

The X-ray absorption spectroscopy (XAS) is a pouledlement-specific technique which
provides in-situ information on the identity, stai@metry, and geometric and electronic structure of
molecular species. The other name of this techmigdely used in literature is X-ray fine structure
(XAFS) spectroscopy. The acronym XAS (or XAFS) asvieoth X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine struet(EXAFS) spectroscopies. Though the two
have the same physical origin, this distinctiosasvenient for the interpretation. XANES is strongl
sensitive to formal oxidation state and coordimatichemistry (e.g., octahedral vs tetrahedral
coordination) of the absorbing atom, while the EXSAB used to determine the distances, coordination
numbers, and species of the neighbors around thartsibg atom. In this study XAS was combined
with solubility measurements to derive the identibe stability and the structure of aqueous ctiori
complexes of cadmium in a wide-P and CI concentration range. All XAS measurementsewe
performed on BM-30B beamline at the European Sytobm Radiation Facility (ESRF, Grenoble,
France).

The principles and terminology used in XAS are Hasm the interactions of X-rays with
matter. X-ray absorption spectra are obtained loyntuthe photon energy in a range where bound
electrons can be excited (0.1-100 keV photon eneFgy. 11-9). The energy is proportional to
frequency and inversely proportional to wavelength:



E=""=nl¥ (11-6)

where i = Planck’s constant (~ 4.14 x 1dkeV/Hz); ¢ = speed of light (~3xfom/s); | =
wavelength; f = the frequency.
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Figure 11-9. Spectrum of photon energy in wavelength, frequandyenergy with common names.

The schematic illustration of X-ray interactionglwan atom is presented in Fig. 11-10. X-ray
absorption occurs when an atom acquires all theggrad an X-ray, which is used to excite electrons
into higher energy electron orbitals that are unpged or into the continuum where the electronas n
longer associated with the atom (Fig. 1I-10). Thepey electron orbital is called a hole and the
excitation of core electrons creates core holesl&xation process occurs with the release of gnerg
as electron transitions from a higher-energy ebectorbital to fill the core hole. Following an
absorption event, the atom is said to be in antexatate, with one of the core electron levels lef
empty (a so-called core hole), and a photo-elec{ftie excited state will eventually decay typically
within a few femtoseconds (10s) of the absorption event. There are two mainhaeisms for the
decay of the excited atomic state following an x-edsorption event. The first one is the X-ray
fluorescence (Fig. 1I-10b), in which a higher ereelectron core-level electron fills the deeperecor
hole, ejecting an X-ray of well-defined energy. Tih@rescence energies emitted in this way are
characteristic of the atom, and can be used tatifgdethe atoms in a system, and to quantify their
concentrations. The second process for de-exaitatighe core hole is the Auger effect, in which an
electron drops from a higher electron level an&eosd electron is emitted into the continuum and
possibly even out of the sample (Fig. 11-10c).He hard X-ray regime (> 2 keV), X-ray fluorescence



is more likely to occur, but for lower energy Augprocesses dominate (Fig. 11-9). Due to
photoelectrical effect, in which an X-ray is absatby a core-level with binding energy, a photo-
electron with wave-numbdyis created and propagates away from the atometedhtinium (Fig. Il-
10). This photo-electron can scatter from the ebest of this neighboring atom, and the scattered
photo-electron can return to the absorbing atom. (lH11) and it will alter the absorption coefticit
(see below). This is the physical description dreddrigin of the XAS method.
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Figure II-1C. Interactions of X-ray with an atom (a); decay of texcited state: X-ray
fluorescence (b) and the Auger effect (c). TakemfiNewville (2004).
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Figure II-11. Interactions of photoelectron with neighboring seahg atoms used in
X-ray absorption spectroscopy.

The number of photons transmittdg through a sample is given by the intensity ofays
impinging on the samplelof decreased exponentially by the thickness of #irapte &) and the



absorption coefficient of the samplg)(The absorption coeffiecient)(is the probability that X-ray
will be absorbed according to the Beer’s law:

I = lgg™ (1I-7)

XAS can be measured either in transmissiors In(ly/l;), or fluorescenceux = I/lo, geometries (Fig.
[1-12). An XAS measurement is simply a measurehef énergy dependence ofat and above the
binding energy of a known core level of a knownnaito species. Since every atom has core-level
electrons with well-defined binding energies, wa salect the element to probe by tuning the X-ray
energy to an appropriate absorption edge. Thesetim edge energies are well-known (usually to
within a tenth of percent), and tabulated. The eslgergies vary with atomic number approximately as
Z?, so both K and L levels can be used in the harayxregime, which allows most elements to be
probed by XAS with X-ray energies between 5 an&e&8. Since the XAS is a small part of the total
absorption, a fairy precise and accurate measuterokenu(E) is required, and errors in the
measurement ofE) can degrade or even destroy the XAS. The piectharacteristics of the
incident X-ray beam are the energy resolution, taproducibility, and stability in time. For
transmission measurements the beam should be kggled on the sample is homogenous. For
concentrated samples (wt % level) XAS should besmel in transmission. For lower concentration
samples (down to the ppm level), the fluorescesdbd preferred technique.
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Figure II-12. X-ray absorption and fluorescence. (a) The scheimaeaasuring. An incident beam
of monochromatic X-rays of intensity passes through a sample of thickness
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XANES spectrum

The X-ray absorption near edge structure (XANEShéspart of the absorption spectrum near
an absorption edge, ranging from approximately teb®200 eV relative to the edge energy (Fig. Il-
13a). The binding geometry and the oxidation statitne atom directly affect the XANES part of the
absorption spectrum. This absorption edge has ihigepgies that it is linear and smooth below the
absorption edge, increases sharply at the edge gliktep), and then oscillates above the edge. The
main “step-like” feature of the absorption edgelig to the excitation of the photoelectron into the
continuum (Fig. 11-10). The absorption edge for soplements includes “decorations” in the region of
the step. These “decorations” may be isolated gga&lioulder(s), or a strong peak at the top of the
step, called a “white” line. These features areseduby differences in the density of unoccupied
electron orbitals that can be occupied by the egcihotoelectron, and are a function of the cluster
geometry and absorber redox state. The edge efergyn element in a higher oxidation state is
usually shifted by up to several electronvolts tagher energy, thus providing a direct fingerpoht
redox state.

In case of a single dominant redox state like fofIlf and Cd(ll) in the majority of their
terrestrial samples, the shape of the main eddectefthe coordination number and symmetry of the
nearest atomic shell around these metals, so tiaaiges of the dominant species between octahedral-
like and tetrahedral-like may be quantified (seajiér IV below for details). Because of the lack of
“simple” quantitative physical models of the XANE#enomenon as compared to EXAFS (see
below), the interpretation of XANES requires spactf reference compounds with well-known
structures. Such compounds are lacking for moseé@ugi systems. An alternative approach that has
made an enormous progress in the last 5-10 yeaisgdo the increasing computer power ais-
initio quantum-chemical modeling of XANES spectra. Irs thtudy, we used the FDMNES computer
code (Joly, 2001) to model XANES spectra of C&FCI complexes in aqueous solution (see chapter
IV). This approach was successful in a number oémé studies of the metal speciation in higP
aqueous solutions and provided valuable constraimtthe metallic species geometry and electronic
configurations which are difficult to obtaapriori (e.g., Testemale et al., 2004, 2009; Brugger.¢et al
2007; Pokrovski et al., 2009).
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Figure 11-13. Normalized XAS spectrum of solid CdO(cub.) (a);eittracted EXAFS spectrum
(b); and its Fourier transformed EXAFS spectrum (c)



EXAFS spectrum

The extended X-ray absorption fine structure pathe spectrum (EXAFS) is the oscillatory
part of the absorption coefficient above the abisompedge to approximately 1000 eV or higher (e.g.,
Fig. 11-13b). The EXAFS spectrum contains inforroation the identities and numbers of atoms in
coordination with the absorber atom, their intemitodistances, and the degree of local molecular
bonding structural and thermal disorder. The EXAiSSillations result from the interference between
the outgoing and scattered electronic waves whrehsaifted in phase. As a result, such EXAFS
oscillations only occur for elements with neighlgriatoms. In the absence of coordinated atoms the
EXAFS signal is absent.

Each atom at the same radial distance from therladsoontributes to the same component of
the EXAFS signal. This group of atoms is calledhells The number of atoms in the shell is callesl th
coordination number. All photoelectron scatteriogfigurations that start at the absorber atom,ogo t
one or more neighboring atoms, and then returhéabsorber atom contribute to the EXAFS signal.
These configurations are called scattering pathe grimary quantity of EXAFS is ther(k), the
oscillations as a function of photo-electron wauwenberk, which is a sum of the contributions from
all scattering paths of the photoelectron:

XK= x (k) (11-8)
where:
2 2R
x (k)= (NiSoleEB;eﬁi (k) Bin[2kR +¢, (k)| @27 @' (11-9)

The termsF,; (K), @,(K), and A(k) are the effective scattering amplitude of the patgctron, the
phase shift of the photoelectron, and the mean gegh of the photoelectron, respectively and are
calculatedab-initio using for example the FEFF&b-initio code (Zabinski et al., 1995). The wave
number of the photo-electrok,, is defined as

_ 2me [(E_ Eo +AE0)
h

k2

(1I-10)

where m, is the electron masd; is the Plank’s constant;, is absorption edge energy, add,
relates to a change in the photoelectron energis Vidue is used to align the energy scale of the
theoretical spectrum to match the measured spectﬁifmis the passive electron reduction factor
which has a value usually between 0.7 and 1.0 andbe estimated from measurements of reference
compounds with a well-known structure. Values bf, R, and o’ represent the structural
parameters of the atomic environment around theorbbs atom. N, represents the number of
absorber neighbors for each scattering atom wahgarticular shellR is an average distance in A
between each scatterer and the absorber. Becdusdla coordinating atoms in a shell are notdixe
at positions of exactly a distan¢® from the central absorber atomr? accounts for the disorder in
the interatomic distancess® is the mean-square displacement of the bond lebgtiveen the



absorber atom and the coordination atoms in a.sha&l term has contributions from static (struatur
heterogeneity) disorder as well as dynamic disoftfe@rmal). The EXAFS process occurs on the
femto-second (18s) time scale, while thermal vibrations occur omach longer time scale of 18

to 10"%s. Thus, the atoms are essentially “frozen” at position during the excitation process, and
the EXAFS spectrum measures the distribution ofifences between the absorber atom and each of
the coordinating atoms within a shell in terms afra value. The static disorder componentat is
due to differences in the position of the minimantiselves. Thus, for example, if two interatomic
distances are separated by only 0.010A, with openat 2.00A and another atom at 2.10A, the
contributing EXAFS signal could be modeled with @eattering path at 2.05A with a mean disorder
of 0.05 A such that there is an additionaterm due to the static disorder of 0.0025fhe dynamic
(thermal) disorder caused by the vibrations of atémthe shell. This dinamic disorder is well known
for crystals, the increasing temperature resultagreasing thermal disorder. All XAS analysis st
study was performed with the Athena and Artemikages (Ravel and Newville, 2005) based on the
IFEFFIT program (Newville et al., 2001).

Hydrothermal spectroscopic cell and spectra acdjaisi

In our study XANES and EXAFS spectra were colledtedn agueous Cd solutions in both
transmission and fluorescence modes at the Cd K-€el26.7 keV) over the energy range 26.5-27.6
keV on BM30B-FAME bending-magnet beamline (Prowakt 2005) at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France) (Figl4). The storage ring was operated at 6 GeV with
a ~200 mA current. The beam energy was selectew) @siSi (220) double-crystal monochromator
with sagittal focusing. The energy was constanéybcated using a cadmium metal foil; its K-edge
energy was set at 26,711 eV as the maximum ofitsederivative of the main-edge spectrum. The
beam size was 1000 um horizontal x 300 um verticahy photon flux on the sample was about®10
photons/s. Silicon diodes collecting scattered atamh from a Kapton foil were employed for
measuring the intensities of the incideng) (and transmitted {land }) X-ray beams while
fluorescence spectra were collected in the 90° gégnusing a Canberra solid-state 30-element
germanium detector (energy resolution = 300eV, isigapme = 125ns). Total acquisition time for
each XAS scan was ~30min.

Figure 11-14. (a) Photo of the European Synchrotron Radiatiortiiig in Grenoble in
France; (b) Photo of the full experimental setuphvéi hydrothermal cell on the
beamline BM30-FAME.



XAS experiments were carried out using a hip# cell developed at the Institut Néel
(Grenoble) and recently described in detail elsewli€estemale et al., 2005; Pokrovski et al., 2005,
2009a,b). The apparatus consists of an internairsagrted in a high? stainless-steel reactor which
has a water-cooling jacket and three beryllium wimgl for X-ray beam passage (Fig. 1l-15a). The
autoclave is pressurized by helium gas with lowogit#on constant for X-rays. Pressure in the sample
space is always balanced with that of He gas thradlig pistons. The cell design permits operation up
to ~2000 bar and ~500°C (depending of the amplitfd&ie fluid expansion and the thickness of Be
windows). The temperature in the sample space imtaiaed within +1°C with Mo heating
resistances (Fig. 11-15b) and Pt—Pt/Rh thermocauptennected to a Eurotherm® temperature
controller. The optical path through the verticatigented cell remains constant owing to the low
temperature expansion coefficient of glassy carB@mperature gradients through the sample space
do not exceed 10°C at an experimeiitaf 450°C.

The internal cell consists of a vertically orientegpphire or glassy-carbon tube polished
inside, and two sapphire coaxial rods equipped Witbn O-ring seals and inserted into the tube from
each end (Fig. 15b). The rods delimit the sampézspin which experimental solid and solution are
placed, and can move in the tube in response tespre changes like a piston in a syringe. The
volume of the sample space is about 0.1 to 0.2 which corresponds to a height of 3 to 6 mm,
depending onT-P conditions. The Viton O-rings are situated outdide heating zone (at < 100°C
when the sample-space temperature is 400°C) talaheir thermal degradation. This results in a
relatively small ‘dead-volume’ space between thdsrand glassy-carbon tube (< 20-30% of the total
cell volume) that produces minimal solute diffusiamd solid precipitation below or above the hot
sample space. Additional details about the celperties and operation limits are given in Pokrovski
et al. (2006, 2009a, b).
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Figure 11-15. X-ray cell used for XAS measurements: (a) stasniésel high-P reactor with
Be windows; (b) furnace with Be windows; (c) intdrglassy-carbon cell.



1I-5. Sampling and analyses of natural high—tempewse fumaroles gases
(Kudryavy volcano, Kuril Islands, Russia)

The experimental approaches described above atladies of metal speciation, solubility and
partitioning in relatively simple model systemscatefully controlled laboratory conditions. In orde
to be applicable for solving geological problenig tesults obtained using such approaches require
confrontation with data on natural hydrothermaleaslic fluids which are far more complex than any
laboratory system. Active volcanoes and modern dtparrmal systems on Earth provide an excellent
opportunity for such confrontations. Such typesatural fluids may be studied in situ. In September
2006 we performed a field work at the Kudryavy aslo which is a good example of modern
hydrothermal-volcanic systems. Its geological sgttitechniques used for the sampling of volcanic
gases, and the subsequent preparation and treatfrearnples before analyses are described below.

Geological setting

Kudryavy volcano (991 m elevation) is located ie torthern part of Iturup, Kuril Islands,
Russia (Fig. 1-16a). The chain of subduction-zookeanoes of the Kuril Arc goes along the boundary
of the Pacific plate, which is converging with fméstern Eurasia at a velocity of 8-9 m per century
(Yudovskaya et al., 2008). The part of the oceanicst subducting beneath the Kurile Arc is the
oldest in the Pacific plate (about 120 Ma, Yudoyskat al., 2008). Beneath the southern segment of
the arc the crustal thickness is about 15 km armd dlab depth is approximately 120-150 km
(Yudovskaya et al., 2008). There are eight activeé aumerous extinct volcanoes on lturup Island.
The Kudryavy volcano of basalt-andesite compositagether with volcanoes Medvezhy, Sredny and
Men’shoi Brat, represents a volcanic ridge in thedviezhya caldera in the northern part of the island
An epoch of caldera formation finished with a gidatite extrusion in its central part (Ermakov and
Steinberg, 1999). The younger basalt-andesiticarales developed along a linear fault and deformed
the edifice of the dacite volcano. The Kudryavy €amas superimposed on the slope of this older
volcano. High-temperature vents are confined totfnr@s and faults related to an andesitic extrusive
stock exposed in the center of the eastern cral#rough the western crater appears to be the cente
of the youngest basaltic lava flows, only low-temgtere fumarolic vents are active there. The active
fumarole degassing is closer in age to the youagdesite-basaltic melts (Yudovskaya et al., 2008).
The chemical and isotopic compositions of fumamigases at Kudryavy volcano are typical of arc
volcanism (Taran et al., 1995).
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Figure 11-16. (a) Location map of the Kudryavy volcano on Iturup telaKuril Arc;
(b) Sketch map of the north-eastern part of Ituisland.

Since the last magmatic eruption in 1883, the votcactivity at Kudryavy volcano is limited
to abundant fumarolic emissions (Fig. II-17) witlvg phreatic explosions, the last of which occurred
in 1999. The total emission rate of volcanic game¥udryavy volcano was estimated as 30,000 tons
per day (Botcharnikov et al., 1998). Three low-tengpure (<200°C) fumarole’s fields are located in
the western part of the crater zone. Four high-tmatpre (>200°C) fumarole’s fields occupy the
largest area (Fig. II-17b) in the northeastern parthe elongate summit formed by merged craters
(maximum temperature of gases in brackets, °C):ifiM@70), “Dome” (730), “Molybdenum” (650)
and “Rhenium” (600). The temperatures of these fmahes vary within 20°C annually (Korzhinsky
et al., 2002). The highest temperature of 940°C mvaasured in the crater in 1992 (Korzhinsky et al.,
2002). The “Rhenium” field contains very rare irtura minerals such as rheniite ReGadmoinite
CdIn,S; and kudriavite (Cd, Pb)B$,. The literature on the composition of the volcagas and
sublimates is extensive (Taran et al., 1995; Karzky et al., 1996; Fischer et al., 1998a, b;
Shmulovich and Churakov, 1998; Tkachenko et aB91®Vahrenberger et al., 2002; Botcharnikov et
al., 2003; Chaplygin at al., 1997; Yudovskaya et20108).



Chapter II. Methods
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Figure 11-17. (a) Photo of the top of the Kudryavy volcano frédma Eredny volcano. Situated on the
right-hand side is the northeast crater enclosihg highest-temperature “Main” and
“Dome” fumarole’s fields, together with the “Molyletium” field on the southern rim.
The “Rhenium” field is on the steep inner wall dfet destroyed crater. The low-
temperature sites are on the far side of the topafflygin et al., 2007) (b) Map of the
fumarole’s fields on top of the Kudryavy volcanthvimdicated sample points.

Our samples of volcanic condensates were colldat&eptember 2006 in high-temperature
fumarole’s fields: 4 samples from “Rhenium”, 2 saaspfrom “Dome”, and 1 sample from “Main”
field (Table II-1). These samples were complemefedajor gas components analyses in 5 samples
from “Main”, “Dome”, “Rhenium” and “Molybdenum” furarole’s fields.

Table II-1. Samples of volanic condensates from Kudryavy vao@uril Islands, Russia).

ggm{) ling Date Eglrgarole’s Tube °C Sample description
1 26/09/06  Rhenium  550-350 g,\jim':?gﬁ")“:ﬁastﬁ)?p'es without and with
2 27/09/06  Rhenium  550-350 2 Simultaneous samples without
and with 3M NH(OH) matrix
3 27/09/06  Dome 700-465 gnsé”\]\‘filthagﬁﬂokmgﬂ;"r‘;z;’;’ii)t(h"“t
4 30/09/06  Main 820-620 1 sample with 3M NEBH) matrix

Tube = temperature gradient in the main sampling tubeasured at the tube ends).

Sampling technique

The classical techniques commonly used for volcgages sampling are presented in Fig. Il-
18. In both techniques, gases are sampled fromethes using ~1m-long and ~1cm-internal diameter
quartz tube. One end of this main tube is insdrtexithe gas vent and the other end is connected vi
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silicone rubber tube to a sample vessel. The silicbber tube is ~50 cm-long for sampling from the
vents withT > 500°C. “Giggenbach bottle” (Fig. 1I-18a) is an ewated flask (~250-300 ¢wolume)
containing an alkaline matrix (~50 éraf ~3-9V1 KOH, NaOH or Cd(CHCOO), aqueous solution).
This flask is equipped with a Teflon stopcock tbpens the access to the flask. Due to evacuation,
volcanic gas enters to the flask through this speentry (Fig. 11-18a). The presence of the
uncondensable gases (e.q.,.C80, H,S, H, Ny, O,, Ar) limits however the total sample amount that
can be collected into the “Giggenbach bottle” (liguass than 20 mg in a flask of 300 tfor vents

with T > 500°C). The main advantage of this technique & these uncondensable gases can be
measured which is impossible for other technigaéesl both HS and S@ concentrations can be
calculated following the method described by Gidmgmin and Goguel (1989). In this study the
“Giggenbach bottles” with Cd acetate matrix wereduto collect 5 samples from “Main”, “Dome”,
“Rhenium” and “Molybdenum” fumarole’s fields. Anath classical method is sampling of volcanic
gas condensates using a quartz condenser cooledtby circulation (Fig. II-18b). The amount of the
sample is not limited that is very important foade metals analyses, but the temperature gradient,
however, is rather large and cannot be avoideshdtild be noted that both classical techniquesatann
be performed directly from the main quartz tube.rdbwer, the both techniques require the use of a
rather long (~50 cm) silicon rubber tube, usudhyg same for all samples. Thus, possible losses and
cross-contamination of metals during sampling cabeaexcluded.

(a) (b)

Alkaline solution H,O cooling
Silicone rubber —— l
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uncondensable T
gases Condensate

Gas flow Gas flow

Figure 11-18. Classical techniques for volcanic gases samplirgg: “Giggenbach bottle”; (b)
condensates sampling with water cooling.

In this study, an alternative technique of condensampling was developed. Our technique
is based on cooling of the volcanic gas by airhia second quartz tube (Fig. 1I-19). The main
sampling tube used in this technique is ~1m-lond arbcm-internal diameter. Such rather big



diameter helps to increase the volcanic gas flossipg though it and thus, minimize the temperature
gradients. The second quartz tube is 15cm-long;n@ifternal diameter and of an angle-like shape
(~75°) that allows hanging it up directly on theimg&ube as it shown in Fig 11-19. One end of this
second tube is in the part where the flow is thiéelsband the most rapid, the other end is indide t
vessel for condensate collecting (Fig 1I-19). Eaelsond tube was used only for one sample. After
sampling, all second tubes were named, closedimetth Teflon film, transported to the laboratorydan
analyzed.
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Figure I1-19. Sampling technique used in this study. For eachpsananalyses of volcanic
condensates were complemented by analyses of iagespin the sampling
quartz tube.

This technique can be used only for sampling ofags condensates, all uncondensable and
high volatile components being lost during such @arg (Fig. 1I-19). The exit of quartz tube for
uncondensable gases is very small (internal dian®e® mm) and the temperature of condensates in
the vessel do not exceed ~50°C. Thus, any lossetdimthrough this tube seems to be unlikely. Two
types of condensate samples were collected atatine $ime: into an empty vessel and into a vessel
with alkaline solution of Bl NH,OH (see Table II-1 above). Samples without ammaonbizained the
precipitated sulfur, while samples with ammonia evéransparent. The comparison of different
treatments of these two types of condensates wdégrimed to estimate the possible loss of metals
during the samples treatment (see below). Thuspidie advantages of our sampling design are the
following: a) possibility of sampling at high temperaturdg; possibility to collect simultaneous
samples of gas condensatescomparison of sampling with and without ammordpall losses of
trace metals during high-temperature gas samplarghbe estimated for each sample by analyzing



precipitats in the corresponding second tube. Tdtaild about sampling treatment and analyses are
given below.

Sample treatment and analyses

Samples with and without ammonia matrix were trakiéferently. Matrix-free samples were
transferred into a clean 60 &rifeflon baker (Savilex) and slowly evaporated at480C on an
electrical hotplate in a clean room. The dry residias dissolved in the same closed baker at 80-90°C
for few hours in the presence of 2-4 g of aquaarggepared from bi-distilled 70% HN@nd 30%
HCI (1:2). The bakers were then opened and the eggia was slowly evaporated at 60-70°C until the
solution mass was reduced to 0.3-0.5 g. The latsearthen diluted to 20-30 g with 1.5% HNQ5%

HCI and reserved for metals and total sulfur aredysy ICP-MS and ICP-AES.

Samples with ammonia matrix were treated as follolWge presence of ammonia results in
the formation of soluble polysulfides efficientliabilizing all sulfur and most metals in solutidrhe
condensate with NMDH matrix was divided into two weighed parts aneated by two different
methods. The first part, dedicated to metals apalywas treated in the same way as samples without
ammonia (see above). The second part was trargsfiertie a clean polypropylene baker and reacted
with 2-3 cnf of an aqueous hydrogen peroxide solution (~2 @hultrapure 30 wt% kD, in water) at
room temperature for a day. This results in thelaton of all sulfur forms to sulfate. The solution
was then divided into two weighed parts. One pas$ wiluted with water for sulfate, chloride and
fluoride analyses by HPLC, the other part was ddutith 1.5 % HN®@0.5 % HCI for metal and total
sulfur determination by ICP-MS and ICP-AES.

The sampling tubes were broken, placed in a cl@@nci? Teflon baker (Savilex) and treated
with agqua regia similarly to the condensate mduee samples. After vaporization down to 0.3-0.5 g,
the solutions were diluted with the same acid madmilarly to the condensate samples (HNCI)
and analyzed by ICP-MS and ICP-AES. The analysesaoiples from “Giggenbach bottles” were
performed by V. Shapar and I. Timofeeva at thethtst of Volcanology and Seismology (IVIS DVO
RAS, Petropavlovsk-Kamchatsky, Russia) following thethod described by Giggenbach and Goguel
(1989).

[I-6. Analytical methods

Various complementary analytical techniques weezlus analyze element concentrations in
aqueous experimental and natural samples: AtomisoAdtion Spectroscopy (AAS), Inductively
Coupled Plasma Mass Spectrometry (ICP-MS), IndabtivCoupled Plasma Atomic Emission
Spectrometry (ICP-AES), and High Performance LiqQidomatography (HPLC). In this chapter we
present briefly the foundations and complementaritif these methods for analyses of our laboratory
and natural solutions. Solid samples were analyzedinely by X-ray diffraction (XRD) and
Scanning Electron Microscopy (SEM); these techrsquil not be presented here.

Atomic Absorption Spectroscopy (AAS)

Atomic Absorption Spectroscopy is a common anadytimethod for determination of
elements concentration in solution. This technigale be used to analyze over 70 different elements.



The principles of AAS method are based on the Beenbert law of light absorption (similar to that
of X-ray). Briefly, the valence electrons of th@mts can be promoted to higher orbitals for a short
amount of time by absorbing a set quantity of epérg. light of a given wavelength). This amouft o
energy (or wavelength) is specific to a particiddctron transition in a particular element, and in
general, each wavelength corresponds to only areegit. In order to analyze a sample for its atomic
constituents, it has to be atomized. Then the samspbuld be illuminated by light. The light
transmitted is finally measured by a detector. @ibtected signal is proportional to the concentnatio
of the element in the sample. There are two maithoas to atomize the sample: the flame and
graphite furnace. The temperature required to aeitiie sample is 2,000-3,000°C. Thus, an aqueous
sample can be mixed with a stream of gas-basedduaetylene), aerosoled and burned (in flame) or it
can be heated in the close resistant furnace (ieaflrnace). The measured light intensity is
compared to measured intensities of standardskmilvn concentrations, and then is computed to the
concentration by interpolation along the calibnati;me. The main advantages of AAS analytical
method are low cost, good signal stability, anddyogproducibility. The disadvantages ajeeach
measurement is for a single element, Bjhchather high detection limit (10-100 ppb for marngneents

in the flame mode). In this study, Cd and Zn aresdyssing AAS were performed with the following
acquisition parameters: flame = air/acetylene, flaw = 7000 cn¥min, acetylene flow = 2500
cn/min, absorption wavelength = 228.8 nm for Cd ai®.2 nm for Zn, integration time = 3
replicates x 3s, Cd hollow cathode intensity = 8,nZA hollow cathode intensity = 10 mA. The
standard solutions were prepared from Aldrich stathéhqueous solutions of 100015 ppm. The matrix
for all standards and samples was 1 wt% HNQ wt% HCI. The analyzed concentration rangedis 2
ppb — 8 ppm both for Cd and Zn, the reproducibibty:5-10%. The detection limits were estimated to
be 2 ppb and 10 ppb for Cd and Zn, respectively.

Inductively Coupled Plasma Mass Spectrometry (IC®-M

Mass spectrometry is a technique for separating ligntheir mass-to-charge (m/z) ratios. The
detection is based on the fact that mass of eachegit (isotope) is unique. This analytical methal ¢
be divided into two broad applications: multi-elethanalysis of solutions, and determination of the
isotopic composition. ICP-MS (Inductively Coupleth$ma Mass Spectrometry) is a type of mass
spectrometry that is highly sensitive and capalflsimultaneous analysis of a range of metals at
above the part per trillion level (ppt). ICP (Indinely Coupled Plasma) - this is a high-temperature
plasma (ionized argon) sustained with a radio-feegy electric current, which acts to produce ions.
The ICP torch consists of 3 concentric quartz gtabss and a coil of the radio-frequency generator
surrounding the torch. Argon gas is typically usectreate the plasma. It is ionized in the intense
magnetic field created by the radio-frequency gatioer A stable, high-temperature plasma of about
5,000-10,000°C is generated as the result of tlisions between the neutral and ionized argon
atoms. Solvent evaporates prior to reaching theaaplasma and atomization of the elements present
in the sample solution occurs in the extremely higimperature of the plasma. MS (Mass
Spectrometry) assures the ions extraction fromptllasma through a series of cones into a mass
spectrometer, usually a quadrupole. The ions grarated on the basis of their mass-to-charge ratio
by a magnetic field and a detector receives ansignal proportional to the concentration. The
concentration of a sample can be determined thraaibration with elemental standards. The
advantages of ICP-MS are multi-element analysesvamg low detection limits (ppt). The main



disadvantages ara) the high sensitivity to the matrixy) poor signal stability in time, and)
interferences between measured elements, argormairik. In this study, ICP-MS was used for
multi-element (including Cd and Zn) analyses ofcanlic condensates and Cd and Zn analyses in low-
concentrated experimental solutions. The analyzedcentration range is 0.1-1000 ppb, the
reproducibility is £20%. The matrix for all sampliss1.5 wt% HNQ - 0.5 wt% HCI. The aliquot 5
ppb of indium (In) was added into all samples totoal the signal changes with time, and to serve as
internal standard.

Inductively Coupled Plasma Atomic Emission Speaton(ICP-AES)

Inductively coupled plasma atomic emission spectipg (ICP-AES), also referred to as
inductively coupled plasma optical emission spettopy (ICP-OES), is an analytical technique
complementary to AAS and ICP-MS. It is a type ofission spectroscopy that uses the inductively
coupled plasma to produce excited atoms and iatsethit electromagnetic radiation which can then
be detected. The intensity of this emission is priipnal to the concentration of the element. The
ICP-AES is composed of two parts: the plasma (I@R) the optical spectrometer. Due to the high
temperature of ICP (to 10,000°C), thermal excitatid valence electrons to higher allowed energy
states takes place. When relaxation to the grotai@ ®ccurs the energy difference between the
excited state and the ground state is emitted qagatized photon. The photon wavelengths emitted
are commonly in the visible-to-ultra-violet portiaf the electromagnetic spectrum (see Fig. II-9,
section 1I-4 above). By separating the various eiois wavelengths with a monochromator,
qualitative information is gathered. The intengify each line is compared to previous measured
intensities of known concentrations of the elemant its concentration is then computed by
extrapolation along the calibration line. The adeges of this technique am® multi-element
analysesb) good signal stabilityg) linearity of signal in a wide range of analyzedhoentrations, and
d) good reproducibility. In this study, ICP-AES wased to analyze volcanic condensates for As, B,
Ca, Cd, Cu, Fe, K, Mg, Na, Pb, S, and Zn. The ama\concentration range is 0.01 — 500 ppm, the
reproducibility for all analyzed elements is +2-5%he main disadvantage is rather high detection
limits for most elements (on the order of ppb). Thatrix-matched (HCI-HN@NaCIl-NaHSQ)
multi-element standard solutions was prepared fAddnich standard solutions 1000+5 ppm of each
element.

High-performance liquid chromatography (HPLC)

High-performance liquid chromatography (HPLC), alsgferred as high-pressure liquid
chromatography, is a form of column chromatograpisgd frequently to separate, identify, and
quantify aqueous compounds. HPLC utilizes a coldhat holds chromatographic packing material
(stationary phase), a pump that moves the mobisesegsh through the column, and a detector that
measures the retention times of the molecules.nRetetime varies depending on the interactions
between the stationary phase, the analyzed mokecarhel the used solvent. Thus, the HPLC analysis
contains following paths: sample injection to tlwvent flow, ions separation on the ion-exchange
resin, anions detection by conductivity measurermamions identification by a characteristic time of
passage, quantification by the calibration.

In this study, all HPLC analyses were performechvét Dionex ICS 2000. This apparatus
consists of an automatic sampler, a pump for soleoulation with regulated debit, a detectionl cel



CDM-3, P/N 50 776 measuring continuously the cotiglilg and the temperature of the mobile
phase, a suppressor (SRS) neutralizing the comityctif analyzing species, a separation column
AS18 and a storage column AG9-SC, and a compuide &ar data treatment (peaks intensity as a
function of retention time in the column). The smiv used is 0.008 KOH aqueous solution with a
rate of 1 criymin. The anions analyzed (corresponding retentiore are given in brackets) are
choride Cl (4.3 min), sulfate S (5.6 min), fluoride F(3.3 min). The analyzed concentration range
is 0.1 — 200 ppm, the reproducibility for all anedg elements is £2-5%.

[I-7. Thermodynamic calculations

Calculations of mineral solubilities and aqueouscsgs distribution and stabilities were
performed using the HCh software package and Optprggram (Shvarov and Bastrakov, 1999;
Shvarov, 2008) based on the minimization of thalt@ibbs free energy of the system. The HKF
parameters of species were retrieved using the BI-Horogram (Shvarov, 2008). The
thermodynamic properties of the main fluid constitts HO, H', OH, Na’, K, NO; and Cl were
adopted from the SUPCRT92 database (Johnson €198R); those for Cd, Zr?* and NaOH from
Shock et al. (1997), those for Nd®lom Sverjensky et al. (1997); and those for Haid HS/HS
were taken from Tagirov et al. (1997) and Akinfietval. (2008), respectively. The thermodynamic
properties of monteponite (CdO, cubic) were takemfNaumov et al. (1974) and Wagman et al.
(1982), those of zincite (ZnO, cubic) and greeneckCdS, hexagonal) from Robie and Hemingway
(1995).

The activities of all aqueous species are defirsed a

a=miy (I1-11)

wherem = species molality (mol/ kg 4D); J; = species activity coefficient. The activity caeints
of neutral species are assumed to be one. Thataaobefficients of charged species were calculated
using the extended Debye-Hiickel equation:

_Aljiz\/l__'_b

0 I1-12
1+B@EA1 (-12)

logy, =
where A and B refer to the Debye-Huckel electrostatic paramedeid were taken from Helgeson
and Kirkham (1974)] is the effective molal ionic strength € 0.5-2 zi2 [); z and & represent
the ionic charge and the distance of the closeptoagh fori-th species, respectivelypis the
extended term parameter for KCI or NaCl dominatddt®ns which is a function of andP (Oelkers
and Helgeson, 1990).



Chapter Ill. POTENTIOMETRIC STUDY OF
CADMIUM CHLORIDE COMLEXES FROM 1 TO 1000
BAR AT 25°C

This chapter presents an article submittethtoRussian journabeology of Ore Deposiig
August 2009 (Bazarkina E.F., Zotov A.V., AkinfieuM “Potentiometric study of cadmium chloride
complexes from 1 to 1000 bar at 25°C"). If acceptbé full text of this article will be published i
2010 in both Russian and English languages. Herpresgent an extended abstract in English and the
full text in Russian of this article. All tables éifigures are given in English in the end of thi fu
article text.

Extended abstract

The present study is devoted to the determinatidheostandard thermodynamic properties of
aqueous chloride complexes of cadmium at 25°C &snetion of pressure (1-1000 bar) using a
potentiometric method. Cd-Cl complexes are the ragimeous species responsible for the transport of
this metal in a widd-P range. The aims of this study were the followihto measure the stability
constant of the Cd¢i complex at 25°C and 1 bar, which is poorly knowprasent (see chapter I); 2)
to measure the pressure dependence on the staifistants of all cadmium chloride complexes; 3)
to derive from these data the individual standamaimpartial volumes and corresponding HKF
parameters for these complexes; 4) to estimateffeet of pressure on Cd contents in hydrothermal
sphalerites (ZnS). Measurements were performedyubkim potentiometric method described in detail
in Chapter II-1. Briefly, an isothermal potentiometcell with liquid junction and equipped with a
solid-contact Cd-selective electrode with a CdS-Ag&nbrane was used for measurements of the
Cd™* free ion activity in aqueous solutions with a dans Cd(NQ), concentration (0.0f) and
variable KCI concentrations (0 —nR2Cl) at 25°C and pressures from 1 to 1000 bars. The
potentiometric data were treated using the HChwso# package (Shvarov, 2008), which includes
special modules for optimization of the Gibbs fesergies/stability constants (OptimA program) and
for derivation of HKF-model parameters (UT-HEL pragn).

At pressure of 1 bar and 25°C our measurements show that with increasing ClI
concentration from 0 tor@ the activity of C4" decreases by ~3 orders of magnitude due to the
stepwise formation of cadmium chloride complexes. the terms of pCd (pCd=-lgcgp+) it
corresponds to the increase by ~3 orders of madmifliab. 1, Fig. 2a). At Cl concentrations below
1m our experimental results confirm the values opwise stability constants for CdCICdCL(aq)
and CdC} given by Archer (1998) from a revision of avaikalliterature data. For Cl concentrations
above Inthe differences between our data and the predgixd Archer (1998) exceed the estimated
experimental uncertainties. This clearly demonetrahe presence of a forth complex, likely GACI
in these concentrated solutions. The logarithmsotiepwise equilibrium constant (logKaccording
to the reaction Cdgl+ CI' = CdCl*, was found to be -0.88+0.25 using the optimizatagarithm of
OptimA program (Shvarov, 2008). There are very rimagtary experimental data for this complex



stability in the literature. Our value is 2 ordes$§ magnitude higher than the experimental
determination of Reilly and Stokes (logk -3.37, Reilly and Stokes, 1970), but is in gagdeement
with a value recently recommended in the theoretea@aew of Sverjensky et al. (1997), log, K -
0.93 (Tab. 2).

Our measurementt elevated pressureshow that in aqueous solutions with 0.025+1@,
the pressure increase from 1 to 1000 bar resukss@d* activity increases up to 0.16 log units. The
largest pressure effect corresponding to an inerexs0.16+0.02 log unit of CGd activity was
measured in the 14 Cl solution (Tab. 3). Our data allow derivatioar the first time, of the stability
constants for cadmium chloride complexes at 1000 Tiae stepwise stability constants for CCl
CdCkL and CdCf are found to have weak dependence with pressse tthan 0.05 log units of i
the pressure range 1-1000 bar, whereas the steptaisitity constant of CdgXaq) decreases by 0.33
log units at 1000 bar in comparison to the ambprassure. Thus, the following values of stepwise
stability constants at 25°C and 1000 bar are obthin this study (in log units): 2.00+0.03, 0.31H0).
-0.67+0.15, -0.86+0.25 for CdGICdCL(aq), CAC} and CACf, respectively.

To calculate the individual standard partial molallumes \? of cadmium chloride
complexes, from the generated stability constahts$ and 1000 bar, we used several theoretical
models. These models are based on a linear ciorela¢tween the non-solvation (non-electrostatic)
contributionA,V° to the standard partial molal volumé &hd the ligation number in the complex
(Hovey, 1988). These correlations are functionspmécies geometry, so that coordination changes
with increasing the number of ClI ligand in the céempshould be taken into account (e.g., Swaddle
and Mak, 1983). The structure and geometry of ag®eGd species stem from spectroscopic
measurements. As show our XAS work (Chapter IV,dBlena et al., 2009b) and previous studies
(e.g., Bol et al., 1970; Ohtaki et al., 1974; Cadthit al., 1980; Rudolph and Pye, 1998), the stmec
of Cd*is octahedral as imposed by the presence of 6 waizcules in the inner atomic shell of the
ion, whereas low-ligand number cadmium chloride plexes (CdCl and probably CdGl(aq)) are
octahedral and high-ligand chloride complexes (Gd@dClL* and, probably, CdGYaq)) are
tetrahedral, according to our own work (Bazarkihale 2009b) and previous spectroscopic data. The
octahedral or tetrahedral coordination in thesecisgeare completed by the presence of water
molecules in the first coordination shell of thetaheThus, following these structural data, several
correlation models were tested: 1) a linear cotiabetweem,V° and ligands number for all Cd
chloride complexes including €dassuming the same coordination for all compleres (for acetate
complexes, Zotov et al., 2006); 2) a linear cotietafor the octahedral & CdCI, and CdGL(aq),
which corresponds to the coordination change t@ahetral at the formation of the CgGtomplex
(e.g., Drakenberg et al, 1978; Arhland, 1979); 3inaar correlation for the tetrahedral CefGiq),
CdCk and CdCf, which corresponds to the coordination change ®etwoctahedral (Gt and
CdCrI" and tetrahedral upon the formation of CA@l) (e.g., Paschina et al., 1983; Anderson and
Irish, 1988; Bazarkina et al., 2009b). It was fouhdt only the model 3 with a linear correlatiom fo
CdCL(aq), CdC} and CdCf allows description of our measurementsPat> 1 bar within
experimental uncertainties (see Fig. 3). This fugdiare thus in agreement with our structural tesul
from XAFS spectroscopy (Chapter IV, Bazarkina et aD09b) indicating that the three Cd-Cl
complexes above are tetrahedral in a widE range. According to this model, the partial molal
volumes of CdCl, CdC}’(aq), CAC} and CACF were found to be 2.2+3.0, 42.2+5.0, 63.5+10.0 and
81.3+15.0 criimol, respectively (Tab. 4). These values are difieby 3 to 20 cifmol from those



predicted by Sverjensky et al. (1997). Our new eslallow refinement of the-dependent HKF
parameters (@ a, a, &) for Cd-Cl species using the revised HKF-modek@ations (Tab. 4). The
corresponding non-solvation,V° and solvationAV® contributions to the standard partial molal
volume \ calculated for all Cd-Cl species are given in TabThe linear correlation between non-
solvation input to the molal volume and ligand nemis presented in Fig. 5.

