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Summary

Summary

This thesis is a comprehensiegperimentalstudy of three topics related to the formation of
magmatiehydrothermal ore deposit8) the geochemical behaviaf elemensgin fluids exsolved
from mafic alkaline magmasij) Au solubility in oxidizedsulfur-bearing aqueous fluids that are
similar to those resmsible for porphyry CiAu (£Mo) deposit formation, anfii) Au diffusion

into and out of quarthost fluid inclusions at magmatioydrothermal conditions.
Transfer of volatiles and metals from mafic to felsic magmas in composite magma chambers

Fluid-rock partition coefficients (Ridrock) Of Li, B, Na, S, Cl, KMn, Fe, Rb, Sr, Ba, Ce, Cu, Zn,

Ag, Cd, Mo, As, Se, Sbh, Te, W, Tl, Pb and Bi were determined experimentally at 2 kbar and 850
“C close to the solidus of mafic magsma upper crustal magma chaarb. In a first step, volatide
bearing mafic glasses were prepared by melting a natural basaltic trachyandesite in the presence
of volatile-bearing fluids at 1200C / 10 kbar in piston cylinder presses. The hydrous glasses were
then equilibrated in a sed experiment at 850C / 2 kbar in coleseal pressure vessels, which
caused 8®0% of the melt to crystallize. After A0 days of equilibration, the exsolved fluids
were trappediia in-situ fracturing as synthetic fluid inclusions in quartz. Both tredienrock
residue and the fluid inclusions were subsequently analyzed byalalsg¢ion ICPMS for major

and trace elementReversd experiments were conducted by equilibrating mbé&aring aqueous
solutions with rock powderand then initiating the foration of fluid inclusionsThe mmparison

of element concentrations in fluid inclusions between forward and reverse runs demathsitates

equilibrium was attained bysitu cracking after 2 days.

In two additional runs information on relative elementithties were obtained by reacting fluids
that exsolved from crystallizing mafic magma with juxtaposed silicic melts (haplogranite and
rhyolite). This methodhas the advantage that it is more sensitive and thus allerysfluid-
immobile elements such as and Zr to be studied. The combined results suggest that under the
studied conditions, Cl, Cu, Se, Br, Cd and Te are most volatil@ifidc >10), followed by Li,

B, Zn, As, Ag, Sb, Cs, W, Tl, Pb and Bi#fdrock =1-10). Less volatile are Na, Mg, K, Ca, Mn,

Fe, Rb, Sr, Mo and Rb (Ridrock =0.1-1), and the least fluithobile elements are Al, Si, Ti, Zr,

Ba and Ce (Ridrock <0.1). This trend is broadly consistent with relative element volatilities



Summary

determinedon natural hightemperature fumarole gases, although some differences exist. Based
on the volatility data and measured minenalt and sulfidemelt partition coefficients, volatile
fluxing in felsic natural samples may be identified by Cu, Se, Te arshichment in magmatic
sulfides, and by As, Se, Cd andd@irichment in magmatic apatite.

Solubility of gold in oxidized, sulfuibearing fluids at 500850 C and 200230 MPa: a synthetic

fluid inclusion study

Gold solubility wasstudied in fluids containimg variable amounts of sulfate, chlorine and alkalies,
at500-850 C and 208230 MPawith oxygen fugacityangingfrom FMQ+1 to ~FMQ+6 (FMQ:
fayalitemagnetitequartz buffe). These experimentaimed at investigating gold solubility in
oxidized, sulfufbearing aqueous fluids similar to those responsible for porphy&uC{xMo)-
formation.Fluids were trapped as synthetic fluid inclusiongquartz during high H experiments
performedin cold-sead pressure vessels and subsequently analyzed BYCPAVIS. Aqueous
solutions containing various amounts of HCySEy, N&eSQy, LiCl, KCI, CsCl and MnGl were
prepared from analyticajrade chemicals and deionized water. Sodium chloride and elemental
sulfur were added as solids. Fluid inclusions were synthetized by either growing new quartz on
etched quartz in single Au capsules without oxygen byfietsy in-situ crackingof quartz pieces