These parameters allow far more reliable predistioh Cd-Cl species stabilities and Cd-
bearing minerals solubilities at pressures to 5P&0 (i.e., the ‘official’ pressure limit of the HKF
model). The pressure dependence of Cd-Cl compleakesilated with HKF-parameters obtained in
this study (Tab. 4) is given in Fig. 4. Our newal&r Cd-chloride complexes together with the
available thermodynamic properties of Zn-chloridemplexes (Sverjensky et al., 1997) permit to
estimate, for the first time, the effect of pregson the Cd content in sphalerite from hydrothermal
settings. Our equilibrium calculations indicatetttiee pressure increase will result in an increzse
Cd content in sphalerite in equilibrium with a Cahd Zn-bearing hydrothermal fluid (Fig. 6). It
should be mentioned, however, that more accuratéelimy of Cd/Zn ratios and Cd contents in
hydrothermal minerals will require more reliableegsure-dependence data for Zn-Cl complexes.
Thus, work is currently in progress to refine thayoexisting theoretical values of partial molal
volumes of zinc chloride complexes (Sverjenskylgtl®97) using the experimental and theoretical
approaches for cadmium chloride complexes developedr work.
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MNOTEHIIMOMETPUYECKOE UCCJEJOBAHUE YCTOHUYABOCTH
XJIOPU/IHBIX KOMIIVIEKCOB KAJIMUSA
B 3ABUCUMOCTH OT JABJIEHUS (1-1000BAP) ITPH 25°C
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[IpoBeneHBl TOTCHIIMOMETPHYECKAE HM3MEPEHHsT B HM30TEPMUYECKOM ILENH C JKUAKOCTHBIM
COCMHEHHEM C  HCIOJIB30BAaHMEM  KaJMHEBOTO  HOHHO-CEJIEKTUBHOTO  TBEPIOKOHTAKTHOTO
usmepurenbHoro aekTpoaa B cucteme CA(NG;),-KCI-H,0 mpu 25°C u 1-10006ap. I1pu naBnennn 1
Oap ompeesieHa KOHCTAaHTa PaBHOBECHUS PEAKIMU CTYIIEHYATOTO KOMILIEKCOOOPa30BaHUs YE€TBEPTOTO
xnopraHoro komiuiekca kamgmus CACLZ (IgK®, = -0.88+0.25).BriepBbie Isi BCEX XIOPHIHBIX
KOMIUICKCOB KaJMHsI KCIICPUMEHTAILHO YCTAHOBJICHBI 3aBUCHMOCTH KOHCTAHT UX YCTOWYHMBOCTH OT
JaBlieHUs: Tpu yBenunueHun nasieHus oT 1 mo 1000 Gap ycToWYMBOCTH KOHCTaHT OOpa3OBaHUS
IIEPBOTO, TPETHETO M YETBEPTOro KOMIUIEKCOB MeHsercss MeHblie, ueM Ha 0.05 morapupmmdeckoit
eIMHMIIBI, KOHCTaHTa BToporo komiwiekca — Ha 0.33 norapupmuyeckoit enunuipl. Ha ocHoBaHUH
9TUX JaHHHBIX OBUIM ONpPECNICHbI 3HAYCHUS MapIHATbHBIX MOJBHBIX 00BEMOB YETBIPEX XJIOPUIHBIX
KOMILIEKCOB KaJMHS IIPH CTaHmapTHHIX ycmosmsix: VO(CACI) = 2.20+3,VY(CdCh o) = 42.21+5,
VY(CdCl) = 63.47+10, V°(CACL*) = 81.35#15 cwm’wmons™. JluHeliHas 3aBHCHMOCTD
HECOJIbBATAIIMOHHBIX BKJIAJIOB MOJBHBIX O0OBEMOB OT YHCIIA JIMTAHAOB HAPYIIACTCS MEKIY TEPBBIM H
BTOPBIM KOMIUIEKCOM. Takoe MOBEeIeHHE MOJBHBIX O0BEMOB CBSI3aHO CO CMEHOW KOOPIMHAINHU OT
oktazgpuueckoii y Cd® u CdCI' ma Terpasmpuueckyro y CdCh opy CACE nu cdcl”. C
UCIIOJIb30BaHUEM KoppensuuoHHbIX 3aBucumocterr (Shock and Helgeson, 198&piyyenst HKF-
HapaMeTphl JUId pacueTa OObEeMHBIX CBOHCTB KOMIUICKCOB KaMHs B IIMPOKOM JHANa30HE TEMIIEPaTyp
U JaBicHUi. [lomydeHbl OIIGHKM BJIMSHHS JABJICHHS Ha KOHIICHTPALMIO KaaMus B cdaiepure,
Haxoxsuiemcss B paBHoBecun ¢ H,O-NaCl ruaporepmanbhbiv  darongom. C pocToM AaBieHHS

conepxxanne CdB canepute yBemunBaeTcs.
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BBEJAEHUE

XJTOpUIHBIC KOMIUICKCHI SIBJISIFOTCS OJHOW M3 BaKHEHIIMX (HOPM HAXOXKICHUS METAUIOB B
HPUPOJIHBIX BOAAX U THAPOTepMaibHbIX (ironnax (Barnes, 1979)x ycTOHYMBOCTD CHIIBHO 3aBHCHUT
ot temmeparypsl (Ruaya and Seward, 1986; Bourcier and Barnes,; T88¥enko, bpeisranus, 1987)
¥, KaK Ipe/roiaracTcs, B MeHbIIeH crenenu ot aasieHus (Sverjensky et al., 1997panako, B padote
Jlx. Xemun ¢ coaBropamu (Hemley et al., 1992)skcneprMeHTalbHO MCCICAOBABLIMX CIIOKHYIO
MHOTOKOMITIOHCHTHYIO  CYJIb(GUIHO-XJOPHIAHYIO  CHCTEMY B  HPHUCYTCTBHHM  TBepao(daszHBIX
MHHEpAIBHBIX Oy(epoB, ObUIO OTMEYEHO CYIIECCTBEHHOE BIHMSHHE NABICHHUS Ha IEPEHOC PYAHBIX
KOMIIOHCHTOB M HX OTJIOKCHHE. ODKCICPUMEHTAIbHBIC WCCIICAOBAHUS BIMSHUS JIaBJICHUS Ha
YCTOHYHMBOCTB XJIOPUAHBIX KOMIUIEKCOB MPOBEJICHBI TOJBKO UIsi HeOoubIIoi rpynmsl MetaiuioB (Na,
K, Li, Rb, Cs, Fe, Mgy otcyrcTBYIOT s OOJBLIIMHCTBA PYIHBIX KOMIOHEHTOB. Llens paboTer —
IKCIIEPUMEHTAJIBHO MPOBEPHUTh TEOPETHUECKUE OILCHKM BIUsHUS naBinenus (Sverjensky et al., 1997)
Ha IpUMEpe XJIOPUIHBIX KOMIUIEKCOB KaIMusl.

Kanmuit — peaxuii, paccestHHbBIN B MPUPOIHBIX CUCTEMAxX METajll MOATPYIIBl MHKA. KagMuit
U IMHK, 00Jajgas OYeHb OJM3KUMU XHMHYECKUMH CBOWCTBaMH, B OOJIBIIMHCTBE TI'€OJIOTHYECKUX
00CTaHOBOK MUTPHPYIOT M paccenBaioTcs BMecTe (Goldschmidt, 1958ComnoBos u ap., 1990;UsaHoB,
1997). OnHako, pa3NUYHBIMHU WCCIEAOBATEISIMH OBLTO OTMEueHo, 4to oTHomienne Cd/Zn B
THIPOTEPMAJIBHBIX pyJax BapbUPYeT s pa3HbIX MCHETHYECKUX THUIOB pyn (Hamp., MakeeB, 1985;
Gottesmann and Kampe, 2007Bsuin mpemaoXKeHb TE€OTEPMOMETPHI C Hcmonb3oBanmeM Cd-
copepxkanux chaneputoB (Makees, 1985, Taycon u Uepnbimes, 1977).J1. [puaykoM Ha OCHOBaHUH
anaimmza Cd/Zn oTHOmIEHMS B TPHPOAHBIX OOBEKTaX OBUIO MPEAIOKEHO ucmoib3oBatk Cd/Zn
OTHOILCHHMS JUTSA OIIPE/ICIeHHs BKIIaa MarMaTHIecKoro (uIrona mpyu o0pa3oBaHUH THAPOTEPMATBHBIX
mectopoxxaenuii (I'puuyk, 2005).

VY CTOWYHMBOCTH XJIOPUAHBIX KOMIUIEKCOB KaJMHs HPU aTMOC()EpPHOM JaBICHHU IMOCBSIICHO
0OJTBIIIOE KOJIMYECTBO DKCIICPUMEHTANBHBIX HCCIICIOBAHNN, 000OIICHHBIX B PANIE CBOIHBIX padoT: B
0azax tepmoanHamuueckux nanHeix TKB (I'mymko, 1972), Critical 1998 (Martell and Smith, 1998)
SlopQ7, sensrormuiics nononuenHo# Bepcueit SUpCrt 92 (Johnson et al., 1992; Shock et al.;7199
Sverjensky et al. 199% np.), a Takke B KpuTHueckoM aHaimm3e maHHeIX NBS, mposemennom [I.
Apuepom (Archer, 1998)Koncrantsl yctoiunsoctu nepsbix Tpex kommiekcos (CACI, CACh ., u
CdCk) npu 25°C u 1 6ap HaxoIATCs B XOPOIIEM COTJIaCHH, TOTa KaK 3HaYeHHE TePMOTMHAMHYCSCKON
KOHCTAHTBI YCTOHYHBOCTH YETBEPTOro xXiopumHoro komiuiekca CACLY mano Tomsko B Slop07mo
nanHbM J1. Cepxenckoro (Sverjensky et al., 1997)puyem oHO CHITBHO OTiIMYaeTcs (Ha 2 mopsiaKa)
ot pesynbraros I1. Peiiu u P. Crokca (Reilly and Stokes, 1970).

o criektpoMeTprdeckuM TaHHBM B psiny Cd>" — CACL® mporcxoaur cMeHa KOOpIHHALHH
BOJIHBIX YACTHI] - OT OKTasapuueckoro nona Cd** k Terpasapuueckomy xommmiexcy CACL> (Caminiti
et al., 1980; Mosselmans et al., 1996; Seward aresier, 2004; Bazarkina et al., 2008¢pexo ot
OKTa’PUUECKOIl K TeTPadApUIeCKON CTPYKTYpE COTIIACHO Pa3sHBIM aBTOpPAM OCYIIECTBISETCS OO Ha
BTOpOM, JInOO0 Ha TpetheM Komiutekce (Ahrland, 1979; Paschina et al, 198B@jrepecHo conocTaBuTh
CTPYKTYpPHBIC MPEICTABICHUS 10 CHEKTPOMETPUYECKHM JIaHHBIM CO 3HAYCHHSIMU MOJIBHBIX 00BEMOB
Ha OCHOBaHMH MTOTCHIMOMETPUYECKUX H3MEPECHUH.

Takum 00pa3oMm, B HACTOSIIEM HCCICIOBAHMU OBUIH IOCTAaBICHBI CICAYIOIIUE 3amadu: 1)
OIpoOUPOBaTh MOTCHIMOMETPUYECKYIO SUCHKY ¢ TBEPIOKOHTAKTHHIM CO-CEJIEKTHBHBIM 3JIEKTPOIOM

U ONpPENEeNUTh KOHCTAaHTY YCTOWYMBOCTH HYETBEPTOrO XJIOPUAHOTO KOMIUIEKCA KaaMHs IIpH



CTaHOAPTHBIX YCIIOBUSIX, 2) OKCIICPUMCHTAJIbHO ONPCACIINTE 3aBUCUMOCTD yCTOfI‘-IHBOCTPI XJIOPpUAHBIX
KOMIIJICKCOB KaJaMus OT HOaBJICHUA W IIOJIYYUTH MOJIBHBIC 00BEMBI KOMIIUICKCOB, CBsA3aB HX CO
CTPYKTYPHBIMU 0CO6€HHOCT}IMI/I; 3) OLICHUTH BJIMAHUC NABJICHUA HAa COACPIKAHUC Cds C(l)aﬂepI/ITaX,

HaxogsAmuxcs B paBHOBECHUU C TUAPOTCPMAJIbLHBIM CI-COZ[ep)KaH_II/IM (1)J'IIOI/II[0M.

MATEPHUAJIBI U METOJAUKA 3KCIIEPUMEHTA

Mamepuansi
DKCTepUMEHTaIbHBIE PACTBOPHI U PACTBOPHI COJIEBBIX MOCTHKOB IIPUTOTOBJIEHBI B MOJISUTBHOM

mkaie pactBoperneM TBepasix haz CAd(NGy),x4H,0 n KCl mapku x.4. B ANCTHIUIHPOBAHHOM BOIE.

Memoouka uzmepenuii npu ammocghepHom 0asieHuu

Hcnonb3oBaHa MOTEHITMOMETPUYECKAS sIUEKaA C TEPEHOCOM:

Cu, Ag, W3smepsiemblii KCI AgCl, |
Ag,S-CdS pacTtBop (3m) Ag, Cu ()
re B KauyecTBE H3MEPUTEIBHOIO JJICKTPOAa HPUMEHSIICS TBEPAOKOHTAKTHbIM Cd-CeneKTUBHBIH
9MEKTPoA ¢ cynbhumHoit Membpanoit Ag,S-CdS QOO «Huko aHanmuT»), a B Ka4ecTBE DIIEKTPOIA
CpaBHEHHS — XJIOPCEPEOPSHBIN JJIEKTPOJ], COSMHEHHBIA C U3MEPSIEMBIM PAaCTBOPOM 4Yepe3 COJICBOM
moctuk 3m KCI. Suetika kanmuOposanack B pactBopax CA(NQG;),. ITonyueHa nuHeiHas 3aBUCHMOCTH
anekTpoasmwxkyiei cuibl (DC) ot oraprdma aKTHBHOCTH HOHA KaIMHUsI, B3SITOTO C OTPHIATEIILHBIM
snaxoM (-lg a(Cd™) = pCd)s unrepsane 10%-10°m Cd(NQy), ¢ Haknonom S = -29.95MB/(en. pCd)u
Reoppen. = 0.9998. TTomyueHHbIl HAaKIOH KaauOpPOBOYHOH MHpsMON ONM30K K HEPHCTOBCKOMY IS
IBYXBaJIeHTHBIX KaTnoHOB (-29.58MB/(ex. pCd)).

JInst w3ydeHHsi XJIOPUAHBIX KOMILIEKCOB KaaMHs HPH aTMOC(GEPHOM aBJICHUHM H3MEPCHHUS
OJC mpoBommauchk B pactBopax ¢ mocrosHuol kourerpanneit CA(NG;), (0.0Im) u mepemenHoi
kounenTparmeii KCl (0-2m). Jlns sroro B umcxomueiii pactBop 0.0Im Cd(NG;), mobGasmsin
U3MepeHHbIe 10 00beMy KosmdecTBa pactBopa, copepxaniero 0.0Im Cd(NG;), u 0.1 mwm 3.0m KCl,
usmepsis capur DJIC. Jlns mepecdeTa Ha MOJISUTBHOCTH HCIOJB30BalH IUIOTHOCTH pactBopoB KClI
(Lide, 2004) mpeneoperas mpucyrcrereM 0.0Im CA(NGy)..

B xome wu3mepenumit ObUIO OTMEYEHO «oTpaBicHUE» Cd-CEeNeKTHBHOIO CYIb(UIHOTO
9JIEKTPO/a B KOHIIEHTPUPOBAHHBIX XJIOPHIAHEIX pactBopax (> 1-1.89m KCI), u3-3a wero moxasanus B
9TUX pacTBOpax ObUTH HECTaOWJIbHBI BO BpeMeHH. «OTpaBiCHHE» BBI3BAHHO, IO-BHIUMOMY,
obpasoBaHreM BTOpHYHBIX (a3 Ha mnoBepxHocTH Cd-cenekTuBHOM MeMOpanbl. IlosTOMy Bpems
Ka)XJ0r0 M3MEPEHHsI C CYJIb(QHUIHBIM 3JIEKTPOIOM COKpAIIIAIH, ONMpPEAeisisi NOCTHKEHHE PaBHOBECHS
cTaObMIbHOCTRIO M3Mepsiemoro 3Hauenus DJIC B mpexenax 0.2 mB. 3atem a51eKTpoJ IPOMBIBAJIH
JMCTHJIMPOBAHHONW BOAOH. PaboTOCIOCOOHOCTB AIIEKTPOAA MNPOBEPSUIM MO BOCHPOU3BOJMMOCTH
KaauOpoBKHU. Eciy HakIoH KaamuOpoBky m3Mensuicsa 6osee uem Ha 2.0 MB/(en. pCd)mmu kaanbposka
cupuranach Gonee, ueM Ha 2.0 MB mo E°, mOBepXHOCTb MEMOPAHBI OYHIIATACH HUTH(OBAIBHOI
Oymaroii u mpoBoauiack HoBast kanuoposka. D/1C uzmepsun pH-metpom-noHomepom «Okcnept-001»
¢ Ttounocteio 0.1 MB. OmHako B XIOPHIHBEIX pacTBOpax M3-3a «oTpaBieHus» Cd-celeKTUBHOI

MeMOpaHbl TOYHOCTh U3MEPEHUi yXyamanach ¢ yBeandenueM koHneHtpaiun KCl u qocturana +2-3



MB mpu konuentpamusx KCl Goiree 1m. DTo OBUIO YY4TEHO B JNATBHEHIINX HM3MEPEHUSX TIPH
HOBBIIIEHHBIX JaBIeHUsIX. [Ipu Bcex m3mepenusx temmeparypa 25°C noanepkuBanachk ¢ TOYHOCTBIO
+0.5C.

Memoouka uzmepenuii npu NOBbIUEHHBIX OABLEHUAX

W3mepeHust mpou3BOIMIM B TOTEHIIMOMETpHUYecKoi stueiike (l) mcmonb3ysi abopaTopHYyIO
TEXHUKY M METOJHKY, omucaHHble paHee (3oroB u np., 2006). Insg paboThl NpU MOBBILICHHBIX
napieHusix CO-CeNneKTUBHBIA 37€KTpox ObUT pasrpyKeH IO JaBJICHUIO MOCPEICTBOM PE3HHOBOM
TpyOKH, 3aJMTOW CHIMKOHOBBIM MacjoM. B KadecTBe 5J1€KTpoAa CpaBHEHHS HCIOIb30BAIN
XJIOpCepEOPSIHBIA ~ 3MEKTPOA  CHENHMaIbHOM  KOHCTPYKLUMH C  MAacCisSHBIM  3allOJHEHHEM,
obecrieunBaroyii paboTy COJIEBOr0 MOCTHKA IIPH BBEICOKMX maBieHusx (3otoB m mp., 2006).
KamuOpoBka mpy MOBBHIIEHHBIX JABICHHUAX [MO3BOJIMIA M3MEPUTh OOpPATHUMBIN CIIBUT CTAaHAAPTHOTO
noteHumana sueiiku AE% = E% — E'p-. ITpu 1000 6ap AE% cocrasnsier 11.4+0.3MB, IpU 3TOM
COXpaHAETCs HAKJIOH, OJIM3KHil K TeopeTndeckomy (dur. 1).

[Ipu noBeIIeHHBIX AaBieHUsIX n3MepeHus IC npoBoAMIHN B TPEX pacTBOPaxX C MOCTOSHHOM
konnentparmeir CA(NG;), 0.0Im u konunentparueir KCl 0.025, 0.53u 1.4Im. [Ins moOBBIIICHUS
TOYHOCTH M3MEPEHUI MPH TOBBIIMICHHBIX MABICHUAX: 1) MCHONB30BAIH HE aOCOJIOTHBIC 3HAYCHHS
m3mepenHbix JJIC, a pasnocts mexay D/JC mpu gaBnernuu P u 1 Gap, Tem cambIM yMeHbIIATACh
HOTPELTHOCTh, CBsi3aHHAs ¢ AU((GY3MOHHBIM MOTCHLIUAIOM; H 2) U3MEPEHHs Ka)XXIOro pacTBOpa B
3apucumocTH ot gaBienus (1 — 1000u 1000- 1 6ap) mosropsimn 3-4 pasa, TEM CaMbIM yMEHBIIIAs
BO3MOYKHYIO OINMOKY H3-3a <«oTpaBieHuss» Cd anektpoma B XJIOPHIHBIX pacTBOpax. TOYHOCTB

W3MEPECHHI TIPU MOBBIIIICHHBIX JaBlieHusX cocraisietr £0.5-0.8mB.

Memoouxa pacuemos
[Ipn aHamm3e TMONYYCHHBIX OSKCICPUMEHTAIBHBIX JAHHBIX MPHHAMAIH BO3MOXHOCTh
00pa3oBaHMsl YEThIPEX XJIOPUIHBIX KomiurekcoB kaamust CACH?", rme n = 1 - 4. Peaxuuu
CTYIIEHYATOT0 KOMILJICKCOOOPa30BaHUS M UX TEPMOIUHAMUYCECKIAE KOHCTAHThI PABHOBECHUS BBIPAKCHBI

KakK.
cd* + Cr = cdci (1)

o - [CACIT Ve
1= o -
[CA™TICT] Ve Ty

CdCI* + CI = CdCb ) )

0, = [CACL, ] O VedChyy
[CACI"1ICI] Yeaer Fer

CdCl, ) + CI = CdChL (3)



o= 1CACL] . Yea
[CACl,,., JICIT Veuey,, , P

cdck + Cf = cdcl” (4)

KO — [CdCLZ{] B yCdCIﬁ'
[CACLIICI] Yoo, T

T7e B IPSIMBIX CKOOKax JaHBl KOHIIEHTPAIMH B MOJISUTHHOU IIKae, a Y - KO3 OUIINCHTH aKTHBHOCTH.

KOB(l)(I)I/IL[I/IeHTBI AKTUBHOCTHU 3apsS’KCHHBIX YaCTUL paCCYUTHLIBAIN IO YPABHCHUIO I[e6aH-XIOKKeJ'IH B

TPETHEM TIPUOTMHKCHUH:
gy =~AZ RN
' 1+B@RAI BRI

rae A u B — koaddurmentsr Jlebas-Xrokkens s guctoro pacrsopurens (Helgeson et al., 1981);—

bee O ()

VOHHAs CHJIa pacTBOpA; Z; — 3apsil, IapaMeTp & IPUHAT PaBHBIM JUIS BCEX 3apsUKeHHBIX yacThi 4.5A;
byci -smmmprueckuit koedduiment «Oam3koaeicTByomux B3aumoneiicteuii» ms KCI (Oelkers and
Helgeson, 1990K o3¢ ¢uimeHTsl akTHBHOCTH HEHTPaIbHBIX YaCTHI] IPUHSATHI paBHBIMA 1.

DKcIepuMeHTaNbHBIE TaHHbBIE MTPECTaBIeHsl B equaniax PCd:
pCd = -lga(Cd™) = -Ig[CF ] - Ig Yed™, (6)

rae a(Cd"), [CH'] u yeg2+.— axTuBHOCTH cBOGOMHOrO HoHa CCF*, ero KOHIEHTpaIMs B MOJSIBHOI
IIKaje 1 ero Ko3pGHUIUSHT aKTHBHOCTH, PACCYUTAHHBIH 10 ypaBHEeHHO (5).

B ombitax mpu atmoceprom aasiaennn PCdomnpenensm Kax:
pCd = pCd. + ApCd = pCdq + (E —E,x)/S, (7)

rone pCd.. — paccumranHoe suauenwe PCd mis mcxommoro 0.0Im pacteopa CA(NGy),, E -
m3mepennas JJIC B pactBope CA(NG;),-KCl, E,.x — DJC B ucxoauom pacteope 0.0Im CA(NG),; S—
HEPHCTOBCKUI HAKJIOH KanOpoBo4HOM npsimoii (-29.58mB/exn. pCd).

B ommiTax IIPpHU IMMOBBINICHHOM IaBJICHUUN pCdD OIIpEACIISIIINA KaK.
pc;dD = pCQ(Sap + ApCd:’ = pcd6ap + (AEP _AEOP)/S ) (8)

rae PCdg,, — paccuntanHoe 3HaueHue PCd B pactBopax CdA(NGy),-KCl mpu napnenun 1 Gap c
UCIIONIb30BaHneM KOHCTaHT peakuuit (1) — (4), mpuHATEIX B HacTosImei pabote; AEp — n3MepeHHas
pasrocts JIC npu gaBinernn P u npu nasirernn 1 6ap; AE% — pasHOCTb CTAHZAPTHOTO MOTEHIHANA
siaeiiku mipu pasneHun P u 1 Gap, onpesienieHHas o CABUTY KaTUOPOBKH; S — HEPHCTOBCKUIA HAKIOH
KaaubpoBouHO# mpsmoii (-29.58MmB/en. pCd).

Jlns pacueTa TePMOAMHAMMYECKMX PABHOBECHHIN IPHMEHSIN MporpaMMusii maker HCh
(Shvarov and Bastrakov, 1999]IBapos, 2008), Bxitouatommii nmporpammy UT-HEL mis pacuera
HKF mapamerpoB cocrosaus Boxubsix kommonentoB (Tanger and Helgeson, 1988) mporpammy



OptimA s onucaHus SKCICPUMEHTAIBHBIX JaHHBIX IyTEeM ONTUMH3AIMU CBOOOJHOW SHEPrHU
BOJIHBIX YaCTHII.

HKF-mapamerpsl 6a30BBIX BOIHBIX YACTHII H*, OH, K*, NO5, KOHO(p_p), KCIO(p_p), HCIO(p_p) u
Cd* B3siTHI U3 Gassl TepMouHaMuieckux Aanueix Slop07 (Johnson et al., 1992; Shock et al., 1997;
Sverjensky et al., 19978 tannaprHbie cBOGOHBIC SHepriu 00pasoBanust (MG g1 U CTAHIAPTHBIC
SHTPOIHH (S) 208.19 A CACI, CdChO(p_p) n CdCk" 6butM MPUHATEI HA OCHOBAHUU KPHUTUYECCKOTO
TepMoanHaMuueckoro aHanmmza J[. Apuepa (Archer, 1998).BennunHa ¥ mOrpemrHocTs 3HAYCHUS
AGCr0g 15 111 CACLZ pacumTaHsl ¢ oMoIpio mporpammer OptimA o msmepenusm B CA(NG;),-KCl
pactBopax mpu jgaBieHud 1 Oap mpu moBeputenbHOW BeposTHocTH 0.95 M ¢ yueroM KOHCTaHT
o6paszosanus CdCI, CdChO(p_p) nu CdCk’, mpunsrteix no [I. Apuepy (Archer, 1998) Cratucriueckuit
BEC OSKCHEPHMEHTAIBHBIX TOYEK IPUHAT PABHBIM OOpaTHON BENMYMHE KBaapara IOTPELIHOCTH
9KCTIepUMEHTaIbHOTO onpenenenus PCd,paccuntanHoro u3 ypaBaeHus (8).

Hcnonp3oBaHKe MOMYYEeHHBIX 3Ha4YeHWi cisura BeanmdnH PCd B amamaszone nmanenuit 1 —
1000 6ap mo (8) mo3Bonmio oueHUTh mapaMmerpsl ypaBuenus HKF a; - a4 maprmaibHBIX MOJIBHBIX
00BbeMOB KOMILIEKCOB. [lyii 3TOro cHavajna Mo JKCIepuMEHTadbHbIM AaHHBIM mpu 1000 Gap c
noMoIepio mporpamMmel OptimA ObUTH pacuuTaHbl 3HAYCHUS AGoggg,m 10006ap YETBIPEX XJIOPHMIHBIX
KOMIUIEKCOB KaaMUs. 3aTeM, UCTIONb3Ys OYepeHOe MPHOIMKEHNE ISl MOJIBHOTO 00beMa KOMILIEKCa
OpU  CTaHIAPTHBIX YCIOBHSAX C Hcnoib3oBaHueM mnporpammbel  UT-HEL  (LIBapos, 2008)
ONITHMU3MPOBAIIY TIApAMETP &; ITOTO KOMILIEKCA U PACCUUTHIBAIH COOTBETCTBYIOIINI ATOMY HOBOMY
3HAuCHMIO HOBYIO BenmuuHy VVoog 15 110 HaiieHHOMY TakuM 00pa3oM 3HaueHH0 Vg 15 HCTIONB3Ys
koppemsitmn HKF-moznenmn (Shock and Helgeson, 1988)ppenensuin HOBble mapameTpbl 8 - 8.
[pouenypy onTumm3alMu napamerpa &; MOBTOPSUIH JO TEeX MOp, MOKa Ha OYEpeJHOW HTEepaluH
M3MEHEHHE MOJILHOTO 06beMa KoMILTekca He mpesbimao 0.05cm> Moms ™

Bosspamasce k ontummsarit AG’og 15, 10006sp, CTELYET OTMETHTB, UTO HM3-3a TPYTHOCTEHl
ONITHMU3ALUK TPU OOJNBIIOM 4ucie napameTpoB (4 cBoOoaHble dHepruu [ mOOca) M HEOONBIIOM
KOJIMYECTBE IKCIICPHUMEHTAIBHBIX TOUeK (3 pacTBOpa) OBLIO BBEJCHO JOMOIHUTEIBHOE OTPAaHUUCHUE —
JIMHEHHAs 3aBUCHMOCTb HECONBBATAIMOHHBIX BKIAZ0B B MOIbHbIE 00BeMbl (AV’0g1) OT wumcia
maurannoB (n) (Hovey, 1988)I1pu 5ToM OBUIO MCIIONB30BAHO HECKOJIBKO MOJEICH: JIMHEHHOCTh IS
Beex uactul (on CoP* i yeThIpe XIMOPHAHBIX KOMIUIEKCA KaJMHS), TONBKO JTsl 2-4 KOMIUIEKCOB U T.JI.
MonsHeii 06sem nona Cd™ (N = 0) m3secten (Shock et al., 1997) nepecMOTpy He TOABEpracs.
Pacuer mo mopensM MPOBOIWIICS METOAOM HUTEpaLWil TakMM 00pa3oM, YTOOBI ¢ OAHOH CTOPOHBI,
sHauennst AGlgg1s. 1000 Gip UETHIPEX XJIOPHAHBIX KOMILIEKCOB KaJMHsl HAWIYYIIMM 0OpPa3oM
OTIMCHIBAIM SKCIIEpUMEHTaNbHBIE AaHHble mpu naBineHuu 1000 Oap, a ¢ mpyroil cTOpOHBI, YTOOBI
COOTBETCTRYIOIIUE 3HauUCHUS AV 50g 15HECOTBBATAIMOHHBIX BKIIAJI0B OTBEUANIH BHIOPAHHOI THHEHHOI
3aBUCHMOCTH OT YHCIIA JIUTaHOB.

HeconbBaTanimoHHbIN BKJIAJ B MOJIBHBIH 00EM PACUUTHIBAIH 110 (hOpMYJIe:
AnV0298.15: V0298.15' AsV0298.15, (9)

rae V0298_15 — CTaHIAPTHBIA MOJBHBIH 00BeM KoMimieKca; AV 9515 - CONBBATAIIMOHHBIN BKIAT B
MOJIbHBIH 00BEM, PACUUTAHHBIN Kak AM 0515 = -adQ, rae a- koadpunuent bopra, a Q — hyHKIUA
BopHa 15t MonbHOT0 00beMa (Q = 2.468510°, Tanger and Helgeson, 1988).



JInst OLeHKH 3HaueHus cTaHgapTHOi >uTpormu CACL” GbLla MCIOTB30BAaHA SMITHPUUECKAS
JUHEHHass KOpPEeSIMSA HEeCOJbBATAL[MOHHOTO BKJIaJa B OHTPOINMIO OT YHCIA JIMTaHJOB.

HCCOJ’IBBaTaHI/IOHHHﬁ BKJIa[l B SHTPONHNIO PACUUTHIBAJIN 11O (bOpMy.HC:
An§298.15: §298.15' AS§)298.15 ) (10)

e S’sog.15 — CTaHIApTHAs SHTPOIHS, AsS 205 15~ CONMBBATALMOHHbIH BKIAJ B SHTPOIHMIO, PACUMTAHHBII
Kak ASg15 = WY, rae i xoeddumument Bopra, a Y — dynkuus Bopua mms surpormu (Y = -
5.8100°, Tanger and Helgeson, 1988).

3HavYeHHS (W IS XJIOPUIHBIX KOMIDIEKCOB OBLTH OIpPENEeHBI ¢ TIOMOIIBI0 mporpammbel UT-
HEL (ILIsapos, 2008)no xoppensuuu we suTponueit (Shock et al., 1989Bnavenus TerioeMkocT 1
napaMeTpsl Cy, C; ObLIH B3SITHI 11O JIMTEPAaTYpHBIM JdaHHBIM (Sverjensky et al., 1997pTtu napamerps
HE CBS3aHBl C JaBJICHHUEM, POJM KOTOPOTO IOCBSIIEHO HACTOSIIEE HCCIECJOBAaHME, OIHAKO OHH
HY)XKJAIOTCSl B PEBH3HU B CBSI3M C IEPECMOTPOM 3HAYCHUI CTAHAAPTHBIX CBOOOIHBIX JHEPrHH H
SHTpONU XIopuaHbIX KomiutekcoB kanmus (Archer, 1998; Bazarkina et al. 2009b).

PE3YJIbTATHI U3MEPEHUI IIPU JTABJIEHUM 1 BAP

Pe3ynbTaThl SKCHEPUMEHTATBHBIX HU3MEPCHUN MPH aTMOC(HEPHOM [ABICHUH TPUBCICHBI B
tabn. 1. Yeennuenue kounenrpannn KCl 10 2m npuBoauT K yMEHBIIEHUIO aKTHBHOCTH CBOOOIHOTO
voma Cd™ ma 3 mopsizka BCIEACTBHE OOPA3OBAHMS XJTOPHIHBIX KOMIUIGKCOB KaaMmus. IIpu
KOHIIeHTpaImsax xjopa >1.8M wusmepennbie 3uadeHuss PCA BBIXOAAT 3a HIKHUNA Ipeaesn
qyBCTBUTEIBHOCTH H3MepuTensHoro snmekrpoga (10°m Cof'). Onmmaxo, B paGorax E. Bayman
(Baumann, 1971y 1. PoxxkoBoit ¢ coaBropamu (PoxkkoBa m ap., 2009) 6e110 MoKa3aHo, YTO B
MPUCYTCTBUH KOMILIEKCOOOPA30BaTEIsl HOHOCEICKTUBHBIC JIEKTPOIbI pabOTarT 06paTUMO 10 OYCHB
HU3KHX KOHLCHTpaumii m3mepsiemoro moHa (mo 10° — 10°m), ecim oOmjas KOHLEGHTpALHS 3TOTO
3JIEMEHTa B PacTBOPE IOCTATOYHO Bhicoka (10° — 10°m).

OkcnepuMmenTanbhbie pe3ynsTathl (PCd)XopoIio ONMUCHIBAIOTCS ¢ UCIOIh30BAHHEM KOHCTAHT
YCTOHYUBOCTH TIEPBBIX TPEX XJIOPUIHBIX KOMIUICKCOB Kammus, mpuHAThIX 1o JI. Apuepy (Archer,
1998).1Ipu 6omee Beicokux koumeHTpanusx KCl HeoOX0IUMO yUUTHIBATD YETBEPTHIA XIIOPUIHOBIM
Konmiekc. PesymbTatsl onTEMm3aimn  AiG reg 15 UETBEPTOrO XIOPHAHOTO KOMIUIEKCA KaIMHS
MOKa3aHbl Ha (GUr. 2 W MpEJICTaBICHBI B BUJC KOHCTAHTHI YCTOHYMBOCTU B TaONl. 2 B CPAaBHEHUH C
JIMTEpaTypHBIMU JaHHEIMH. [lonydeHHas KoHcTaHTa yeroitamBoctn CACL? cocrasmsier -0.88+0.25
norapu(MUYECKON €UHUIIBI, YTO Ha ~2 MOPSIKA BBIIIC KOHCTAHTHI npeanoxeHHoi 1. Perinu u P.
Crokcom (Reilly and Stokes, 1970 B mpememax IMOrPEIIHOCTH COBIATAET C BEIHYMHOM,
npeamoxennoit JI. Ceepxkenckum (Sverjensky et al., 1997)pu makcumansHoi koHmentparwu KCl
(2m) kommnexe CACL* cocrapnser 20%0T 0611el KOHIEHTPAIHH PACTBOPEHHOTO KaIMHUS.

IMosyueHHBbIE pe3yNbTaThl TOKA3bIBAIOT BO3MOXKHOCTH HCMOJb30BaHusT Cd-CeleKTHBHOTO
aNeKTpoaa ¢ cyabduaHoi MemOpanoii CAS-AQS B XJIOpPHIHBIX pacTBOpax, OJHAKO BO3MOKHOCTH
NPUMEHEHUS TaKOM MOTEHIIMOMETPUICCKOM STUCHKHU OTpaHUYHBACTCS HEOOJTBITIOH
POIOIDKUTENRHOCTRIO (1-2 yaca) M CpaBHMTENLHO HEBBLICOKOM KOHIIEHTpAaLWEH XIopHaoB (<2m),
OpuyYeM Npd KOoHIEHTpamusx >1m Bpems HaxoxaeHus Cd-CEIEKTUBHOTO SJCKTPOAa B pacTBOPE

PEKOMEHIYeTCsl COKpamarh 10 MUHUMaJIbHOro (cM. MeToauky M3MepeHHd mpu AaBieHun 1 Oap).



Vka3aHHkie OrpaHUYCHUs, CBA3AHHBI C «OTPABJICHUCM>» MOBCPXHOCTHU M€M6paHI>I Cd<enexkTuBHOTO

CyIb(UIHOTO 3JIEKTPOIA.

PE3YJIbTATHI U3MEPEHUI ITPY MMOBBIIEHHBIX JABJIEHUSX 1-1000BAP

Pesynmerarel m3Mepenmii mpu  maBienusx 1-1000 6ap B 1pex pactBopax CA(NO)»
comepskanmmx 0.025, 0.53u 1.4Im KCI, npusenens: B Tabdn. 3. Usmenenus PCd npu yBenndeHHn
JIABJICHUSI OTPAXKAIOT 3aBHCUMOCTh KOHCTAHT YCTOWYHMBOCTH XJIOPHUIHBIX KOMITICKCOB KaJMHS OT
nmasnenus. MakcuManbhoe nsmeHenne PCdmo cpasHennto ¢ arMocdepHbM naBienueMm (ApCd = -
0.1620.03)6bu10 monyueno s pactsopa 1.4Im KCl npu maBnennu 1000 6ap. M3menenne pCd B
nepBoM pactBope (0.025n KCI) maxonurcs B mpeaenax NOrpenrHoCcT!H U3MEPSHUI U IPHHATO PaBHBIM
HyJII0 TIpH Beex masnenusx (mo 10006ap). s aByx apyrux pactBopos 3asucumoctd AEp u ApCdb
OT NMaBIICHUSA ONWM3KHM K JIMHEHHBIM. JIJs omTHMH3aIiuu CBOOOIHBIX HHepruit I'mbOca XITOpHUIHBIX
KOMIIJICKCOB KaJMHsi OBUTH HCIOJB30BaHbl 3HadeHuss APCd, oTBewaromue MaKCHMalbHBIM
u3MeHeHusM npu nasiaeann 10000ap.

W3-3a TpyaHOCTEH ONTHMHU3ANMK MpPU OOJBIIOM YHCIIE ONTHMHU3UPYEMBIX MMapaMeTpoB
(AG 298 15, 100Gap TETHIPEX KOMILIEKCOB) M MATIOM KOJMUECTBE SKCIIEPUMEHTATBHBIX Touek (APCeh mpu
1000 Gap mmst Tpex pacTBOPOB) OBLIO BBEACHO OIOJHUTEIBHOE OTrPaHWYEHHE — JIMHEHHOCTDH
3aBUCHMOCTH HECOJIbBATAIIMOHHBIX BKJIAJOB B MOJIbHBIE OOBEMBI MOHA M XJIOPHIHBIX KOMILICKCOB
KaJMHs OT 4YHCNia JuranmoB. Ilpu 3ToM paccMaTtpuBamu 3 Mozenu: 1) nuHEHHOCTH A BCEx
XJIOPUIHBIX KoMiiekcoB ¢ moHoM CcF¥, 410 COOTBECTBYeT NpEMONOKEHHI0 06 OIMHAKOBOI
(oxTa’MpUUeCcKOi) KOOPIMHAIMK BCEX BOIHBIX YACTHIl KAJAMUS; 2) JIMHEWHOCTh JJIsl HOHA U TIEPBBIX
JIBYX KOMIUIEKCOB, YTO COOTBETCTBYET CMEHE KOOpAWHAINH (Ha TETPadAPUUCCKYI0) Mpyu 00pa3oBaHUN
TPETHhEro XJIOPUAHOTO KOMIUIEKCA; 3) TMHEHHOCTD /IS BTOPOTO, TPETHEr0 M Y€TBEPTOrO KOMILICKCOB
YTO COOTBETCTBYCT CMEHE KoopauHaiuu (Ha TETpadapUyYecKyio) TpH O00pa30oBaHUH BTOPOTO
XJIOPUAHOTO KoMIiekca. CpaBHEHHE PE3yJbTAaTOB pacueTa, COOTBETCTBYIOIIUX OTUM MOJECISAM, C
9KCIIEpUMEHTATBFHBIMHI JaHHBIMU U pacueToM mo AanusiM Slop 07 (Shock et al., 1997; Sverjensky et
al., 1997) mpencraBnens Ha ¢ur. 3. Hawnydmmm o06pa3oM dKCHEpHMEHTAIbHBIE TaHHBIE
OMHUCBIBAIOTCS ¢ ToMompio Moaenu 3 (bur. 26 u 3). OmmcaHus MO JPYTUM MOJCTSIM HE
YKIIQIBIBAIOTCS B MIPEEIIbI SKCIIEPUMEHTATBHON OITHOKH.

3aBUCUMOCTh KOHCTAHT CTYIIEHYATOTrO0 KOMIUIEKCOOOpa30BaHUs OT JABJICHUS IMpEICTaBICHA
Ha ¢wur. 4. Hamu gaHHbBle TOATBEPXKIAIOT MPEACKA3aHHYI) TCOPETHUSCKH CIa0yH 3aBUCHMOCTh
YCTOMYMBOCTH XJIOPUAHBIX KOMIDIEKCOB KaaMus oT masienus (Sverjensky et al., 1997)is mepsoro,
TPEThEero M 4eTBepToro komiwiekca mpu mnpu 25°C ¢ yBenuueHwem aaeienus or 1 go 1000 Gap
3HAYCHUS WX KOHCTAHT YCTOWYMBOCTU MEHSIOTCS MeHbIne, yeM Ha 0.05morapudmMudeckoil equHUIb.
Jlns BTOPOTO XJIOPHAHOTO KOMIUIEKCA KaJMHs BIMSHHE [TaBJICHUS 3HAYMTEILHO CHIbHEE: C
yBenuuenreM aasienust ot 1 1o 10006ap 3HaueHHe €ro KOHCTAHThI YCTOWYUBOCTH YMEHBIACTCS Ha
0.33 norapupmuyeckoil eauHUIBI, Opu yBenuueHun pgasienuss 1po 2000 6ap — ma 0.58
J0Tapu(pMUICCKON SIMHUIIBI.

Haiinennple 3HaueHWs MOJBHBIX 00beMoB M HKF mapamerpoB mpuBeacHsl B Tabm. 4.
JluHeliHas 3aBUCHMOCTh HECOJLBATAIMOHHONW COCTABJSIIONICH MOJBHOTO 00BEMa XJIOPHIHBIX
KOMILIEKCOB Kammust (A,V°, Tabm. 5) or umcna nuranmos (N) Hapymaercs Mexmy N paBHeM 1 u 2

(bur. 5). Ckauok B 3HAYCHHH HECOJbBATAIMOHHOTO BKJIaJa OTBEYAeT CMEHE KOOPAMHAIUH IPU



nepexone or CACI' k CdCh (). [Togo6HOE ckaukooOpa3HOE M3MEHEHHE MOJIBHBIX OOBEMOB NPH
CMeHe KoopaumHanumu Obuto omucano mis woHoB (Swaddle and Mak, 1983Mamm namsble 110
MOJIEHBIM 00BbEMaM KOMIUIEKCOB TOATBEPIKIAIOT MEPEXOJl OT OKTAdAPUYECKON K TETpadApHyYCCKOM
CTPYKTYpe Ha BTOPOM XJIOPDHJHOM KOMIUIEKCE KaJMHUs, Kak OBUIO MpPEANOJIOKEHO IO

criekTpoMeTpuueckuM n3mepenusm (Bazarkina et al., 2010).

OLEHKA BJIUSAHUS JABJIEHHUS HA COAEP)KAHUE Cd B COPAJIEPUTE

W3BecTHBI TIOMBITKH paccMaTpuBath BeaumuuHy Cd/Zn B coanepure Kak T€HETHUSCKHI
uHauKaTop pynooriaoxkenus (Jonasson and Sangsyer, 1978; Xuexin, 1€ttesmann and Kampe,
2007). Ormeuanock, 4ro Oonee Hu3kue coxaepxanus Cd xapakTtepHbl Ui cdalepuTroB H3 pyd B
BYJIKAHOTCHHO-0CAJI0YHBIX TOpOJaxX, TOrga Kak OTHOCHUTEJIbHO BbICOKHME KoHIeHTparuu Cd
HaOrOMaroTCs B cdajepurax u3 6osee TITyOMHHBIX MarMaTHYEeCKIX MECTOPOXKIACHHUH. B CBsA3H C 3THM
MBI TIONBITATUCH OLEHWTH POJb JaBiicHWs Tpu BxoxaecHun Cd B chanmeputsl, Haxofsmuecs B
PaBHOBECHH C THIPOTEPMATBHBIM (IIIOUIOM.

[Ipu pacyere WCIONL30BAHBI CIEIYIONUE TEPMOJIUHAMUYCCKUE NaHHBIC: JUISI XJIOPHIHBIX
KOMITJICKCOB Kaamusi — u3 Tabma. 4, Aas XJOPHUIHBIX KOMIUICKCOB IMHKA — COTJIACHO PEKOMEHIAINU
II.Ceepsxenckoro (Sverjensky et al., 1997)s teepabix dha3z (ZnSu CdS)— u3 cBoaku P. Poou u b.
Xemunrysss (Robie and Hemingway, 1995)[Tockonbky Oapudyeckwe CBOWCTBA XJIOPHUIHBIX
KOMIIJICKCOB I[MHKA HE OOOCHOBaHBI OKCIEPUMEHTATbHO, a JaHbl JIMIIb HAa OCHOBAaHUH
KOPPEIAIMOHHBIX cooTHomeHni (Sverjensky et al., 1997)jpuBeneHnble HIKE PacueTHl CELyET
paccMaTpUBaTh Kak MepBble OPUEHTUPOBOYHBIEC OIICHKH.

PaBHoBecue mexxny ZNnSu CdSonmceiBaeTcest peakiuei:
ZnS, ,, + CdC[* = CdS,, ,, + ZnC¥' + (i —j)CI", (11)

rae ZnS, p, 1 CdS, ., - KoMnoHeHTsl TBeproro pacrsopa Cd<cdanepura, a quz-j u ZnCl?' —
npeBanupytomas popma Cdu Zn B runporepmansHOM ¢uitone npu 3aaanHoil konnentparuu NacCl.
BeIpaxkeHne Uisi TEpMOIMHAMHYECKOW KOHCTaHTHl paBHOBecHs peakuuu (11) B mpenmosioxeHuH
UJICATLHOCTH TBEPIOTO PacTBOPA MMEET BHIL!
X Aomp

0 _ ZnClj i—j

IgKiy =g = B A | (12)
X @cqci

rae X — MonbHast noist CASB chanepure, azncj M acgei — AKTUBHOCTH IpeBanupyromux ¢popm Znu Cd
BO (umonne, a ac — aktuBHOCTH MoHa CI” B ruaporepmanbHOM pactBope. Takum 00paszom, mpu

3aJaHHOM cooTHoIIeHnn aktuBHOcTe ZN m Cd m ¢ukcupoBanHoit aktuBHoctH CI” B pactBope

mosbHas gons CASB chanepure onpenenseTcs Kax:

B i | (13)

da

lgx=Ig Klol_lg K101+

ITpoBenieHHBIE HAMU OLICHOYHBIE PACYEThl MMOKA3aJH, YTO B 'MAPOTEPMAJbHBIX PACTBOPaX B
nuanasone temmepatyp T = 150-300°CGa koHIeHTpaimi Myac; = 0.1-Im npesanupyomumu hopMamMu
Zn u Cd spastores coorerctsenno ZNCI' (i = 1) u CdCl™ (j = 3). PacueT KOHCTaHTBI paBHOBECHS

peakitiu (11) B 3TOM ciiydae CBHICTEIBCTBYET O 3aMETHOW pOJM JaBJICHUS Ha COCTaB TBEPIOrO



pacTBOpa, IpUYEM BIUSHUE JABICHHS MPOTHBOIIOJIOKHO BIHSIHUIO TEMIIEpaTypsl. [I[puHUMast BecoBoe
orunomenne Cd/Zn=0.04 fapakrepHoe 3HaYeHME I ByJIKaHHueckux razoe (Taran et al.,, 1995
pactBope moctostHHbIM, Tpu KoHueHTpauu NaCl 0.5n momyumm, uro npu 300°C paBHOBecHOE
conepxxanne CASB canepure Bo3pactaeT Ha NOPAIOK ¢ pocToM nasnenus ot 85 no 20006ap (dur.
6a). VBennuenue Ttemmeparypsl Ipu moctosHHoMm nasinennn (1000 6ap), HampoTHB, MOHHKAET
MonbHyto oo CdS B chanepure, paBHoBecHOM ¢ xnopuaabiM ¢urongom (0.5m NacCl) ¢ tem xe
Cd/Zn ornomenuem (0.04) (pur. 60). Baxno ormeruts, uro konunentpauus NaCl, konTpomupys
npeBanupyromme (GopMbl XJIOPUAHBIX KomiuiekcoB Cd u ZN, CUIbHO BiIMSET HA BEIHMYMHY
paBHOBecHO# MonbHON gomu CdS B chanepure, HO oO0mas 3aKOHOMEPHOCTh — BO3pAacTaHHUE
paBHOBecHOTO cozepxkanus CAdSc naBneHneM — coxpaHseTcs.

OueBunmHO, uTO paBHOBecHoe coxepkanne Cd B cdanepure CHIBHO 3aBHCUT U OT
cootHomeHuss Cd/ZnBo ¢uronzae. Hamm oleHKH MPOKa3bIBAIOT, YTO MPU OJAWHAKOBOM HM3HAYAIBHOM
orHomeHnn Cd/ZnBo ¢uronae n OIU3KUX TeMIlepaTypax, THAPOTepMaIbHbIe ChalepUThl TIPH OoJiee
BBICOKHMX JaBICHUSX OyIyT coiepikath Oojiee BBICOKYIO MonbHyo noio Cd. Takum oGpasowm,
JIaBJICHUE MOXET OBITh ONHMM W3 BaXXHBIX (DAaKTOPOB, BIMSIOIIMX HA pPACIpeleliCHUE KaaMus B
ruapoTepMaibHbIX chaneputax (Jonasson and Sangster, 1978; Xuexin, 1984; Godies and Kampe,
2007).

3AKIIOYEHUE

Ecnu paccmaTtpuBath MeTayuibl BTOPOH TPYMITBI MEPHOANYECKON CHCTEMBI, TO MPOBEACHHAs
paboTa sBigeTCS IepBOI MOMBITKON IKCIIEPUMEHTAIBHO MCCIIENOBATh OapUIECKHe CBOMCTB MOJHOTO
Habopa XJIOpPHAHBIX KoMILiekcoB (N=1-4) TloTeHHMOMETPUYECKMM METOAOM OblIa H3ydeHa
YCTOMYMBOCTD BCEX UYETHIPEX KOMILICKCOB KaJMHUSl B 3aBUCHUMOCTH OT JABJICHHS U ONPENEICHBI UX
napuyaibHbBle MOJIBHBIE OOBEMBI. YCTaHOBJIEHO COOTBETCTBHE H3MEPEHHBIX MOJBHBIX OOBEMOB
KOMIUIEKCOB C UX CTPYKTYpPOMH, ONpPEJEIECHHON CIEKTPOMETPUYECKUMHU METOJaMH, - CO CMEHOM OT
OKTa3IPHUECKOil K TeTpadapuueckoii koopauHamuu B paxy Cd™" — CdACL?.

KoHCTaHTBI yCTOMYHUBOCTH XJIIOPUIHBIX KOMITIEKCOB KaIMHsI OTHOCHTEIHHO C1a00 3aBUCST OT
JaBieHud. B memoM, Hamm SKCTIepIMEeHTAIbHbBIE JaHHBIE MIOATBEPAMIN TEOPETUUECKUE TIPEACKa3aHus
. Ceepxenckoro (Sverjensky et al., 1997)lo-Bumumomy, nanubie /. CBEpKEHCKOTO MOTYT OBITH
YCTIEITHO WCTIONB30BAHBI IJIS1 OLEHOYHBIX TEPMOAMHAMUYECKUX PACUETOB MO BIMSIHHIO JTABJICHHUA.

[TpubnmkeHHbIe pacdyeTsl pABHOBECHOTO pacHpeieleHus KaaMUs MEXIy THAPOTEPMAaIbHBIM
(haronaoM U cdanepuToM, HECMOTPS Ha P CACTaHHBIX JAOMYIIEHHUH, TOKa3aIH, YTO TAaBICHUE MOXKET
BIINATH Ha coneprkanne Cd B cdanepure. OnHako, i 00Jiee TOYHBIX PACYETOB, HEOOXOAMMO MPEKIC

BCE€TO YTOYHUTH MOJIBHBIC 00BEMBI XJIOPUAHBIX KOMILUIEKCOB IIMHKA.
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Table 1. Potentiometric measurements in Cd@NEKCI solutions as a function of KCI concentration
at 25°C and 1 bar (Run 1).

mMCd(NG;), mKClI E — Bt , MB ApCd pCd = pCg: +ApCd
0.0100 0 0 0 2.281*
0.0100 0.0032 -1.4 0.03 2.31
0.0100 0.011 5.1 0.15 2.43
0.0100 0.025 -10.7 0.34 2.62
0.0100 0.040 -14.7 0.47 2.75
0.0100 0.099 -25.1 0.82 3.10
0.0100 0.21 -35.8 1.18 3.46
0.0100 0.36 -45.0 1.48 3.77
0.0100 0.54 -52.7 1.74 4.02
0.0100 0.70 -57.7 1.90 4.18
0.0100 0.85 -62.0 2.03 4.31
0.0100 1.04 -64.7 2.11 4.39
0.0100 1.30 -70.5 2.30 4.58
0.0100 1.50 -17.4 2.47 4.75
0.0100 1.66 -81.4 2.61 4.89
0.0100 1.80 -84.6 2.73 5.01
0.0100 1.92 -86.8 2.83 5.11
0.0100 2.02 -88.6 2.94 5.22
Uncertainty +0.9-3.0** +0.03-0.10** +0.03-0.10**
* pCdii. — calculated using Slop07 database (Johregaal, 1992; Shoclet al, 1997; Sverjenskgt
al., 1997) ;

** Uncertainty increases with increasiniKCl (see in the main text for details).



Table 2. Stepwise stability constants of cadmium chloridemplexes at 25°C and 1 bar.

lg K% lgK Y lg K% lgK?, Reference

2.00 0.70 -0.59 - Vanderzee, Dawson, 1953

1.93 0.43 -0.28 -3.37 Reilly, Stokes, 1970

1.96 0.62 -0.62 - TKV Database (Glushko et al.,2)97

1.97 0.62 -0.18 -0.93 Slop07 (Sverjensial, 1997)
1.98+0.03| 0.62+0.10 -0.20+0.1b - Critical Datab@dartell, Smith, 1998)

1.97 0.64 -0.63 - Archer, 1998 (NBS critical revjew

1.97* 0.64* -0.63* -0.88+0.25** This study

* Taken from Archer (1998);

** The value of IgK °, was obtained by Gibbs free energy optimizatio®€d€L> complex from the
experimental data derived in this study (Tablerld assuming the values of stability constahts, K
%, K % from Archer (1998). Calculations were performeihgshe OptimA program (Shvarov, 2008).



Table 3.Potentiometric measurements in CAd@¥XCI solutions at 25°C as a function of pressure (1
— 1000 bar).

P, 6ap AE%, MB AE,, MB AEs — AE%, MB ApCdb pCdb
Run 2: 0.0Im Cd(NOs);, - 0.025n KClI
1 0 0 0.0 0.0 2.613*
200 -2.3 -2.3 0.0 0.0** 2.613
500 -5.7 -5.3 0.4 0.0** 2.613
700 -8.0 -8.1 -0.1 0.0** 2.613
900 -10.3 -10.0 -0.3 0.0** 2.613
1000 - - - 0.0** 2.613
Uncertainty +0.3 +0.5 +0.8 +0.027 +0.027
Run 3: 0.0Im Cd(NOs), - 0.53n KCI
1 0 0.0 0.0 0.0 4.077*
200 -2.3 -1.7 0.6 -0.020 4.058
500 -5.7 -4.3 14 -0.047 4.031
700 -8.0 -6.0 2.0 -0.067 4.011
900 -10.3 -1.7 2.6 -0.087 3.991
1000 -11.4 -8.6 2.8 -0.095 3.983
Uncertainty +0.3 +0.2 +0.5 +0.017 +0.033
Run 4: 0.0Im Cd(NOs); - 1.41m KCI
1 0 0 0.0 0.0 4.948*
200 -2.3 -1.4 0.9 -0.032 4916
500 -5.7 -3.6 2.3 -0.078 4.870
700 -8.0 -4.9 3.2 -0.110 4.838
900 -10.3 -6.1 4.2 -0.141 4.807
1000 -11.4 -6.8 4.6 -0.156 4.792
Uncertainty +0.3 +0.2 +0.5 +0.017 +0.033

* Calculated with stability constants derived imsthtudy (Tab. 2).



Table 4. HKF parameters of cadmium chloride complexes.

HKF parameter cdcl CdCh,, CdCk cdcl”
NGq515 callmol® 52629 -84883 -115399 -145583
Sr0s15  callmol K™ 7.06" 25.72 45.18 50.6F
C% 29515 callmol K™ 11.7 116.0 97.8 42.5
V15 cm’lmol™ 2.20 42.21 63.47 81.35
a,x10, calhol'Bar" 2.2303 7.5221 10.8045 13.8329
a,x10%, callmol™ -2.3357 10.5852 18.5994 25.9938
as, callKmol'Bar" 6.6681 1.5895 -1.5605 -4.4669
ax10* calKmol™ -2.6824 -3.2166 -3.5479 -3.8536

¢, callfol*K™* 16.6729  73.701P  72.0278 53.6809
cx10% calKmol™ -0.769%  20.595@ 16.8832 5.6267

w<10°, callhol ™ 0.4372 -0.049% 0.9378 2.4768

In bold - HKF parameters obtained from experimental dativel@rin this study; the others — the
revised literature data and HKF model correlations.

Y Taken from Archer (1998);

2 Calculated from linear correlation between norctsstatic contribution of entrop¥,S°es.15
(DS 05.15= Sr0s.15 - AsS 20519 and ligands numben) for n = 0 to 3 (Cd*, CdCI, CdCh(aq)), and
extrapolated tm = 4 (CAC}?);

¥ Calculated using experimental data of Bazarkirel.€2009);

4 Calculated using the correlation @fwith o815 (Shock and Helgeson, 1988).



Table 5. Standard partial molal volumeg %8.15 for cadmium ion and chloride complexes with
corresponding solvation and nonsolvation contriinsi

Born parameter Molal volume, cm/mol
Species 5 L
w10, calhol V0298.15 A SV0298.152) A nV0298.153)
Cd* 1.2528 -16.00% -3.09 -12.91
Cdcr 0.5394 2.20+3.00 -1.08 3.27+3.00
CdCh () -0.038 42.21+5.00 0.12 42.09+5.00
CdCk 1.4662 63.47+10.00 -2.31 65.78+10.00
CdcCl® 3.206’ 81.35+15.00 -6.11 87.46+15.00

Y Calculated using the correlation @fwith Lyos 15 (Shock and Helgeson, 1988);

2 Solvation contribution to the molal volume caldath asAMsog 15 = aQ = -w x 2.4685x% 10°
(Tanger and Helgeson, 1988);

¥ Nonsolvation contribution to the molal volumg/®sgs 15= Vssg 15- AV 205 15 (Tanger and Helgeson,
1988);

¥ Taken from Shock et al. (1997).
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Fig. 1. Calibration curves of the Cd-selective electrotl@%£C and pressures 1 and 1000 Ba%
denotes the pressure-dependent change in the slgratential AE% = E% — E%-,), at 1000 banE’

is -11.4+0.3 mV. Rrepresents the squared correlation coefficient.
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Fig. 2. pCd as a function of KCI concentration at 1 bgrgad 1000 bar (b). The empty circles
represent the experimental data and the filledlesreepresent the pCd calculated in the OptimA
program (Shvarov, 2008). At 1 bar, the Gibbs freergy of CACF was optimized using the
experimental data derived in this study (Tab. X e Gibbs free energy of CdGICdCL’, CdCk,
and CdCJ taken from Archer (1998). At 1000 bar, free Gibwergy of four cadmium chloride
complexes were optimized using the experimentad datived in this study (Tab. 3) and theoretical
models of linear correlation between nonsolvatiemtdbution to the molal volume and ligands
number. At 1000 bar only the best optimization tegunodel 3) is given. The comparison of different
models with experimental data is presented in Fig.
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Fig. 3. The effect of pressure on the E (e.m.f.) as a fanadf mxc,. The filled circles represent the
experimental data (Tab. 3), the black solid and dashed curves represent the calculation performed
with optimization results and using the theoreticadels (1, 2, 3), and the gray dashed curve
represents calculation performed with Slop07 daal{&hock et al., 1997; Sverjensky et al., 1997).
The theoretical models are based on the lineaeledion between ligands number and nonsolvation
input to the molal volume for the species with faene coordination. Thus, model 1 corresponds to
the same aqueous coordination for cadmium ion dridua chloride complexes, model 2 corresponds
to the coordination change between Gi@hd CdCf*, model 3 — between CdGind CdCl,(aqg).
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Fig. 4. Cadmium chloride complexes stability as a functibmpressure at 25°C. Solid lines represent
the calculation with thermodynamic properties ofrogum chloride complexes derived in this study
(Tab. 4), and dashed lineswith thermodynamic properties taken from SlopOfatase (Sverjensky
et al., 1997).
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Chapter IV. STRUCTURE AND STABILITY OF
CADMIUM CHLORIDE COMPLEXES IN
HYDROTHERMAL FLUIDS

This chapter presents an article submitte€h@mical Geologyn October 2009 (Bazarkina
E.F., Pokrovski G.S., Zotov A.V., Hazemann J.-LirtSture and stability of cadmium chloride
complexes in hydrothermal fluids”). If acceptede thll text of article will be published in English
presented below. Keywords proposed in the submittgdion arecadmium; chloride complexes;

hydrothermal fluid; X-ray absorption spectroscopgolubility; stability constant; Cd/Zn ratio.

ABSTRACT

The identity and stability of aqueous species farmng cadmium in HO-Na/LiCl-HCI-HNG;
solutions were investigated using in-situ X-rayapsion spectroscopy (XANES and EXAFS) at 20-
450°C and 1-600 bar, combined with solubility meaments of CdO and CdS solids at 350-400°C
and 300-600 bar. Results show that aqueous Cdasipecis dominated by the cation Cd@®Js>* in
acidic Cl-free solutions, and by chloride specieCl(H,0),2™ over a wide range of temperature (20
< T <450°C), acidity (1 pH <8), and chloride concentration (0.04rg, < 18 mol/kg HO). EXAFS
spectra from chloride solutions show that with @agingT andm, the average number of Cl atoms
increases from 1 to ~3 (x0.6), accompanied by aedee of the number of O from 6 to ~1 (x0.7) in
the nearest coordination sphere around Cd. Ave@Gy€l distances in Cd complexes vary in the
range 2.41-2.52 (x0.02) A, increasing with incragsi, and decreasing with increasifigwhile Cd-

O distances remain constant within errors at 2£B006) A in the whold andm, range investigated.
This evolution of the Cd atomic environment is anpanied by changes in geometry of the dominant
Cd-O/CI species from octahedral-like to tetrahetlkal with increasingT and mg, as shown by
XANES spectra analyses. These structural data amsigtent with the formation of octahedral
Cd(H,0)¢** and Cd(HO)sCI" and tetrahedral CdgH,0),’, CdCk(H,0) and CdCJ species afl <
200-300°C andng < 18. At T > 300°C, aqueous Cd speciation is dominated by damplexes,
CdCL(H,0),’ and CdCJ(H,0) in a widemg range (0.04 —rB). The stability constants of these
complexes, derived from solubility measurementdQfti°C and 600 bar are ~6 orders of magnitude
higher than available HKF-model predictions basedlaw-T data. The new data on aqueous Cd
complexes may be used for interpretation of Cd/@tios measured in natural hydrothermal saline
fluids and volcanic vapors in which the greatebitst of Cd chloride species as compared to tAeir
analogs is likely to be responsible for the eleda@e/Zn ratios in comparison to crustal rocks ahkd C
poor waters.



1. INTRODUCTION

The present study is aimed at better quantifying ithentity, stability and structure of
cadmium aqueous complexes responsible for Cd toanbyg hydrothermal fluids. This knowledge is
crucial for understanding the behavior of Cd durling formation of ore deposits, for improving ore
prospecting and treatment technologies involvingdwdutions, and for setting up valuable strategies
for remediation of polluted sites, and safe treatimand storage of cadmium industrial wastes. The
major source of Cd in the environment is the miramgl treatment of Zn-Pb-Cu hydrothermal ores
where Cd is commonly present as an isomorphic gutdsh in Zn-bearing minerals due to the close
chemical and crystallographic properties of thestata. The continental crust contains on average 80
ppb of Cd, which is 3 orders of magnitude lowemtter Zn, with Cd/Zn mass ratios showing little
variations between different rocks (Cd/Zn = 0.00063, Heinrichs et al., 1980; Rudnick and Gao,
2003). However, the behavior of Cd may diverge ificantly from that of Zn in hydrothermal
processes involving hot aqueous fluids. For exaniptdrothermal sphalerites (ZnS) are usually rich
in Cd, with Cd/zZn ratios of 0.01 to 0.2, and conplsolid solutions CdS-ZnS were described in
polymetallic ores and fumarole’s minerals (e.g.elsson and Rodushkin, 2001; Tombros et al., 2005;
Chaplygin et al., 2007; Gottemsmann and Kampe, 2@®bk et al., 2009). Volcanic gases also
selectively concentrate cadmium versus zinc, ekthipiCd/Zn ratios of 0.1 to 1.0 (Pennisi et al.,
1988; Symonds et al., 1993; Rubin, 1997), which is 3 orders of magnitude higher that the average
crustal value cited above. This makes the Cd/Zio @tpotentially useful geochemical indicator of
hydrothermal/volcanic activity and fluid origin, wees, and evolution. However, in contrast with Zn,
the Cd behavior in hydrothermal fluids is very ggoknown. To interpret rigorously cadmium
transport by aqueous fluids at high temperaturesmassuresTtP) and to compare it with Zn we
need to know the solubility of Cd-bearing mineraigl the chemical status of this metal in the fluid
phase.

The main natural ligands capable of transportingu@der hydrothermal conditions are OH
IH,0, CI, and HSH,S. In aqueous solution, the €dation undergoes hydrolysis with formation of
Cd(OH)?" hydroxide complexes, where<in < 4. The stability constants of these species aterhb
T-P were extensively studied and reported in numetbeemodynamic reviews (Baes and Mesmer,
1976; Archer, 1998; Martell and Smith, 1998). Basedavailable data and theoretical correlations
with other metals, Shock et al. (1997) reportedrttoelynamic properties of Cd(O}} at elevated-

P. However, the predicted concentrations of Cd hydi® species in equilibrium with oxy-hydroxide
phases at near-neutral pH are unexpectedly higdiniag 10’s ppm at elevatéld(> 300°C), which is
1-3 orders of magnitude higher than recent expeariaha@eterminations for similar base metals such
as Zn (Bénézeth et al., 2002) and Cu (Palmer et2@04). The role of sulfur in Cd transport at
hydrothermal conditions is not sufficiently knowRi¢kard and Luther, 2006). Experimental studies
on Cd-S systems were performed only at ambieRt(e.g., Ste-Marie et al., 1963; Daskalakis and
Helz, 1992; Wang and Tessier, 1999). Although cadmhas a stronger chemical affinity to the
sulfide ligand compared to hydroxide, the abundarfded-S complexes at elevaté€eP is limited by
both the weakening of the sulfide complexes stghilith increasingT (Rickard and Luther, 2006;
Tagirov et al., 2007), and the low sulfur concetndres, typically less than 0.1-0.5 wt% in most
hydrothermal fluids (Barnes, 1979). In contrastlodde is a far more abundant ligand in



hydrothermal fluids, with concentrations attainib@-30 wt% (Barnes, 1979). Thus, it is very likely
that chloride complexes play a dominant role in @etransport in hydrothermal-magmatic settings,
similarly to other major base metals like Zn, Fe, #d Ag.

Many experimental and computational studies haveotistrated the formation in agueous
solution of chloride complexes Cd€l, where 1< n < 4. Experimental data for these complexes have
been obtained &t < 100°C mostly using potentiometry, and well comsisistability constants for Cd
chloride complexes at near-ambient temperaturesep@ted (see reviews of Sverjensky et al., 1997,
Archer, 1998; Martell and Smith, 1998; referendesrain). The distribution of Cd-Cl species as a
function of Cl concentration at 20°C and 1 bar ghldted using these data is shown in Fig. la. In
contrast, at higiT-P the thermodynamic properties of cadmium chloridenglexes are very poorly
constrained. To the best of our knowledge, only exgerimental work on CdClat T < 250°C in
weakly saline solutions was published (Palmer gt28100). As for the stability constants of Cd-Cl
complexes at supercritical temperatures, only @temal predictions from low- data using the HKF
model are available (Fig. 1b, Sverjensky et al97)9

The structures of cadmium chloride complexes ireaqs solution were studied at ambi€nt
P using X-ray diffraction (XRD), Nuclear Magnetic 8&mance (NMR), Raman, Infrared, and X-ray
absorption spectroscopy (e.g., Bol et al., 1970tevgzet al., 1973; Drakenberg et al., 1978; Ackerma
et al.,, 1979; Caminiti et al., 1980; Paschina et #983; Mosselmans et al., 1996; Seward and
Driesner, 2004). Most of these studies agree ahptihe presence of water molecules in the first
coordination shell of Cd in its chloride speciesOI;Hizomz'”, andb) Cd coordination change from
octahedral to tetrahedral with increasing Cl cohegion in solution. It follows from these studitst
the cadmium cation (G and low-ligand number CI complexes (Ct)Gire octahedral, and Cd€l
is likely to be tetrahedral. The octahedral-togbadral transition occurs upon the formation of the
second (CdGf) or third (CdC}) chloride complex, depending on the solvent mediahrland, 1979;
Paschina et al., 1983). Very scarce structural degahowever, available for Cd-Cl complexed at
above ambient. The existing reports using X-rayogit#on spectroscopy (XAS) have explored very
limited T and CI concentration rangesi¢l < 1 mol/kg HO, T < 250°C, Mosselmans et al., 1996;
Seward and Driesner, 2004), and do not allow dgornaof the identity and stability of the dominant
Cd-CI complexes over the range of hydrotherim&®-pH conditions and fluid compositions.

Here we combined in situ XAS and solubility measugats to study systematically Cd-Cl
complexing over a wid&-P and CI concentration range (20-450°C, 1-600 bd&§ @nol Cl/kg HO).
Our results provide new insights into the identigtability and structure of aqueous chloride
complexes responsible for Cd transport by hydrotiafluids.
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Figure 1. Distribution of Cd species in sodium chloride amue solution at 600 bar as a function of
mg, at 20°C (a) and 400°C (b) calculated using the Hidelel parameters from Sverjensky et al.
(1997). The vertical dashed lines correspond tantmemum and maximum CI concentrations in the
NaCl-HCI solutions studied in this work.



2. MATERIALS AND METHODS

2.1. Experimental samples, conditions and analytitaechniques

In situ XAS measurements were performed on twatdtiCd(NQ),-HNO; and six chloride
CdChL-HCI-NaCl aqueous solutions &t = 20-450°C andP = 1-600 bar. In addition, several
concentrated CdgHCI-LiCl aqueous solutions (up to #B8CIl) were measured at 20°C and 1 bar. All
solutions were prepared by weight from Cd@¥®4H,0, CdCpxH,O, NaCl, LiCl, HNQ, HCI and
deionized water. Solution compositions are reportedables 1, 2 and 3 in molality unitsn(=
number of moles of each solute per kg of waterpcBpscopic experiments were complemented by
batch-reactor solubility measurements of montepot@dO, cubic) and greenockite (CdS, hexagonal)
in pure water and similar NaCl-HCI,B solutions at 350-400°C and 300-600 bar. A comrak@dO
solid (Fluka,> 99%) was treated before experiments. First, thtelirpowder was washed several
times with deionized water to remove ultrafine jgégs. Then, the slurry was aged in water at 350°C
and saturated vapor pressurg,(for a month in a titanium autoclave quenchedatend of the run.
The solid was recovered and dried at 100°C for 3¢fanning electron microscopy (SEM) performed
on the initial and final CdO product showed thattsa treatment was extremely beneficial, resulting
in significant crystallinity improvement (typicalze of crystals 1-2um) and elimination of surface
defects and ultrafine particles Q.1 um) that could bias solubility determinations (eRpkrovski and
Schott, 1998). During the reactor quench, the feiomaof Cd(OH)(s) which is thermodynamically
stable afT < 150°C (Naumov et al., 1974; Wagman et al., 19&2)icc not be avoided completely,
however, and the resulting solid contained abodb 13 the hydroxide phase as detected by X-ray
diffraction. A commercial CdS powder (Merck99%) showed a good crystallinity (crystal size-2.5
um) and, consequently, was used as received. Thdssolere pressed in pellets for solubility
experiments. Aqueous samples from these experimeititisconcentrations above 0.05 ppm were
analyzed for Cd and Na (if present) by atomic aghtsom spectroscopy (AAS), and by ICP-MS for
concentrations below 0.05 ppb. In addition, in batactor experiments Cd concentrations were
independently controlled by weight loss of thedglhase (see section 2.4).

2.2. X-ray absorption spectra acquisition

XAS spectra of Cd aqueous solutions were colleete€€d K-edge (~26.7 keV) over the
energy range 26.5-27.6 keV on BM30B-FAME bendingymet beamline (Proux et al., 2005) at the
European Synchrotron Radiation Facility (ESRF, Gb#®, France). The storage ring was operated at
6 GeV with a ~200 mA current. The beam energy welected using a Si (220) double-crystal
monochromator with sagittal focusing. The energy wanstantly calibrated using a cadmium metal
foil; its K-edge position was set at 26,711 eVlws maximum of the first derivative of the main-edge
spectrum. The beam size was 1000 um horizontalOxu30 vertical. X-ray photon flux on the sample
was about 18 photons/s. Contributions of higher-order harmoriiosn the Si (220) double-crystal
within the FAME optics configuration do not exceEd of the total photon flux in the energy range of
our experiments (Proux et al.,, 2006). XAS experitwenere carried out using a highP cell
developed at the Institute Néel (Grenoble) andntbgelescribed in detail elsewhere (Pokrovski et al
2005, 2006, 2009a,b; Testemale et al., 2005). Adipn time for each XAS scan was ~30 min.
Transmission spectra were recorded using silicodedi collecting scattered radiation from a Kapton



foil placed in the incidental and transmitted X-tagam. Fluorescence spectra were collected in the
90° geometry using a Canberra solid-state multihel® germanium detector (energy resolution ~300
eV, shaping time 125 ns).

2.3. X-ray absorption spectra analysis

Data reduction and modeling were performed with Atfeena and Artemis packages (Ravel
and Newville, 2005) based on the IFEFFIT programnevhille, 2001). Details about the reduction
procedure can be found elsewhere (Pokrovski e28D5, 2006, 2009a,b). Briefly, energies were
recalculated into k-space fAwith E° (i.e., the energy at which k is zero) chosen asrhgimum of
the first derivative of the main-edge spectrum.cBewere normalized to the absorption edge height,
background removed, weighted by where n = 1, 2 and 3, and Fourier transformed @vEr the k
range 2.1-10 A for all aqueous samples for consistency. Largeariges (up to 14 A were also
explored for some low-noisy spectra; they produsedthanges in the derived structural parameters
within errors. EXAFS fits were performed in the pase on both real and imaginary parts of FT
contributions to obtain the identity of neighbooras, Cd-neighbor distance (R), coordination number
(N), and Debye-Waller factow?) for each scattering path (see Tables 1-4). Alsimgnstructural
parameterAe was varied to account for the difference betwden experimental absorption-edge
energy and its estimate made by FEFF. To diministetations between N ard, and better account
for light vs heavy neighbors (O vs CI), fits wererfermed simultaneously with k-weighting of 1, 2
and 3. The fitted values of structural parameteesewidentical within errors, with comparable fit
qualities at each k-weighting. This is an additlod@monstration of both the validity of the chosen
structural models and the accuracy of the EXAFSkd¢pawind removal procedure (Ravel and
Newville, 2005). Theoretical backscattering ampléuand phase-shift functions for Cd-O and Cd-Cl
single and multiple scattering paths were computdg FEFF@b-initio code (Zabinski et al., 1995)
using CdO and Cdgkrystal structures. The amplitude reduction fa¢8f) was set at 1.00+0.05 as
found by fitting spectra of CdO, CdS, Cd&,O, and Cd(N@,x4H,O solids. The influence of
anharmonic disorder in determining structural patems was checked using the cumulant expansion
method. The values of third- and fourth-order cuants (g and g) found when fitting the signal from
Cd T coordination shell always converged to zero withi®* and did not affect R and N values
derived from fits without cumulants. The influenmfepossible multiple scattering (MS) events within
the Cd first coordination shell was also testechgisihe FEFF code, assuming tetrahedral and
octahedral geometries around Cd as found in theehmmnpounds investigated.

In addition to classical EXAFS analysis, XANES dpaf different Cd-Cl-HO aqueous
species were modeled ab-initio based on the expatahEXAFS-derived Cd-Cl and Cd-O distances
and defined species geometries and using the FDMidEHUter code (Joly, 2001). Details about this
approach for aqueous species can be found elsedgre Testemale et al., 2004; Pokrovski et al.,
2009a). Very briefly, calculations of theoreticaRXES spectra were performed using the Finite
Difference Method (FDM) where the electron potdnigacalculated by resolving the Schrodinger
equation on the node points of a three-dimensigndl (Kimball and Shortley, 1934). The obtained
raw calculations represent the evolution of thetpfaisorption cross-section of Cd as a function of
X-ray photon energy and correspond to the tramsi@implitude between the initial and final states
with an energy resolution of the FD method (< OW).eThese spectra, which display almost all
possible electronic transitions, are further cootedd with a Lorentzian function with a full width,



of 7.3 eV to account for the core-hole lifetimeCat K-edge, and a Gaussian function to account for
the experimental resolution assumed to be equdletintrinsic resolution of the monochromatbg,f

= 1.4 eV, Proux et al.,, 2006). The convolution paters were fixed in all subsequent analyses.
Because the electronic states below the Fermi neebccupied, the absorption cross section was set
to zero below the Fermi energy prior to the controtu All calculations were performed in the FDM
mode in order to test different clusters symmetaied geometric configurations (note that in case of
low symmetry, the muffin-tin approximation is naifficient in the near-edge energy range; Joly,
2001). The value of energy for the Fermi level (B was fixed to -3.0 eV, as deduced by examination
of the density of state (DOS) evolution of the eliéint electronic states. Changing the values.qfi E
from -9 to +3 eV produced only minor effects on tiaéculated XANES spectra.

2.4. Solubility experiments

Two types of solubility techniques were employapbatch autoclaves quenched after the run,
andb) a flexible-cell reactor Coretest® allowing mulépsamples of the fluid phase at givEfP
conditions. Batch autoclaves, made of a Ti allogrevused for monteponite (CdO cubic) and
greenockite (CdS hexagonal) solubility measuremetit2100°C and 600 bar in NaCl-HCL®I
solutions containing up to 5.28NaCl and up to 0.18 HCI. Details about this technique may be
found elsewhere (Pokrovski et al., 2002a). Briefhg solid phase was placed in a titanium holder,
which is fixed in the upper part of the reactortisat it does not contact the solution at ambikift,
and the reactor is put vertically inTacontrolled (£1°C) furnace. Experimenfalwas calculated from
the degree of filling of the autoclave using BT Xproperties of the JD-NaCl system at 400°C and
600 bar (Anderko and Pitzer, 1993; Bakker, 2008) asuming that low concentrations of H®(
< 0.13n) and dissolved Cdq < 0.15m) do not significantly modify these properties. Thaximum
error of P estimations does not exceed +50 bar. At the ertldeofun, the reactor was quenched in cold
water to rapidly separate the solid from solution.

The dissolved Cd contents were determined by AAQuienched solutions and by weight loss
of the solid phase. The batch-reactor quenchingnigae is pretty efficient for measurements on
solids soluble at elevatédand in concentrated salt solutions for which samgyplechniques (flexible-
cell reactor, see below) may fail owing to solutegipitation during the fluid transfer from highP
to ambient conditions. However, the relatively poeproducibility of the weight-loss method and
eventual solid re-crystallization and metal adsorpbn the reactor walls inevitably result in el
detection limits of the quenching technique. Thiggéts were estimated to be ~0.00&.4 from
experiments in pure water and dilute NaCl soluti@@@nsequently the batch-reactor method was used
only for concentrated NaCl solutions (0=8m NaCl), where CdO and CdS solubility is at leasiveb
0.003n Cd. The weight-loss method failed also for someceairated NaCl runs (identified by «NA»
in Table 7), likely owing t@) the precipitation of NaCl crystals in the holdadan the pellet atyac
> 1, andb) the fragility of the remaining CdS pellet hampgrits accurate handling and weighing. In
such cases, the solubility was determined only fesralyses of Cd of the quenched solution. It was
found that steady-state concentrations were ataafter 4 and 7 days in CdO and CdS batch-reactor
runs, respectively. X-ray diffraction and SEM arsgly of solid phases after CdO solubility
experiments in HCI solutions (e.g., run O-25, Tablleshowed unidentified Cd oxy-chloride phases
together with CdO. Despite the dominant presenc€d®, which likely remains the solubility-
controlling phase, the formation of oxy-chlorideayraffect significantly Cl concentration and pH in



experimental solutions. Consequently, such rungwet used in further thermodynamic analyses. In
contrast, NaCl-bearing CdO- and all CdS-solubiléyperiments showed the only presence of
CdO=NacCl solid phases.

A flexible-cell reactor Coretest was used for Caukility measurements in pure,@ at 350-
400°C and 350-400bar. The efficient sampling arghreland inert chemical environment in this
reactor enables very low detection limits for Caimhy imposed by the limits of analytical technigue
(e.g., 1 ppb of Cd in solution for ICP-MS analysiEhis allows accurate solubility measurements in
pure water, which cannot be assessed using thechjmgntechnique above. The experimental setup
was similar to that described elsewhere (Pokroeskal., 2008). Briefly, the reactor consists of an
internal flexible titanium cell (150 mL) inside arge-volume (800 mL) stainless-steel autoclave with
water as a pressure medium. The vessel is insirie@a rocking furnace. A pellet of CdO together
with deionized water is placed into the cell. Dgrime experiment, small amounts of fluid phase (~2
g) are periodically extracted from the internall aeto a titanium sampling ampoule via titanium
tubing and two high pressure valves. The rapiddfitiansfer into the ampoule (< 1 s) under
experimentall-P allows avoiding solute losses from metal prectmtaor volatile degassing during
sampling at elevate®@ (Pokrovski et al., 2008). It was found that steathte concentrations were
attained in ~2 days after the 18sP change. After the experiment, the autoclave ideztbdown and
the remaining solid is recovered; its XRD and SEMlIgses showed the presence of CdO and minor
amounts (~10%) of Cd(Oklphase that likely to have been formed on cooling.

3. RESULTS FROM XAS EXPERIMENTS

3.1. Cadmium nitrate solutions at 17-300°C

Two nitrate solutions were examined, 01Gd(NGO;), — 0.10n HNO; and 0.0in Cd(NG), —
0.20n HNO; at T = 17-300°C and® = 1-600 bar. The XANES spectra of both solutiomkilat
identical energy positions and shapes at all teatpags, and are similar to Cd(R)&x4H,O, in
which Cd in the nearest atomic shell is coordinatgth 6 O atoms in an octahedral geometry
(Macdonald and Sikka, 1969). This suggests a sinoitgahedral environment for €din aqueous
solution to at least 300°C.

These observations were confirmed by EXAFS modelifitgs of both transmission and
fluorescence spectra yielded identical structuralameters for the first Cd atomic shell for both
solutions at allT (Table 1). Cadmium was found to be coordinated6k®.6 oxygen atoms at
2.28+0.02 A with no detectable changes ofatid R, with increasingl andP. These findings are in
excellent agreement with previous EXAFS, XRD andnRa spectroscopy studies (Bol et al., 1970;
Onhtaki et al., 1974; Caminiti and Johanson, 198mi@&i et al., 1984; Mosselmans et al., 1996). In
contrast, our results are somewhat different froemMEXAFS data of Seward and Driesner (2004) who
reported a decrease of the Cgldistance by ~0.04 A witf rise from 25 to 300°C atRin similar
nitrate solutions. No second shell around Cd wasctied over the studiefl range, suggesting that
neither ion pairing nor polymerization took plage duch dilute solutions. Thus, our and existing
structural data are consistent with the predomieasicthe octahedral Cd¢B)¢** cation in acidic
nitrate solutions.



Table 1. Average cadmium atomic structure in Cd@G- HNO; aqueous solutions as a function of
Cd concentration and temperature derived fromm{iteEXAFS spectra at the Cd K-edge.

Oxygen (O) backscatterrer

T°C P, bar E°, eV N atoms R, A o2, A? Ae, eV ®-factor
exp #1: 0.10én Cd(NO3), — 0.1In HNO3

17 1 26715.0 6.0 2.29 0.009 3.2 0.014
30 600 26714.8 6.0 2.28 0.008 2.8 0.012
100 600 26714.8 6.0 2.28 0.010 2.7 0.011
300 600 26714.8 55 2.29 0.015 2.0 0.040
exp #12: 0.01th Cd(NOs), — 0.22n HNO;

20 600 26714.8 59 2.28 0.009 2.7 0.007
100 600 26714.8 6.0 2.28 0.011 2.7 0.005
200 600 26714.8 5.9 2.28 0.013 2.0 0.007
250 600 26714.8 5.9 2.28 0.014 2.0 0.008
300 600 26714.8 5.6 2.30 0.016 1.2 0.010
error +10 +0.3 +0.6 +0.02 +0.002 +1.0

m denotes the number of moles of each solute pef igter (mol/kg HO); E° = maximum of the
first derivative of the main-edge spectrung Rcadmium-oxygen distancep number of oxygen
atoms;o% = squared Debye-Waller factor for Cd-O pathe;= non structural parameter accounting
for energy shift between experimental spectrumFREEBF calculation®-factor defines goodness of
the total fit in R-space as described in IFEFFIB\{Nille, 2001). For all samples the fitted k- and R
ranges were respectively 2.1-10.0 4nd 1.2-3.0 A, % = 1. The number of variables in the fi,N=

4; the number of independent pointggN- 9.