in double capsules (AuPd/Afiu) or open Au capsules witxternaloxygen buffersAdditionally,
Raman spectra were collectieda modified hydrothermal diamorahvil cellfrom quartzhosted

fluid inclusions atemperaturesp to 600 C to help identifing the nature of dissolved goldnd

sulfur species

Gold solubility was found to be affected most strongly by the HCI content of the fluid, followed
by fO,, fluid salinity and temperature. Compared to these fadioessulfur content of the fluid

has relatively little influence. At 600C and 230 MPa, fldais with geologically realistic HCI
contents (~1.1 wt%) and salinities%0 wt% NaClquiy) dissolve ~100B000 ppmAu at oxygen
fugacities buffered by the magnethematite buffer. At even more oxidized conditions (three log
units above the hematiteagngite fO> buffer), HCI, NaC}t and HSQs-rich fluids can dissolve

up to 5 wt% Au at 800C. The observed Au solubility trends suggest that most of the Au dissolved

in the form of NaAuClin our experiments.
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Natural high-temperature fluid inclusions from gahyry CuAu (-Mo) deposits contain at least

100 times less Au than the solubilities predicted based on our experimental data, implying that at
temperatures >500C the natural fluids were strongly Awndersaturated. Consequently, gold
grades in Awrich paphyries were not controlled by the precipitation of native Au, but rather by

thosefactors that caused the precipitation ofBearinghydrothermal sulfides such as bornite.

Gold diffusion into and out of quarthosted fluid inclusions during resquilibration

experiments at 60800 C and 2 kbar

Fluid inclusions were synthetized in quartz aneegeilibrated in coleseal pressure vessel
experiemntgo investigatehe modificaion of Au concentrations in quartosted fluid inclusions

after entrapment. In a first step, fluid inclusions contairibgvt% KCl were synthesized in
platinum capsules at 800 °C and 600 °C, 2 kbar. The recovered samples were then loaded into new
gold capsules together with &piked, HCl and NaClbearing solutions, and-ejuilibrated at the

same PT conditions for 414 days. LAICP-MS analysis of 8.8 fluid inclusions before and after

the reequilibration experiments demonstrate that significantuartsoof Na (up to 0.23 wt%) and

Au (up to 570 ppm) were gained during theerpiilibration process. The high-é¢ontent and
absence of Cim re-equilibrated fluid inclusionproves that they did not crack open during the re
equilibration, implying that Narad Au were gained by diffusion through the quartz lattice. Reverse
experiments were conducted by synthesizingo&aring fluid inclusions in gold capsules and then
re-equilibrating them in platinum capsules, which resulted in significant Au depletioothrype

of experiments Au diffusion appears to have been driven solely by concentration gradients. We
did not find any evidence for diffusional exchange with &br for Au uptake by Gibearing

sulfide daughter crystals iroB-bearing experiments in whieteightpercent levels of Cu diffused

into the fluid inclusions due to a pH change in the external fluid.

If Au concentrations in natural, quattiosted fluid inclusions from magmatiydrothermal ore
deposits are affectelly reequilibration they most likely lost Au rather than gained it. At
temperatures below 40, diffusional loss or gain of Au is considered unlikely in magmatic
hydrothermal systems, but potentially was significant in samples from mesothermal Au gold

deposits.



Zusammenfassung

Zusammenfassung

Diese Dissertation beschreibt die umfassende experimentelle Studie dreier Themen, die sich auf
die Bildung von magmatisehydrothermalen Erzvorkommen beziehen: (i) das geochemische
Verhalten von Elementein Fluiden, die sich aus mafischen, alkalischen Magmen entmischen, (ii)
Goldléslichkeit in oxidierten, schwefelhaltigen wassrigen Fluiden, ahnlich jenen, die fur die
Entstehung von porphyrischen -@u(-Mo)-Lagerstatten verantwortlich sindund (i)
Golddiffusion in und aus Fluideinschlissen in Quarz unter magmdtigiiothermalen
Bedingungen.