At 300°C the amplitude of the absorption edge deswe rapidly with time indicating a
decrease of total Cd concentration in solutiorelfikdue to the enhanced ¥dydrolysis and CdO
precipitation. This partial precipitation, howevesas found to have no influence on XAS spectra from
solution. AtT > 300°C, all Cd was completely lost from solutiont lvith decreasing below 250°C
the precipitate was re-dissolved, yielding identXAS spectra from solution to those recorded on
heating at the corresponding temperature.

3.2. Cadmium chloride solutions at 20-450°C
3.2.1. XANES analysis

At ambientT-P, the XANES spectrum of the solution with the lotvelsloride concentration
investigated (0.0 Cl) exhibits a similar spectral shape as that iofte solutions, indicating an
octahedral Cd environment. This is in agreemertt tié predominance of octahedral-like CglDht**
and CdCI(HO)s" complexes at such Cl concentrations (Fig. 1a)hWitreasingng, XANES spectra
take progressively a tetrahedral shape (Fig. 2hais & manifested bg) decrease of the white-line
amplitude of normalized spectra) appearance and growth of a new resonance at 26\W3&ndc)
disappearance of the resonance at ~26,765 eV atygfioctahedral structures. The main-edge spectral
shape aing > ~2 m is similar to those of tetrahedral-like coexgs of many metals and metalloids in
aqueous solution (e.g., Ge(QHPokrovski et al., 2000; Ga(OH)Pokrovski et al., 2002b; Fef)



Testemale et al., 2009). Linear combination fit€l. demonstrate that XANES spectra of all Cl-
bearing solutions may be reasonably describedesum of fractions of spectra from the solutions
with the lowest (0.0dh, ‘octahedral’) and highest (18R ‘tetrahedral’) Cl concentration
(Supplementary Table EA1-1). This is also in agrestmwith the results of principal component
analysis (PCA) using the ITFA program (Rossberglet2003), which identified only 2 independent
components in the nine spectra examined at 20°€pitdethe presence of at least 5 Cd chemical
species in the investigated Cl-concentration rafig. 1a). The stepwise formation of Cd chloride
complexes results in smooth and gradual changethdnspectral signature with increasing ClI
concentration (Fig. 2). Thus, in the absence oftspkestandards for each species in a mixtureheeit
LCF nor PCA allow accurate and unambiguous exwactf individual species fractions. More
gquantitative details on these analyses are givéieatronic Annex 1.

With increasingT at the sameng,, XANES spectra show a similar octahedral-to-tetchhl
transition. For dilute solutions (0.0¥and 0.12n Cl), these changes are gradual, occurring oveda wi
T range, at least from 100 to 300°C (Fig. 2b), whser®r concentrated solutions (0.77 — ®23l),
theT range of transition is narrower, with almost aftahedral features disappearing between 100 and
200°C (Fig. 2c). AfT > 400°C, XANES spectra of all Cl-bearing solutionibit typical tetrahedral
shapes (Fig. 2d). Pressure changes from 268 tob&0@&t 400°C have no detectable effect on the
XANES spectrum of the 0.0d Cl solution indicating that dominant species fi@t$ do not change
significantly at least in the studid®range. Like for ambient-temperature solutions, L@ddeling of
both XANES and EXAFS spectra at> 100°C shows that the whole series of solutiors givenT
may be matched within errors by the sum of diffefearctions of the spectra from two solutions o th
lowest and highest ClI concentration. Moreover, spestT > 300°C may be matched equally by the
sum of fractions of the ‘octahedral’ Edrom Cl-free nitrate solutions and the ‘tetrahddf@dCl s
+CdCLl?] from 5.2m - 18.2n Cl solutions (see EA1 for further details). SucBA.models yield,
however, too high fractions of octahedral °Cd CdCI (up to ~30-40% of total Cd) at ClI
concentrations of 0.1-In@at and above 300°C (see EA-1). The significantutsof such species at
supercriticalT disagree, however, with) HKF-model predictions indicating less than 10-160€d*

+ CdCI species fraction (Fig. 1bk) general tendency to form low-coordinated and weaklarged
or uncharged complexes at higih(Crerar et al., 1985)) our solubility results, implying negligible
amounts of Ct at 350-400°C. Again, this analysis demonstratesdifficulty for identifying the
spectra of individual species and quantifying ungonbusly their fractions in case of a mixture of
complexes exhibiting gradual spectra changes upeniricrease of ligation number ¢Nin the
complex with increasing Cl concentration.
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3.2.2. EXAFS analysis

Our conclusions from XANES spectra are compatilité vesults of EXAFS analyses (Tables
2-4). At ambienfT in the solution with the lowest Cl concentratidnOdm), the £' Cd atomic shell
contains ~0.8+0.7 Cl and ~5.5+0.7 O atoms with Cda@ Cd-O distances of 2.48+0.05 A and
2.30+0.05 A, respectively. The signal from oxygeackscatterrers largely dominates the EXAFS
spectrum of this most dilute chloride solution,ghyielding large uncertainties when extracting @e
parameters. The value of:Neported above may thus be regarded as a ‘datdatiit’ imposed by
the spectral statistics (see EA2 for quantitatitaisgical analysis). Despite large uncertaintibe,
number of CI around Cd in this solution is in ddcegreement with that predicted from
thermodynamic calculations, assuming that all CdeBmplexes are inner-sphere ((N= 0.6,
corresponding to ~60% of CdQh this solution, Fig. 1a). With increasing, at 20°C, the number of
Cl increases and the number of O decreases (FigTBis is accompanied by a slight increase of Cd-
Cl distances (from 2.48 A at 0.04CI to 2.53 A at 18.&1 Cl, Table 2), whereas Cd-O distances remain
constant within errors over the whole range of Ghaentration (2.30+0.05 A, Table 2). With
increasing m¢; and T, the overall EXAFS signal becomes dominated by b@ckscatterrers;
consequently, EXAFS fits yield large uncertaintigsthe oxygen parameters in solutions withre
Cl at 20°C and in all solutions dt > 200°C. Thus, potential changes in Cd-O distannethése
solutions withT might be hidden behind the uncertainties. Nevétise the presence of O in the first
coordination shell of Cd of all studied solutionashbeen further supported by Cauchy Wavelet
Transform analyses (see EA3 and Munoz et al., 2808)by EXAFS statistics (see EA2 and Kelly et
al., 2008). The inclusion of O in the model, even the most concentrated solution (18.Zl),
significantly improves both the-factor and reduced chi squagg of all fits (Table EA2-1). As a
result, “purely chloride” complexes having no watsslecules in the first coordination shell of Cé ar
unlikely to be dominant even in highly concentra@dolutions.



Table 2 Average cadmium atomic structure in Cg€INaCl — HCI aqueous solutions at 600 bar as a
function of solution composition and temperaturevael from fitting EXAFS spectra at the Cd K-edge.

Chlorine (Cl) backscatterrer Oxygen (O) backscatterrer
T°C E°% eV  Ng,atoms R, A 6%c, A2 No, atoms Ro, A 6%, A2 Ae, eV ®-factor

exp #9&11: 0.005n CdCl,-0.02m NaCl-0.01m HCI (total Cl = 0.04m)

20 26714.8 0.8 2.48 0.011 5.7 2.30 0.011 3.4 0.005
100 26714.8 1.2 247 0.013 5.2 2.30 0.010 3.3 0.004
200 26714.3 1.3 2.43 0.010 4.5 2.30 0.010 3.7 0.007
300 26713.8 2.2 242 0.010 3.4 2.30 0.011 3.1 0.003
400 26713.8 2.3 24%F 0.010 2.2 2.30 0.009 3.4 0.005
450 267134 2.3 24%F 0.013 2.2 2.30 0.008 3.2 0.009
exp #3: 0.01én CdCl,-0.1m HCI (total Cl = 0.12m)

20 26714.8 1.0 2.49 0.013 4.8 2.30 0.008 3.5 0.001
100 26714.7 1.3 2.46 0.015 4.6 2.30 0.008 3.5 0.002
200 267146 1.6 2.44 0.011 3.8 2.30 0.009 3.5 0.002
300 267140 2.5 2.43 0.012 3.0 2.30 0.011 3.0 0.002
400 267139 2.5 2.43 0.011 2.1 2.30 0.009 3.2 0.002
450 26713.7 2.5 2.47 0.009 2.1 2.30 0.01 3.4 0.001
exp #7: 0.0161 CdCl,-0.73m NaCl-0.0Im HCI (total Cl = 0.77m)

20 26714.3 1.6 2.52 0.015 4.0 2.30 0.008 3.3 0.001
100 267142 2.1 2.49 0.011 3.2 2.30 0.008 3.5 0.002
200 26714.0 2.6 2.46 0.010 2.1 2.30 0.010 3.6 0.001
300 26713.6 3.2 2.45 0.009 15 2.30 0.010 3.4 0.002
400 26713.6 3.3 2.44 0.010 11 2.30 0.009 3.3 0.003
450 26713.3 3.3 2.44 0.010 1.2 2.30 0.009 3.2 0.003
exp #4: 0.018 CdCl,-2.27m NaCl (total Cl = 2.30m)

20 267142 2.6 2.51 0.010 3.2 2.30 0.009 2.9 0.003
100 267139 3.1 2.48 0.011 2.1 2.30 0.006 3.3 0.003
200 26713.6 3.4 2.46 0.008 14 2.30 0.008 3.6 0.004
300 26713.6 3.4 2.46 0.008 11 2.30 0.009 3.6 0.001
400 26713.6 3.4 2.46 0.009 11 2.30 0.010 3.8 0.001
exp #2: 0.11% CdClI,-2.32m NaCl-0.12n HCI (total Cl = 2.67m)

20 26714.2 2.8 2.52 0.012 3.1 2.30 0.010 3.1 0.003
100 26714.0 3.1 2.48 0.011 1.9 2.30 0.008 3.2 0.005
200 267139 3.2 2.47 0.010 1.3 2.30 0.007 3.6 0.002
300 26713.7 3.2 2.46 0.011 1.2 2.30 0.008 3.8 0.002
400 26713.6 2.9 2.46 0.010 1.0 2.30 0.007 3.6 0.019
450 26713.6 3.0 2.46 0.010 1.0 2.30 0.007 2.9 0.011
exp #5: 0.02en CdCl,-5.17m NaCl-0.0Im HCI (total Cl = 5.23m)

20 267139 3.0 2.52 0.009 2.0 2.30 0.009 3.1 0.004
100 26713.7 3.1 2.48 0.009 1.3 2.30 0.009 3.2 0.003
200 26713.6 3.3 2.47 0.009 1.0 2.30 0.009 3.6 0.003
300 267135 3.0 2.46 0.009 1.0 2.30 0.010 3.6 0.001
400 26713.6 3.4 2.46 0.011 1.1 2.30 0.008 3.4 0.003
450 26713.6 3.4 2.46 0.009 1.0 2.30 0.008 3.4 0.004
Error* 0.3 +0.6 +0.01 +0.004 0.6 +0.05 +0.004 1.0

See footnote of Table 1. Number of variables infithid,,, = 7; number of independent pointggN~ 9.
* error on each EXAFS parameter for all experimgatdess indicated:

(a) error on Cd-Cl distance decreases from +0.@6 20°C to +0.01 A at 450°C

(b) error on Cd-Cl distance decreases from +0.@8 20°C to +0.01 A at 450°C



Table 3. Average cadmium atomic structure in concentrate@lEdiCI-HCI solutions at 20°C and 1
bar as a function of chloride concentration derifrech fitting EXAFS spectra at the Cd K-edge.

Chlorine (Cl) Oxygen (O)
T°C E° eV  Ng,atoms Re, A 6%, A2 No, atoms Ro, A 6%, A2 Ae, eV ®-factor

exp #13: 0.2én CdCl-6.63n LiCI-0.14m HCI (total Cl = 7.29m)

20 26713.8 35 2.50 0.008 0.9 2.30 0.006 2.0 0.002
exp #14: 0.34n CdCl-10.69n LiCI-0.16m HCI (total Cl = 11.53m)

20 26713.€ 3.7 2.51 0.008 0.9 2.30 0.008 3.3 0.003
exp #15: 0.34n CdCl»-17.35n LiCI-0.18m HCI (total Cl = 18.21m)

20 26713.€ 4.1 2.53 0.011 0.9 2.30 0.007 3.0 0.005
Error +0.3 0.7 +0.02 +0.004 0.7 +0.05 +0.004 +1.0

See footnote of Table 1.
Number of variables in the fit )l = 7; number of independent pointg/N~ 9.

Table 4.Average cadmium atomic structure in a @0@l solution at 400°C as a function of pressure
derived from fitting EXAFS spectra at the Cd K-edge

Chlorine (Cl) Oxygen (0)
P, bar E°, eV Ng, atoms R, A 6%, A2 No, atoms Ro, A 6%, A>  Ae, eV ®factor
600 26713.8 2.3 2.41 0.010 2.2 2.30 0.009 34 0.005
408 267135 2.1 2.42 0.011 1.8 2.30 0.010 3.3 0.006
310 267135 2.0 2.41 0.011 1.8 2.30 0.009 3.4 0.008
268 267135 1.7 2.41 0.010 2.1 2.30 0.010 3.4 0.008
Error 0.3 +0.7 +0.01 +0.004 +0.7 +0.05 +0.004 #1.0

See footnote of Table 1.

At the same CI concentration with increasihgthe average Cd-Cl distance systematically
decreases, whereas the Cd-O distance remains gbmsthain errors to at least 450°C (Table 2). At
the sameT, above 100°C, with increasingyg, Cd-O distances remain the same whereas Cd-Cl
distances increase slightly, similarly to the fimg at ambienT (e.g., at 450°C, R.¢ = 2.41+0.01
and 2.46+0.01 A at 0.04 and 5|, respectively, Fig. 3b). Normalized EXAFS spacand their
corresponding Fourier Transforms at 300°C (exp4#and 7) are shown in Fig. 4 and the derived
structural parameters are reported in Tables 12amtessure variations between 600 and 270 bar at
400°C for the 0.0dh CI solution yielded no detectable changes in timat parameters, with Cd
coordinated by ~2+0.7 Cl atoms at 2.41+0.01 A a#0-7 O atoms at 2.30+0.05 A (Table 4). At
above 300°C structural parameters derived from EXAtodeling for 2-81 Cl solutions are identical,
with 3.0+0.7 Cl atoms at 2.46x0.01 A and 1.0+0.At®ms at 2.30+0.05 A (Table 2). Examples of
experimental and modeled EXAFS spectra for @ and 5.2&1 Cl solutions at 400°C and 600 bar
are presented in Fig. 5. The constancy of Cd neighbmbers and distances, derived from EXAFS in
a wide range oifng; above 300°C, is in a good agreement with the atesefsignificant changes in the
corresponding XANES spectra (Fig. 2d). Despite ldrge uncertainties on numbers of neighbors
intrinsic to the EXAFS method, their average valaes consistent with the likely predominance at
supercriticalT of the tetrahedral uncharged CdCbmplex hydrated by ~2 water molecules and the



negatively charged Cd¢lhydrated by ~1 water molecule in the first cooatiion shell of Cd. It
should be noted that the XANES part of the spectigufar more sensitive than EXAFS to the cluster
geometry and symmetry (section 3.3 below) and firesides an independent confirmation of our
EXAFS interpretations.
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function of temperature for 0.64Cl (c) and 5.26 Cl (d) solutions. Shaded areas indicate the
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spectra analysis.



Our results at ambierit are in good agreement with previous EXAFS and XqRllies. At
higher T (> 200°C) our data may indicate the predominanced@Ig{H,0), in weakly saline fluids
and CdCJ(HO) in highly saline solutions. Our average R and Nies for Cd neighbors are in good
agreement with those for riLCl solutions to 200°C reported by Mosselmans e{(#96). Their
interpretation of those data in terms of Cd aquespesgies is, however, quite different from thabof
study, suggesting the formation of only two sped$* and CACS in their solutions. Although such
a scheme does not contradict to LCF analyses mstef the sum of these two end-member spectra
(see section 3.2.1 and EAL), it does contradidhéavailable stability constants for Cd-Cl species
(Sverjensky et al., 1997), which show that Cd sptemn at these conditions is dominated by at least
three chloride complexes, cdcedCl’ and CdCJ. Furthermore, as it was shown by the experiments
in Cl-free systems, a above 300°C the Cilis likely to be not stable (see section 3.1). Mugs,
existence of Cd and CdCf" as the major species in a same solution disagvitesyeneral physical-
chemical principles of stepwise chloride complexarignany similar metals. Our structural results are
also different from those of Seward and Driesn@04 who reported, from limited measurements at
250°C in a 0.0 CdC}, solution, shorter Cd-O distances (2.1 A) and lamgerage numbers of Cl
atoms (N, ~3) around Cd than those found in this study fOrGdm Cl solution. Their values of §\
contradict to the CI/Cd atomic ratio of two in thetudied solution. Note, however, that uncertesiti
on Ngy may be as large as £30-50% of thg Walue in such dilute solutions as shown in oudgtA
comparison of our derived average numbers of Ghatwith those calculated using available HKF
parameters for the four Cd-Cl complexes (Sverjeretkgl., 1997) demonstrates that EXAFS-derived
N¢ are systematically higher at all above 20°C (Table EA1-7). It means that at elel/dtehe
concentrations of such species ag*Guhd CdCl in the studiedn range solutions are lower than
those theoretically predicted. These species anemait elevated, and the Cd speciation is likely to
be dominated by higher-order chloride complexes.



Chapter IV. Structure and stability of cadmium clide complexes in hydrothermal fluids
(submitted article)
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Figure 4. Normalized k-weighted EXAFS spectra from Cd-bearing NaCl-HCl@aus solutions at
300°C and 600 bar (a), and their correspondingi€ptiransform magnitudes (b).
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400°C and 600 bar with 0.64Cl (a) and 5.261 CI (b), showing the contributions of O and Cl irth
EXAFS signal.

3.3. Quantum-chemical modeling of XANES spectra

Theoretical XANES spectra of different CgCl, clusters were calculated ab-initio using the
FD method of the FDMNES program and assuming odtaher tetrahedral O/Cl geometries around
the Cd atom with 2.30 A for Cd-O and 2.40 A Cd-Gian distances, according to EXAFS analyses.
Variations in Cd-O/Cl distances within ~0.1 A and ¢onvolution parameters (experimental
resolution, Fermi energy, convolution functionsg séso section 2.3) yielded only minor changes in
the width and amplitude of calculated spectra, aithaltering significantly the shapes and energy
positions of main resonances. The effect of H atfnesn H,O molecules) on the calculated XANES
spectra was found to be too weak to affect thejomatures and thus was neglected in the further
analysis.



Representative spectra are displayed in Fig. 6stdected Cd@Cl, clusters of different
symmetry and O/Cl numbers (Cg@l,, = tetrahedral, Cd§.Cl,, = octahedral, & m < 6). Four
main features are apparent in this figure as itieliCly vertical dashed lines) The major change is a
sharp decrease of the amplitude and a broadenitigeofhite-line (at ~26,718 eV, feature A, Fig. 6)
when changing from octahedral to tetrahedral gegmethatever the number of Cl or O atoms. This
evolution is very similar to that of experimentaAXES spectra with increasingandmg, (Fig. 2).b)

The white-line changes induced by the octahedrédti@hedral transition are accompanied by a shift
of the value of E (~26,713 eV, feature B, Fig. 6) by ~1-2 eV towdeodver energies. This is
comparable with the experiment which shows a syatiendecrease of °Eby 0.5-1.5 eV with
increasingT, particularly pronounced at low and moderatg (Table 2).c) With increasing the
number of Cl atoms in the cluster, large changeg@m the growth of a resonance at ~26,735 eV,
particularly pronounced in the tetrahedral geoméieature C, Fig. 6). The growth of the feature C
with T andmg, is also characteristic of the experimental spe(ffig. 2) and is consistent with the
increase of the number of Cl atoms revealed inddgrathy by EXAFS modeling (Table Z)) Within

the same geometry (octahedral or tetrahedral),tisuien of O by CI in the cluster results in a
relatively minor decrease of the white-line ammléuand width. In contrast, clusters containing 3 to
O/Cl ligands, like trigonal pyramidal CdClor linear or angular Cd(Cl/@)(not shown) are
characterized by spectra with distinctly lower atoples of the main-edge resonance (feature A, Fig.
6) than those of tetrahedral-like clusters andeaperimental samples. Thus, the main features of
theoretical spectra corroborate nicely both theedrpental XANES observations and quantitative
EXAFS analyses, confirming a coordination changeCdfin its Cl complexes from octahedral to
tetrahedral with increasing and mc;, and the increase of the number of Cl atoms indibminant
tetrahedral-like species with increasimg.
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Figure 6. XANES spectra of selected [CdOl,] clusters, calculated using the FDMNES code and
assuming octahedral or tetrahedral cluster geoesetith Cd-O and Cd-Cl average distances of 2.30
and 2.40 A, respectively. Vertical dashed lineglad A, B and C indicate the major spectra changes
discussed in the text (section 3.3).

3.4. Stoichiometry and structure of Cd-Cl complexesderived from XANES and EXAFS results
Results from both experimental and theoretical XAN&nd EXAFS spectra, together with
LCF and PCA analyses (see EAL), allow new conggramthe identity of the dominant Cd species in
Cl-bearing solutions. Although an experimental XAB&pectrum at giveh andmg may be a sum of
two or more species simultaneously present in thlatien as showed our LCF modeling, it is
tempting to compare it with calculated spectrairafividual Cd-O/Cl clusters. The experimental
spectra of nitrate solutions (exp #12) at 20°C Ewaconcentrated Cl solutions &t> 400°C (exp
#9&11) are strikingly similar to those calculateat the octahedral CdQand tetrahedral CdQGl,
clusters, respectively, both in shape and ampliafdee white line (feature A, Fig. 7) and the sato
resonance at 26,735 eV (feature C, Fig. 7). Thistel stoichiometry is also in agreement with the
numbers of Cl and O deduced from EXAFS modelingb(@&). The experimental spectrum of the



18.2m CI solution at 20°C (exp #15) and the theoretgmdctrum of the [Cd(]l cluster have similar
energy positions of features A and C (Fig. 7) biffecent amplitudes. Thus, the presence of
octahedral CdG{H,0)*> and/or pentahedral Cd£ICdCL(H,O)* cannot be excluded in this solution.
The detection of oxygen atoms by EXAFS and Waehetlyses in this solution seems to corroborate
this hypothesis.
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Figure 7. Comparison of selected experimental XANES spdatiecated in the figure with those of
different cadmium chloride hydrated complexes dated using the FDMNES code (see also Fig. 6).
Calculated spectra are corrected by 1-2 eV on tlergy scale to facilitate the comparison with
experiment. Vertical dashed lines labeled A anadicate the major spectral features discussecein th
text (sections 3.3 and 3.4).



The experimental XANES spectra of the most conagedr NaCl solution ak > 200°C g =
5.2m, exp #5, Fig. 7) and moderately concentrated olstatT > 300°C (g > 0.8m, exp #2, 4, 7,
not shown) are very similar to that of the Cdo@uister both in white-line shape and amplitudéhef
26,735-eV feature (Feature C, Fig. 7). Howeverseghieatures are different both for any octahedral-
like cluster and the tetrahedral CgCluster that shows a far more pronounced 26,73Besd@nance
(Fig. 7). Although the experimental spectra mayrberpreted equally as a sum of G and CdCJ
clusters, the striking constancy of the experinmespactra, from ~300 to 450°C, for the concentrated
Cl solution above 200°C apparent in Fig. 2b,c, miikely to be interpreted by the simultaneous
presence of two or more species. This is becagsspbcies fractions in a mixture should be expected
to evolve significantly in such a wideandmc, range, which would result in substantial changebé
overall spectral shape. Rather, this constancytpaint to the dominant presence dfiagle species
very likely Cd(HO)Cl;, in all solutions atmg > ~ 1m andT > 200°C. Similarly, the strong
resemblance of the spectra of low-concentratedisokiat 400°C (exp #9&11 and i8¢ < ~0.1m) to
that of the tetrahedral CdOl, (Fig. 7) and the absence of evolution in the expental spectra at >
400°C (Fig. 2b) both indicate the predominance single species, most likely CA{@),Cl,’. This is
also in agreement with the constancy within eradrthe EXAFS-derived average values of N and R
for O/CI neighbors around Cd in these low-Cl san§ at 400°C, corresponding to the average
stoichiometry CdGIO, (Table 2, Fig. 3c, 5a).

Note, however, that the absolute values @foNderived from EXAFS fits exhibit large
uncertainties (at least ~20-30% of the N value,|d&li-4) prohibiting unambiguous conclusions
about the stoichiometry of dominant species onstble basis of EXAFS results. Consequently, the
absolute number of neighbors derived from EXAFSuithde taken with care and the major support
of the Cd speciation scheme in Cl-bearing solutgiams from the XANES spectra analysis, which is
far more sensitive to the cluster stoichiometry gadmetry than EXAFS. The ‘apparent’ simplicity of
the Cd speciation scheme at supercritical tempersid00 and 450°C) inferred in this study, witl th
dominant presence of tetrahedral C4DBCI,° and Cd(HO)Cly, is also in agreement with the general
tendencies of metal-chloride complexation at eledatemperatures driven by the decrease of
dielectric constant and increase of thermal vibratihat reinforce the stability of neutral and low-
charged compact species for most metals (e.g.,aCretr al., 1985; Wood and Samson, 1998;
references therein). Consequently, based on theremgts discussed in this section, we assumed the
di- and tri-chloride Cd species as the main coutdls to the Cd speciation @t> 400°C. This
speciation model has been adopted in the analysiswability data below.

4. RESULTS FROM SOLUBILITY EXPERIMENTS

4.1. Solubility in pure water at 350-400°C

The solubilities of monteponite (CdO) measuredurepvater using the flexible-cell reactor at
350 and 400°C and pressures 300-400 bar are rdpnorfeable 5. Our solubility values cluster around
10'm Cd and show no significant trends in the investigd andP ranges. They are ~2 orders of
magnitude lower than theoretical predictions base@mbientT-P data and HKF-model correlations
for Cd* and its hydroxide species (Shock et al., 199 il§i discrepancies between experiment and
HKF model predictions were recently found for tledubilities of ZnO, CywO and CuO solids in }D



atT > 300°C (Bénézeth et al., 2002; Palmer et al., 200d¢ low Cd solubilities found in this study
demonstrate that Gdand its hydroxide complexes are likely to be rable in most highT-P
hydrothermal solutions of near-neutral pH containahloride ligands, in good agreement with the
XAS results of our study. Consequently,’Cand its hydroxide complexes were not consideretien
further thermodynamic analysis of data in Cl-begqusnlutions where solubilities are at least 3 ader
of magnitude higher.

Table 5. Solubility of monteponite (CdO, cubic) in pure wateeasured using the flexible-cell reactor
sampling technique.

Run Duration (days) T°C P, bar Mcq (Mol/kg H0)
CT350-Al 2 350 400 1.3x10
CT350-A3 4 350 400 1.3x10
CT350-A4 4 350 400 6.2x10
CT350-A5 7 350 400 1.1x10
CT350-A6 7 350 400 1.1x710
CT400-A7 9 400 400 2.0x10
CT400-A8 11 400 400 7.9x10
CT400-A9 14 400 300 1.1x70

4.2. Solubility in Cl-bearing solutions at 400°C ad 600 bar

Solubilities of CdO and CdS in concentrated NaClHd@utions measured using the batch-
reactor quenching technique are reported in Tablesd 7. In HCl-free runs, the CdO solubility
increases from ~0.004 to 0.064 with increasing NaCl concentration from ~0.1 tom-5These
solubility values in near-neutral NaCl solutions &5 orders of magnitude higher than those in pure
water demonstrating the formation of stable Cd tdocomplexes. As demontrated in Fig. 8, our
measured values of solubility in HCI-free soluticare at least two orders of magnitude higher than
HKF-model predictions based on the stability comstaf Cd-Cl complexes at loWP (Sverjensky et
al., 1997). In HCl-bearing runs CdO solubilitieg aystematically higher in comparison to HCl-free
solutions, but are much less sensitive to the Gtatoncentration. For example, in runs with 0.10-
0.13n HCI, with increasing NaCl concentration from 0.14tém the CdO solubility increases by only
a factor of two (from 0.05 to OniCd, Table 6). In addition, the solubilities measuire HCl-bearing
runs are somewhat closer to the HKF-model predisti(Sverjensky et al., 1997). This apparent
‘discrepancy’ with the HCI-free runs is unlikely toe related to eventual differences in the Cd
speciation, since XAS analyses yield identical itssun HCI-free and HCl-bearing NaCl solutions
(Table 2). Rather it is related to the high soiltie# of CdO at acidic conditions, comparable te th
initial HCI concentrations (Table 6). As a res@gO dissolution “neutralizes” almost all initial HC
so that the Ggla/H"iniias ratio in solution in equilibrium with Cd@is close to ~0.5 (Table 6) over a
wide mg, range, and is thus only weakly dependent on thiati@ns of ligand humber and stability of
Cd complexes formed. This was demonstrated by ibquiin calculations in the system CggHCI-
NaCl-H,O showing that the measured solubilities in HChriouns may be described within
experimental uncertainties using a wide range alikity constant values for a given Cd-Cl complex.
Consequently, the HCl-rich runs yield larger unaigties than those from HCl-free solutions when
deriving Cd-Cl stability constants (see Tables EA4-



Table 6. Solubility of monteponite (CdO, cubic) in,8-NaCl-HCI solutions at 400°C and 600 bar
measured using the batch-reactor quenching tecaniqu

RUN Duration Mass of Weightloss mcq Mcy Mey
(days) "o M fuid (@) C€dO (g) (WL) (AAS)  (mean)
H-101 10 0 0 11.566  0.0115 0.0077 0.00045 0.0041
F-104 7 012 0 13.780 0.0116 0.0066 0.0009  0.0038
F-101 7 077 0 12.838 0.0581 0.0370 0.0082  0.0226
o1 13 226 0 16.920 0.0588 0.0308 0.0270  0.0289
F4 7 513 0 19.609 0.1237 0.0643 0.0621  0.0632
0-25* 13 0 0.10 10.390  0.0062 0.0047 0.0191 0.0119
0-24 13 0.10  0.10 10.330 0.0619 0.0472 0.0451  0.0462
05 13 1.08 011 15060 0.1263 0.0699 0.0552  0.0626
o-4 13 231 011 16.750 0.1395 0.0741 0.0783 0.0762
0-101 4 231 012 14380 0.1929 0.1200 0.0828 0.1014
0-23 13 463 013 14100 0.1070 0.0755 0.1085 0.0920

WL = solubility determination by weight-loss of theolid after experiment; AAS = solubility
determination by atomic absorption analyses of ©dcentration in the quenched solution after
experimentimeg (Mean) = average value between WL and AAS methods.

Runsin italic show the detection limit of the technique.

*This run was not included in the analysis becatséiowed secondary solid phases formation (see
text).
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Figure 8. Solubility of monteponite (CdO, cubic) solubility aqueous solution at 400°C and 600 bar
as a function of NaCl concentration. Symbols dergerimental data points of this study; solid
curve corresponds to the solubility generated u€d@h’ and CdGJ stability constants derived in
this study (Table 8); dashed curve stands for Hieutated solubility using the HKF parameters for
Cd-Cl species from Sverjensky et al. (1997).



The solubility of greenockite (CdS) measured inilsimHCI-free NaCl-bearing solutions is
~10 times lower than that of monteponite (Table NQte, however, that CdS solubilities in these
solutions are close to the detection limit of teehinique (section 2.4) and thus are a subjectrgéiia
uncertainties than those for CdO. Neverthelessirtbasured solubilities are at least 100 times nighe
than theoretical predictions (Sverjensky et al97)9 In HCl-bearing solutions, CdS solubilities are
still 10-50 times higher than those in HCl-freeusimins and closer to those of CdO. This shows again
that the solubility in acidic solutions is imposby initial H concentration, thus rendering these
experiments little sensitive to the exact stoicletnyn and stability of Cd-Cl species formed in
solution. Despite these limitations, both CdO ardbGolubilities measured in Cl-bearing aqueous
solutions at 400°C differ significantly from theisttng predictions and thus require revision of the
available thermodynamic properties of Cd-Cl speciéss was achieved by combining bulk solubility

data with the XAS results obtained in this studytloa stoichiometries of the dominant aqueous Cd-Cl
complexes.

Table 7. Solubility of greenockite (CdS, hexagonal) iBfHNaCI-HCI solutions at 400°C and 600 bar
measured using the batch-reactor quenching techniqu

RUN Duration m m Mass of Weight loss mcq Mcg Mcg
(days) NaCl HCl fluid (g) CdS (g) (WL) (AAS)  (mean)

F-24 7 0 0 10.086 0.0018 0.0012 0.0011 0.0011
F-25 7 0.12 0 10.301 0.0042 0.0028 0.0019 0.0023
F-1 7 0.77 0 15.105 0.0041 0.0020 0.0010 0.0015
S-1 13 1.06 0 15.497 NA NA 0.0037 0.0037
S-23 13 2.27 0 12.107 NA NA 0.0042 0.0042
F-23 7 2.29 0 12.113 0.0039 0.0025 0.0018 0.0022
F-103 7 5.13 0 18.091 0.0076 0.0038 0.0020 0.0029
S-4 13 5.23 0 19.601 NA NA 0.0081 0.0081
S-25 13 2.27 0.02 12.603 NA NA 0.0096 0.0096
S-5 13 2.28 0.11 16.385 NA NA 0.0401 0.0401
S-101 13 0 0.10 11.823 NA NA 0.0445 0.0445
S-103 13 0.10 0.10 12.008 NA NA 0.0303 0.0303

See footnote of Table 6. NA = not available.

5. DERIVATION OF THE STABILITY CONSTANTS OF CADMIUM CHLORIDE
COMPLEXES AT 400C

5.1. Thermodynamic conventions, standard states, drdatabases

The standard state of solid phases ap@ 4 unit activity for the pure phase at @landP.
For aqueous species, the reference state convertiosasponds to unit activity coefficient for a
hypothetical in solution whose behavior is ideal. All concentrasiare expressed as the number of
moles of each solute per one kg of wdtanl/kg HO), and equilibrium constants are given on the
molality scale. Activity coefficients of charged esjes are calculated using the Debye-Hiickel



equation with the extended term parametgicbwhich is a function ofT and P (Oelkers and
Helgeson, 1990), those of uncharged complexes assemed to be one. Calculations of solid phase
solubilities and aqueous species distribution dabilties were performed using the HCh software
package (Shvarov and Bastrakov, 1999; Shvarov,)20@8ed on the minimization of the Gibbs free
energy of the system. The HKF equation-of-stateupaters of the main fluid constituentsG{ H',
OH, Na', CI, NaCP and NaOH were adopted from the SUPCRT database (Johnsah, €t992,
http://geopig.asu.eduand those for HEland HS/HS were taken from Tagirov et al. (1997) and
Akinfiev et al. (2008), respectively. The thermodwymic properties of monteponite (CdO, cubic) were
taken from Naumov et al. (1974) and Wagman etl@i82) and those of greenockite (CdS, hexagonal)
from Robie and Hemingway (1995). The ion*Cénd hydroxide complexes Cd(QH) were
excluded from modeling of experiments in Cl-bearigglutions because of their negligible
contribution (< 10m Cd), as shown by our solubility measurements i@edt. 1).

5.2. Calculation of the stability constants of CdGf and CdCl; aqueous complexes at 400°C and
600 bar

The limited number of solubility runs and the lownsitivity of the solubility to ClI
concentrations do not allow direct identificatiofi the dominant Cd-ClI complexes from these
experiments (see section 4.2.). The choice of Qce@ags species for the description of measured
solubilities was thus guided by our XANES and EXAfESults (see section 3.4), which indicate the
dominant presence of Cdfhnd CdCJ at T > 300°C in the wide range of Cl concentrations. In
accordance with these findings, at 400°C/600 bdr @hconcentrations below @ CdO and CdS
solubilities may be described by the formationhef heutral CdGf complex according to:

CdQg) + 2HCP(aq) = CdCf*(aq) + HO Ku (1)
CdSs) + 2HCP(aq) = CdCf(aq) + HS’(aq) Ko (2)

Water molecules identified by XAS analyses in tgecies are omitted in these equations because
they have no effect on solubilities in solutionghmivater activity close to 1. Unfortunately, thess

to the detection limit solubility of both CdO andd® in dilute CI solutions in batch-reactor
experiments does not allow accurate derivation gpfildrium constants of reactions (1) and (2).
Alternatively, these values may be obtained fromSXdata and the stability of CdCderived from
solubility data below.

For concentrated CI solutions (> B a single dominant species, CgCilvas chosen in
accordance with our XANES and EXAFS results. l@biity constants were calculated from 14
batch-reactor solubility experiments on CdO and @d$Solutions withmg > ~0.8 (Tables 6, 7, EA4-

2, EA4-3) adopting the following reactions:

CdQg) + 2HCP(aq) + Cl = CdCk + H,0 Ks ©)
CdSs) + 2HCP(aqg) + CI = CdCk + H,S(aq) K, (4)

The calculated values of lg#; and logK, are 13.9+0.6 and 6.6+1.0, respectively. Both corist
are ~6 orders of magnitude greater than existindr lgkedictions (Sverjensky et al., 1997). Note that
the derived K and K, values yield similar Gibbs free energies for GdGhus further confirming the
validity of our measurements yielding self-congistesults on the dominant CdGtomplex in HO-



Cl-S-bearing solutions atc, > 0.8 from independent solubility measurementsaaf different solid
phases (CdO and CdS).

The amounts of Cdgland CdCF species obtained from LCF analyses of XANES speatr
Cl-bearing solutions (Table EA4-1) allow calculatiof the stability constant of the reaction:

cdck’(aq) + Cl = CdCk Ks (5)

The derived value of lggKs is 1.0+£0.2 and almost independent of ionic striergicause the activity
coefficients of the two charged species, d&lid CdCJ cancel in this reaction. This value is one order
of magnitude higher than HKF-model predictions {}gg= -0.003 at 400°C/600 bar, Sverjensky et
al., 1997). The latter theoretical value implies fiedominance of Cd£lin concentrated Cl solutions
(Fig. 1b), which is inconsistent with both XANESdesolubility data of this study. Using the valués o
Ks, K4y and Ks derived in this study, the equilibrium constanfsreactions (1) and (2) may be
calculated, logK; = 12.9+0.8, logK, = 5.6+1.2 at 400°C/600 bar (Table 8). Again, thesees are
~5 orders of magnitude higher than the HKF estiometi

Table 8. Stability constants of cadmium chloride complexes\wd in this study.

Reaction T°C P,bar logK
CdQy) + 2HCP(aq) = CdCf(aq) + HO (1) 400 600  12.9:0°8
CdSs) + 2HCP(ag) = CdCl’(aq) + HS’(aq) 2) 400 600 5.6+1%2
CdQy) + 2HCP(ag) + Cl = CdCE + H,0 3) 400 600  13.9+0%
CdSs) + 2HCF(aq) +Cl = CdCk + H,S(aq) (4) 400 600  6.621°0
CdCl’(aq) + Cl = CdCk (5) 400 600  1.0402

4Calculated from (b) and (c).
®Derived from solubility measurements.
°Derived from LCF modeling of XANES spectra.

The derived stability constants of the major G8i@hd CdCJ species allow predictions of
Cd-bearing minerals solubilities in supercriticglothermal fluids over a wide salinity range. &nc
be seen in Fig. 8 that the solubility of Gg@h a NaCl solution at 400°C/600 bar calculatechgsiur
stability constants is at least 1.5 orders of magie higher than the HKF-model predictions, which
are based on stability constants of Cd-Cl specsdswb 100°C and theoretical correlations amongst
thermodynamic parameters (Sverjensky et al., 199@hsequently, we do not recommend using the
available HKF equation-of-state parameters fornesting the Cd speciation and solubility at
supercriticalT-P even for dilute solutions. The XAS data obtainethis study also indicate that these
low-temperature based HKF predictions are notfeatisry even at low-to-moderate temperatuies (
~ 100-300°C) leading to underestimation of the Gi@hd CdCJ (section 3.2). It is clear, however,
that more experimental data on Cd speciation amab#ity in a wide T-P range are required to
provide a self consistent set of data for the m@jdrchloride complexes and to accurately model the
transport of this metal by hydrothermal fluids.



5.3. Computational uncertainties

The derivation of stability constants of Cd-Cl spedn saline supercritical fluids is a subject
of different types of uncertainties whose princigalurces are briefly addressed below. The first
source of uncertainties on the equilibrium constasaiues reported in Table 8 stems from solubility
determinations. Errors on CdO solubilities in cartcated NaCl solutions (>mi Cl) do not exceed
10% of the total dissolved Cd, which correspondst0.1 unit of log K. This uncertainty mostly
reflects the variations between the weight-lossho@tand AAS analyses of Cd in the quenched
solutions. The uncertainty increases significaatower NaCl concentrations where CdO solubilities
approach the detection limit of the quenching téplnm and errors may attain ~0.5 log unitgref
for some runs (e.g., run F-101, Table 6; S-1, T@khl§ hese uncertainties are also elevated faC @8
runs because of the lower CdS solubility.

The second source of errors stems from the desivaif Cd species identities and fractions
from XANES spectra. Only major species could benified from both LCF fits of experimental
XANES spectra and their comparisons with theoretgeectra calculated using quantum-chemistry
methods. From XANES spectra analysis, the maxiroatribution of species like CdCand CdCf
in our solutions at 400°C is expected to be < 10%tal Cd for each complex. Errors of LCF for the
spectra of 0.1-2r@ Cl solutions at 400°C using the Cd@nd CdCJ spectra from the low (0.04)
and high (5.8) concentrated solutions as end-members are typisal0% of the species fraction.
These variations, put together, result in an esf@.2-0.4 log unit for the value ofsK

The third potential source of uncertainties stemmnf the choice of the major species
thermodynamics and the activity coefficients of tneluand charged species in@®+NaCl/LiCI-HCI-
CdCl, solutions. At ambient-P, the contribution of this type of error is weak thlute solutions (<
1m CI). However, it increases dramatically at highidostrength for concentrated LiCl solutions (7-
18m CI), attaining errors of more than 30% of the $pedraction when computing the Cd species
distribution using the extended Debye-Huckel mddebctivity coefficients (e.g., Fig. 1a). Errars
calculated activity coefficients were discussedtail by Pokrovski et al. (2006) in their work $if
speciation and solubility at conditions similardar study. For highT-P solutions, the domain of
applicability of the Debye-Hiickel model is widerath at ambient conditions (e.g., Oelkers and
Helgeson, 1990). In addition, the activity coefiitis of charged species (@hd Cd() are almost
canceled in reactions (3), (4), and (5), so thatesponding constants are only weakly dependent to
the ionic strength. Although the activity coeffiote of most neutral species are virtually unknown i
supercritical saline fluids, they are expected dacel, at least partly, in reactions (1) and (2)isT
source of uncertainties remains, however, poorlystained and, following Pokrovski et al. (2006),
we thus expect an additional potential error ofdhaer of +~0.2 log units for the K values repdrie
Table 8.

6. COMPARISON WITH ZINC AND GEOLOGICAL IMPLICATIONS

The speciation of cadmium in Cl-bearing hydrothdrfhads investigated in this study may
be compared with that of its chemical analog, zimbjch was a subject of many solubility and
spectroscopic studies. Although zinc is also trarteg in the form of tetrahedral-like chloride
complexes in saline solutions at elevale(Buback, 1983; Marley and Gaffney, 1990; Andersbn
al., 1995; Mayanovic et al.,, 1999; Bassett et &0® Liu et al., 2007), there exist significant
differences as to the stoichiometry and stabilitZn and Cd chloride complexes. The major Zn-Cl



complexes identified by Raman and X-ray absorptgpectroscopy atl above 300°C are
ZnCIZ(HZO)Z0 and zZnCJ)* (Buback, 1983; Mayanovic et al., 1999; Bassetalet 2000; Liu et al.,
2007), whereas CdgH,0),’ and CdCJ(H,O) are the dominant Cd forms as shows this study.
Considering the higher affinity of Cd than Zn fdret chloride ligand particularly at elevatdd
(Arhlard, 1979; Crerar et al., 1985), the “absencktetrachloride water-free complex for Cd may
seem somewhat strange. However, our both XANESEXAIFS analyses reveal unambiguously the
presence of oxygen in the first coordination sbélCd even in highly concentrated CI solutions and
the number of chlorine atoms systematically lesth over the wide range af and mq. This
strongly suggests that the C¢Ctomplex is never a dominant Cd species in Aighsolutions. The
weak stability of this doubly charged species atvafed temperatures is in line with the general
tendency to form compact and uncharged or weakiyged chloride complexes with lower ligand
numbers with increasing and decreasing the fluid dielectric constant (eBgimhall and Crerar,
1987). It should be noted here that the availablsiiu spectroscopic data for Zn-Cl complexes at
elevatedT are rather scarce and do not cover systematittedlgufficient range af, andT to reveal
unambiguously changes in species structures amchgtmetries as a function of these parameters.
One of the major limitations is the difficulty teetkct, using EXAFS spectroscopy, the presence of
oxygen atoms (i.e., water or hydroxide ligands)thie first coordination shell of the metal in its
chloride complexes. In addition, the interpretatidrXAS spectra using LCF and PCA approaches in
case of a mixture of species in solution is ratteicate, and should be confirmed by thermodynamic
analyses as it is shown in this study. In viewhase limitations, the interpretation of spectrogcop
results in terms of ZnGi at T above 300°C would require more support from furtigstematic
studies. The existence of Zn€lspecies as the major form of Zn in higiGl-bearing solutions is also
questioned by available solubility data (Ruaya &wlvard, 1986; Bourcier and Barnes, 1987;
Plyasunov and Ivanov, 1991; Cygan at al., 1994;dMegski et al., 1998). Consequently, because of
large uncertainties on the Zn&lstability and structure in high-P hydrothermal fluids, we ignored
this complex and adopted in further analyses tharntbdynamic properties of the much better known
mono-, di- and tri-chloride species as compiled Suerjensky et al. (1997) and reported in the
SUPCRT database (Jonhson et al., 188D;//geopig.asu.edu/

The combination of these data with those obtaimedhis study for Cd-Cl complexing
provides new insights about the behavior and foaetion of these metals in hydrothermal systems.
Despite large similarities in the identity and stuwe of the major di- and tri- chloride Zn and Cd
complexes, the stability of Cd-Cl species are S§icgmtly greater than that of their Zn analogs,
particularly at elevated. This may lead to preferential fluid enrichment®y compared to Zn at high
T and salt contents. This is demonstrated by calonks of Zn and Cd concentrations in a NaCl-
bearing fluid at 400°C and 600 bar in equilibriuthaa Cd-bearing sphalerite containing 0.01 wt% of
CdS in isomorphic substitution (Fig. 9). These ckdttons were performed using the thermodynamic
properties of Zn-Cl complexes discussed above gtlod€£d-Cl species from this study, and assuming
an ideal solid solution between shpalerite ZnS gmegtnockite CdS. It can be seen in Fig. 9 that the
Cd/Zn weight ratio in the fluid phase increasesfre0.001 to 1 when the fluid salinity increasesrfro
~0.00In to Im NaCl. This systematic increase is consistent vatiservations of Cdvs Zn
enrichments in volcanic gases (e.g., Symonds etl883) and hydrothermal minerals precipitated
from base-metal ore forming saline fluids (e.g.pCet al., 2009). Although thabsolutevalues of
Cd/Zn ratios in the fluid phase from our model a@nbe compared directly with those found in




natural systems, because the latter depend on featyrs like the Cd content in the solubility-
controlling minerals, the nature of Cd-bearing matg or the fluid sources, thielative change®f
Cd/Zn ratio calculated with increasing NaCl concatntn in the fluid are very similar to those found
in natural systems. For example, the range of @&iCfluid ratios predicted by our model is fairly
comparable to that between the mean crustal v&dézf ~ 0.001-0.003, Rudnick and Gao, 2003
and high-temperature HCI-rich volcanic gases thatwsthe highest Cd enrichment (Cd/Zn ~ 0.1-1.0,
Pennisi et al., 1988; Symonds et al., 199%us, the Cd/Zn ratio in fluids and hydrothermmaherals
might be a useful indicator of chloride content aadinity during the evolution of hydrothermal-
volcanic fluids. More data on Cd contents from naitéluid inclusions and ore deposits are required
for the quantitative use of this potential geocleathiracer.

1C pre———
: (400°C 600 bay ]
L ZnS (99.99 wt%) - CdS (0.01 wt%) -
1 j
S - _
3 3 :
= [ ]
= 0.1 -
c C
N B 1
U L
O I E
0.01F ]
0.001_----' ool ol ol o
0.001 0.01 0.1 1 10
rnNaCI

Figure 9. Cd/Zn mass ratio in a fluid in equilibrium with al®earing sphalerite as a function of NaCl
concentration at 400°C and 600 bar. Calculation®werformed using the stabilitity constants of Zn-
Cl and Cd-ClI species from Sverjensky et al. (198%) this study, respectively.



7. CONCLUDING REMARKS

In this work we combined in situ XAS spectroscopythwsolubility measurements to
characterize systematically over a witk range (20 - 450°C, 1 - 600 bar), acidity (pH <8), and
chloride concentration (0.01 # < 18) the identity and stability of aqueous Cd caewpbk
responsible for the Cd transport by saline hydnotizé fluids. Results show that the Cd speciation in
acidic to neutral aqueous chloride solutions at lamd moderate temperatures £ 300°C) is
dominated by a range of octahedral GBLO)e... ™ (0 <m < 1-2) and tetrahedral CAdgH,0)s..> ™"
(2 <m < 3-4) species, with the latter complexes becommegl@minant with increasingandmg,. The
average number of Cl atoms in the dominant comglelexived from our XAS data demonstrates
reasonable agreement with thermodynamic calculagp@rformed with reported in literature stability
constants of cadmium chloride complexes for ambieriut is systematically higher for elevatéd
At supercritical T-P in a wide range of Cl concentrations (to at lee&n NaCl), the Cd aqueous
speciation is controlled by two tetrahedral-likeesigs, CdG(H,0)," and CdCJ(H,O), having
average interatomic Cd-Cl distances of 2.41+0.02 246+0.03 A, respectively, and Cd-O distances
of 2.30+0.05A.

The stoichiometry and structure of these Cd congdeate similar to their base metal analogs
Pb, Ni, Co, Cu, Ag forming tetrahedral-like weaklyarged or neutral chloride species having 1 to 3
Cl ligands, which is in agreement with the geneemdencies of metal-chloride complexing with
increasingT (e.g., Seward, 1984; Susak and Crerar, 1985; Bdingmd Crerar, 1987; Berry et al.,
2007). The predominance of low-charged low-Cl lidarumber species for Cd found in our study
disagrees with the dominant formation of Z{Cand FeCGf suggested from XAS measurements in
supercritical NaCl solutions (Mayanovic et al., @99estemale et al., 2009). This discrepancy might
reflect both physical limitations of X-ray absomti spectroscopy for analyzing light and disordered
atomic shells, composed of light atoms (O vs CH #re lack of extensive solubility data for Cd and
many other metals in supercritical NaCl-rich sans that are the main transporting media for these
metals.

The stability constants of Cd{iH,0),’ and CACJ(H,0) species derived via combination of
XAS and solubility data at 400°C and 600 bar areorders of magnitude greater than theoretical
predictions from low-temperature data (Sverjenskale 1997). Our new data were used to model
Cd/Zn ratios in hydrothermal fluids. The modelitpws that at 400°C and 600 bar the Zn/Cd ratio in
a fluid in equilibrium with a Cd-bearing sphaleritecreases by ~3 orders of magnitude with
increasing NaCl concentration from 0.001 toni.Orhus, the Cd/Zn ratio might be a sensitive
indicator of salinity changes in hydrothermal preszs.

In this study, the combination of complementarsiitu spectroscopy and solubility methods
with quantum-chemistry and thermodynamic modeliag hllowed generation of new data on Cd
speciation and solubility in high-hydrothermal fluids, which is difficult to obtainsing a single
approach. These first data will be helpful for imgng thermodynamic models for highP fluids
and for better interpreting Cd behavior in hydrothal-volcanic environments. Work is currently in
progress to obtain more experimental and natuttal & both Cd and Zn, and to develop a physical-
chemical and geochemical basis for the use of CddZins as a tracer of hydrothermal and volcanic
processes.
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Supplementary Electronic Information
Electronic annex 1

Results of LCF and PCA modeling of XANES spectra de  rived in this study and
their comparison with available thermodynamic predi ctions (Sverjensky et al.,
1997) at 20, 100, 200, 300, and 400C

1.1. XANES spectra of Cl-bearing solutions at amtbienditions

Linear combination fit (LCF) analyses of experin@@ANES spectra were performed using
the Athena program (Ravel and Newville, 2005) aifféiebnt spectral standards chosen amongst the
experimental solutions (see below). The LCF modeiliras complemented by principal component
analysis (PCA) using the ITFA program (Rossberg.e2003) on different series of XANES spectra.

LCF analyses demonstrate that XANES spectra o€hbearing solutions at 20°C may be
described as the sum of fractions of spectra floensblutions with the lowest (0.4 ‘octahedral’)
and highest (1818, ‘tetrahedral’) Cl concentration (Table EA1-1). Tlésalso in agreement with the
results of principal component analysis (PCA, Resgbet al., 2003), which identified only 2
independent components in the nine spectra exanaheéxd°C, despite the presence of at least 5
chemical species in the investigated Cl-conceuatnatange (Fig. 1a, main text). The fractions of
‘octahedral’vs. ‘tetrahedral’ group of species derived from LCHE &CA for dilute fne; < 0.12m) and
concentrated solutionsng, > 5.2m) are in good agreement, within ~10% of speciestifsa, with
those corresponding to the sum of fC#l CdCI] and [CdC} + CdCl,] calculated using the available
stability constants for these species (see Fignlhe main text; Table EAl-1). This confirms the
observations in previous studies of octahedraétahedral changes of cadmium chloride complexes
geometry with increasingy, with C* and CdCl being octahedral and CdCand CdCJ tetrahedral
(e.g., Drakenberg et al., 1978; Arhland, 1979; Riasc et al., 1983; Sharps et al., 1993). The
agreement between species fractions from LCF armmibdynamics is, however, worse at
intermediate Cl contents (07mg, < 5.23n) in the domain of the Cdg€lspecies predominance (Fig.
la; Table EA1-1). It may be due to the simultaneexistence in solution of both octahedral and
tetrahedral configurations for the CdCkpecies and thus partly explain the disagreememning
available studies as to the geometry of the €d@mplex at ambient conditions (Arhland, 1979;
Caminiti et al., 1980; Paschina et al., 1983; Aaderand lIrish, 1988). It should be noted, however,
that the choice of the “tetrahedral” standard mlap ampact the LCF results. It can be seen in Eig.
of the main text that the XANES spectra of the betial species Gtland CdCl are very similar, but
the spectral differences amongst GACCdCE, and CdCf are much more significant (see also
section 3.3 in the main text). Thus, the LCF ressdépend weakly on the octahedral standard, but may
be affected significantly by the chosen tetrahedtahdard. For example, the use of the 5.23
solution (exp #5) with the dominant CdC+ CdCl + CdCl* species (Fig. 1a of the main text) as the
tetrahedral end-member instead of the 8@ solution (exp #15) with the dominant C¢Clyields
better agreement between LCF-derived and thermanligadly predicted octahedral versus tetrahedral
species fractions, if Cd€lis assumed to be tetrahedral. It should be natedtber, that the stepwise



formation of complexes results in very smooth spéathanges. Consequently, in the absence of
spectral standards for each Cd-Cl species neit@&ror PCA allow accurate extraction of individual
species fractions from a mixture of complexes.

1.2. XANES spectra of Cl-bearing solutions at eledaemperatures

Similarly to the ambient-temperature solutions, L@Bdeling of both XANES and EXAFS
spectraat moderate temperatures (100°CT<< 300°C)shows that the whole series of solutions at
each T may be described by the sum of two end-membems, sthiution with the lowest Cl
concentration or the Cl-free nitrate solution whiepresents the standard for the ‘octahedral’ sgeci
such as Cd or CdCI having very similar XANES spectra, and the coneatl Cl solution (512 -
18.2m ClI), which is used as the ‘tetrahedral’ standavdh CdCk and CdCF as the dominant
species, according to HKF model predictions. Destie uncertainties as to the choice of tetrahedral
end-member spectra, we observed systematicallgtzehifraction of tetrahedral speciesTat 100-
300°C derived from LCF modeling as compared to Hif&dictions (Sverjensky et al., 1997; Tables
EA1-1,-2,-3,-4). This indicates that the stabititief octahedral species £@nd CdC! according to
Sverjensky et al. (1997) are likely to be overeated afl > 100°C.

Like their lower temperature analogs, the speatraupercritical temperatures (400°C and
450°C)can also be described as a sum of those fromitttatensolution as the “octahedral” standard
and the 5.&h NaCl solution as the “tetrahedral” standard. Shitshyield, however, too high fractions
of octahedral Cd/CdCI" (up to 35% of total Cd) at Cl concentrations df-0.0m (Table EA1-5). The
elevated amounts of such species at supercritididagree witta) HKF-model predictions indicating
less than 10-15% of CdCkpecies fraction (Fig. 1b) whereas our averagevhlues found from
EXAFS spectra are systematically higher than tipesdictions (Table EA1-7)y) general tendency to
form low-coordinated and weakly charged or unchadrgemplexes at high (Crerar et al., 1985))
our solubility results, implying negligible amourdsCdf* at 350-400°Cql) tetrahedral-like shapes of
all solutions afl > 300°C (see Fig. 2 in the main text). Again, tmalgsis demonstrates the difficulty
of identifying spectra of individual species andantifying unambiguously their fractions in the case
of species mixture exhibiting gradual spectra clkeangpon the increase of ligation numbeg )M the
complex.

Alternatively, both XANES and EXAFS spectra of @ll solutionsat 400 and 450°@an be
accurately described (within £5-10% of each spefiastion) as a sum of different fractions of two
‘tetrahedral’ spectra from solutions with Omi4nd 5.281 Cl (Table EA1-6). A sharp change from the
predominance of the 0.0%end-member’ ¥ 70% of total Cd) to the predominance of the f2@nd-
member’ takes place between ~0.1 andm0@l in solution (Table EA1-6). Aboven2 ClI, all
investigated solutions demonstrate very similar X#8\spectra (90+10% of the 5r@3tandard, Table
EA1-6). As explained in the main text, this obsépratogether with the striking similitude of ab-
initio calculated spectra of [CdOl,] and [CdOCY] clusters with the experimental spectra from low-
Cl and high-Cl solutions at 400 and 450°C strorgyiggests that the Cd speciation at supercritical
temperatures (400 and 450°C) is likely to be doreitdy tetrahedral Cd@d),Cl,° and Cd(HO)Cl;.

This simplicity might be ‘questioned’ by PCA anadgsusing the IND function (Malinowski,
1977; Rossberg et al., 2003), which yields 4 ‘irefegent’ factors in the Cd-Cl XANES data matrix at



400-450°C. However, any attempt to isolate thesmpaments from XANES spectra using PCA
algorithms failed, likely because @af) the insufficient contrast between different XANESectra
exhibiting very smooth changes as a functiommegf at theseT, b) the presence of small fractions of
other complexes, and the increasing spectral noise at higland eventual minor amplitude and
energy shifts between spectra during their acdoisitvhich might result in an overestimation of the
number of independent factors by PCA (e.g., Maliskiv1991). In contrast, simple LCF analyses
with XANES spectra of the most dilute (0r@4l) and most concentrated (B@Zl) solutions as the
independent components allowed description withiore of the whole spectral set at thé@sglrable
EA1-6).

Supplementary Table EA1-1.Linear combination fits of Cd-bearing solutioas 20°C and their
comparison with the distribution of CdGlcomplexes according to Sverjensky et al. (1997)*.

LCF of XANESspectra mol % of total Cd*
exp# mCl  %«octa» Yotetrar ¢d cdch® cdcL’ CdCk  CdCl”
12 0.00 100 0 100 0 0 0 0
9,11 0.04 89 11 37 58 5 <1 <1
3 0.12 78 22 20 64 15 1 <1
7 0.77 61 39 3 35 43 16 3
4 2.30 38 62 <1 8 32 33 27
2 2.67 31 69 <1 8 32 32 28
5 5.23 18 82 <1 1 15 27 57
13 7.29 7 93 <1 <1 5 14 81
14 1152 3 97 <1 <1 2 8 90
15 1821 O 100 <1 <1 1 6 93
error +10 +10

LCF=linear combination fits of XANES spectra; %@et fraction of the octahedral standard with
Cd(H,0)s** from the spectrum of Cd(NJ-HNO; solution, exp #12 at 20°C; %«tetra»= fraction of
the tetrahedral standard, presumably Gd€ICdCL?*, from the spectrum of 182Cl solution, exp
#15 at 20°C;

*Mole fractions (in mol %) of CdGt" in experimental Cd-bearing Na/LiCI-HC| aqueoususiohs are
calculated using HKF model parameters of Sverjemslgl. (1997).

Supplementary Table EAl1-2.Linear combination fits of Cd-bearing solutioas 100°C and their
comparison with the distribution of CdGlcomplexes according to Sverjensky et al. (1997).

LCF of XANESspectra mol % of total Cd*
exp# Mg %«octa» %«tetra»  Cd CdCL* CdCL® CdCk  CdClL*
12 0.00 100 0 100 0 0 0 0
9,11 0.04 86 14 39 57 4 <1 <1
3 012 71 29 19 64 16 1 <1
7 0.77 46 54 6 49 38 8 <1
4 230 16 84 2 26 45 24 3
2 267 9 91 2 25 45 25 4
5 523 0 100 1 13 37 38 11
error +10 +10

%«octa»= fraction of the octahedral standard witl{HBO)s"* from the spectrum of the Cd(N@
HNO; solution, exp #12 at 100°C; %«tetra»= fractionhef tetrahedral standard, presumably G4€l
CdCk + CdCl?, taken from the spectrum of the 5128l solution, exp #5 at 100°C.



Supplementary Table EA1-3.Linear combination fits of Cd-bearing solutioas 200°C and their
comparison with the distribution of CdGlcomplexes according to Sverjensky et al. (1997).

LCF of XANESspectra mol % of total Cd*
exp# mey Y%«octar Yo«tetrar Cd* CdCL* cCdcL’® CdCk CdCl*
12 0.00 100 0 100 0 0 0 0
9,11 0.04 76 24 17 72 11 <1 <1
3 0.12 57 43 8 66 25 1 <1
7 0.77 24 76 2 37 51 10 <1
4 2.30 5 95 1 19 52 26 2
2 2.67 0 100 1 18 52 27 2
5 5.23 0 100 <1 10 44 40 6
error 5 +5

%«octa»= fraction of the octahedral standard witlfH3O)s** from the spectrum of Cd(N§-HNO;
solution, exp #12 at 200°C; %«tetra»= fraction lo¢ tetrahedral standard, presumably Glel
CdCk + CdCl?, taken from the spectrum of 5r8% solution, exp #5 at 200°C.

Supplementary Table EAl-4.Linear combination fits of Cd-bearing solutioas 300°C and their
comparison with the distribution of CdGlcomplexes according to Sverjensky et al. (1997).

LCF of XANES spectra mol % of total Cd
exp# mg  Y«octa» Yo«tetrar ¢d CdCL* cCdcL’® CdCk  CcdCl*
12 0.00 100 0 100 0 0 0 0
9,11 0.04 54 46 3 58 39 1 <1
3 0.12 38 62 1 40 56 3 <1
7 0.77 15 85 <1 15 66 18 <1
4 230 5 95 <1 7 55 36 2
2 2.67 <5 > 95 <1 7 54 37 2
5 523 0 100 <1 4 42 48 7
error +5 +5

%«octa»= fraction of the octahedral standard witfiH3O)s** from the spectrum of Cd(Nf-HNO;
solution, exp #12 at 300°C; %«tetra»= fractionh# tetrahedral standard, presumably Gd@ken

from the spectrum of 5.23Cl solution, exp #5 at 300°C.

Supplementary Table EA1-5.Linear combination fitsOcta + Tetra” of Cd-bearing solutiongt
400°C and their comparison with the distribution of Cd{3tomplexes according to Sverjensky et al.
(2997).

LCF of XANES spectra mol % of total Cd
exp# Mg Y%«octa» Yo«tetrar ¢d CdCL* CdcL’® CdCk  CdCl*
12** 0.00 100 0 100 0 0 0 0
9,11 0.04 35 65 <1 20 78 2 <1
3 0.12 24 76 <1 15 82 3 <1
7 0.77 11 89 <1 5 70 24 1
4 230 <5 > 05 <1 3 46 44 8
2 267 O 100 <1 2 43 44 10
5 523 0 100 <1 1 23 50 26
error +5 +5

%«octa»= fraction of the octahedral standard, GBJ* from the spectrum of the Cd(N@-HNO;
solution, exp #12 at 300°C; %«tetra»= fractionh# tetrahedral standard, presumably Gd@ken
from the spectrum of the 5.28CI solution, exp #5 at 400°C.

**at 300°C



Supplementary Table EA1-6.Linear combination fit§Tetra + Tetra” of Cd-bearing solutionat
400°C and their comparison with the distribution of Cdotomplexes according to Sverjensky et al.

(1997).

LCF of XANES spectra mol % of total Cd*
exp# Mg Y«tetra-1» Yb«tetra-2» Cd CdCL* CdCL® CdCk CdCl”
9,11 0.04 100 0 <1 20 78 2 <1
3 0.12 70 30 <1 15 82 3 <1
7 0.77 25 75 <1 5 70 24 1
4 230 10 90 <1 3 46 44 8
2 267 10 90 <1 2 43 44 10
5 523 0 100 <1 1 23 50 26
error +10 +10

«tetra-1»= fraction of the tetrahedral species Gd§thndard taken from the spectrum of @02l

solution, exp #9,11 at 400°C; %«tetra-2»= fractafrthe tetrahedral species CdQGtandard taken
from the spectrum of 5.23Cl solution, exp #5 at 400°C. The results of thi&H.modeling were used
in the derivation of the stability constant of treaction: CdGP(aq) + Cl = CdCL . The details are

given in Electronic Annex 4.

Supplementary Table EA1-7.Average number of chloride atoms around Cd in NACI-CdCh
aqueous solutionat 20, 200, 300, and 400°@erived from EXAFS analysis, compared with the
average Cl ligation number calculated accordingverjensky et al. (1997).

expht Mo Ncj, 20°C Ny, 100°C N, 200°C N, 300°C Ny, 400°C
' "EXAFS HKF | EXAFS HKF| EXAFS HKF| EXAFS HKFA EXAFS HKF

9,11 0.04 0.8 0.7 1.2 0.7 1.3 0.9 2.2 1.4 2.3 1.8
3 0.12 1.0 1.0 1.3 1.0 1.6 1.2 2.5 1.7 2.5 1.9
7 0.77 1.6 1.8 2.1 1.5 2.6 1.7 3.2 2.( 3.3 2.2
4 2.30 2.6 2.8 3.1 2.0 3.4 2.1 3.4 2.3 34 2.6
2 2.67 2.8 2.8 3.1 2.1 3.2 2.1 3.2 2.3 2.9 2.6
5 523 3.0 3.4 3.1 2.5 3.3 2.4 3.0 2.6 3.4 3.0
error +0.6 +0.6 +0.6 +0.6 +0.6




Electronic annex 2

Statistical analysis of O/Cl and O+CI models of EXA  FS spectra of selected
experimental solutions at 20 and 400C

The EXAFS statistical parameters for evaluatinggbedness of fit ar@-factor, which is the
fraction of misfit between experiment and modelj aeduced chi squagg®, which takes into account
the degree of freedom and uncertainties of each paint (see Kelly et al., 2008 for details). The
statistical significance of a model including b@hand CI in the first Cd shell in comparison with a
model containing a single shell of O or Cl was gpadl using the equation of Kelly et al. (2008):

2
—X“iz -12 zq/g
Xt v

Where,YuiZ: reduced-chi-square of the single-shell modely&@ilor O); )(Uf2 = reduced-chi-square
of the mixed-shell model (Cl +O)y = degree of freedom in the fit {\- N,,-~ 3 for all spectra). For
the EXAFS spectra derived in this study this egqumatiorresponds to:

2

Xi__1516

2

Xut

Thus, all the EXAFS fits with a single (O or CI ghlatomic shell were compared with the
corresponding fit using a mixed O+Cl atomic shieltan be seen in the last column of Table EA2-1
that the inclusion of both Cl and O atoms in thedsults in statistically significant improvemeoft
the EXAFS model for all studied solutions, excdmttof the lowest Cl concentration (Onf4at
ambient temperature (see section 3.2.2 in the teatrfor discussion).



Supplementary Table EA2-1.Comparison of structural and statistical paramed€ESXAFS fits with
a single (O or Cl only) and mixed (O+Cl) first atenshell around Cd for selected solutions.

2 X

Atom N, atoms R,A o’, A Ae, eV factor x,° =%5
Xt

exp #9&11 (total Cl = 0.04n) 20°C

Model-1 (CI only) cl 01415  2.43+0.02 0.007 -12.10020 205 7.1

Model-2 (O only) o) 55+0.7  2.30+0.05 0.007 3.2 01 89 1.3
cl 0.8+0.7  2.48+0.05 0.010

Model-3 (Cl + O) o) 57:0.7  2.3040.05 0.010 >4 0005 77

exp #9&11 (total Cl = 0.04n) 450°C

Model-1 (CI only) cl 1.840.7  2.36+0.03 0.006 -89 .085 779 143.6
cl 2.3+0.7 2414001 0.010

Model-2 (Cl + O) o) 22407  2.304£0.05 0.010°2 0009 65

exp #5 (total Cl = 5.28&1) 20°C

Model-1 (Cl only) cl 3.3+0.8  2.49+0.02 0.010 -29 .08 963 109.6
cl 3.040.6  2.52+0.01 0.009

Model-2 (CI+0) o 50407 230+0.05 000931 ~ 0004 92

exp #5 (total Cl = 5.28n) 450°C

Model-1 (Cl only) cl 3.0+0.7 2462001 0009 24 02l 325 33.7
cl 3.4+0.6  2.46+0.01 0.011

Model-2 (CI+0) 4 10407  2.3040.05 00084 ~ 0004 56

exp #15(total Cl =18.2Mn) 20°C

Model-1 (CI only) Cl 3.8+05  2.53+0.02 0.009 0.020 136 8.7
cl 41+06  2.53+0.02 0.011

Model-2 (Cl + O) o) 00:0.7  2.30£0.05 0.007 >0 0005 46

See footnote of Tables 1 and 2 in the main texekplanation of EXAFS parameters.



Electronic annex 3

Continuous Cauchy Wavelet Transform analysis of EXA  FS spectra of selected
Cd-ClI solutions

Supplementary Figure 1.Continuous Cauchy Wavelet Transform (CCWT, Munioal ¢ 2003) of Cd
K-edge EXAFS spectra of 0.6¥and 5.2n of total Cl solutions at 20 and 450°C and 600 bad of
7.3m and 18.tn of total Cl solutions at 20°C and 1 bar. Each brappresents®weighted
experimental spectrum, its Fourier Transform magldi and CCWT modulus showing the
localization of each EXAFS contribution ik, (R) space. The color intensity is proportional to the
magnitude of the CCWT modulus (blue=low, red towmshigh). The vertical lines indicate the
maximum intensity positions for O and CI neighbarsund the Cd absorber. It can be seen that
except the 0.0# ClI solution at 20°C where the CI contribution isak (< 1 Cl atom, see Table 2 in
the main text and Electronic Annex 2 above), dikeotspectra clearly indicate the presence of both O
and CI atoms in the first atomic shell of Cd aqueecomplexes.
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Electronic annex 4

Derivation of CdCI ,° and CdCl 5 stability constants at 400 and 600 bar

The derivation of stability constants at 400°C &00 bar were performed using the results of
LCF of XANES spectra for Cl-bearing solutions andiGC and CdS solubility measurements.
Calculations ofmg- and optimizations of individual values Gibbs fregergy of agueous cadmium
chloride complexes were performed with the HCh mogpackage (Shvarov, 2008) was used. This
was achieved by adjusting the Gibbs free energyegabf each chosen species at 400°C and 600 bar
to match the experimental solubility values. Dstabout the choice of the dominant species can be
found in the in main text (section 3); they cor@sgp to the following reactions:

CdQg) + 2HCP(aq) = CdCl(aq) + HO (1)
CdSs) + 2HCP(aq) = CdCi(aq) + HS(aq) )
CdQg, + 2HCP(ag) + Cl = CdCk + H,0 3)
CdQg) + 2HCP(aq) + Cl = CdCk + H,S’(aq) (4)
CdCl(aq) + Cl = CdCk (5)

Supplementary Table EA4-1 Derivation of the stability of reaction (5) from EQractions of CdGP
and CdC{ in XAS experiments

LCF of XANES spectra Cdgl+ CI = CdCk
exp# Mg T°C P,bar me- %CdCl’ %CdCk logio K(5)
3 0.12 400 600 0.03 70 30 1.10+0.20
7 0.77 400 600 0.35 25 75 0.96%0.30
4 2.30 400 600 1.01 10 90 0.97+0.30
2 2.67 400 600 1.00 10 90 0.97+0.30
error +10 +10

LCF=linear combination fit modeling of XANES and BRS spectra; %Cdgl = the fraction of
standard for Cd@] (0.04 mCl solution spectrum at 400°C); %CdEthe fraction of standard for
CdCk (5.23n Cl solution spectrum at 400°C).



Supplementary Table EA4-2 Derivation of the stability constants of reacti¢hsand (3) from CdO
solubility measurements

Measured solubilityncg AG®, kd/mol
Run Mo Mua (WL)  (AAS) average CdCL%aq) CdCk  logiK(1) logioK(3)
F-104 0.12 O 0.0066 0.0009 0.0038 >-472 - <13.8 -
F-101 0.77 O 0.0370 0.0082 0.0226 - -605+£10 - 14.3+0.8
0-1 226 0 0.0308 0.0270 0.0289 - -599+3 - 13.9+0.2
F-4 513 0 0.0643 0.0621 0.0632 - 59%1 - 13.940.1
0-25* 0 0.10 0.0047 0.0191 0.0119 - - - -
0-24 0.10 0.10 0.0472 0.0451 0.0462 -400£70 - 8.3t54 -
0-5 1.08 0.11 0.0699 0.0552 0.0626 - -595+15 - 13.6+1.2
0-4 231 0.11 0.0741 0.0783 0.0762 - -600+£10 - 14.0+0.8
0-101 2.31 0.12 0.1200 0.0828 0.1014 - -610+£10 - 14.7+0.8
0-23 4.63 0.13 0.0755 0.1085 0.0920 - -590+£10 - 13.2+0.8

See footnote of Table 6.
AG® is the apparent molal Gibbs free energy of theces at 400°C and 600 bar as defined in
Sverjensky et al. (1997).

*this run was excluded from thermodynamic analyssaused showed secondary Cd-CI-OH solid
phases.

Supplementary Table EA4-3 Derivation of the stability of reactions (2) and {febm CdS solubility
measurements

Measured solubilityincg AG®, kd/mol

Run Mac Mua (WL)  (AAS) average CdCL’ CdCk  logiK(2) logioK(4)
F-1 0.77 O 0.002 0.0010 0.0015 >-495 - <7.9 -

S-1 1.06 O - 0.0037 0.0037 - -618+20 - 7.6+1.6
S-23 227 0 - 0.0042 0.0042 - -610+10 - 7.0+0.8
F-23 229 O 0.0025 0.0018 0.0022 - -608+10 - 6.8+0.8
F-103 513 0 0.0038 0.0020 0.0029 - -505+10 - 5.8+0.8
S-4 523 0 - 0.0081 0.0081 - -610+10 - 7.0+0.8
S-25 2.27 0.02 - 0.0096 0.0096 - -600+20 - 7.0+1.6
S-5 228 0.11 - 0.0401 0.0401 - -580+30 - 4.7+2.3
S-101* O 0.10 - 0.0445 0.0445 <-410* - >1.3* -

S-103* 0.10 0.10 - 0.0303 0.0303 <-390* - >-0.3* -

See footnote of Table 7.

*Only a minimal value oAG of the dominant cadmium chloride complex candierated from these
runs (see in the main text for details).



References for Electronic annexes

Anderson, B.G., Irish, D.E., 1988. Vibrational sppatstudies of solutions at elevated temperatures
and pressures. X. Raman spectral study of aquemdimiom bromide solutions at 25 and
200°C. J. Solution Chem. 17, 763-775.

Arhland, S., 1979. Complex formation in protic apdotic media. Pure Appl. Chem. 51, 2019-2039.

Caminiti, R., Licheri, G., Paschina, G. Piccalu@a, Pinna, G., 1980. X-ray diffraction and struatur
properties of aqueous solutions of divalent metédrides. Z. Naturforsch 35, 1361-1367.

Crerar, D., Wood, S., Brantley, S., 1985. Chemamadtrols on solubility of ore-forming minerals in
hydrothermal solutions. Can. Miner. 23, 333-352.

Drakenberg T., Bjork N.O., Portanova R., 1978. Cadml113 nuclear magnetic resonance study of
cadmium (Il) halide complexes in water and dimethyfoxide. Phys. Chem., 82, 2423-2426.

Kelly, S.D., Hesterberg, D., Ravel, B., 2008. Arsadyof soils and minerals using X-ray absorption
specroscopy. Methods of Soil Analysis. Part 5. Malagical Methods, p. 387-463, Soil Sci.
Soc. Am., Madison, USA.

Malinowski, E.R., 1977. Depermination of the numbéfactors and the experimental error in a data
matrix. Anal. Chem 49, 612-317.

Malinowski, E.R., 1991. Factor Analysis in Chemjs2™ Edition, Wiley.

Munoz, M., Argoul, P., Farges F., 2003. Continucaschy wavelet transform analyses of EXAFS
spectra: a qualitative approach. Amer. Mineral.@8l-700.

Paschina, G., Piccaluga, G., Pinna, G., Magini,1483. Chloro-complexes formation in Zp€dCh
aqueous solutions: An X-ray diffraction study. he@. Phys. 78, 5745-5749.

Ravel, B., Newville, M., 2005. ATHENA, ARTEMIS, HEHRAESTUS: data analysis for X-ray
absorption spectroscopy using IFEFFIT. J. SynchroRadiat. 12, 537-541.

Rossberg, A., Reich, T., Bernhard G., 2003. Corgiler of uranium(VI) with protocatechuic acid —
application of iterative transformation factor aysa¢ to EXAFS spectroscopy. Anal. Bioanal.
Chem., 376, 631-638.

Sharps, J.A., Brown Jr., G.E., Stebbins J.F., 1898etics and mechanism of ligand exchange of
Au(lll), Zn(ll), and Cd(ll) chlorides in aqueous labons: An NMR study from 28-98°C.
Geochim. Cosmochim. Acta 57, 721-731.

Shvarov, Yu. S., 2008. HCh: New potentialities foe thermodynamic simulation of geochemical
systems offered by windows. Geochem. Intl. 46, 834-
http://www.geol.msu.ru/deps/geochems/soft/indexihtm

Sverjensky, D.A., Shock, E.L. Helgeson, H.C., 19i&diction of the thermodynamic properties of
aqueous metal complexes to 1000°C and 5 kb. Geodbasmochim. Acta 61, 1359-1412;
http://geopig.asu.edu/index.html/




Chapter IV. Structure and stability of cadmium clide complexes in hydrothermal fluids
(submitted article)

122



Chapter V. MODELING OF Cd/Zn RATIOS IN
HYDROTHERMAL FLUIDS AND VAPORS AND
COMPARISON WITH NATURAL OBSERVATIONS

This chapter is devoted to the analysis of Cd/Zsan model systems pertinent to base-
metal bearing hydrothermal solutions described etaits in previous chapters. In addition, this
chapter presents results on Zn and Cd solubility @artitioning in low-density hydrothermal vapors
(density < ~0.4 g/cfiy and during immiscibility phenomena in a watert-sgktem. Finally, it analyses
the data on Zn/Cd ratios in high-temperature vatcaondensates of Kudryavy volcano as an example
of natural hight vapor phases. This chapter consists of four sextieirst, we present, based on data
reported in previous chapters, the revised thermaihyc properties of Cd and Zn chloride complexes,
and use them to model Cd/Zn ratios as a functioh 8fand Cl content in dense hydrothermal fluids
(section V-1). Second, we present the results pilcd experiment on ZnO and CdO solubilities in
pure water and low saline hydrothermal vapors (@ed/-2). Third, we report the results of vapor-
liquid partitioning measurements for Cd and Znhea HO-NaCl-HCI two-phase system and use these
data to predict the evolution of Cd/Zn ratios inling hydrothermal fluids (section V-3). Finally,en
briefly describe analytical results of our field lkat the Kudryavy volcano, in an attempt to preva
physical-chemical interpretation of Cd/Zn ratiosviolcanic gases (section V-4). The experimental,
analytical and field sampling techniques used is fhart of the thesis are presented in detail in
Chapter 1. A part of experimental data from vapquid experiments and details of volcanic
condensates analyses are given in Supplementatgsiiabp Chapters V.

V-1. Derivation of thermodynamic properties for Gahd Zn chloride
complexes and modeling of Cd/Zn ratios in densarmsahydrothermal fluids

The prediction of Cd and Zn transport and fractimmain highT-P geological fluids requires
knowledge of thermodynamic properties of their ddl® complexes, which are the major carriers of
these metals in natural fluids in a widleP range. The ensemble of experimental results regart
previous chapters of the manuscript, together withitical analysis of available literature datiwak
derivation of the thermodynamic parameters of Ca@@hplexes within the framework of the revised
HKF equation of state. The derivation procedurerisfly outlined below.

The values of standard partial Gibbs free energ@ouﬁationAfGozgg and entropies %S¢ for
CdCrI', CdCk(aq) and CdGl were taken from the review of Archer (1998) asuised in Chapter
lll. The corresponding enthalpies of formatitwii®,gs for these three complexes were calculated from
values ofAG%gg ;sand $ye515and using entropy values from CODATA (1989) fangle compounds
whose AG s and AH s are equal to zero by definition (Cd(metal)(G&s), H(gas), H). The
standard partial molal volumes’),; and associated; - a, HKF parameters of all four cadmium
chloride complexes were derived from the presswpeddence of complex stabilities from our
potentiometric measurements at 25°C and pressut@9d bar, as detailed in Chapter Ill. The Born
coefficients w were calculated with the UT-HEL program (Shvar@@08) using the correlation



betweenw and $,95 (Shock et al., 1989). The standard partial mokdthcapacities ,@298,15 and
associated HKF parametersand ¢ for the first three Cd-Cl complexes were regressitd the UT-
HEL using the stability constants for Cd{faqg) and CdGl at 400°C and 600 bar derived from our
XAFS and solubility data (Chapter IV), and the dtgbconstant for CdCl at 10-250°C and R
according to Palmer et al. (2000). For CAClthe AG s 15 value was determined from our
potentiometric measurements (Chapter III). Theoqnych)zgg_ls was estimated using the theoretical
method proposed by Hovey (1988). This method isdbasn the linear correlation between the
nonsolvation (nonelectrostatical) contribution he standard entropy¥\(S’gs.19 for the Cd* ion and

its three chloride complexes and the number ofigands (chloride ions) in the complex. This non-
electrostatical contributiom(.Sozg&lg to the standard entropy%&;,lg is calculated as

An80298.15: g)298.15' ASSO298.15 (V_l)

whereAS g5 15is the electrostatic contribution to the standamttopy calculated a8 508 15= WY,
where w is a Born coefficient and is a Born function for entropyY(= -5.811C°, Tanger and
Helgeson, 1988). The Born coefficient was deterahineing the total entropy values for all Cd-Cl
complexes as adopted above and a correlation bet®eg ;s and w from Shock et al. (1989). For
Cd?*, the values ofw and $,s 15 Were taken from Shock et al. (1997) and CODATAS8AQ
respectively. Our XAFS and solubility data at 40@Gf@l 600 bar (Chapter 1V; Bazarkina et al., 2009)
show that at thes@-P even in concentrated NaCln@ solutions, the amount of Cd€ldoes not
exceed 10% of total dissolved Cd (Chapter 1V). @guoently, this amount was used to estimate the
highest possible value of Cd€lstability constant at 400°C/600 bar, and to deiisecorresponding
heat capacity 53298,15 and ¢ and ¢ parameters using the procedure described aboves, These
values should be considered as maximum estimatdsmare measurements are required to provide
an accurate set of HKF parameters for the Gt€becies. The thermodynamic parameters of Cd-Cl
species derived in this study are reported in T¥kle

A detailed literature analysis of Zn-Cl complexes given in Chapter |, and their
stoichiometries and structures reported from spectpic works are compared with those found for
Cd-Cl species in Chapter IV. This analysis suggiststhe dominant zinc chloride complexes in high
temperature T > 200-300°C) hydrothermal solutions are Zh@nCL%(aq) and ZnGl. ZnCl?* is
likely to be very weak. Despite some discrepangiethe stability constants for these species from
different authors, the dataset proposed in theevewf Sverjensky et al. (1997) seems to provide the
best agreement with this speciation scheme, amsltthis set was adopted in the further analysis. It
should be noted, however, that accurate spectr@saop solubility data are necessary to resolve the
current discrepancies among the Zn-Cl complexes. ddtimations of Cd/Zn ratios in hydrothermal
fluids that follow should thus be regarded as sguaintitative, but they nevertheless provide useful
insights into the potential use of the Cd/Zn ratsca tracer of fluid composition and evolution.



Table V-1. HKF parameters for cadmium chloride complexes wsatbtermined in this study.