Transfer von volatilen Elementen und Metallen von mafischen zu felsischen Magmen in

gemischten Magmakammern

Die Fluid-GesteinVerteilungskoeffiziergn (Druid/ cesteid VON Li, B, Na, S, CI, K, Mn, Fe, Rb, Sr,

Ba, Ce, Cu, Zn, Ag, Cd, Mo, As, Se, Sb, Te, W, TI, Pb und Bi wurden experimentell bei 2 kbar
und 850 C nahe dem Solidus eines mafischen Magmas in einer Magmakammer der oberen
Erdkruste bestimt. Im ersten Schritt wurden Glaser durch Schmelzen eines natirlichen
basaltischen Trachyandesits in Anwesenheit von Fluiden bei 12ZD0/ 10 kbar in
Kolbenzylinderpressen mit volatilen Elementen angereichert. In einem zweiten Experiment
wurden die wasseditigen Glaser bei 850C / 2 kbar in kalt versiegelten Druckbehéltern ins
Gleichgewicht gebracht, was zu einer Kristallisierung vo®@® der Schmelze fiuhrte. Nach-0,5

2,0 Tagen wurden die entmischten Fluide durch induzierte Rissbildung in Quarz missitu
synthetische Fluideinschlisse eingefangen. Sowohl das Residuum der mafischen Schmelze als
auch die Fluideinschlisse wurden anschlieend durch-Bddation ICRMS auf Haupt und
Spurenelemente analysiert. Als Gegenprobe wurden metallhaltige wassrsgmgen mit
Gesteinspulver ins Gleichgewicht gebracht und dann die Bildung von Fluideinschlissen initiiert.
Der Vergleich der Elementkonzentrationen in Fluideinschlissen zwischen den direkten
Experimenten und den Gegenproben zeigt, dass sich nach 2 Tag&eiehgewicht eingestellt

hat.

Durch die Reaktion von Fluiden, die sich aus einem kristallisierenden mafischen Magma

entmischten, mit gleichzeitig anwesenden silikatischen Schmelzen (Haplogranit und Rhyolith)



Zusammenfassung

wurden in zwei weiteren Experimenten Infationen Uber die relativen Elementmobilitaten
gewonnen. Diese Methode hat den Vorteil, dass sie empfindlicher ist und somit die Untersuchung
relativ fluid-immobiler Elemente wie Ti und Zr erméglicht. Die kombinierten Ergebnisse deuten
darauf hin, dass sichnter den untersuchten Bedingungen S, Cl, Cu, Se, Br, Cd und Te am
flichtigsten verhalten (Eid/ cestein> 10), gefolgt von Li, B, Zn, As, Ag, Sb, Cs, W, Tl, Pb und Bi
(Druid 1 cesteir= 1-10). Weniger flichtig verhalten sich Na, Mg, K, Ca, Mn, Fe, &, Mo und Rb
(Driuid / cestein=0,1-1) sowie Al, Si, Ti, Zr, Ba und Ce als die am wenigsten fluidmobilen Elemente
(Druid / cesteir<0,1). Dieser Trend stimmt weitgehend mit den relativen Elementvolatilitdten tberein,
die an naturlichen HochtemperafeumarotGasen bestimmt wurden, obwohl einige Unterschiede
auffallen. Basierend auf den Volatilitaitsdaten und den gemessenen Miobraklz und Sulfid
Schmelzverteilungskoeffizienten kann fluidbasierter Transport von volatilen Elementen in
naturlicherfelsischen Proben durch €&e, Te- und CdAnreicherung in magmatischen Sulfiden

sowie durch As Se, Cd und BrAnreicherung in magmatischem Apatit identifiziert werden.

Léslichkeit von Gold in oxidierten, schwefelhaltigen Fluiden bei 5860 C und200-230 MPa:

eine Studie an synthetischen Fluideinschlissen

Die Goldldslichkeit wurde in Fluiden mit variablen Gehalten an Sulfat, Chlor und Alkalien
zwischen 50850 C und 200230 MPa bei Sauerstofffugazitaten zwischen FMQ + 1 bis ~ FMQ

+ 6 (FMQ: FayaltMagnetitQuarzPuffer) untersucht. Die Experimente zielten darauf ab, die
Goldldslichkeit in oxidierten, schwefelhaltigen wassrigen Fluiden zu untersuchen, ahnlich jenen,
die fur die Entstehung porphyrischer-Bu(-Mo)-Lagerstéatten verantwortlich sind.