HKF parameters cdcl CdCh’(aq)  CdCy cdcl”
AG%es15  (cal Cmol®) 52629 -84883 -115399  -145583
AH %9515 (calCmol?) -57508 92023 134139 156589
20815 (cal Omol &™) 7.06’ 25.72) 45.18) 50.61"
Co 20815 (cal Cmol 'K ™) 11.7 116.6) 97.8 42.5)
V%8 15 (cntCmol ™) 2.28 4227 63.47 81.3%
a,[10 (calol'Bar") 2.230% 7.5227 10.8045  13.8329
a,10? (cal COmol ™) -2.3357  10.5852 18.5994 259938
as (cal & Cmol “bBar?) 6.6687 1.589% -1.560%8  -4.4669
a,10* (cal K Cmol™) -2.6824  -3.2166 -3.5479  -3.85368
C1 (cal ol &™) 16.6729  73.701% 72.0278  53.6809
c,10* (cal B Omol ™) -0.7693%  20.5958 16.8832  5.6267
w1o° (cal ol ™) 0.4372) -0.049%) 0.9378 2.4766

In bold — values derived in this study, in bolditta- preliminary estimates (see text).

Y Taken from Archer’s review of NBS data (Archer983,

% Determined from potentiometric measurements;

¥ Calculated using\G%es15 and $,0515and entropy values of Cd(metal),.@Bs), H(gas), H

from CODATA (1998);

4 Calculated from linear correlation between norcietstatic contribution of entropl,S°ses.15
(DS 205.15= Sr0s.15- NS 20819 and ligand numbem for n = 0 to 3 (Cd", CdCI', CdCh(aq), and
extrapolated tm = 4 (CAC}?);

® Calculated from XAFS and solubility data at 40Ga@ 600 bar (see text for details).

® Calculated using the correlation @fWwith S 15 (Shock et al, 1989).

Table V-2. HKF parameters for zinc chloride complexes fromergansky et al. (1997),
http://geopig.asu.edu/index.html/

HKF parameters (units) ZnCl ZnCLY(aq) ZnCk
NG05.15 (cal Cmol™) -66850 -98300 -129310
AH 65 15 (cal (ol ™) -66240 -109080 -151060
L0515 (cal Cmol K™ 23.00 27.03 25

Co 20815 (cal Cmol K™ 19.9 34.7 41.97
Vo615 (cntCmol ™) -1.28 24.82 53.9
a,[10 (calhol™*bar?) 1.6583 5.1486 9.5636
a,[10? (cal COmol™) -3.7293 4.7929 15.5732
as (cal K Cmol “bar") 7.2088 3.8592 -0.3779
a,10* (cal B ol ™) -2.6248 -2.9771 -3.4227
C (cal ol 'K ™) 19.6947 26.1528 42.2912
c,10* (cal K Cmol ™) 1.0191 4.0338 5.5147

w/10° (cal ol %) 0.2025 -0.038 1.2513




The results of our modeling of the Cd/Zn ratio yufothermal fluids in equilibrium with Cd-
bearing sphalerite as a functionro, T, P are presented in Fig. V-1. These calculationsgperéd
with HKF parameters for Cd-Cl and Zn-Cl complexeparted above (Tab. V-1, V-2) show that
increasing temperature and chloride content wittreesing pressure results in highest Cd/Zn ratios.
The effects of temperature and chloride concentmaffluid salinity) are much stronger than that of
pressure and can result in changes in Cd/Zn natilwid of up to 4-5 orders of magnitude (Fig. V.-1)

It should be noted of course, that compositionnitfal sphalerite affect significantly these diags
resulting in increasing Cd/Zn ratio with increasioyCd content in shpalerite in equilibrium with
fluid. Thus, it can be assumed that tidesolutevalues of Cd/zZn ratios in different natural sejtin
cannot be compared directly without analyses ofl fhources. In the same time, ttedative changes

of Cd/Zn ratio within one geological object may izate changindl-P-m¢, parameters during fluid
evolution. This conclusion can be confirmed by ratulata with wide variations of Cd/Zn ratio in
hydrothermal ores, modern hydrothermal solutiond anicanic gases (e.g., Qian, 1987; Metz and
Trefry, 2000; Schvartz, 2000; Gottemsmann and Kar2p87; Cook et al., 2009) in contrast with
rather constant Cd/Zn ratio in the hosted rockhefEath’s crust (e.g., Rudnick and Gao, 2003).
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Figure V-1. Cd/zZn ratio in a hydrothermal fluid as a functiohfluid salinity at 200°C and 600
bar (a) and at 400°C and 600 bar (b), as a funcidemperature at 600 bar and 1m
NaCl fluid salinity (c) and as a function of presswat 300°C at 0.1m NacCl fluid

salinity (d).



V-2. Solubility of CdO and ZnO at 350-400°C and 2200 bar

Although the thermodynamic properties of Cd andcBloride complexes obtained above can
be applied for modeling of Cd and Zn transport aoldibilities in dense saline fluids (typical degsit
above 0.5 g/cr), they cannot be applied to low-density aqueoudrdthermal vapors because of the
physical limitations of the HKF model (e.g., Plyasu and Shock, 2001). In this part of work, we
attempted to provide the first experimental data@dO and ZnO solubilities in low-density vapor
(density < 0.3 g/ci) at 400°C. In addition, we measured the oxide sibiies in pure water at 350
and 400°C to assess the importance of hydroxideplexes of these metals. All measurements were
performed using the flexible-cell Coretest reaetith rapid sampling (see Chapter | for details)eTh
experimental results and their analysis in term&rd€d ratios are briefly presented below.

Results from measurements in pure water

Although the solubility of CdO in pure water at 3%00°C and 300-400 bar was already
briefly mentioned in chapter IV (Bazarkina et @009, submitted), here we complete these data with
ZnO solubility results and compare both metals.nBodO and ZnO solubilities in pure water are
given in Table V-3 and displayed in Fig. V-2. Theasured solubilities are 1.0 x40 (+ 0.3x10'm)
for Cd and 2.0 xIfm (+ 2.5x10°m) for Zn on average and show no detectable evaiukibhin the
studiedT-P-density range. Our ZnO solubilities are in decagreament with those recently reported
by Bénézeth at al. (2002) at 350°C and 175-268Kigr V-2). For CdO, there are no published data
at highT, to the best of our knowledge, and thus our messents provide the first pioneering results.
Both ZnO and CdO data may be compared only witlrdtecal HKF model predictions given by
Shock et al. (1997), which are based on ambienpéeature data for Cd and Zn hydroxide
complexes, theoretical correlations between HKF-@hoparameters, and empirical correlations
between different metals. It can be seen in Fi@. tHat our solubilities are at least 1 and 2 oraérs
magnitude lower than these HKF predictions for Ad &d, respectively. Our low solubilities of Cd
and Zn are also in harmony with recent highteasurements for CuO (Palmer at al., 2001; Pahtner
al., 2004). Our results in pure water thus dematestthat hydroxide complexes of both cadmium and
zinc are very weak and may account for only traegainconcentrations in the fluid phase (1)
and, consequently, do not play an important roleast natural ore-forming hydrothermal fluids.

Table V-3. Solubility of CdO and ZnO in pure B measures in experiments with Coretest reactor.

Sample T,°C P, bar Days mzn mCd

CT350-A1 350 400 2 3.1.78 1.3-10”
CT350-A3 350 400 4 1.7-78 1.3-10”
CT350-A4 350 400 4 2.6-16 6.6-10®
CT350-A5 350 400 7 2.7-16 1.1-10"
CT350-A6 350 400 7 2.4-70 1.1-10”
CT400-A7 400 400 9 3.8-16 2.0-10”
CT400-A8 400 400 11 4.9-90 7.9-10®

CT400-A9 400 300 14 1.4-7% 1.1-1¢
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Figure V-2. Solubility of ZnO (a) and CdO (b) in pure water3&0-400°C and 300-400
bar. Squares and diamonds = experimental data éeriin this study at
350°C and 400°C, respectively; circles = the expenital data of Bénézeth
et al. (2002) for ZnO; curves = HKF predictions $hock et al. (1997)

from low-T data.

Results from measurements in Cl-bearing low-dessipercritical fluids

700

The solubilities of CdO and ZnO in the low-salineddow-density (up to 0.08 of total Cl,
0.35-0.15g/cn) fluid phase at 400°C and pressures between 223 bar are reported in Table V-
3. The experiment was started at 300 bar and thespre was lowered by steps to 220 bar when a
steady state concentrations are attained for betials This attainment was found to be rapid, &3 le
than 1 day at all pressures investigated. At tlteadrthe run, pressure was increased again to 280 a
when to 300 bar to check for chemical reversihilay 250 bar, after attainment of Cd and Zn steady
state, NaCl or HCI solutions were injected into tbactor (as indicated in Table V-4).



Table V-4. Solubility of CdO and ZnO in NaCI-HCI aqueous simas at 400°C and 220-300 bar.

P, mNaCl mHCI mCl mNa mZn mCd mHCI mCl
Sample e DS Gni)  (ni)  (HPLC) (AAS) (AAS) (AAS) (calc) (calc)
CT-A10 300 17  0.0020 0.0020 NA 0.0021 3.£106.9-10" 0.0020 0.0040
CT-A11 300 21 NA 0.0021 2.6-10 6.4-10" 0.0020 0.0040
CT-A12 280 23 NA 0.0021 2.5-10 5.6:10" 0.0020 0.0040
CT-A13 280 24 NA 0.0022 2.6-%0 6.4-10* 0.0020 0.0040
CT-Al4 265 25 NA 0.0022 2.4-10 6.3:10" 0.0020 0.0040
CT-A15 250 28 NA 0.0021 9.9-f0 4.3.10° © 0.0020
CT-A16 250 37  0.0021 0.0021 NA 0.0022 6.£1.6-10" 0 0.0021
CT-A17 220 42 0.0014 0.0017 8.8%01.1-1¢" 0 0.0021
CT-A18 250 44  0.0020 0.0072 0.0026 0.0023 1.1-10.8.10" 0 0.0020
CT-A19 250 46 NA 0.0023 5.8%0 4.4.1¢ 0 0.0020
CT-A20 250 49  0.0021 0.0322 NA 0.0025 1.321(6.4-10" 0 0.0021
CT-A21 250 51 0.0023 0.0024 8.4%104.6:1¢" 0 0.0021
CT-A22 220 56 NA 0.0019 1.7-%0 1.3.1¢° © 0.0021
CT-A23 220 57 0.0026 0.0019 3.4%02.3-1¢" 0 0.0021
CT-A24 250 57  0.0232 0.0163 0.0242 0.0200 13-10.6-10° 0 0.023
CT-A25 250 58 0.0227 0.0180 1.4”101.9-1C° 0 0.023
CT-A26 250 59 0.0223 0.0180 1.3%102.1-1C° 0 0.023
CT-A27 300 61  0.0232 0.0049 0.0431 0.0270 42.16.8-10° 0.020 0.043
CT-A28 300 64 0.0517 0.0260 5.8°109.6:10° 0.029  0.052

inj. = concentrations injected to the experimestltion during the run; calc. = calculated based o
the mass balance and the total Cl concentratiorzsuned by HPLC and assuming thaPat 300
bar all HCI was consumed by formation of cadmiunmdroxychlorides (see text); NA = not
analyzed.

At pressures below 300 bars, HPLC analyses of tGtain the sampled fluid indicated
significant losses of Cl, whereas Na concentrati@msained constant. This is a strong indication of
the reaction of HCI with Cd or Zn oxides at low ggeres. Injections of additional HCI amounts into
the reactor resulted in a rapid loss from the flafdCl corresponding to the fraction of HCI. In
addition, SEM analyses of solid phases after theedment have shown the presence of well-
crystalline Cd-Cl-O-bearing phases (Fig. V-3a) tha likely to have formed at experimentaP and
survived the cooling to ambient conditions. Thespreee of H in these phases could not be determined
by SEM analyses, and their quantities were alsostoall for XRD analyses. Neo-formed phases of
similar Cd-O-Cl compositions (Fig. V-3b) were alsloserved in our solubility experiments in acidic
NaCl solutions at higher pressures (600 bar, sep&hlV). The data available in the literaturetios
Cd-CI-O solids (e.g., Walter-Lévy and Groult, 19Cydennec et al., 1997) let us to suggest that our
neo-formed solids are likely to be of cadmium hygtechlorides of the composition Cd(OkQ!,.

The thermodynamic properties of these solids ateknown, and thus do not allow analyses of our
low-pressure experiments in terms of equilibriumrthodynamics.



Chapter V. Modeling of Cd/Zn ratios in hydrotherrflalds and vapors and comparison with
natural observations

(a)

.,

Figure V-3. Solid phases of Cd-CI-O compositidetected by SEM after experiments. (a) the
solid phase found after Coretest runs, supposebietstable in low-density HCI-
bearing fluids; (b) the solid phase found in HGdrruns in batch-reactor, supposed
to be not stable at 400°C and 600 bar and to ocamully at ambient T-P during
quenching.

Despite these limitations intrinsic to the chemisgbtem under investigation, these first
measurements do allow interesting qualitative caiepas of the behavior of Zn and Cd chloride
complexes in low-density supercritical fluids; theymplement our results in dense saline fluids. The
major results are briefly presented below.

First, our results further confirm the major control bétchloride ligands on both Zn and Cd
mobility in the vapor phase, similar to that founddenser fluids (see Chapter IV). For example, at
300 bar in the presence of only 0.60£Ll in the vapor phase, the solubilities of CdO amD
increase ~4 and ~1 orders of magnitude, respegtivetomparison to those in pure water. Cd and Zn
concentrations in these low-Cl fluids are far abthase in Cl-free fluids, thus confirming againttha
hydroxide complexes formed in the absence of Cligea very little contribution to Cd and Zn
transport.
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Second,the effect of chloride is much stronger for Cdnthiar Zn. For example, with
increasing Cl concentration from 0.0040 0.0%n, the solubility of CdO increases by almost 1.5
orders of magnitude (from 6xtfhto 1x10° m), whereas that of ZnO rises only by a factor ¢fr@m
~3x10°m to ~6x10°m, samples CT-A10, CT-A11, CT-A27 and CT-A28 in Tah-4). The greater
affinity of Cd to Cl in the vapor phase is also miested by the formation of Cd hydroxy-chloride
solid phases at the expense of CdO, whereas Zlikeig to remain the stable solubility-controlling
solid phase for Zn (see above).

Third, the greater Cd than Zn affinity to the Cl ligarebsults in a large increase, in the
presence of CdO and ZnO solids, of the Cd/Zn iiatthe vapor phase with increasing Cl content. For
example, at 400°C/ 300 bar, the Cd/Zn mass ratieases from ~0.1 in pure water to ~300 at 1®.05
Cl (Fig. V-2a). This observation is in line withetldata presented in chapters Il and IV for dense
aqueous solutions. Unfortunately, the evolutiorCdfZn vapor-phase ratios as a function of pressure
or density could not be inferred unambiguously beeaof the increasing loss of HCI upon the
formation of Cd hydroxy-chloride phases with desreg pressure below 300 bar (Fig. V-2b). Thus
the formation of such phases may occur in volcgages at very low pressures and high HCI content,
and thus should be taken into account while ingtmpg Cd/Zn ratios in such natural fluids.
Laboratory solubility measurements of cadmium delfivhich is expected to by far more stable than
oxide and oxy-chlorides in S-bearing systems, amesgsary to make definitive conclusions about the
change of Cd/Zn ratios as a function of fluid dgnsi
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Figure V-4. Cd/Zn mass ratios in hydrothermal vapors as ationoof chloride content at 400°C
and 300 bar (a) and as a function of pressure amasdy (b). At pressures below 300
bar the initially injected HCI is partly lost du® the formation of new Cd-CI-O-H
phases. Between 250 and 220 bar, all HCI is lagnhfthe solution, these losses affect
significantly the Cd/Zn ratio in the vapor. The &add Zn concentrations used for the
Cd/Zn ratio calculation is aiven in Table4.



V-3. Distribution of Cd and Zn between the coexmiivapor and liquid phases

in the water-salt system

The results of the previous chapter in a solid-vegystem demonstrate that in addition to the
chemical-speciation control in the fluid phase, ttadure and changes of Cd and Zn-bearing solid
phases in equilibrium with the low-density fluid ynsignificantly alter the Cd/Zn ratios. Many high-
temperature magmatic fluids carrying metals ants sake however often undersaturated with respect
to Zn and Cd minerals upon their separation fromegmatic intrusion and further accent. They often
undergo boiling and vapor-brine separation on thmite to metal deposition at shallow depth. It is
thus important to know the fractionation of Zn &d in such boiling fluids in the two-phase (vapor-
liquid) water-salt system.

We thus measured the distribution of Cd and Zn betwthe coexisting vapor and liquid
phases in the #-NaCIl-HCI system at 400 and 450°C at the pressiitiee vapor-liquid equilibrium.

In this system, the pressure decrease below ttieatmoint results in the decrease of both deresity
NaCl content in the vapor, accompanied by the cmitemt increase of both parameters in the
coexisting liquid (or brine) phase (see Fig. llehapter II). The whole set of raw experimental data
points from two experiments at 400°C and one expemi at 450°C are given in Supplementary
Tables 1 and 2. All studied metals fractionate dirgn favor of the Cl-rich liquid phase. This
fractionation increases in the order Na < Zn < Cd.

The vapor-liquid partitioning of dissolved composrzhn be treated in the framework of the
density model (Styrikovich et al., 1955), recerdiktended for many economically relevant metals in
the water-salt system (Pokrovski et al., 2005) sThbdel operates with individual apparent vapor-
liquid partitioning coefficientsK,,) for each metal defined as

ITllapor

iquid

l0gyoK, = 109, (V-2)

wherem is the molality (i.e., the number of moles of nhgter kg of water in each coexisting phase).
This partition coefficient may be linearly relatéal the densities of each coexisting phase, in the
logarithmic scale:

densit
log, (K, =n; tog,( Yapor

— V-3
density,q ) v-3)

wheren; is the empirical coefficient for each metal. Pesitvalues ofn; correspond to preferential
partitioning into the liquid phase; negative valugpical of gases, indicate partitioning in fawdrthe
vapor.

The values ofy for Cd, Zn and Na partitioning at 400°C an 450%€aied by a regression of
experimental data points and using the densiti¢sarHO-NaCl system according to Bischoff (1991)
are listed in Table V-5 for each temperature, apgldyed in Fig. V-5. It can be seen that thealues
increase in the order Na < Zn < Cd, indicating itheeasing affinity of Cd for the Cl-rich liquid



phase. These values for each of the three studetalsrare constant within errors for all runs aathb
temperatures, confirming that an average valuebeareliably used, thus providing a temperature-
independent equation for predicting metal vapanitigpartitioning over a wid@-P-Xy.c| range. Our
averagen; values for Na are in good agreement with the noosedata for NaCl (see compilation of
Bischoff, 1991) and for Na and Zn in fair agreememithin errors, with those of Pokrovski et al.
(2005) (Tab. V-5).

The simple equation of state involving densitieshaf coexisting vapor and liquid, which are
well known in the water-salt systems, allows rdiapredictions of Cd and Zn behavior in boiling
saline fluids. Thus, during the fluid boiling, CdiMhave a greater tendency than Zn to concentrate
into the brine phase, resulting in an increase @%@ ratios in the brine with the fluid accent and
decreasing pressure. On contrary, the correspor@ign ratios will decrease in the vapor phase.
Thus, low Cd/Zn ratios will be more typical for le@l vapor-like fluids produced upon boiling and
separation and accent of the vapor from the salime. This tendency is somewhat opposite to that i
solid-vapor systems studied above, which are meregnent to magma degassing in the form of low-
density aqueous volcanic vapor phase, and in w@itfZn ratios increase with increasing Cl in the
vapor and, probably, decreasing density. Thus, ©€déZios might probably be indicative of the fluid
origin (boiling and brine-vapor separation versuea magma degassing). This hypothesis requires,
of course, verification using natural geologicdbmmation. Unfortunately, almost no data exists on
Cd concentrations in the coexisting vapor and bfin@ inclusions from magmatic-hydrothermal
deposits, whereas data of Zn are abundant (e.gd]ega 2005, Philippot et al., 2001). In contrast
and Zn data in fumarole’'s condensates and sublgvieden modern volcanic areas have been reported
in the literature and thus may be used to trackeaution of Cd/Zn ratios provided that these
analyses are reliable. These issues will be trdaietly in the last subchapter below.

Table V-5. Values of the parameter (molality scale) in the framework of the densitgdel, from
our experiments 1, 2, 4, and their comparison \ifighature data.

This study Bischoff, 1991 Pokrovski et al., 2005
400°C, 400°C, 450°C,

Average 400°C  450°C 300-450°C
expl exp2 exp4
Na 3.54 3.66 3.48 3.56+0.18 3.54 3.41 3.93+0.06
Zn 4.08 4.16 411 4.10+0.08 - - 4.37+0.11

Cd 4.78 4.81 4.80 4.80+0.03 - - -
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Figure V-5. Density model for Na, Zn and Cd partitioning betwdbe coexisting vapor and
liquid phases in the ¥D-NaCl-HCI system at 400-450°C. The symbols detiwe
experimental data points from Supplementary Tallleend 2, but the solid lines
represent the linear regressions for each metaigiihe nvalues from Table V-5.

V-4. Cd and Zn in volcanic gases of Kudryavy volcamrief results of a field
work in September 2006

A part of this thesis has been devoted to a fiéldlys of volcanic gases from the active
Kudryavy volcano, lturup, Kuril Islands, carriedton September 2006. The goals of this work were:
1) to sample high-temperature fumaroles and to measwtal and volatile concentrations in the
condensates with a particular emphasis on Cd arahdrtheir major ligands Cl and &);to develop a
new technique for condensate sampling allowinguantjfy the possible losses of metals during high-
temperature sampling; ar®) to confront these natural data with our experirmeand modeling
results on Zn and Cd.

The results show that our new technique for coratensampling, discussed in details in
Chapter Il, enables very efficient sampling andnestion of possible metals losses not accounted for
when using classical techniques (e.g., “Giggenlimtties”). The element concentrations in volcanic
condensate samples are compared in SupplementblgsTa7 between different chemical treatments
and analytical techniques. For the majority of gpedl major elements and volatiles, including sulfur
we have found very good agreement between diffearalytical techniques like ICP-AES, ICP-MS
and HPLC (performed at LMTG, Toulouse, France) tmtal gas chromatography (carried out at IVIS
DVO RAS, Petropavliovsk-Kamchatsky, Russia). The mam with the ammonia matrix after
oxidation by HO, analyzed by ICP-AES and HPLC yield total sulfuncentrations identical within



+5% to those analyzed in “Giggenbach bottles” drasé reported elsewhere for similar fumaroles of
Kudryavy volcano (e.g., Taran et al., 1995; Yudeysk et al., 2006). The matrix-free samples
analyzed by ICP AES have shown sulfur concentrati&t100% less than simultaneous samples with
ammonia matrix. Thus, the presence of ammonia rggsults in efficient sampling of volcanic gases
with very minor losses of total sulfur%%). The chloride concentrations analyzed by HPhGhe
samples with ammonia matrix after oxidation byOslare 15-30% higher than those analyzed by total
gas chromatography in “Giggenbach bottles”. Thesjmobs total gas chromatography analytical
problems for samples from “Giggenbach bottles” waiseussed in Taran et al. (1995). Consequently,
in this study we used the chloride concentratioos\fHPLC analyses.

Table V-6. Selected metals and volatiles concentrationsimafoles condensates of the sampled
points of Kudryavy volcano in September 2006 (aggpkementary tables 3-7 for the full set of
data).

Rhenium field T=550°C Dome fieldT=700°C Main field T=820°C

Sampling points 1,2 Sampling point 3 Sampling point 4

Cond. Precip. Total Cond. Precip. Total Cond. Precip. Total
S,ppm 13000 100 13100 30000 500 30500 40000 400 40400
Cl,ppm 2500 - 2500 10000 - 10000 8500 - 8500
Cu, ppm 0.020 0.050 0.070 0.040 0.110 0.15 1.500 0.100 6001.
Zn, ppm 0.30 0.20 0.50 2400 1.000 3.40 1.400 1.500 3.000
As, ppm 2.20 0.30 2.50 3.500 2.500 5.00 3.000 1.600 3.600
Mo, ppm 0.15 0.005 0.15 2.00 1.00 3.00 0.150 0.650 0.800
Cd, ppm 0.010 0.090 0.10 0.050 0.040 0.09 0.055 0.005 600.0
Sn,ppm 0.030 0.020 0.050 0.24 0.020 0.26 0.200 0.020 20.2
Sb, ppm 0.020 0.005 0.025 0.065 0.005 0.07 0.057 0.003 0600.
Re, ppm 0.0030 0.0030 0.0060 0.050 0.060 0.11 0.005 0.020.025
Pb, ppm 0.20 0.100 0.30 0.800 0.300 1.10 0.500 0.200 (@0.70
Bi,ppm 0.020 0.090 0.11 0.15 0.10 0.25 0.150 0.040 0.190

«Cond.» = condensates; «Precipit.» = precipitatianthe sampling tube; «Total» = «Cond.» +
«Precipit.»; « - » not analyzed.

Our measured total concentrations of Pb and Asetmaetals demonstrate an excellent
agreement between different sampling, treatmentaatitical techniques (see Supplementary Tables
V-6 and V-7). For other trace metals, including &l Zn, variations between different techniques
and analytical treatments are somewhat greaterexample, S-rich samples posed matrix problems
when analyzing some trace metals (e.g., Cd andaCpjpb levels. This was particularly pronounced
for the ICP-MS technique which may yield incorreesults because of the strong influence of Cl and
S on the measured signal. Thus, for ICP-MS analgskgr-rich samples in the ammonia matrix were
diluted 2 to 10 times more than ammonia-free sasnplewhich 50-90% of sulfur was lost during
sampling due to high volatility of sulfur specig€onsequently, the concentrations in these diluted
samples have elevated uncertainties. In the cadisagreement with ICP-MS analyses, ICP-AES data
were assumed to be more accurate. Summarizedatadalécted metals and volatiles are reported in
Table V-6. All performed analyses are given in Sep@ntary Tables for Chapter V.



Chapter V. Modeling of Cd/Zn ratios in hydrotherrflalds and vapors and comparison with
natural observations

Our analyses of both condensates and precipitatiorisg sampling have demonstrate that up
to 90-99% of some metals can be lost during samplire to the precipitation in the sampling tubes
(e.g., Cd in sample point 1, Table V-6, Fig. V-Bjfferent metals demonstrate different tendencies
with temperature. As it can be seen from the Fig, the precipitation in the sampling tube of such
metals as Cd, Cu, Sn, Sb and Bi decreases witbdasitrg temperature, whereas for such metals as Zn,
As, Mo, Re, precipitation, in contrast, increaseghwncreasing temperature. The amount of Pb
precipitated in the sampling tube is constantly%3tf the total Pb (TableV-6, FigV-6b). It should be
noted that possible losses of metals during samgplias often ignored in previous studies. Work is
currently in progress to revise the existing volcajas data and compare them with the data obtained
in this work. This part is out of the scope of firesent thesis. The total metal concentrationfien t
fumaroles vapor corresponds to the sum of amouatsuored in the condensate and precipitated in the
tube, as shown in Table V-5 and in Fig. V-7.

(a) (b)

T=550°C T =700°C T=2820°C T =550°C T =700°C T=2820°C
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Figure V-6. Metals distribution between condensates and pitatipns in the corresponding
sampling tube at 550°C (sampling point 1,2, Rherfietd), 700°C (sampling point 3,
Dome field) and 800°C (sampling point 4, Main flel¢h) Precipitation increases
with increasing temperature; (b) precipitation deases with increasing temperature.
Pb demonstrates no tendencies with temperaturevahles of all concentrations are
given in Table V-6.
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Figure V-7. Chemical composition of the volcanic gases at 550P@0°C and 820°C. All
concentrations are normalized to the average comagans in the continental crust
(a) and in the ocean (b). The values of the comagahs correspond to “Total” in
the Table V-6. The average concentrations in th#igental crust are from Rudnick
and Gao (2003) and in the ocean — from Bruland aoldan (2003).

Despite the scarcity of the complete set of dat&€dnzn and sulfur and chloride forms, it is
tempting however, to examine the evolution of Cdfatios in the fumaroles as a function of
concentration of the main ligands of these metd}§ and HCI. The major reactions controlling Cd
and Zn transport in fumaroles gases are likelyfdHewing:

CdCh + H,S’ = CdS + 2HA (V-4)
ZnCl, + H,S° = ZnS + 2HC1 (V-5)

Both CdS and ZnS were found in the fumaroles swdilin previous studies (e.g., Chaplygin et al.,
2007), suggesting that they might be the solubddwptrolling phases. The neutral gaseous Cd and Zn
chloride species are likely to dominate the mepaicgation in these very low-density and dielectric
constant media, which greatly favor uncharged gsesiabilities. Hydrochloric acid is the major Cl-
bearing compound of volcanic gases. The full thelynamic description of gas-solid reactions is out
of scope of this work, so only rough concentrati@mds will be discussed here.

In Fig. V-8 the Cd/Zn mass ratio measured in oungas and rare published work (Taran et
al., 1995) is plotted as a function of total Cl centration. It can be seen that, despite the ldege
scatter, there is a general tendency of incregb@e@d/Zn ratio in the gas with increasing HCI tida
concentration. This again confirms the higher @ffiof Cd that Zn to Cl ligands in the vapor phase.
However, the stability of CdS versus ZnS solids inedconcentration of 43 which is involved in the
solubility controlling reactions V-4 and V-5 shoube also taken into account. It can be seen in Fig.



V-6b that again there is a vague but positive ¢atien between Cd/Zn and HCIS in the fumaroles.
The data scatter is the result of a number of fadike temperature differences between different
samples, solid-gas equilibration kinetics and gmesvariations of gas composition with time and
place. This very rough geochemical analysis is ipiginded to provide ideas for the potential use of
Cd/Zn ratios as a geochemical tracer in volcanisegalt is clear that an integrated approach
combining full geological information with thermaagmic modeling will allow to do so in the future.
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Figure V-8. Cd/Zn weight ratio in Kudryavy volcano gases dsirection of Cl concentration (a)
and HCI/HS weight ratio (b). Diamonds = our data (Tab. V-6ixcles = data of
Taran et al. (1995); curves represent linear regien of all data.



Supplementary Tables for Chapter V.



Supplementary Table V-1.Vaporliquid partitioning of Na, Zn and Cd in the®-NaCl-HCI system at 400°C and 450°C.

Liquid, interpolated using data of

Vapor, measured Supplementary Table V-2 logcdens logiKm
Sample P, bar Density mNa mzn mCd Density mNa nZn mCd V/L Na Zn Cd
Experiment #1, T = 400°C
[-4u 278.1 0.293 1.17E-01 2.46E-03 1.80E-03 0.5201.07 3.03E-02 2.64E-02 -0.25 -0.96  -1.09 -1.17
I-1u(a) 278.1 0.293 1.24E-01 2.87E-03 2.13E-03 20@.5 1.07 3.03E-02 2.64E-02 -0.25 -0.94 -1.02 -1.09
[-2u(a) 277.6 0.286 1.23E-01 2.68E-03 1.94E-03 295 1.12 3.18E-02 2.78E-02 -0.27 -0.96 -1.07 -1.16
I-5u 276.7 0.274 9.24E-02 2.40E-03 1.28E-03 0.5451.22  3.45E-02 3.04E-02 -0.30 -1.12  -1.16 -1.38
[-6u 276.5 0.271 7.75E-02 1.91E-03 1.02E-03 0.5491.24 3.52E-02 3.10E-02 -0.31 -1.20  -1.26 -1.48
[-7u 266.6 0.214 3.73E-02 7.09E-04 2.81E-04 0.6612.17 6.08E-02 5.58E-02 -0.49 -1.77  -1.93 -2.30
[-10V 267.8 0.219 3.64E-02 6.74E-04 2.18E-04 0.6492.05 5.76E-02 5.26E-02 -0.47 -1.75  -1.93 -2.38
[-11V 266.2 0.213 3.46E-02 5.62E-04 1.91E-04 0.6652.21 6.19E-02 5.69E-02 -0.49 -1.81  -2.04 -2.47
-8V 262.3 0.199 3.14E-02 2.20E-04 0.698 2.57 TE:D2 6.65E-02 -0.54 -1.91 -2.48
1-9V(a) 262.3 0.199 3.67E-02 2.26E-04 0.698 2.57.17E-02 6.65E-02 -0.54 -1.85 -2.47
[-13V 245.8 0.159 1.51E-02 2.90E-04 4.45E-05 0.8014.05 1.12E-01 1.07E-01 -0.70 -2.43 -3.38
[-13L 244.3 0.158 1.62E-02 1.88E-04 0.803 4.10 13€:01 1.08E-01 -0.71 -2.40 -2.78
[-15V 240.8 0.150 1.26E-02 3.19E-05 0.825 450 248:01 1.19E-01 -0.74 -2.55 -3.57
[-15L 238.8 0.149 8.68E-03 8.37E-05 3.11E-05 0.8304.59 1.27E-01 1.22E-01 -0.75 -2.72 -3.18 -3.59
[-17V 218.0 0.119 6.59E-03 2.43E-05 0.920 6.72 84E-01 1.81E-01 -0.89 -3.01 -3.40
[-17L 2155 0.116 4.40E-03 2.74E-05 8.06E-06 0.9297.00 1.92E-01 1.89E-01 -0.91 -3.20 -3.84 -4.37
[-18V 196.6 0.098 2.09E-03 1.61E-05 1.002 9.62 62B-:01 2.62E-01 -1.01 -3.66 -4.21
Experiment #2, T = 400°C
-1v 279.4 0.310 1.32E-01 1.38E-03 8.38E-04 0.4980.93 1.19E-02 1.03E-02 -0.206 -0.849 -0.936 83.0
-2V 2775 0.285 1.04E-01 1.08E-03 7.14E-04 0.5311.12 1.42E-02 1.25E-02 -0.271 -1.035 -1.120 43.2
[1-3V(a) 279.0 0.305 1.21E-01 1.31E-03 7.48E-04 508. 0.97 1.23E-02 1.07E-02 -0.219 -0.905 -0.9761.156
[1-4V(a) 277.1 0.279 8.69E-02 1.05E-03 5.57E-04 538. 1.17 1.48E-02 1.30E-02 -0.285 -1.128 -1.1471..368
-6V 277.1 0.279 9.53E-02 8.52E-04 4.93E-04 0.5381.17 1.48E-02 1.30E-02 -0.285 -1.088 -1.239 20.4
-7v 276.9 0.276 8.28E-02 7.55E-04 4.23E-04 0.5421.19 1.51E-02 1.33E-02 -0.292 -1.157 -1.300 94.4
-9V 2711 0.233 5.09E-02 5.98E-04 1.82E-04 0.6161.73 2.18E-02 1.97E-02 -0.422 -1.532 -1.561 32.0
[1-10V 270.5 0.230 4.64E-02 3.18E-04 1.59E-04 P.62 1.79 2.24E-02 2.03E-02 -0.431 -1.585 -1.848 104&.
[I-12V(a) 270.1 0.228 3.88E-02 2.76E-04 3.45E-04 .626 1.82 2.29E-02 2.07E-02 -0.438 -1.672 -1.9191.779



-11v 269.5 0.226 4.03E-02 2.78E-04 1.35E-04 P.63 1.88 2.35E-02 2.14E-02 -0.447 -1.668 -1.927 20Q.
[1-14V 260.1 0.192 2.55E-02 1.60E-04 5.45E-05 8.71 2.74 3.40E-02 3.17E-02 -0.570 -2.031 -2.327 762.
[I-15V(a) 259.0 0.189 2.14E-02 1.29E-04 5.74E-05 .720 2.83 3.52E-02 3.29E-02 -0.582 -2.121 -2.4348¢.758
-16V 257.5 0.185 2.30E-02 1.24E-04 4.18E-05 8.73 2.97 3.68E-02 3.45E-02 -0.599 -2.110 -2.472 91&.
-17v 256.0 0.180 2.08E-02 1.05E-04 3.44E-05 8.74 3.10 3.85E-02 3.62E-02 -0.616 -2.174 -2.564 023.
[1-20V 237.7 0.145 7.74E-03 2.30E-05 0.839 4.65 .73k-02 5.52E-02 -0.761 -2.779 -3.395

1-21V 233.6 0.139 5.86E-03 1.74E-05 0.856 5.00.156-02 5.95E-02 -0.789 -2.932 -3.548

[1-22V 230.4 0.135 6.56E-03 2.47E-05 0.870 5.30.516-02 6.33E-02 -0.811 -2.908 -3.421

[1-23V (a) 227.7 0.131 5.53E-03 4.57E-05 0.881 555. 6.81E-02 6.63E-02 -0.829 -3.002 -3.173

[1-24V 2229 0.124 1.03E-05 0.900 6.01 7.36E-0220E-02 -0.859 -3.855

[1-26V 208.7 0.109 1.13E-05 0.955 7.54 9.20E-0211E-02 -0.944 -3.911

1-27V 201.5 0.102 1.01E-05 0.985 8.55 1.04E-01LO4E-01 -0.984 -4.011

[1-28V 198.4 0.099 1.10E-05 0.997 8.97 1.09E-0ILO9E-01 -1.001 -3.996

[I-26L-V  195.0 0.096 9.37E-06 1.007 9.37 1.14FE-01.14E-01 -1.021 -4.085
Experiment #4, T = 450°C

4-1V 470.0 0.54 1.6096 5.76E-02 5.95E-02 0.54 1.6%.75E-02 6.09E-02 0 0 0 -0.01
4-2V 4240 0.535 1.4877 5.14E-02 5.12E-02 0.535 771. 6.32E-02 6.56E-02 0 -0.07 -0.09 -0.11
4-3V 416.0 0.360 0.3754 1.81E-02 9.99E-03 0.667 492. 9.28E-02 9.87E-02 -0.27 -0.82 -1.00
4-4V 406.0 0.310 0.2541 6.17E-03 4.14E-03 0.723 173. 1.15E-01 1.24E-01 -0.37 -1.10 -1.27 -1.47
4-5V 392.8 0.270 0.1333 2.42E-03 1.36E-03 0.765 993. 1.50E-01 1.59E-01 -0.45 -1.48 -1.79 -2.07
4-6V 390.1 0.263 0.1170 1.97E-03 1.07E-03 0.771 174. 1.58E-01 1.67E-01 -0.47 -1.55 -1.90 -2.19
4-7V 376.8 0.238 0.0774 1.25E-03 6.53E-04 0.817 075. 1.80E-01 1.92E-01 -0.54 -1.82 -2.16 -2.47
4-7Lvap 360.5 0.215 0.0524 7.44E-04 3.42E-04 0.8646.32 2.16E-01 2.31E-01 -0.60 -2.08 -2.46 -2.83
4-8V 347.9 0.199 0.0389 5.19E-04 2.51E-04 0.898 417. 2.48E-01 2.67E-01 -0.65 -2.28 -2.68 -3.03
4-9V(a) 342.6 0.193 0.0355 4.68E-04 0.912 7.69 75R-01 2.92E-01 -0.67 -2.34 277

4-9Lvap 340.2 0.190 0.0314 3.90E-04 1.52E-04 0.9177.88 2.81E-01 2.99E-01 -0.68 -2.40 -2.86 -3.29
4-10V 335.0 0.184 0.0267 3.40E-04 1.21E-04 0.931 .28 8 2.96E-01 3.14E-01 -0.70 249 -2.94 -3.42
4-10Lvap 329.3 0.177 0.0249 3.39E-04 0.943 8.74.12B-01 3.32E-01 -0.73 -2.54 -2.96

4-11V 326.5 0.175 0.0242 2.89E-04 1.02E-04 0.952 .009 3.22E-01 3.42E-01 -0.74 -2.57 -3.05 -3.53
4-11Lvap 305.7 0.154 0.0154 1.64E-04 4.06E-05 .99 10.75 3.84E-01 4.08E-01 -0.81 -2.84  -3.37 -4.00
4-12V 281.8 0.132 0.0085 7.99E-05 1.60E-05 1.043 2.88 4.60E-01 4.89E-01 -0.90 -3.18 -3.76 -4.49
4-13V 261.6 0.117 0.0054 5.10E-05 8.91E-06 1.084 4.83 5.30E-01 5.63E-01 -0.97 -3.44  -4.02 -4.80




Supplementary Table V-2.Measured concentrations of Na, Zn, Cd in the liqahdse of our vapor-
liquid partitioning experiments.

Sample P, bar Liquid density, g/&m mNa mzn mCd
Experiment #1,T = 400°C

[-4d 283.5 0.492 0.752 2.42E-02 2.16E-02
[-5d 277.2 0.536 1.363 4.31E-02 3.85E-02
I-6d 275.4 0.568 1.335 4.00E-02 3.57E-02
[-7d 266.3 0.664 2.059 5.43E-02 4.94E-02
[-8L 265.5 0.672 1.785 5.68E-02 4.41E-02
[-10L 267.8 0.649 2.612 7.11E-02 6.33E-02
[-11L 265.5 0.672 2.222 6.67E-02 5.94E-02
[-12L(a) 265.8 0.669 2.649 7.24E-02 6.85E-02
Experiment #2, T = 400°C

l-1L 279.4 0.498 1.648 1.74E-02 1.12E-02
[1-2L 276.5 0.549 1.154 1.47E-02 0.00E+00
[1-6L 276.4 0.550 1.270 1.70E-02 1.34E-02
[1-7L 276.1 0.556 1.308 1.66E-02 1.36E-02
[1-9L 269.3 0.634 1.889 2.23E-02 2.02E-02
[1-10L 269.9 0.628 1.878 2.26E-02 2.11E-02
1-11L 268.3 0.644 2.035 2.52E-02 2.54E-02
[1-14L 255.4 0.730 2.924 3.61E-02 3.53E-02
[1-16L 254.1 0.739 3.044 3.77E-02 3.75E-02
1-17L 252.6 0.749 3.144 4.05E-02 3.37E-02
[1-20L 229.9 0.855 5.067 6.24E-02 5.64E-02
[1-21L 230.7 0.851 4.874 6.17E-02 5.82E-02
[1-22L 224.0 0.880 5.474 6.56E-02 6.92E-02
[1-24L 221.2 0.891 5.721 7.08E-02 6.90E-02
Experiment #4,T = 450°C

4-1L 470.0 0.540 1.61 5.75E-02 6.09E-02
4-2L 424.0 0.535 1.77 6.32E-02 6.56E-02
4-3L 4155 0.674 2.54 9.48E-02 1.01E-01
4-4L 406.0 0.723 3.17 1.15E-01 1.24E-01
4-5L 389.5 0.773 4.21 1.59E-01 1.69E-01
4-6L 371.6 0.833 5.45 1.89E-01 2.02E-01

4-8L(a) 343.1 0.911 7.86 2.61E-01 2.81E-01




Supplementary Table V-3.Anions concentrations in volcanic condensates ft#?hC analyses.

Sample point  Field name T,°C Bpm Cl,ppm SQ, ppm S, ppm (recalculated)
1 Rhenium 550-350 152 2216 32998 11773
2 Rhenium 550-351 239 2856 41948 14966
3 Dome 700-465 - 10077 81618 29120
4 Main 820-620 - 8485 89870 32064

[T

= below detection limits (< 0.1 ppm)

Supplementary Table V-4. Gas chromatography analyses of fumarolic gases ledmwith
“Giggenbach bottles”, analyses performed by V. @hapnd |. Timofeeva at the Institute of

Volcanology and Seismology (IVIS DVO RAS, Petromardk-Kamchatsky, Russia).