Fluide wurden in kalt versiegelten Druckbehéltern bei hoher Temperatur und unter hohem Druck
als synthetische Fluideinschliisse eingefangen und anschlieBend mittlIPIMS analysiert.
Wassrige Losungen mit unterschiedlichen Gehalten an HSQEIN&SQy, LiCl, KCI, CsCl und

MnCl, wurden aus analysenreinen Chemikalien und entionisiertem Wasser hergestellt.
Natriumchlorid und elementarer Schwefel wurden als Feststoffe zugegeben. Fluideinschlisse
wurden entweder durch Aufwachsen von neuem Quarz auf geatez in Goldkapseln ohne
Sauerstoffpufferoder durch in situ induzierte Rissbildung in Quarzstiicken in Doppelkapseln
(AuPd / AuAu) bzw. offenen Goldkapseln mit Sauerstoffpuffern synthetisiert. Zusatzlich wurden

RamanSpektren von Fluideinschlissen in &z in einer modifizierten Hydrothermal
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Diamantstempelzelle bei Temperaturen von bis zu @8aufgenommen, um die gelésten Gold

und Schwefelspezies zu identifizieren.

Es wurde festgestellt, dass die Goldloslichkeit am starksten vornGEIzIt der Fllsslgit
abhangt, gefolgt vofiO,, Salinitdt und Temperatur. Im Vergleich zu diesen Faktoren hat der
Schwefelgehalt der Flissigkeit einen vergleichsweise geringen Einfluss. B& 6280 MPa und

dem MagnetiHamatitPuffer entsprechenden Sauerstofffugazitdtesen Fluide mit geologisch
realistischen HGGehalten (~ 1,1 Gew) und Salinitaten (b0 Gew-% NaCkqui) etwa 1000

3000 ppm Gold. Bei noch oxidierteren Bedingungen (drei logarithmische Einheiten oberhalb des
HamatitMagnetitPuffers) konnen HCGJ NaCl- und HSQOs-reiche Fluide bis zu 5 Gewbs Gold

bei 800 °C losen. Die beobachteten Goldloslichkeitstrends deuten darauf hin, dass in unseren

Experimenten der Grol3teil des Goldes in Form von NaAgé€lbst wurde.

Naturliche Hochtemperatiiluideinschlisse aus porphyrischen -@u(-Mo)-Lagerstatten
enthalten mindestens 100 mal weniger Gold als die von unserer experimentellen Daten
vorhergesagten Loslichkeiten, was darauf hindeutet, dass bei Temperaturen von (kkedi800
naturlichen Fluide stark Goldntersattigt waren. Demnach wurden die Goldgehalte in-Gold
reichen porphyrischen Lagerstétten nicht durch Ausféallung von nativem Gold kontrolliert sondern

eher durch Ausfallung von Golgiichen hydrothermalen SulfiderieanBornit.

Golddiffusion in und aus Fluideinschlissen in Quarz wahrend Experimenten zur erneuten

Gleichgewichtseinstellung bei 66800 C und 2 kbar

Es wurden Fluideinschlisse in Quarz synthetisiert und in kalt versiegelten Druckbehmitern
anderenFluiden ins Gleichgewicht gebracht, um die Anderung von Goldkonzentrationen in
Fluideinschlissen in Quarz nach ihrer Bildung zu untersuchen. Im ersten Schritt wurden
Fluideinschlisse, die ca. 5 GeW. KCl enthielten, in Platinkapseln bei 800 °C bzw. 60uid

2 kbar synthetisiert. Die so erhaltenen Proben wurden dann zusammen-vaisézten HCI
NaCkLosungen in neue Goldkapseln geladen und bei den gleiciieBdeélingungen fir 4.4

Tage erneut ins Gleichgewicht gebracht. Die-IG®-MS-Analyse von 510 Fluideinschlissen

vor und nach den Experimenten zeigt, dass signifikante Mengen von Natrium (bis zu 0,23 Gew.
%) und Gold (bis zu 570 ppm) wéhrend der erneuten Einstellung des Gleichgewichts

aufgenommen wurden. Der hohe Kaliumgehalt und die Abwesenheitasant beweisen, dass

6
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es nicht zur Rissbildung kam und damit, dass Natrium und Gold durch das Quarzgitter hindurch
diffundierten. Als Gegenprobe wurden goldhaltige Fluideinschliisse in Goldkapseln synthetisiert
und dann in Platinkapseln erneut ins Gleichgé&ivgebracht, was in einem deutlichen Goldverlust
resultierte. Bei beiden Arten von Experimenten scheint die Golddiffusion nur durch
Konzentrationsgradienten angetrieben worden zu sein. Wir fanden keine Beweise weder fur den
diffusiven Austausch mit H noch fir die Goldaufnahme durch kupferhaltige Suilfid
Tochterkristalle in HS-haltigen Experimenten, bei denen aufgrund einerApiderung im

externen Fluid mehrere Gewichtsprozent Kupfer in die Fluideinschlisse diffundierten.

Wenn Goldkonzentrationen in natiéHen Fluideinschlissen in Quarz aus magmatisch
hydrothermalen Erzlagerstétten durch eine erneute Einstellung des Gleichgewichts beeinflusst
wurden, kam es héchstwahrscheinlich zu einem Goldverlust anstatt zu einer Goldaufnahme. Bei
Temperaturen unterhallbon 400 C gelten diffusiver Verlust oder Aufnahme von Gold in
magmatisckhydrothermalen Systemen als unwahrscheinlich, kénnten aber in mesothermalen

Goldlagerstatten moglicherweise signifikant gewesen sein.



Introduction

1. Introduction

1.1. Generation of ac magmas

Since arc magmatism is an essential proceshédiormation otontinensand porphyry deposits,
the generation of arc magmaes to be understood’ypes of arc magmas include basalt, andesite,
as well agotassium rickmagmaswhich are difficult to tracén terms of their sourcesbecause
erupted magmamay experience wall rocknteraction, assimilatioand fractional crystallization
(DePaolo, 1981)andor magma mixing. These processes may significantly modify the
geochemicatomposition of the erupted rockossible sources of arc magmail be reviewed

below.

Generally, basaltic oceanic crust together with the overlying sedimeésganlowtemperature

and highpressure metamorphism (e.g., 70 °C; ~3 GP3 releasingfluids by prograde
dehydration reactions to form metamorphic mafic rock, i.e., ecldgite 1.1). Ata depth of ca.

100 km, hydrous minerals such as serpentine, talc, amphibole, zoisite, micas and lawsonite break
down (e.g.,Schmidt and Poli, 1998 orneis and Holloway, 2003and release fluids. The slab
derived fluids are thought to be enriched in volatilegXH5 and halogendjuid-mobile large ion
lithophile elements (LILE; such as K, Rb, Cs, Ca, Ba and Sr), and Li, B, Pb, As, gedySb
Tatsumiet al., 1986 Keppler, 1996; Kogiso et al., 199Hattori and Guillot, 2003Manning,

2009. These slab fluids may directly percolate into the mantle wedge to metasomatize the hot
zone(e.g.,Peacock, 199X elley et al., 201Ppandthe metasomatized pddtitemay be transferred

into the hot zone by corndélow (Fig. 1.1) (Tatsumi, 1986;Schmidt and Poli, 1998)Partial
melting of hydrated peridotite caused by the fifiiking leads to the formation of arc basalt
magmas that are rich in water, halogesutfur and incompible elements. Arc basaittagmas are

also relatively oxidizedwith the oxygen fugacity ranging from 1 to 3 log units above the fayalite

magnetitequartz buffer, i.e.¢ FMQ + 1 ~¢ FMQ + 3 (Brandon and Draper, 1996; Jugo et al.,
2010)
The hydrous basaltic magmas generated from the mantle wedge have high tengpeaatyirey

from 1000 T to 1400 T (Schmidt and Poli, 1998; Ulmer, 2001; Wallace, 20@#)ich make
their densities lower than trseirroundingmantle(Herzberg et al., 1983; Hildth and Moorbath,
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1988) For this reason, the arc magmas tend to rise and accurattlagecrust/mantle boundary.
The arc magmas start to crystallize darahsfer heato the lower crust rock, leading to partial
melting and extensive magmas mixiignnen et al., 2006; Rushmer, 1993)The melting
assimilationstoragehomogenization (MASH) moddHildreth and Moorbath, 1988)escribed
above is a widely acceptedechanism fothe origin of andesite, even thougtany details are

still being debated.