Rhenium Dome Main (Fracture) Main Molybdenum
T, °C 550 725 744 820 613
date 27/09/06 07/09/06 21/09/06 30/09/06 09/09/06
H,O, mol % 98.38 96.60 94.57 94.68 96.80
CO,, mol % 0.63 0.58 0.90 2.14 0.92
H,S, mol % 0.35 0.51 0.78 0.52 0.49
SO,, mol % 0.43 1.60 2.69 1.85 1.26
HCI, mol % 0.099 0.337 0.382 0.098 0.313
CO, mol % 6.5E-04 6.2E-03 7.1E-03 0.015 2.0E-03
CH,4, mol % 2.1E-04 3.6E-05 2.6E-05 3.2E-04 9.1E-05
H,, mol % 0.095 0.335 0.602 0.631 0.178
N2, mol % 0.025 0.037 0.067 0.063 0.031
O,, mol % 3.5E-04 3.7E-04 3.4E-03 4.4E-03 4.9E-04
Ar, mol % 6.8E-05 1.2E-04 2.2E-04 1.1E-04 1.4E-04
He, mol % 0 5.3E-06 0 0 3.0E-06
C;Hs, mol % 4.0E-07 4.5E-08 4.1E-08 3.5E-07 1.1E-07
C,H4, mol % 2.5E-07 1.5E-06 1.3E-06 1.2E-06 1.2E-06

Supplementary Table V-5.Total sulfur and chlorine concentration in the sksfrom “Giggenbach
bottles”. Recalculated from Supplementary Table.V-4

Field name T°C date Cl, ppm S, ppm
Rhenium 550 27/09/06 1907 13442
Dome 725 07/09/06 6288 35491
Main (Fracture) 744 21/09/06 6911 56752
Main 820 30/09/06 1788 39025
Molybdenium 613 09/09/06 5861 29590




Supplementary Table V-6.ICP-AES analyses of volcanic condensate samples.

No matrix M NH,OH matrix

Condensate  Precipitation Total Condensate pitaton Total

(Aquaregia) (Aqua regia) (Aqua regia) () (Aqua regia)
Sample point 1,T=550-350°C, Rhenium field, 26/09/2006
As, ppm 2.3 0.63 2.9 2.1 1.9 0.40 2.5
B,ppm 28 16 44 17 16 6.7 23
Ca, ppm 1.90 1.2 3.1 0.59 0.58 0.86 15
Cd, ppm 0.0093 0.088 0.10 0.0071 0.049 0.056
Cu, ppm 0.033 0.033
Fe, ppm 1.69 0.88 2.6 0.88 0.79 0.94 1.8
K, ppm 13 13 0.27 5.3 5.3
Mg, ppm 0.50 0.24 0.74 0.42 0.37 0.43 0.85
Na, ppm 11 8.4 19 0.15 3.6 3.6
Pb, ppm 0.13 0.30 0.44 0.14 0.14 0.13 0.27
S, ppm 6952 70 7022 11680 10850 55 11735
Zn, ppm 0.89 0.20 1.1 0.34 0.31 0.18 0.52
Sample point 2, T=550-350°C, Rhenium field, 27/093P6
As,ppm 1.6 2.2 2.1 0.2 2.4
B, ppm 27 16 16 0.018 16
Ca, ppm 8.1 0.16 0.22 0.70 0.86
Cd, ppm 0.019 0.012 0.011 0.022 0.034
Cu, ppm 0.051 0.051
Fe, ppm 2.2 0.23 0.20 0.52 0.75
K, ppm 13 1.3
Mg, ppm 0.54 0.044 0.042 0.18 0.22
Na, ppm 12 0.35 0.35
Pb, ppm 0.31 0.23 0.22 0.064 0.30
S, ppm 9979 14120 14115 92 14211
Zn, ppm 4.0 0.13 0.14 0.32 0.45
Sample point 3, T=700-465°C, Dome field, 27/09/2006
As, ppm 1.2 3.7 4.8 3.4 3.2 2.4 5.8
B,ppm 59 11 70 17 19 17 34
Ca,ppm 8.8 2.3 11 3.9 4.5 1.6 5.5
Cd, ppm 0.051 0.036 0.087 0.038 0.038 0.024 0.061
Cu, ppm 0.038 0.11 0.15 0.068 0.068
Fe, ppm 21 23 44 16 15 13 30
K,ppm 12 14 26 8.5 7.1 16 24
Mg, ppm 4.7 4.31 9.0 4.3 4.1 2.2 6.6
Na, ppm 41 10 51 8.5 8.1 12 20
Pb, ppm 0.90 0.62 15 0.76 0.73 0.34 1.1
S, ppm 2461 720 3181 29552 33231 673 30225
Zn, ppm 4.3 0.92 5.2 2.4 2.3 1.0 3.4
Sample point 4, T=820-620°C, Main field, 30/09/2006
As, ppm 3.0 2.7 1.6 4.5
B, ppm 18 17 36 54
Ca, ppm 0.9 1.0 3.6 4.5
Cd, ppm 0.055 0.050 0.005 0.061
Cu, ppm 15 13 0.081 1.6




Fe, ppm 2.1 2.0 1.8 4.0

K, ppm 4.7 4.0 26 31
Mg, ppm 0.32 0.29 0.39 0.70
Na, ppm 4.3 3.0 19 23
Pb, ppm 0.54 0.48 0.15 0.7

S, ppm 33720 32451 349 34068
Zn, ppm 14 1.3 15 2.9

“Condensate” corresponds to the analyses of coatkhvolcanic gases; “Precipitation” corresponds
to the analyses of sampling tubes for correspondargiensate; “No matrix” means that condensates
were sampled without ammonia matrix;M3NH,OH matrix” means that condensate samples were
collected to ammonia matrix; “Aqua regia” meang gamples were treated using aqua regiaOH

means that samples were treated wigdHonly samples with ammonia matrix).

Supplementary Table V-7.ICP-MS analyses of volcanic condensate samples.

No matrix

31 NH,OH matrix

Condensate  Precipitation Total Condensate =~ Caaden Precipitation Total

(Aquaregia) (Aqua regia) (Aqua RegiaH,0,) (Aqua regia)
Sample point 1,T=550-350°C, Rhenium field, 26/09/2006
Cu, ppm 0.0048 0.013 0.018 0.016 0.020 0.039 0.055
Zn, ppm 0.61 0.13 0.74 0.23 0.23 0.094 0.319
As, ppm 2.2 0.50 2.7 2.0 1.7 0.26 2.27
Se, ppm 0.67 0.063 0.73 0.50 0.52 0.042 0.54
Mo, ppm 0.040 0.017 0.057 0.15 0.15 0.0053 0.155
Ag, ppm
Cd,ppm 0.0077 0.067 0.075 0.033 0.033
Sn, ppm  0.026 0.020 0.046 0.044 0.044 0.013 0.057
Sb, ppm  0.020 0.002 0.023 0.019 0.019 0.0017 0.021
Te, ppm 0.10 0.018 0.12 0.078 0.081 0.015 0.09
Ba, ppm 0.051 0.260 0.31 0.10 0.11 0.12 0.23
W, ppm 0.00076 0.00076
Re, ppm 0.0031 0.0029 0.0060 0.00077 0.00077
Tl, ppm  0.030 0.024 0.024 0.0027
Pb, ppm 0.171 0.26 0.43 0.17 0.17 0.10 0.27
Bi, ppm 0.035 0.20 0.24 0.022 0.022 0.092 0.11
Sample point 2,T=550-350°C, Rhenium field, 27/09/2006
Cu, ppm 0.010 0.064 0.091 0.092 0.155
Zn, ppm 3.0 0.068 0.072 0.28 0.35
As,ppm 1.6 2.3 2.2 0.13 2.39
Se, ppm 0.46 0.44 0.42 0.25 0.69
Mo, ppm 0.032 0.0050 0.020 0.025
Ag, ppm 0.035 0.0019 0.0043 0.0063
Cd, ppm 0.047 0.0050 0.019 0.024
Sn, ppm  0.039 0.035 0.027 0.012 0.047
Sb, ppm 0.018 0.015 0.0066 0.025
Te, ppm 0.055 0.049 0.051 0.11
Ba, ppm 0.0065 0.0075 0.0022 0.0088
W, ppm 0.012 0.0016 0.013
Re, ppm
Tl, ppm  0.034 0.030 0.033 0.0031 0.033
Pb, ppm 0.379 0.28 0.28 0.065 0.344
Bi, ppm 0.016 0.011 0.020 0.058 0.069




Sample point 3,T=700-465°C, Dome field, 27/09/2006

Cu, ppm
Zn, ppm
As, ppm
Se, ppm
Mo, ppm
Ag, ppm
Cd, ppm
Sn, ppm
Sb, ppm
Te, ppm
Ba, ppm
W, ppm

Re, ppm
TI, ppm

Pb, ppm
Bi, ppm

Sample point 4,T=820-620°C, Main field, 30/09/

0.062
3.1
0.93
1.3
5.1
0.0034
0.037
0.243
0.083
0.13
0.12

0.051
0.078
0.88

0.16

0.067
0.29
1.4
1.0
0.9
0.0031
0.014
0.044
0.0025
0.17
0.10
0.015
0.058
0.032
0.35
0.083

0.13
3.4
2.3
2.3
6.0
0.007
0.051
0.29
0.086
0.30
0.22
0.015
0.11
0.11
1.2
0.25

0.11
1.9

3.1
0.72
1.9
0.0029
0.025
0.23
0.058
0.066
0.058
0.067
0.0073
0.082
0.84

0.15

2006

Cu, ppm
Zn, ppm
As, ppm
Se, ppm
Mo, ppm
Ag, ppm
Cd, ppm
Sn, ppm
Sb, ppm
Te, ppm
Ba, ppm
W, ppm

Re, ppm
TI, ppm

Pb, ppm
Bi, ppm

1.60
1.13
2.93
1.2
0.14

0.042
0.19
0.056
0.14
0.014
0.018
0.0048
0.073
0.63
0.15

0.13
1.7

3.3
0.63
2.2
0.0021
0.022
0.25
0.063
0.066
0.068
0.076
0.0071
0.090
0.92
0.16

2.02
11
3.1
1.4
0.13

0.045
0.20
0.054
0.16
0.018
0.013
0.0062
0.088
0.67
0.17

0.058
0.44
1.3
1.2
1.0
0.002
0.014
0.015
0.0039
0.17
0.22
0.030
0.078
0.018
0.26
0.061

0.21
1.3
15
0.47
0.64
0.0016
0.0039
0.024
0.0028
0.11
0.78
0.020
0.021
0.011
0.17
0.044

0.17
2.3
4.4
1.9
29
0.0047
0.039
0.25
0.062
0.23
0.27
0.10
0.086
0.10
1.10
0.21

1.8
24
4.4
1.7
0.79
0.0016
0.046
0.22
0.059
0.26
0.79
0.038
0.026
0.085
0.79
0.19

See footnote of Supplementary Table V-6.



Chapter VI. CONCLUSIONS AND PERSPECTIVES

The hydrothermal fluids and volcanic vapors conegatand fractionate Cd and Zn, in some
cases dramatically affecting Cd/Zn ratios. Althougtany experimental studies were conducted by
previous authors on Zn aqueous speciation and alirsmiubilities, our study provides the first
systematic structural and thermodynamic data foraCtemperatures and pressures above ambient.
Thus, the major part of our experimental work wasaded to the identity, structure and stability of
the main aqueous species transporting cadmiumdrottyermal fluids and vapors in a wide range of
T-P-mCl. We have used a combination of different comgetary laboratory methods like
potentiometry, solubility, and in situ X-ray abstiop spectroscopy. In addition, for both Cd and Zn
we performed solubility measurements in highaqueous Cl-bearing vapors and vapor-brine
partitioning measurements in the two-phas®aCl-HCI system. These experimental laboratory
data were compared with our analyses of volcanitafoles at the Kudryavy volcano (Kuril Islands,
Russia) and available literature data for modemréthermal systems and hydrothermal ore deposits
in an attempt to correlate the Cd/Zn ratios indduand minerals with physical-chemical parameters
and fluid compositions.

Our potentiometric measurements performed in Cdubgachloride agueous solutions as a
function of pressure at 25°C allowed the derivatidrindividual molal volumes of four cadmium
chloride complexes. Our data demonstrate a goazhiircorrelation between the non-electrostatic
contribution to the standard molal volume and tigarld number in the complex for Ca{thq),
CdClk, and CdACF but this linearity breaks up for €&dand CdCl. This corresponds to the
coordination change from octahedral (for CdPh’* and CdCI(HO)s" species) to tetrahedral
structures (for CdG(H,0),’, CdCL(H,0), CdClL* species). This observation is in agreement with ou
direct XAFS spectroscopy data. The values of thedztrd volumes were used in the framework of the
revised HKF equation of state to provide improveglspure-dependent HKF parameters for each Cd-
Cl species, thus allowing calculations of theirrthedynamic properties at pressures up to 5000 bar.
The thermodynamic modeling performed using these dta for Cd and available literature data for
Zn (Sverjensky et al., 1997) demonstrates thaydrdthermal fluids the increase of pressure results
an increase of the Cd content in sphalerite inldgiwm with a hydrothermal saline fluid. The resul
of this part of our work constitute a researchcitsubmitted taseology of Ore Deposiisa August
2009 (Bazarkina et al., 2009a).

In situ X-ray absorption spectroscopy in Cd-beasntutions together with CdQand Cdg,
solubility measurements were used to investigage stoichiometry, structure and stability of the
dominant cadmium chloride aqueous complexes in @egisolution to 450°C and 600 bar. Results
show that Cd aqueous speciation is dominated byatien Cd(HO)s*" in acidic Cl-free solutions,
and by chloride species Cd{H,0),>™ over a wide range of temperature (20 — 450°C}jigc{1 — 8
pH), and chloride concentration (0.04 -n380ur spectroscopic data are consistent withdhmdtion
of octahedral Cd(kD)s’* and Cd(HO)sCI* species and tetrahedral Ce{€L0),’, CdCL(H,0O) and
CdCl, species at < 200-300°C andnc, < 18. At ambienfT-P our XANES and EXAFS results are in
good agreement with stability constants for ther foadmium chloride complexes reported in the
literature. AtT > 300°C, aqueous Cd speciation is dominated bydermplexes, CdGH,0),’ and
CdCk(H,0) in a widem, range (0.04 —1B). The stability constants of these complexes vedrirom



solubility measurements at 400°C and 600 bar arereérs of magnitude higher than available HKF-
model predictions which are based on [dwlata. These new data were compared with the &laila
structural and thermodynamic information about mafm-Cl complexes, and a new potential
geochemical tracer of the fluid composition using Zn/Cd ratio has been proposed. These results are
presented in a research article submittedCtemical Geologyn October 2009 (Bazarkina et al.,
2009Db).

Our accurate CdO and CdS solubility measuremengsire water and low-saline vapors at
400°C confirmed the findings in dense saline sohgi The higher affinity of Cd than Zn to the
chloride ligand is responsible for the strong iase of the Cd/Zn ratio with increasing Cl
concentration. These results are in line with owasured partitioning coefficients of Cd and Zn
between coexisting vapor and liquid phases in tpe-NaCI-HCI system. Both Cd and Zn, together
with Na, fractionate largely in favor of the Clhidiquid phase. This fractionation increases in the
order Na - Zn - Cd. Consequently, during the floailing, Cd will have a greater tendency than Zn to
concentrate into the brine phase, resulting imarease of Cd/Zn ratios in the Cl-rich brine durihg
fluid accent and pressure decrease. These datdyirednwith thermodynamic calculations of CdS
and ZnS solubilities, where compared with naturddlyses of Zn, Cd, associated metals and main
volatile ligands S and CI in high-P fumaroles of the Kudryavy volcano, sampled andyzed
during this study. Our samples of volcanic cond@ss#éogether with previous data of Taran et al.
(1995) reported for the Kudryavy volcano demonstthtit despite the large data scatter, the Cd/Zn
ratio has a tendency to increase with increasingo@tentration. The Cd/Zn ratio can thus be used to
trace the fluid evolution and composition.

PERSPECTIVES

A combination of different experimental and themadt approaches was developed to study
the identity, structure and stability of the dommitaqueous species responsible for Cd and Zn
transport and precipitation in hydrothermal proess©ur study allowed obtaining new data about the
behavior of these metals in a wide rangel-t-densitymc-pH conditions, typical of hydrothermal-
volcanic settings. At the same time, of course, siudy indicated a number of new important near-
future scientific challenges. Some of these neweissire discussed below.

= First, the inconsistency among the available in {fiterature solubility, potentiometric,

spectroscopic and theoretical studies both on @dZmspeciation in the fluid phase should be
emphasized. Despite numerous reported experimstudies on agueous Zn-Cl complexes, the
identity, structure and stability of the main Zn-&@mplexes in hydrothermal solutions should be
carefully revised and existing discrepancies shbeldesolved. As it was done in our work for Cd
chloride complexes, complementary experimental @gges should be applied to unambiguously
resolve the stoichiometries and stabilities of mafueous species of Zn. Different approaches
should yield consistent data. For example, indimeeithods like correlations between molal
volumes and ligand number confirm nicely more dirgpectroscopic findings as it was
demonstrated in this work. Only ensemble of diffiérexperimental approaches together with
thermodynamic analyses can help to understandaiexphnd quantitatively model the metal
behavior in hydrothermal fluids in a wide rangesalinity andT-P- pH conditions.



Cd/Zn weight ratio

Second, it should be mentioned that more data ono@itents in natural hydrothermal fluids and
vapors are required. To the best of our knowletlgse are no reported data on Cd concentrations
measured in individual fluid inclusions. It shoulle noted that simultaneous Cd and Zn
measurements in fluid inclusions using such ar@dtiechniques like laser ablation ICP-MS will
provide the necessary information about the truecentrations of these metals in natural fluids.
Unfortunately, almost no data exists on Cd conegioins in the coexisting vapor and brine fluid
inclusions from magmatic-hydrothermal deposits, ighe data of Zn are abundant (e.g., Heinrich,
2007; Yardley, 2005; Philippot et al., 2001). Itciear also that for better understanding of the
sources of Cd and Zn in hydrothermal fluids andiéscies of Cd/Zn ratios in Nature (Fig. VI-1)
we need to know how these metals fractionate dumipstallization of magmatic rocks, pegmatite
and skarn formation, and their partitioning betweesgma and fluid phases. Both natural and
experimental data are required to resolve thisissu

10( E T T IIIIIII T T IIIIIII T T IIIIIII T T T TTTT
10g thermal waters
1 B o | * Continental crust (Rudnick and Gao, 2003)
3 volcanos " E Ocean (Cellender, 2003)
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01 E a E Colima volcano (Taran et al., 2001)
F : 7 ® Mendeleev volcano (Lebedev et al., 1989)
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Figure VI-1. The Cd/Zn ratio plotted as a function of Cl concainvn observed in Nature. Thr

main trends are marked: volcanos, thermal wateid simokers.



= Third, it should be mentioned that there are oely Btudies of complexing of Cd and Zn with
ligands other than Cl and OH/8, which are minor in the majority of natural hytdvermal fluids.
The first ligand in this list is sulfur. For the ment, there are very limited experimental data for
Zn complexation with sulfur ligands only &t< 100°C (e.g., Tagirov et al., 2007) and there is no
experimental data on Cd complexation with sulfgatids afl-P above ambient. However, as it
was mentioned by Rickard and Luther (2006), sulédemistry of Cd may be somewhat different
from that of Zn. Thus, there is an important laclour knowledge of Cd and Zn geochemistry. It
should be mentioned also that our knowledge ofdke of such minor ligands as NHPQ?®, F,
BOs™ in the behavior of both Cd and Zn is also veryitkah.

= Another interesting point is how the discussedhis study difference in the chemical speciation
of Cd and Zn may affect the isotopic fractionatairthese metals. Some limited data for Cd and
Zn stable isotopes in natural samples have recéetyn reported in the literature (e.g., Lacan et
al., 2006; Ripperger et al., 2007; Wombacher e2808). However, there is no experimental data
about this issue, but only an experimental appr@aatarefully controlled laboratory conditions
may help to discriminate the numerous thermodynarkioetic and geochemical factors
responsible for the isotope variations in complatural systems.

This short analysis implies that the same conchssand perspectives are certainly applicable
to many other economically and geochemically imgairtsimilar elements (e.g., Pb, Cu, Fe, Ag). A
combination of experimental, modeling and analyteggproaches is necessary to better understand
their transport and precipitation by high-tempematyeological fluids responsible for the formatafn
the majority of these metal resources on our planet
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Despite the growing body of experimental data on gold solubility in hydrothermal fluids, the identity,
structure and stoichiometry of Au-bearing aqueous complexes remain poorly known. Here we present the
first in situ measurements, using X-ray absorption fine structure (XAFS) spectroscopy, of the stability and
structures of Au™ and Au' chloride complexes at elevated temperatures and pressures (T-P) typical of natural
hydrothermal conditions. The HAuCl,~NaCl-HCl-Au(, and NaCl-H,SO4-Au systems were investigated to
500 °C and 600 bar using a recently designed X-ray cell which allows simultaneous determination of the
absolute concentration of the absorbing atom (Au) and its local atomic environment in the fluid phase. XAFS
data combined with Density Functional Theory quantum-chemical calculations of species structures and ab-
initio modeling of XANES spectra show that the Au"Cl; species is rapidly reduced to Au'Cl; at temperatures
above 100-150 °C in acidic NaCl-HCI solutions. In the latter complex, two chlorine atoms are aligned in a
linear geometry around Au at an average distance of 2.267+0.004 A. Our data provide the first direct
structural evidence for AuCl;, which is the major Au-bearing species in acidic Cl-rich hydrothermal fluids
over a wide T-P range, in agreement with previous solubility and Raman spectroscopy data. Total aqueous Au
concentrations measured by XAFS in HAuCl4-HCI-NaCl and NaCl-H,SO, solutions in the presence of Augs)
are, however, one to two orders of magnitude lower than those predicted by equilibrium thermodynamic
calculations. This discrepancy is believed to be due to the combined effects of the cell properties, X-ray beam
induced phenomena, and kinetic factors which may complicate the interpretation of high T-P spectroscopic
data in redox-sensitive systems.
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1. Introduction a formidable challenge for experimentalists, and is responsible for the

large discrepancies affecting both the stability constants and stoichio-
metries of Au-bearing aqueous species derived from bulk solubility
data. Here we report new structural and stability data for Au™ and Au'
chloride complexes obtained at elevated temperatures using in situ
XAFS spectroscopy, thermodynamic modeling and quantum-chemical

Knowledge of the identity, stability and structure of gold aqueous
complexes is indispensable for understanding the transport, distribu-
tion and deposition of this precious metal by ore-forming fluids. As a
result, many studies have been devoted, over almost 40 years, to

quantifying gold interactions with major natural ligands like hydro-
xide, chloride and sulfide (see Stefansson and Seward, 2003a,b;
Tagirov et al., 2005, 2006; references therein). Most of these studies
have been performed using solubility methods or synthetic fluid
inclusion techniques in hydrothermal reactors involving high tem-
perature-pressure (T-P) fluid sampling or quenching to ambient
conditions. However, the “noble” nature of Au resulting in low
solubilities and rapid kinetics of reduction of both principal gold forms
in solution, monovalent Au' and trivalent Au", into native metal poses

* Corresponding author. Tel.: +33 5 61 33 26 18; fax: +33 5 61 33 25 60.
E-mail address: pokrovsk@lmtg.obs-mip.fr (G.S. Pokrovski).

0009-2541/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.chemgeo0.2008.09.007

calculations.

Auric gold (Au™) chloride complexes are recognized as primary
aqueous Au species in oxidizing surficial environments at acidic and
neutral conditions, whereas aurous gold (Au') chloride species form at
elevated temperatures in hydrothermal Cl-rich fluids (e.g., Gammons
and Williams-Jones, 1997; Akinfiev and Zotov, 2001; Berrodier et al.,
2004). The stoichiometry and stability of Au™-Cl complexes have been
studied at ambient conditions using potentiometry (Nikolaeva et al.,
1972), Raman (Peck et al., 1991; Murphy and LaGrange, 1998), and
XAFS (Farges et al., 1993; Berrodier et al., 2004) spectroscopy which
show that the square-plane AuCl; dominates in acidic solutions
(pH<~5) and is progressively replaced by mixed AuCl,,(OH),-, species
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with increasing solution pH. No data are available, however, on the
structure of Au™-Cl species at temperatures above ambient.

The formation conditions and structure of Au' chloride complexes
are much less constrained owing to their low stability at ambient T-P
and weak solubility even at high temperatures. A number of solubility
studies have reported the formation constants for the AuCl; species
presumed to be dominant in natural acidic chloride-rich fluids at
elevated T-P (Henley, 1973; Wood et al., 1987; Zotov and Baranova,
1989; Gammons and Williams-Jones, 1995, 1997; Stefansson and
Seward, 2003b). The agreement between studies carried out since the
1990's is rather good with a scatter of AuCl; formation constant values
of less than 0.3 log units to 450 °C and 1500 bar (see Stefansson and
Seward, 2003b for discussion). In addition, a few attempts have been
undertaken to detect this species by in situ Raman spectroscopy at
temperatures up to 300 °C (Pan and Wood, 1991; Murphy et al., 2000),
but they led to somewhat contradictory results regarding both Raman
band assignments and Au'-Au! transformation conditions in chloride
solutions. Thus, direct evidence for the formation of aurous chloride
species is still lacking and their stoichiometry and structure remain
poorly constrained. Clearly, more in situ studies are needed to better
understand and quantify the stabilities and structures of Au species in
the system Au'-Au™-Cl at hydrothermal T-P.

With the advent of in situ spectroscopic methods and improve-
ment of synchrotron radiation sources in the last 10-15 years, it has
become possible to rigorously assess the local atomic structures of
metals in high T-P aqueous fluids (e.g., see Seward and Driesner,
2004). These in situ data, complemented by quantum-chemical and
molecular dynamics calculations (e.g., Sherman, 2001) and ab-initio
modeling of X-ray absorption spectra (e.g., see Rehr, 2006 for a recent
review), are going to provide unprecedented insights into the
identities and structures of metal complexes in hydrothermal fluids.
In addition, quite recently, a few in situ spectroscopic studies
combining simultaneous measurement of mineral solubilities and
local atomic structures of solutes have been reported on relatively
simple systems containing a mineral and an aqueous fluid phase (e.g.,
quartz-H,0, Zotov and Keppler, 2002; GeO,-H,0, Pokrovski et al.,
2005a; Sb,03-H,0-NaCl-HCl, Pokrovski et al., 2006a, 2008b; Au-
H,0-H,S-NaOH, Schott et al., 2006).

The present study focuses on in situ X-ray absorption spectroscopy
measurements of gold speciation, solubility and structure in Cl-
bearing aqueous fluids to 500 °C and 600 bar in the model systems
Aus)-HAuCl4-NaCl-HCl and Augs)-NaCl-H,SO,4. Here we combined in
situ XAFS experiments with quantum-chemical optimizations of
complex geometries and calculations of near-edge X-ray absorption
(XANES) spectra to investigate the stability, transformation kinetics,
and structure of the principal Au' and Au! chloride complexes. Our
results provide the first direct structural evidence for the AuCl; species
in hydrothermal solution and demonstrate the promising potential of
combining in situ synchrotron radiation spectroscopy with ab-initio
modeling for in situ studies of complex high T-P fluid systems
pertinent to Earth's hydrothermal-magmatic settings.

2. Materials and methods
2.1. Experimental design and XAFS spectra acquisition

Three types of aqueous solutions were examined in this study:
HAuCly-NaCl-HCl, Aus)-HAuCl4-NaCl-HCl, and Aus)-2 m NaCl-0.5 m
H,S0,4. Metallic gold foil was 0.5 mm thick with a purity of 99.99%
(GoodFellow). Gold tetrachloride solution (HAuCl,) was prepared by
dissolving Au metal in 20% HCI boiling solution. Experimental
solutions were prepared from analytical-grade reagents NaCl, HCI,
H,S0O4 and doubly de-ionized water.

XAFS spectra (including the X-ray absorption near edge structure
region or XANES, and the extended X-ray absorption fine structure
region or EXAFS) of aqueous Au solutions were collected in both
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transmission and fluorescence mode at the Au L3-edge (~11.9 keV)
over the energy range 11.7-13.0 keV on BM30B-FAME beamline
(Proux et al., 2005) at the European Synchrotron Radiation Facility
(ESREF, Grenoble, France). The storage ring was operated at 6 GeV with
a ~180 mA current. Energy was selected using a Si(220) double-crystal
monochromator with sagittal focusing. Contributions of higher-order
harmonics from the Si(220) double-crystal within the FAME optics
configuration do not exceed 0.1% of the transmitted intensity in the
energy and absorbance ranges of our experiments (Proux et al., 2006).
The beam size was focused to 300 pum horizontal x200 pum vertical
yielding an X-ray photon flux on the sample of ~10'? photons/s as
measured with a calibrated Canberra diode. Silicon diodes collecting
scattered radiation from a Kapton foil were employed for measuring
the intensities of the incident (Ig) and transmitted (I; and I) X-ray
beams while fluorescence spectra were collected in the 90° geometry
using a Canberra solid-state 30-element germanium detector (energy
resolution=300 eV, shaping time=125 ns). Energy was constantly
calibrated using a gold metal foil placed behind the sample (i.e.,
between the I; and I, transmission detectors); its L3 edge energy was
set at 11.919 keV as the maximum of the first derivative of the main
edge spectrum.

XAFS measurements were carried out using a spectroscopic cell
recently described in detail elsewhere (Pokrovski et al., 20053, 2006a;
Testemale et al., 2005). Very briefly, the design includes an inner
optical cell (Fig. 1) which is inserted in a high-pressure steel vessel
pressurized with helium and having three beryllium windows for X-
ray passage. The internal cell consists of a vertically oriented sapphire
or glassy-carbon tube polished inside, and two sapphire coaxial rods
equipped with Viton O-ring seals and inserted into the tube from each
end. The rods delimit the sample space, in which experimental solid
and solution are placed, and can move in the tube in response to
pressure changes like a piston in a syringe. The volume of the sample
space is about 0.1 to 0.2 cm® which corresponds to a height of 3 to
6 mm, depending on T-P conditions. Pressure in the sample space is
always balanced with that of helium gas and the mobile pistons. The
optical path through the vertically oriented cell remains constant
owing to the low temperature expansion coefficient of sapphire and
glassy carbon. The temperature in the sample space is maintained to +
0.2 °C by Mo heating resistances and Pt-Pt/Rh thermocouples
connected to a Eurotherm® temperature controller. Temperature
gradients through the sample space do not exceed 5° at a run
temperature of 400 °C. The Viton O-rings are situated outside the
heating zone (at <100 °C when the sample-space temperature is
400 °C) to avoid their thermal degradation. This results in a relatively
small ‘dead-volume’ space between the rods and glassy-carbon tube
(<20-30% of the total cell volume) that produces minimal solute
diffusion and solid precipitation below or above the hot sample space.
Helium pressure is monitored using three pressure sensors placed at
the cell exit and at the end of the pressure line. Pressure variations
between them do not exceed 10 bars; the mean value is adopted. The
cell design permits operation up to ~500 °C and ~2000 bar (depending
of the amplitude of the fluid expansion and the thickness of Be
windows). Additional details about the cell properties and operation
limits are given in Pokrovski et al. (2006a).

It should be noted that because of the high external pressure
coupled with elevated mobility of helium, partial diffusion of He into
the internal cell and its dissolution in aqueous solution cannot be
completely avoided. Such effects are expected to be weak at
temperatures below 300 °C and experimental He pressures of
600 bar, at which He solubility in water ranges from 0.3 to 4 mol%
between 25 and 300 °C as shown by thermodynamic calculations
using available Henry constants (e.g., Schulte et al., 2001). However, its
solubility might become important at near-critical temperatures,
significantly lowering water activity and thus affecting solid phase
solubilities. Measurements of He diffusivity into an empty cell through
Viton seals at ambient temperature and He pressures above 500 bar
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Fig. 1. (a) Details of the internal part of the X-ray cell, and (b) the assembled cell with a heating device used for XAFS measurements in this study.

demonstrated negligible He diffusion within the duration of typical
XAFS experiments (1-2 days). Although it is difficult to quantitatively
estimate the amplitude and rate of He diffusion at elevated T-P into
the cell in the presence of a fluid phase, tests involving rapid cell
cooling (<15 min) from 450 to 20 °C under 600 bar of He pressure
revealed neither changes in the mass of fluid initially loaded nor the
appearance of a vapor phase, thus indicating that He dissolution is
likely to be insignificant in most experiments. Furthermore, previous
solubility measurements in different systems at temperatures above
300 °C using the same cell design demonstrated excellent agreement

(a)

with solubility data obtained in batch hydrothermal reactors (e.g.,
GeO,-H,0, Sby,03-NaCl-HCl, Au-NaOH-S, Pokrovski et al., 2005a,
2006a,b, 2008b), thus implying that He dissolution in the experi-
mental fluid (if occurs) has no significant effect on mineral solubilities
and solute atomic structures.

A small piece of Au foil (~50 mg, 3 mm in diameter) was placed at
the bottom of the sample space (i.e., on the top of the lower sapphire
rod) below the beam passage through the aqueous solution. Note that
the diameter of the holes (2-3 mm) in the heating assemblage around
the cell tube is such that the Au solid at the cell bottom is never

(b)

0.06 AN S
| dissolution + reduction into AuCl, B
& ’ KAuCl,~2H;0s)
o 0057 i %’ f 24
o s : 100
T . 3% 2 *‘) 150
= 0150 . o £ A R e
=X 004 reduction into AuCl, © i\ A 200
© ' AHA100 iryitath Q f L
o + Au precipitation 2
£ | 5 250
c iHp 24 o J 300
-% 0.03- Aucl,” g ‘ 400
5 i ® 3 AuClig)
8 250 = , Adte)
2 0027 ! 400 e M c
o =
o i O Y g ©
= . £ F
< — AuP colloidal 5
: 300%%y Precipitated z E Exp 1:
| Augg) - 0.035m HAUCI, -
Exp 1: 0.5m NaCl - 0.01m HCI
0 Au(g)-0.035m HAUCI, - 0.5m NaCl-0.01m HCI
e —_—

0 1 2 3 4 5
Elapsed time, hours

11900 11920 11940 11960 11980 12000
Energy, eV

Fig. 2. (a) Evolution of dissolved Au concentration in solution at 600 bar in a mono-crystalline sapphire cell as a function of temperature and time in the system Aus)-HAuCl,-NaCl-
HCI for indicated composition and temperatures (in °C), measured by monitoring the absorption edge height in transmission mode. The error is comparable to the symbol size.
(b) Normalized Au-Ly; near-edge (XANES) spectra from the same experiment at indicated temperatures. Vertical lines show features characteristic of the square AuCly species similar
to those in crystalline KAuCls-2H,0 (A, B), metallic gold (C, D), and the linear [CI-Au-Cl] unit in AuCl;s) and AuCl; complex (E, F). The glitches apparent in some spectra of solutions
between 11,950 and 11,990 eV correspond to diffraction peaks from the sapphire cell walls. The spectrum of AuCli) was kindly provided by Doonan and Reith (personal

communication).
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Fig. 3. (a) Evolution of Au dissolved concentration as a function of time in an acid HAuCl,-NaCl-HCl aqueous solution of indicated composition in the presence of native gold (Exp 7),
determined from the absorption edge height, Ap, of the transmission spectra shown in (b), and using Eq. (1). The error is comparable to the symbol size. (b) Raw transmission scans at
Au-Ly; edge at 22 and 250 °C and 600 bar for the same experiment, as a function of run duration (in hours from the start of the experiment). The decrease of the total absorbance and

absorption edge height at 250 °C demonstrates the precipitation of Au from solution.

exposed to the direct beam which “sees” only the central part of the
sample space occupied by the fluid phase (Fig. 1). The cell was
pressurized to 600 bars and heated. XAFS spectra were recorded at
temperatures from 20 to 500 °C (depending on experiment and
solution composition) and as a function of time, allowing the
dissolved Au concentration and structural changes to be monitored
(e.g., Figs. 2 and 3). The spectral amplitudes both in the XANES and
EXAFS regions recorded in transmission and fluorescence modes were
found to be identical demonstrating the absence of self-absorption
effects in the fluorescence mode, at least at the investigated gold
concentrations (<~0.05 m).

2.2. XAFS spectra analysis

Classical EXAFS spectra reduction was performed with the Athena
and Artemis packages (Ravel and Newville, 2005) based on the IFEFFIT
program (Newville, 2001). Details about the reduction procedure can
be found elsewhere (Pokrovski et al., 2005a, 2006a). Briefly, spectra
were normalized to the absorption edge height, background-removed
using the AUTOBK algorithm, weighted by k", where n=1, 2 or 3, and
Fourier filtered over the k range from ~3 to 9-12 A™! (depending on
the signal-to-noise ratio) to produce radial structure functions (RSF).
Fits were performed in R-space on both the real and imaginary parts
of the RSF contributions (Newville, 2001) to obtain the identity of the
backscattering atoms, Au-neighbor distance (R), coordination number
(N), and the Debye-Waller factor (0?) for each scattering path. In
addition to these structural parameters, a single nonstructural
parameter, Ae, was varied to account for its estimate made by FEFF.
To diminish correlations between N and o2, and R and Ae, and better
account for light versus heavy neighbors and multiple scattering
paths, fits were performed simultaneously with k-weightings of 1, 2
and 3. The fitted values of the structural parameters were identical
within errors, with similar fit qualities for each k-weighting. This is an
additional demonstration of both the validity of the chosen structural
models and the accuracy of the EXAFS background removal proce-
dures (Ravel and Newville, 2005). Theoretical backscattering ampli-
tude and phase-shift functions for Au-Cl, Au-0, Au-H, Au-Na/K, Au-
Au single and multiple scattering paths were computed using the
FEFF6 ab initio code (Zabinsky et al., 1995) with Au, AuCl, Au,0s,
NaAuCly, KAuCl,-2H,0, and NasAu(S;03)3-2H,0 crystal structures.
The amplitude reduction factor (S3) was set at 0.85+0.05 as found by
fitting spectra of these solid references. This value is identical to that
reported previously for Au L, and Lz edges of different compounds
(Benfield et al., 1994). The influence of anharmonic disorder in
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determining structural parameters was checked using the cumulant
expansion method (e.g., Crozier et al., 1988). The values of third- and
fourth-order cumulants (c; and c4) found when fitting the Au first
coordination shell always converged to zero within errors (+10™4) and
thus had no influence on the main structural parameters (R, N and o).
The presence of multiple scattering (MS) events within the Au first
coordination shell was examined using the FEFF code (see below),
assuming local Dy, or C4, geometries around Au, as found in the model
compounds investigated. Multi-electron excitations (MEE) in the Au
Ls-edge EXAFS region, like 2p4f which yields additional transitions at
k ~4-6 A™', may interfere with standard background subtraction
procedures and thus influence the analysis (e.g., Benfield et al., 1994).
However, these MEE could not be detected unambiguously in most of
our Au' spectra, in agreement with previous findings that showed a
negligible impact of these transitions on EXAFS-derived structural
parameters for Au'-bearing compounds (Benfield et al., 1994;
Berrodier et al., 2004). For Au'" samples, the MEE were identified in
the spectra, but were found to be too weak to affect the structural
parameters. In addition to the classical EXAFS analysis, XANES spectra
of different Au aqueous species potentially present in the experi-
mental solutions were modeled based on species optimized geome-
tries generated using quantum-chemical algorithms and the EXAFS
derived Au-ligand distances (see Section 2.4).

2.3. Determination of dissolved Au concentration from the absorption
edge height

Dissolved Au concentrations were determined from the amplitude
of the absorption edge height over the Au Ls-edge of transmission
spectra (Ap) using the following equation based on the classical X-ray
absorption relation (see Pokrovski et al., 2005a, 2006a; Testemale
et al., 2005 for details):

Cau = AU/ (A0py X May x I x dayiq) 1)

where Ca, is Au aqueous concentration (mol kg™ ! of fluid), A0y is the
change of the total absorption cross-section of Au over its L3-edge
(cm? g "), 1 is the optical path length inside the cell (cm) which
remains constant through the experiment, Ma, is Au atomic weight
(0.1970 kg mol™ 1), and dqyiq is the density of the aqueous solution
(g cm™3) at given Tand P.

The absorption cross-sections for Au were taken from the recent
compilation of Elam et al. (2002). These values are in close agreement,
within ~5% below and above the Au L3-edge, with other databases
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(e.g., as compiled in the Hephaestus software, Ravel and Newville,
2005). In the absence of direct volumetric data on the system H,O-
NaCl-HCl-H,S04-Au at elevated T-P, the fluid density in our XAFS
experiments was approximated using the Pressure-Volume-Tem-
perature-Composition (PVTX) properties of the system NaCl-H,0
(Anderko and Pitzer, 1993; Bakker, 2003), and assuming that Au/HCl/
H,SO4 solutes in water yield the same contribution to the fluid density
as the equivalent weight concentration of NaCl. It is expected that the
maximum error of density estimations using this approximation does
not exceed 10% at temperatures above 200 °C.

The height of the absorption-edge step (Au) in each transmission
EXAFS scan was determined using a classical ‘empirical’ normalization
technique of the AUTOBK algorithm (Newville, 2001), and an
independent Cromer-Liberman normalization (CLnorm, Cromer and
Liberman, 1970), both implemented in the Athena software. Values of
Ay found using both approaches were identical within errors, thus
confirming the validity of estimates of atomic-like background over
the Au Ls-edge. The uncertainty on Ay determinations, as estimated
by changing fitted energy ranges or by comparing different scans for
the same Au concentration, is less than 5% for a Ay amplitude greater
than 0.1 (~0.01 m Au), is about 10% for Ay between 0.01 and 0.1, and
reaches 30-50% for Ay between 0.01 and 0.001 (~1073-10"% m Au).

2.4. Quantum-chemical calculations of optimized structures and XANES
spectra for Au aqueous species

The quantum chemical calculations were performed using the
Gaussian 03 program (Frisch et al., 2004) based on Density Functional
Theory (DFT) and second order Mgller-Plesset (MP2) methods. DFT
calculations were carried out using a B3LYP functional (Lee et al., 1988;
Becke, 1993) incorporated into Gaussian 03. The 6-311 +G(d) basis set
was used for Cl, O, and H. The Stuttgart-Dresden (SDD) relativistic
effective core potential (RECP) adopted in Schwerdtfeger et al. (1989)
was used in most calculations for Au. This potential, combined with
[7s-3p-4d] contraction for valence electrons, was used to approximate
the Au inner electronic structure consisting of 60 electrons ([Kr]+4d+
4f). Previously, the SDD RECP was successfully used to study structures
and thermo-chemical properties of Au*(H,0), clusters (Feller et al.,
1999). We denote these theory levels as B3LYP/SDD/6-311+G(d) and
MP2/SDD/6-311+G(d) for DFT and MP2 methods, respectively. In
addition, a series of calculations for AuOH(OH2)° and AuCl; was
performed with the LANL2DZ (Hay and Wadt, 1985) and CEP-121G
(Stevens et al., 1992) effective core potentials. Besides, to account for
the effect of bulk solvent (water at 25 °C, €=78.36), several calculations
were carried out with the aid of a Polarized Continuum Model (PCM/
B3LYP/SDD/6-311+G(d) theory level). The normal mode analysis
showed that the calculated geometries represent the true minima on
the potential energy surface.

XANES spectra of different Au aqueous species were modeled
based on the optimized geometries of the predicted species and
experimental EXAFS-derived Au-ligand distances, using the FDMNES
computer code (Joly, 2001). This program calculates theoretical XANES
spectra using two different formalisms, the classical multiple scatter-
ing (MS) muffin-tin method (e.g., Rehr et al., 1992) and/or the Finite
Difference Method (FDM) where the electron potential is calculated by
resolving the Schrodinger equation on the node points of a three-
dimensional grid (Kimball and Shortley, 1934). The obtained raw
calculations represent the evolution of the photo-absorption cross-
section of Au as a function of X-ray photon energy and correspond to
the transition amplitude between the initial and final states. The
generated raw spectra, which correspond to an energy resolution of
the FD method (<0.1 eV) and thus display almost all possible
electronic transitions, are further convoluted with a Lorentzian
function with a full width I}, of 5.41 eV to account for the core hole
lifetime at the Au Ls-edge, and a Gaussian function to account for the
experimental resolution assumed to be equal to the intrinsic

resolution of the monochromator (I'ex,=0.61 eV, Proux et al., 2006).
The convolution parameters were fixed in all subsequent analyses.
Because the electronic states below the Fermi level are occupied, the
absorption cross section is taken to be equal to zero below the Fermi
energy prior to the convolution. All calculations were performed in
the FDM mode in order to test different clusters symmetries and
geometric configurations (note that in case of low symmetry, the
muffin-tin approximation is not sufficient in the near-edge energy
range; Joly, 2001). The values of energy for the Fermi level were fixed
to -4.0 and -2.9 eV for Au™ and Au', respectively, as deduced from
examination of the density of state (DOS) evolution of the different
electronic states.

3. Results

3.1. Evolution of XANES spectra and gold dissolved concentrations in
Au/Au' acidic chloride solutions

3.1.1. HAuCl,~NaCl-HCI system

Two experiments in a glassy-carbon and mono-crystalline sapphire
cell were performed on an aqueous solution of the initial composition
~0.035 m HAuCl;,~0.50 m NaCl-0.01 m HCI at temperatures to 300 °C
and pressures of 600 bar (Exp 2 and 3, Table 1). Aqueous gold
concentrations derived from transmission spectra by monitoring the
absorption edge amplitude as a function of temperature and time are
reported in Table 1. It was found that in the carbon cell dissolved Au
concentrations remain stable to 100 °C, but decrease rapidly at T> 150 °C
both with time at the same T and with increasing T, whereas in the
sapphire cell Au concentrations are identical to the initial value at
T<250 °C, at least within the time interval passed at each temperature
(20 to 80 min, see Table 1). XANES spectra of these solutions (Fig. 4) are
the same at T<100 and identical to those of crystalline Na and K auric
chlorides (NaAuCly, KAuCl,-2H,0) and acidic (pH<~5) HAuCl,-bearing
solutions over a wide range of Au (10"°-10"! m) and chloride (0.01-1 m)
concentrations at ambient T-P reported previously by Berrodier et al.
(2004) and Farges et al. (1993). As shown in detail in these works, the
XANES spectra of these compounds are dominated by a strong pre-edge
feature at ~11919 eV arising from electronic transitions from the 2p
ground states to the partially empty 5d states of Au>* (Berrodier et al.,
2004). The spectra of aqueous Au"" in acidic chloride media below 100 °C
recorded in our study are fully consistent with the dominant presence of
the square-plane AuCl; complex, in agreement with these XAFS and
other independent low-temperature Raman and UV-Vis data (Pan and
Wood, 1991; Peck et al., 1991; Murphy et al., 2000).

At temperatures above 150 °C, both in carbon and sapphire cells,
the amplitude of the Au' pre-edge feature decreases rapidly with
temperature and time, and the shape of XANES spectra indicates the
precipitation of metallic gold at T>200 °C (Fig. 4). However, the fast
spectral evolution together with rapid decrease of Au concentration
did not allow accurate assessment of all spectral features within the
limited beam time. The major conclusion from these experiments is
the instability of AuCly at temperatures above 150 °C, resulting in rapid
transformation to other species followed by metallic gold precipita-
tion. These phenomena are much faster in the carbon cell than the
sapphire cell since C is likely to create reducing conditions favorable to
Au™ reduction. A more quantitative assessment of Au™ reduction
processes has been obtained from experiments in the presence of
metallic gold reported below.

3.1.2. Augs)-HAuCl,~NaCl-HCI system

Two experiments were performed in a carbon and sapphire cell on
the same initial solution composition as above but in the presence of a
piece of metallic Au placed in the cell together with the Au™ chloride
solution (Exp 1 and 4, Table 1). A third experiment was done in a
polycrystalline sapphire cell at more acidic conditions and higher Cl
concentrations (Exp 7, Au)-0.032 m HAuCl4-0.54 m NaCl-0.53 m
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Table 1

Total dissolved gold concentrations and fraction of the AuCl; species in aqueous solution
in the systems HAuCls;-NaCl-HCl, Aug)-HAuCl4-NaCl-HCl, and Aug)-NaCl-H,S0,4 at
600 bar as a function of temperature, run duration, and cell material

Run/cell System composition T, °C Time, ma, AuCl5, mol%
(mol/kg H,0) hours
Exp 2 sapphire 0.036 m HAuCl,- 24 02 0.037 0
0.50 m NaCl- 100 12 0.036 <3
0.01 m HCl 150 0.7 0.036 <3
200 03 0.037 24+2
250 03 0.037 86+4
300 24 0.03-0.01 9545
Exp 3 carbon 0.036 m HAuCl,- 30 16 0.036 <4
0.50 m NaCl- 100 14 0.036 10£2
0.01 m HCl 150 14 0.035-0.031 43+3
175 14 0.027-0.015 78+5
200 14 0.008-0.002 Au’®
225 14 <0.002 Au®
250 1.0 <0.002 Au’®
Exp 7 sapphire Au- 22 12 0.032 0
0.032 m HAuCly- 250 19 0.033-0.007 100
0.54 m NaCl-
0.53 m HCl
Exp 1 sapphire Au- 24 0.7 0.033 <3
0.035 m HAuCl,- 100 0.8 0.039 9.5+3
0.50 m NaCl- 150 0.3 0.043 2942
0.01 m HCl 200 0.8 0.053-0.046 73+£2
250 05 0.027-0.016 97+2
300 0.6 ~0.009 Au®
400 21  ~0.015 Au°
Exp 4 carbon  Au- 30 19 0.037 <3
0.036 m HAuCly- 100 2.0 0.039-0.037 1412
0.50 m NaCl- 150 2.0 0.039-0.033 4143
0.01 m HCl 200 2.6 24x1072-5x107*  Au°
250 0.6 <5x1074 Au®
Exp 5 carbon  Au-2.6 m NaCl- 300 038 <107 >95
0.53 m H,S04 400 0.7 <5x107° >95
450 0.7 ~2x1073 >95
Exp 6 carbon  Au-2.6 m NaCl- 400 14 <2x107* >95
0.53 m H,S04 500 34 <3x1074 >95

AuCl; mole fraction was derived using linear combination analysis (LCA) of normalized
XANES spectra which was performed in the range —30 to 60 eV over the Au Lj;-edge and
using the spectra from Exp 7 at 22 and 250 °C as the references for the AuCl; and AuCl
species, respectively, and assuming that Auge.=AuCly +AuCl;.

Au® means that almost all Au was lost from solution and metallic gold precipitated, the
gold remaining in solution is likely to be in the colloidal form and/or deposited on the
cell optical windows.

ma, = total dissolved Au molality derived from the absorption edge amplitude in
transmission mode and using Eq. (1), a concentration range denotes the initial and final
may Value at the given T.

Time represents the duration of spectra acquisition (in hours) at each temperature step.

HCl). The run in the carbon cell (Exp 4) yielded similar results to those
described above showing a systematic (though somewhat slower than
without the metal) decrease of both the Au™ pre-edge feature and
dissolved Au total concentrations at 100-150 °C, followed by rapid Au
precipitation at 200-250 °C (see Fig. 4 for similar experiments).

In contrast, the same run performed in the sapphire cell (Exp 1)
showed a higher thermal stability of the studied solution, with
significant increase of Au concentrations from 0.035 m (at 30 °C) to a
maximum value of 0.053 m with rising temperature to 200 °C (Fig. 2a).
Gold dissolution was accompanied by systematic changes in the
XANES spectra as manifested by i) a decrease of the Au™ pre-edge
peak amplitude and ii) energy shifts of the main Au'Cl, XANES
features (identified as A and B in Fig. 2b). At 200 °C, Au concentrations
were found to decrease slightly (by ~20%) within an hour, whereas the
XANES spectra of three successive scans remained almost identical
(Fig. 2b). At 250 °C, Au precipitation was accelerated (Fig. 2a), but
successive XANES scans (20 min each) did not show changes within
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the experimental resolution. At this temperature, the XANES spectra
are characterized by a weak resonance at ~11921 eV (feature E) which
is different in energy from the Au'™ pre-peak (feature A at 11919 eV),
and by another resonance at 11929 eV (feature F) not present in the
spectra of Au' at T<100 °C (Fig. 2b). Note that a linear combination of
Au™ and Au® spectra could not account for these resonances. These
features are very close to those of the XANES spectrum of crystalline
AuCl) in which Au is linearly coordinated with two Cl atoms (Straehle
and Loercher, 1974). The EXAFS part of these spectra could not be
examined, however, due to the presence of numerous diffraction
peaks arising from the mono-crystalline sapphire tube. At higher
temperatures (300 and 400 °C), an extremely rapid (within ~10 min,
corresponding to the time necessary to raise temperature) Au
precipitation occurred and XANES spectra displayed the major features
of metallic gold (features C and D in Fig. 2), without detectable evolution
with time (up to 2 h). The gold remaining in solution (<0.01 m) might be
present in colloidal form, but some contribution to the spectra from the
metal deposited on the cell walls in front of the transmission and
fluorescence windows cannot be ruled out. This experiment thus
demonstrated that Au" reduction, likely into soluble Au' chloride
complexes, occurs in a limited temperature window (150-250 °C).

A third experiment, carried out at 250 °C for a longer duration in a
more acidic and Cl concentrated solution (0.53 m HCI, 0.54 m NaCl,
Exp 7) using a poly-crystalline sapphire cell with more tightly
adjusted pistons and smaller dead volume (<10% of cell volume),
confirms these findings. It can be seen in Fig. 3 that, although total Au
concentrations decrease systematically with time, normalized XAFS
spectra recorded in successive scans over about 2 h do not show any
detectable evolution. They are identical within normalization errors to
those recorded at 250 and 300 °C in the other sapphire-cell
experiments described above (Exp 1 with Au) and Exp 2 without

Normalized Fluorescence Intensity

Exp 3:
0.036m HAuCI, -
0.5m NaCl - 0.01m HCI

e o ] B s | e i B L i e r e |

11900 11920 11940 11960 11980 12000
Energy, eV

Fig. 4. Normalized Au-L; XANES spectra from Exp 3 in a carbon cell (0.036 m HAuCl,—
0.50 m NaCl-0.01 m HCI) at 600 bar and indicated temperatures (spectra at each T are
shifted along the vertical axis for clarity). The spectrum at each temperature is the sum
of 2 to 3 scans (30 min each) that show only a weak evolution with time. Spectra at
T>200 °C correspond to gold metal, whereas those recorded between 30 and 175 °C are
likely to be a mixture of Au™ and Au' chloride species. The high noise of the gold metal
spectra is due to the low Au concentration in solution (m,<0.01, see Table 1). Identical
spectra were recorded in Exp 4 in a carbon cell (Au)-0.036 m HAuCl4-0.50 m NaCl-
0.01 m HCl) from 30 to 150 °C (not shown).
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\ Exp 7. 22°, AuCl,”

Exp 7, 250°, AuCl,”

Exp 6, 400°, AuCly”

Exp 6, 500°, AuCly”

Au(HS),"

Normalized Fluorescence Intensity

T T T T T T T
11920 11940 11960 11980
Energy, eV

11900 12000

Fig. 5. Normalized Au-Ly; XANES spectra from selected solutions in the presence of
native gold at 600 bar and indicated temperatures (spectra at each T are shifted along
the vertical axis for clarity): EXp 7=Au)-0.032 m HAuCl4-0.54 m NaCl-0.53 m HCl, Exp
6=Aus)-2.6 m NaCl-0.53 m H,SO,. In Exp 7 at 250 °C several scans recorded at different
times are presented (see Fig. 3), they show no detectable evolution with time. The
spectra of crystalline AuCls), and the linear Au(HS); complex at 300 °C/600 bar (Schott
et al., 2006), analogous to AuCl3, are also shown for comparison. The poor statistics of
the spectra in Exp 6 is due to the low Au solution concentration (~10"% m, see Table 1).

Aus)). Itis thus very likely that at elevated temperatures AuCly reduces
into Au'-Cl complexes, presumably AuCl3, as suggested both from in
situ Raman spectroscopy on similar solutions (Pan and Wood, 1991;
Murphy et al., 2000) and solubility measurements in the system Aus)-
Au''Cl,~NaCl-HCl (Gammons and Williams-Jones, 1995, 1997), which
showed that increasing the temperature in the presence of metallic
gold promotes the reduction of AuCly into AuCl; according to

2Aug) + AuCl; + 2CI” = 3AuCly 2)

3.1.3. Augs)~-NaCl-H,S04 system

Two runs were performed to study Au dissolution in a 2.6 m NaCl-
0.53 m H,S0, solution at temperatures from 300 to 500 °C at 600 bar
using a carbon cell (Exp 5 and 6). Dissolved gold concentrations were
found to be close to the detection limit of our technique (<1073-10"*m
Au) and showed no detectable evolution with time, over at least 3 h
(see Table 1). Despite the significant noise affecting the XANES spectra
recorded from these Au-poor solutions (Fig. 5), their main features
were found to be very similar to those in the Au"-Cl+Aus) systems at
250 °C and lower Cl concentrations described above. Equilibrium
thermodynamic calculations carried out using the available stability
constants for Au'Cl; and Au' chloride and hydroxide complexes (see
Appendix) indicate that AuCl; should be by far the dominant Au
species in the experimental solutions, with concentrations increasing
from 0.001 to 0.1 m Au between 300 and 500 °C. The much lower Au
concentrations measured by XAFS in this study are likely due to the
presence of carbon whose partial dissolution at T>300 °C generates
more reducing conditions than those predicted for a NaCl-H,SO,4
solution, and thus favors the stability of metallic gold. For example,
calculations show that in Exp 5 at 300 °C in the presence of graphite,
H,S is the dominant sulfur species, pH becomes less acidic (pH ~3.9
versus ~1.0 without graphite), and Au concentrations decrease
~20 times (to ~3x107> m), whereas AuCl; largely dominates over
AuHS® that forms in the presence of H,S at acidic pH. A detectable H,S

smell after our experiments confirms these thermodynamic predic-
tions. Thus, these experiments, together with those described above
(Sections 3.1.1 and 3.1.2), provide a further confirmation that similar
Au'-Cl complexes, presumably AuCl3, form in acidic chloride solutions
over wide temperature (250-500 °C) and Cl concentration (0.5-2.6 m)
ranges.

3.2. Local structure of Au chloride complexes in hydrothermal fluids

Normalized EXAFS spectra and their corresponding Fourier Trans-
forms from selected solutions in the system HAuCl;~NaCl-HCl with
and without metallic Au obtained in a glassy-carbon or polycrystal-
line-sapphire cell (Exp 3, 4 and 7) are shown in Fig. 6 and the derived
structural parameters are reported in Table 2. In both systems, the
spectra at <30 °C and pressures 1 and 600 bars are identical and can be
accurately modeled with 3.9+0.2 Cl atoms at an average distance of
2.282+0.004 A around the gold atom, and a very weak thermal and/or
structural disorder (DW factor ~0.001 A?). The pronounced feature
apparent in the Fourier Transform Magnitude of these spectra at ~4 A
(not corrected for phase shift) corresponds to linear multiple
scattering paths within the AuCly cluster. This is supported by their
fitted DW factors and path distances which are twice those for the
single scattering Au-Cl paths. This feature is a direct indication that Cl
atoms are arranged in square-plane geometry around the central Au
atom, similar to the crystal structures of tetra-aurates of alkaline
metals (e.g., Théobald and Omrani, 1980; Jones et al., 1988), thus
confirming that AuCly is by far the dominant species in our solutions,
in full agreement with the previous findings from X-ray diffraction,
Raman and XAFS spectroscopy (Maeda et al., 1974; Benfield et al.,
1994; Murphy et al., 2000; Berrodier et al., 2004).

It can be seen in Fig. 6 that with increasing temperature the
spectral amplitude decreases systematically consistent with quanti-
tative EXAFS modeling which predicts both a decrease of the average
number of Cl atoms and an increase of the Au-Cl DW factors which
attain values of 1.8+0.3 atoms and ~0.002 A2, respectively, with a
mean Au-Cl distance of 2.267+0.004 A at 250 °C and 600 bar. Note
that EXAFS spectra in experiments with and without metallic gold in
the T range 20-150 °C (Exp 3 and 4) are identical and yield similar
structural parameters (Table 2). No changes in spectra were detected
below 100 °C demonstrating that the structure and Au-Cl distances
in the dominant AuCly complex do not change significantly at least in
this T-range. At T>150 °C, average Au-Cl distances exhibit a slight
but detectable decrease (by ~0.01 A, Table 2). This evolution is likely
to reflect a decrease in the proportion of AuCly versus AuCl; with
rising temperature. The amplitude of the MS feature gradually
decreases with temperature and is consistent with the multiple
scattering paths within the linear CI-Au-Cl unit, with values of R, N
and o? parameters twice as those for the single scattering Au-Cl
path. The low DW factors, very weak evolution of Au-Cl distances
with temperature, and negligible 3rd- and 4th-order cumulants from
anharmonic analyses indicate very little thermal and positional
disorder. This reflects the strong covalent character of Au-Cl bonds in
gold-chloride complexes and weak interactions of AuCl species with
the solvent water molecules (hydration). The weak-to-negligible
evolution with T of the structural parameters for AuCly and AuCl;y
species is similar to that observed for other strongly covalent and
weakly hydrated complexes of soft metals (e.g., As(OH)s, Pokrovski
et al.,, 2002; Testemale et al., 2004; Ge(OH),4, Pokrovski et al., 2005a;
Sb(OH)3, Pokrovski et al., 2006a; Au(HS)3, Pokrovski et al., 2006b;
Schott et al., 2006) whose molecular structure and stability are only
slightly sensitive to the changes in the solvent density and dielectric
constant (e.g., Pokrovski et al., 1999, 2005b, 2008a).

The EXAFS-derived parameters are in agreement with a progressive
reduction of the fraction of AuCl; complexes with increasing tempera-
ture in both systems (i.e., with and without metallic Au), consistent with
the evolution of the XANES spectra described above (Section 3.1). The
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Fig. 6. Normalized k*>-weighted EXAFS spectra from Au-bearing NaCl-HCl aqueous solutions at 600 bar and indicated temperatures (in °C), and their corresponding Fourier Transform
magnitudes (not corrected for phase shift). Dashed curves denote fits using the parameters from Table 2; vertical dotted lines indicate the position of Cl neighbors (corresponding to a
single scattering path, SS) and linear multiple scattering paths (MS). Spectra at temperatures 30-175 °C are from Exp 3 and 4 with the starting composition 0.036 m HAuCl,-0.50 m
NaCl-0.01 m HCl, whereas the spectrum at 250 °C comes from Exp 7 with the starting composition Auy)-0.032 HAuCl,-0.54 m NaCl-0.53 m HCl (see Table 1). The slight mismatch of
the experimental spectra by the fit at ~4.5 and ~6.0 is likely to correspond to multi-electron transitions not accounted for by classical EXAFS modeling (Berrodier et al., 2004).

number of Cl neighbors derived from the spectrum at the highest
temperature (250 °C) is likely to correspond to the dominant presence of
the linear AuCl; complex which should represent at least 90% of the total
dissolved Au at these conditions considering the uncertainties of the N¢
values. No neighbors other than Cl (e.g., O, Na) could be detected around
Au within the experimental resolution (~ 10%), suggesting that the sum of

Table 2

Average gold local atomic structure in aqueous solution in the systems HAuCl,;~NaCl-
HCl and Aug)- HAuCl4-NaCl-HCl, as a function of temperature, pressure and cell
material, derived from fitting EXAFS spectra at Au-Ly; edge

T, °C P, bar Atom N, atoms R A o, A? R-factor
Exp 7: Au(5)-0.032 m HAuCl4-0.54 m NaCl-0.53 m HCI, sapphire cell
22 600 Cl 3.8 2.281 0.0010 0.016
250 600 Cl 1.8 2.267 0.0024 0.017
Exp 3: 0.036 m HAuCl;—0.50 m NaCl-0.01 m HCl, carbon cell
30 1 Cl 4.0 2.283 0.0012 0.010
30 600 Cl 39 2282 0.0012 0.014
100 600 Cl 3.6 2.283 0.0016 0.007
150 600 Cl 3.0 2.279 0.0018 0.008
175 600 Cl 23 2.273 0.0020 0.006
Exp 4: Au(;)-0.036 m HAuCl4~0.50 m NaCl-0.01 m HCl, carbon cell
30 600 Cl 39 2283 0.0012 0.011
100 600 Cl 3.5 2283 0.0016 0.010
150 600 Cl 3.0 2.280 0.0017 0.009
Error +0.3 +0.004 +30%

R = gold-backscatterer mean distance, N = coordination number, 0> = squared Debye-
Waller factor (relative to 0 = 0 adopted in the calculation of reference amplitude and
phase functions by FEFF), R-factor defines goodness of the total fit in R-space as
described in IFEFFIT (Newville et al., 2001). For all samples the fitted k- and R-ranges
were respectively 3.0-11.0 A™! and 1.2-4.8 A (not corrected for phase shift). Major
multiple scattering contributions (MS) within the linear AuCl, and square plane AuCl,
clusters like Au-CI1-CI2-Au (Rims1 =2 % Rau-c1), and Au-Cl1-Au-CI2-Au (Rms2 =2 X Rau-c1)
were included in all fits. Their DW factors were found to range between 0.002 and
0.004 A2, The number of variables in the fit, Ny,,=4 to 7, number of independent points,
Nina ~17.
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the fractions of Au' hydroxide species (e.g., AuOH(H,0)), the hydrated
cation (Au(H,0)3), and Au' and Au™ hydroxy-chloride complexes (e.g., Au
(H,0)CI°, Au(OH)CI", Au™Cl,_,(OH),) is less than 10% of total dissolved
Au at 250 °C. Because EXAFS sees the average atomic environment
around the absorbing atom, the presence of some fraction of AuCly or
other eventual AuCl,, complexes having no OH/H,0 ligands in the first Au
coordination shell cannot be ruled out on the basis of EXAFS spectra only.
Independent criteria from thermodynamics and XANES spectra help
constrain the Au-Cl speciation model. The dominant presence of AuCl; in
solutions above 200-250 °C is in agreement with the equilibrium
thermodynamic calculations showing that this species accounts for more
than ~70 and 85% of total Au at 250 °Cin the systems Au(s-HAuCl4-0.5 m
NaCl-0.01 m HCI and Au-HAuCl4-0.5 m NaCl-0.5 m HC], respectively
(Supplementary Table). Unlike EXAFS, XANES spectra are particularly
sensitive to the absorber oxidation state and cluster symmetry and
geometry. As it will be shown below, an independent demonstration that
AuCl3 is by far the dominant Au species at these conditions is provided by
ab-initio XANES spectra modeling using the optimized species geome-
tries calculated by quantum-chemical algorithms and the experimental
EXAFS-derived Au-Cl distances.

3.3. Quantum-chemical calculations of Au-Cl species structures and
XANES spectra

The optimized Au-O and Au-Cl distances and bond angles for
different Au hydroxide and chloride species are listed in Table 3, and
selected complexes geometries are shown in Fig. 7. Calculations
demonstrate that all Au' complexes adopt linear configurations,
whereas AuCly has a planar square-like structure, in agreement with
general chemical rules and available crystallographic data. The Au-Cl
distances calculated at all theory levels are 0.05-0.1 A longer than the
experimental values. The use of different relativistic effective core
potentials for Au yields Au-Cl and Au-O distances which agree with
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Table 3

Au-0 and Au-Cl bond lengths (in angstroms) and ligand-Au-ligand angles (in degrees)
for Au-OH-Cl complexes predicted from quantum chemical calculations, and their
comparison with EXAFS data

Species Chemical L-Au-L angle, R, R,
bond calculated calculated EXAFS
Au(OH)(H,0)°, gas®  Au-OH 175.9 1.98
Au-OH, 218
Au(OH)(H,0)°, gas®  Au-OH 176.5 197
Au-OH, 215
Au(OH)(H,0)°, gas® Au-OH 175.9 1.99
Au-OH, 2.19
Au(OH)(H,0)°, gas®  Au-OH 175.7 1.98
Au-OH, 219
Au(OH)(H,0)°, aq® Au-OH 1786 2.02
Au-OH, 2.08
AuCl(H,0)°, gas® Au-Cl 179.7 228
Au-OH, 2.19
AuCl(H,0)°, gas® Au-Cl 179.8 225
Au-OH, 215
AuCl(H,0)°, aq® Au-Cl 178.8 233
Au-OH, 215
AuCl3, gas® Au-Cl 180.0 2.36
AuClz, gas® Au-Cl 180.0 2.32
AuCl;, gas© Au-Cl 180.0 2.37
AuCl3, gas? Au-Cl 180.0 238
AuCl;, aq® Au-Cl 180.0 237 2.267+0.004
AuCl3-2H,0, gas® Au-Cl 180.0 2.35
AuCly, gas® Au-Cl 90.0 2.37
AuClz, gas® Au-Cl 90.0 233
AuClg, aq® Au-Cl 90.0 2.37 2.282+0.004
AuCly-4H,0, gas* Au-Cl 90.0 2.36

2 B3LYP/SDD/6-311+G(d).

> MP2/SDD/6-311+G(d).

¢ B3LYP/CEP-121G/6-311+G(d).
4 B3LYP/LANL2DZ/6-311+G(d).
€ PCM/B3LYP/SDD/6-311+G(d).

one another within ~0.02 A. The solvation of Au complexes by water
molecules, with the formation of AuCl;-2H,0 and AuCly-4H,0
gaseous clusters results in a small (by 0.01 A) decrease of Au-Cl
distances. Changes in AuCl; and AuCl; geometries induced by the

+ ¢

AuCly

AUCI4—'4H20

Fig. 7. Optimized gas-phase geometries of Au™"

AuCI(OHs)

incorporation of bulk solvent effects using the PCM model are also
minor (0.01 A, £1°). In contrast, solvation of polar molecules Au(OH)
(OH,)° and AuCI(OH,)° results in elongation of Au-OH and Au-Cl
distances (by 0.04 and 0.05 A, respectively), and shortening of Au-OH,
distances (by 0.10 and 0.04 A for Au(OH)(OH,)° and AuCI(OH,)°,
respectively) compared to the gas phase geometries. These calcula-
tions are in qualitative agreement with those of Tossel (1996).
Calculations at the MP2 level of theory yield shorter than DFT Au-CI
distances which are closer to those determined from EXAFS experi-
ments, with differences of ~0.05 A.

The calculated geometries of Au-Cl complexes and EXAFS-derived
Au-Cl distances can be used to quantitatively interpret the XANES
spectra obtained in this study (e.g., Fig. 2b). It should be remembered
that the ‘white line’ observed in the XANES spectra of most Au' and
Au' compounds results from the 2p to 5d orbital electronic transitions
and should be regarded rather as a pre-edge feature (e.g., Benfield
et al, 1994; Berrodier et al., 2004; references therein). In Au™
compounds like KAuCls-2H;0), the 5d orbital is partially empty
and such a transition yields a particularly intense feature (labeled A in
Fig. 2b). In contrast, for Au' compounds like AuCl), the amplitude of
the ‘white line’ (labeled E in Fig. 2b) is dramatically decreased and
slightly shifted to higher energy because only a single electron
transition is allowed to the 5d° orbital set. In the case of native gold
Augs), the 5d orbital is filled, having a d'° electronic configuration, thus
rendering the 2p5d transition impossible. This leads to the disap-
pearance of the ‘white line’ in its spectrum. Thus, the ‘white line’
feature allows direct determination of the oxidation state of Au in its
aqueous and solid species, which is quantitatively confirmed by
XANES ab-initio modeling.

XANES modeling was performed to check the two different model
geometries suggested by quantum chemical calculations, i.e. square-
plane Au"Cl, and linear Au'Cl, structures, which are inferred for Exp 7
at 22 and 250 °C, respectively, on the basis of XANES spectra
comparisons and EXAFS-derived distances and coordination numbers
(see Sections 3.1 and 3.2). The calculations were performed for
isolated molecules by taking into account only the central Au atom
and the first shell composed of Cl atoms, without considering
solvation effects in solution. The electronic structures of Au®, Au'

Au(OH)(OH>)

Au(OH)(OHs)
- trans - cis

AUC'Q-'QHQO

and Au' chloride and hydroxide species calculated using DFT quantum-chemical methods using B3LYP/SDD/6-311+G(d) formalisms.
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and Au" were assumed to be respectively [Xe]4f'5d1%6s!, [Xe]
4f145d%s! and [Xe]4f'45d%6s’. Note that the partial charge on the
gold atom is +1 for Au' and +2 for Au", because the valence state
electron is not completely delocalized, particularly in case of the
strongly covalent Au™-Cl compounds; this results in a lower partial
charge on the Au™ atom than the apparent oxidation state of +3.
Calculated and experimental spectra are compared in Fig. 8.

It can be seen that for both structures, the raw calculations
reproduce all characteristic features observed in the experimental
spectra. The convoluted spectrum for the Au"'Cl, cluster corresponds
fairly well to the experimental one at 22 °C where AuCly is by far the
dominant species. For Au'Cl,, the agreement is less good, particularly
in the near-edge energy range. The calculated ‘white’ line position is
shifted by ~2 eV to lower energy and exhibits a lower amplitude
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convoluted calculation
--------- raw calculation
Exp 7, 22°C
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Fig. 8. XANES spectra of (a) AuCl; and (b) AuCl; aqueous species modeled using the
FDMNES ab-initio code, and their comparison with experimental data (Exp 7 at 22 and
250 °C, 600 bar). The raw calculated spectra are scaled by x0.4 for clarity. The energy of
0 eV on the X-axis corresponds to the Ly; absorption edge of metallic Au at 11919 eV. The
high-intensity ‘spikes’ below 0 eV in the raw spectra correspond to predicted electronic
transitions that are not resolved in the convoluted spectra, which take into account the
core-hole width and experimental resolution (see Section 2.4).
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compared to the experimental spectrum. However, all major features
in the 20-60 eV range above the edge match correctly the
experimental spectrum. Thus, both models are in semi-quantitative
agreement with the experimental XANES spectra, confirming that
Au''Cl; and Au'Cl; are the dominant Au species in the investigated
solution at 22 and 250 °C, respectively. The mismatches between
calculated and experimental amplitudes of XANES features might be
attributed to the presence of a weak hydration shell around Au
complexes in solution that was not considered by the present
modeling. Such hydration is expected to have no detectable effect
on the EXAFS signal which is poorly sensitive to distant and loosely
bound shells, but it may influence the XANES spectra owing to their
greater sensitivity than EXAFS to the atomic arrangement and cluster
geometry. For example, solvation effects may slightly affect the
amplitudes of the main XANES features as shown for the similar
CuCl; species having a linear Cl-Cu-Cl geometry (Briigger et al., 2007).
Work is currently in progress to explicitly account for the solvation
effects on XANES spectra of Au complexes.

4. Discussion

4.1. Au"™-Au' relationships and comparison with available Raman
spectroscopy studies

The whole set of XANES and EXAFS results obtained in this study
together with available thermodynamic data indicates that AuCl; and
AuCl; are by far the dominant Au species in the investigated acidic Cl-
bearing systems at T<100 °C and T>250 °C, respectively. In the
intermediate T-range, in the HAuCl4-NaCl-HCl system with and
without Aug, the fraction of each species can be thus quantified
from XANES linear combination analyses (LCA) using, as the
references, the XANES spectra of AuCl; and AuCl; obtained at 22
and 250 °C, respectively (Exp 7). The fraction of Au present as AuCl;
(Augor=AuCly+AuClz) derived from the analysis of XANES spectra is
reported in Table 1. Note that because of contrasting spectral shapes
for Au and Au' species, the limit of detection of each species fraction
is very low, <3% of total Au, with a typical uncertainly less than 5%.
This detection limit is much lower than that derived from the average
number of chlorine atoms determined from EXAFS spectra (~10-20%)
because of the much greater sensitivity of XANES than EXAFS to Au
redox state and species geometry (linear Au'Cl, versus plane-square
Au"'Cl;) despite the similarities in Au-Cl bond lengths in both
complexes (~2.27-2.28 A). The accurate match of the experimental
XANES spectra with the sum of the two end member species strongly
suggests that no other complexes with different XANES signatures
(e.g., AuCl%", AuOH®) may be present in significant amounts. Thus,
both EXAFS and XANES yield identical AuCl;/AuCly fractions within
errors confirming again that these two species are largely dominant in
our experimental systems.

It can be seen in Table 1 that in the HAuCl4;~NaCl-HCl solutions
without gold, the reduction with increasing temperature of Au'™ to Au'
is much slower in the (more inert) sapphire cell than in the carbon cell
(Exp 2 versus Exp 3), but in both cases the precipitation of metallic Au,
which starts at 250 and 150 °C, respectively, is always accompanied by
the progressive formation of AuCl; at the expense of AuCly. These
findings agree with the Raman spectroscopic study of Pan and Wood
(1991) carried out on concentrated hydrochloric acid solutions
(myc=2-5) at P, using a Pyrex cell, which indicated the appearance
of a new band at ~332 cm™ ! above 100 °C, tentatively attributed to the
AuCl; species. This assignment was, however, disputed in the more
recent Raman spectroscopic study of Murphy et al. (2000) carried out
on less acidic solutions similar to those of our study at comparable T-P
conditions and using silica or glass pressure cells. These authors
observed rapid Au precipitation at elevated temperatures from
HAuCl,-HCI solutions similar to our findings, but did not detect any
new bands that might correspond to the AuCl; species, in contrast
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with our XAFS evidence for AuCly reduction to AuCl. This apparent
disagreement might be related to the much lower sensitivity of Raman
spectroscopy, in comparison to XAFS, to distinguish between the
overlapping Au™-Cl and Au'-Cl vibrations which are expected to be
very close following their almost identical bond lengths (within 0.01 A)
as found in our study (e.g., Raman frequencies for the stretching Au-Cl
vibrations at ambient conditions are 324 and 329 cm™ !, respectively for
AuCly and AuCl, moieties in solid compounds, Braunstein and Clark,
1973; Murphy et al.,, 2000). Another possibility might be differences in
cell-material properties between our and their study resulting in
different redox potentials which might favor AuCl; stability in our
experiments. A third possibility might be X-ray beam induced
reduction, but no convincing demonstration of X-ray beam effects
could be done in our study at least within the limited period of beam
exposure (up to few hours).

In the presence of an excess of metallic gold in HAuCl4,~NaCl-HCl
solutions, the fraction of AuCl; in solution increases with the
temperature rise and is comparable in both the carbon and sapphire
cells (Exp 4 versus Exp 1) at T<150 °C, and it is also close to that
measured in the absence of gold. At T>150 °C, almost all Au is lost from
solution in the carbon cell, but in the sapphire cell, AuCly reduction to
AuCl; increases and is accompanied by Au dissolution between 150
and 200 °C, followed by Au precipitation at T>250 °C (Table 1, Figs. 2
and 3). These observations are in agreement with the Raman study of
Murphy et al. (2000) which showed, on the basis of peak fitting
procedures, a growth at T>250 °C of the band at ~326 cm™ ! tentatively
attributed to the AuCl; species. Note, however, that quantification of
species distribution and total dissolved Au concentrations was not
possible from Raman spectra in contrast with XAFS spectra obtained in
this study.

4.2. Comparison with thermodynamic calculations

The Au aqueous concentrations and species distribution obtained
from XAFS spectroscopy can be compared with available thermody-
namic data for aqueous Au species which are largely based on solubility
measurements performed over a wide range of T-P and solution
compositions. Detailed discussion of the different data sources,
derivation of thermodynamic properties for some Au aqueous species,
and computational details are reported in the Appendix, whereas
calculated Au total concentrations and fractions of the major species in
the solutions investigated by XAFS are listed in the Supplementary Table.

4.2.1. Metal-free HAuCl,~NaCl-HCl system

In the metal-free HAuCl,—NaCl-HCI solutions, calculations predict
that AuCly is the dominant species (>90%) and that no Au precipitation
occurs to at least 300 °C. In contrast, our experiments show that at
least 50% of total dissolved Au is reduced to AuCl; at T<250 °C, and the
major part of Au is precipitated above 250 °C both in carbon and
sapphire cells. If this discrepancy may be easily explained for
experiments in the carbon cell whose minor dissolution at elevated
temperatures creates reducing conditions favorable for Au" reduction
as shown by thermodynamic calculations, the cause for Au reduction/
precipitation phenomena observed in the inert sapphire cell remains
unclear. It might result from beam-induced effects, as was observed
for sulfite (SO3) and thiosulfate (S;03) aqueous solutions of mono-
valent gold at ambient temperature (Pokrovski, personal communica-
tion), and NaCl-NaOH solutions of trivalent gold at neutral-to-basic
pH (Berrodier et al., 2004; Wang et al., 2007). Such effects were not
observed, however, in the acidic Au™-Cl solutions at ambient
temperature over at least 2-3 h of beam exposure in this study,
where Au" is in the form of the extremely stable AuCl; complex.
Similarly, no beam-induced Au precipitation was detected in XAFS
experiments with the identical cell configuration in the system Au-S-
NaOH where Au' forms very stable hydrosulfide species (Pokrovski
et al., 2006b). Thus, no convincing evidence for beam-induced effects

in the Au'-Cl system can be provided in this study likely owing to a
combination of other factors (e.g., cell material, gas exchange etc.)
which further complicate the spectroscopic investigation of certain
redox-sensitive systems. Further systematic studies are necessary to
quantitatively address the X-ray beam effects.

Note that the partial dissolution of He in the fluid at temperatures
below 300 °C is too low to significantly affect water activity and thus
decrease metal solubilities (see Section 2.1 for details). Assuming, in
the worst case, an equilibrium between the experimental solution and
helium gas, He solubility in pure water at 600 bar He and 250 °C is
<2 mol% and is even less in the presence of electrolytes (NaCl), thus
suggesting that He dissolution is unlikely to explain the observed low
solubility.

Another possible cause for the observed discrepancy might be the
loss of oxygen through the Viton seal rings (e.g., the oxygen fugacity in
AuCly/AuCl; solutions (Exp 2) in the absence of Augs) at 200 and 300 °C
is predicted to be as high as 0.5 and 1 bar, respectively). Note also that
the formation of a thin water film between the seal rings and the cell/
piston walls may favor the escape of dissolved gas. Oxygen loss,
together with fast reduction kinetics of dissolved Au at elevated
temperatures may lead to precipitation of small quantities of metallic
Au at T>100 °C followed by massive Au precipitation at T~300 °C. This
could explain why the AuCl;/AuCl; ratio in Exp 2 (initially metal-free)
was close to that determined in the presence of metallic Au (Exp 1).

4.2.2. HAuCl,~NaCl-HCl system with native gold at weakly acidic pH

In the weakly acidic (0.01 m HCl) HAuCl4-NaCl-HCl system with an
excess of Au metal examined in our study (Exp 1 and 4), thermo-
dynamic calculations predict the formation of the AuClz, AuOH® and
AuCl® aurous species at the expense of AuClz, and an increase of
dissolved Au concentrations from ~0.04 to 0.10 m as temperature is
raised from 100 to 300 °C (Supplementary Table). The predicted
aqueous distribution of all Au-Cl species is in qualitative agreement
with our XAFS findings, as well as the small amount of AuOH®
calculated using gold solubility data from Zotov et al. (1985) and
Vlassopoulos and Wood (1990) (see Appendix). Data of Stefansson and
Seward (2003a) yield somewhat higher concentrations of AuOH® at
100-300 °C (up to 45% of total aqueous Au) in contradiction with our
XAFS spectra, which do not show the presence of oxygen atoms in the
first coordination sphere of Au (Table 2) within the detection limit of
XAFS spectroscopy (No<~0.1-0.2 atoms).

Like in the metal-free system, XAFS-measured total Au concentra-
tions at T>150 °C are 1-2 orders of magnitude lower than those
deduced from thermodynamic calculations. The reasons for that may
be i) influence of the cell material (carbon in Exp 4), ii) beam-induced
effects, and iii) equilibration of oxygen/hydrogen pressure with the
external autoclave volume through the seal rings. Indeed, if the ratio
of AuClz/AuCl; concentrations is independent of redox conditions
(Eq. (2)), dissolved Au concentration is controlled by the oxygen (or
hydrogen) contents according to the reactions

Aug) +2CI7 + H" +0.250, = AuCl; + 0.5H,0 (3)

Aug) +4CI” + 3H" +0.750, = AuCl; + 1.5H,0 (4)

Thus, the loss of dissolved oxygen from the spectroscopic cell
would result both in reduction of Au™ and in Au, precipitation.
Quantification of the contributions of different factors affecting Au
behavior in Cl-bearing systems at elevated temperatures will await
further studies.

4.2.3. HAuCl,~NaCl-HCI system with native gold at strongly acidic pH
In the more acidic and Cl-rich HAuCl4-NaCl-HCI system (~0.5 m

HCI-0.5 m NaCl) with an excess of native gold at 250 °C and 600 bar

(Exp 7 in sapphire cell), calculations predict that more than 85% of
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total Au is in the form of AuCls, with minor contributions from AuCI®
(<10%) and AuCly (<5%). This is in quantitative agreement with our
EXAFS and XANES results which indicate that AuCl; accounts for more
that 90% of total Au, with a possible presence of less than 5-10% of AuCI®
or other species (AuOH®), which is at the limit of spectral resolution.
XAFS-derived aqueous Au concentrations are, however, at least an order
of magnitude lower than the predicted values (0.05-0.10 m), and show a
progressive decrease with time even after 2 h of measurement. Again, we
are not able to account for these discrepancies. Considering the inert and
tight nature of the Al,Os cell used in this run, the most probable
explanation would be Au reduction under the effect of X-ray irradiation
which may cause water radiolysis and production of hydrogen radicals
and solvated electrons (H*, e7) in solution that might be efficient
reductants of Au' species (e.g., Wang et al., 2007). More experiments are
needed to quantitatively address this issue.

5. Concluding remarks

To our knowledge, this study provides the first measurements
using in situ XAFS spectroscopy of the stability and structure of Au™
and Au' chloride complexes at elevated temperatures and pressures
pertinent to natural hydrothermal conditions. It demonstrates that
XAFS spectroscopy can be used for direct measurement of both
concentrations and the local atomic structures of metals in the
complex and rapidly evolving fluid systems ubiquitous in high T-P
geological environments.

Combination of classical XAFS spectral analysis with ab-initio
quantum-chemical calculations of optimized geometries and XANES
spectra of Au aqueous complexes allows accurate characterization of
the identities and structures of the Au species responsible for the gold
transport by high-temperature hydrothermal fluids. Our data provide
direct spectroscopic evidence for the formation of the AuCl; complex
in acidic saline hydrothermal fluids. This complex is linear, with Au-Cl
distances of 2.267+0.004 A, in agreement with Au' crystal chemistry.
The structural parameters for this species, derived for the first time,
will allow an improved interpretation of Raman spectroscopic data
and predictions of solvation effects in high T-P fluids.

This study also shows that the properties of the spectroscopic cell
material and X-ray beam-induced effects may exert strong influence
on redox-sensitive aqueous systems like that investigated in this
study. Explicit account of these effects is required to unambiguously
interpret in situ spectroscopic data at elevated T-P.
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