sediment

3GPa 100 km

4 GPa

5GPa 4

6 GPa

200 km

Fig. 1.1. Schematic diagram illustrating the structure of subduction zone beneath an oceanic island arc.
Primary, hydrous arc magmas within the oceanic island arc form by partial méltimg metasomatized
asthenospherigtlithospherig mantle(modified from Schmidt and Poli, 199&ichards, 2011)

Only underspecial circumstancedke basaltic oceanic crust within tlseibducted slamay melt
itsefduring the subduction processes, generati n
wer e t er medDruemmond and Rekamnt,t1@9Mfter the Adak Island in the Aleutisin

where an anomalous lava was discovdicaly, 1978) The &ésl ab mel tsd shou
by anomalously low heavy earth elements and Y (compatible in gaswimpared tdahe light

earth elements, arny high concentration of Sr (absence of plagioclase at that pressure), as garnet

is a residal phase in the eclogitic source of the magasimmond and Defant, 1990Because

the thermalstateof the subductig slablimits the possibility of slab meltinghis processnay

occuronly duringsubduction ofyoung, hot oceanic crugé.g., Drummond and Defant, 1990;

Peacock et al., 19945lab melts are proposéd bevolatile-rich and oxidized, and thughey

would be epected to be effectiven transportits metals andmay act as ordorming agents

9
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(Oyarzun et al., 20QIMungall, 2002. However, theras a lack of direct constrairfrom melt
inclusions studies otie capacityof such melts to transfer metalurthermore, it has been shown
that melts with high Sr/Y ratios can form as a result of fractional crystallization of hydrous magmas
at high pressure (e.g., Richards et2011; Loucks2014).Potassic magmasich as shoshdas,
lamprophyres, absarokg@re more Krich than typicalsubduction zonenagmas (i.e. K > Na),
(Peccerillo, 1992)These magmas are characterized by high LILE and LREE abundances, negative
anomalies of niobium and tantalum, and positive lead anomBb&sssic magmasiay form by
low-degree partial melting of metasomatized mantle soon after the cessation of subduction, i.e.,
theregime ofextensional tectonid®.g.,Foley, 1992farmer, 2014)Additionally, these magmas

are highly oxidizing (~B7 log fO. units higher than FMQ@uffer) and rich in volatilegH.O and F
greater than 2 wt%-eldstein and Lange, 1999)

1.2.Volatiles in arc magmas

The subducting slab has been propasetransfer oxidizing volatiles such as® CQ, sulfur

and possiblyhalogens Alt et al., 1993; Munga)l2002)into the mantlevedge leading to the
oxidized character of arc magmas. Melt inclusions from natural saprplsieconstraint®onthe

volatile contenbf thesemagmasprior to degassinge.g., Wallace, 2005Métrich and Wallace,

2008) Tablel.1 summarizeghe volatile contentn some mafic magmas, showing that arc
magmagyenerated bpartial melting othe mantle wedge mostly contah 6 wt % wat er ,
ppm sulfur, O 3000 ppm aridoariabteeoncerraticidd G pp m
(nor mal | y O(e.§. bvallace, 2@%idhnson et al., 2010)

Water is the most abundance volatile component and plays a major role on the properties of

magmas. Water solubility (Xo) in silicate melt is approximately proportional to the square root

of water fugacity(Burnham, 1979a)Water dissolves in the melt in the form of Qjfoupsthat

are structurally bound to the aluminosilicate network of the, imiei#ts molecule water @) (e.qg.,
Stolper, 1982aMcMillan, 1994) Water is suggested to be firstly incorporated as @Hups in

the melt structurat low concentrationyhile molecular water becomes the dominant speaies
high concentratioiStolper, 1982a, b)nfrared spectiscopic studies of quenched silicate glasses
have shown thatO; dissolve in the melt as molecular €@ rhyolite) and C@ (in basalt) or

asboth species (in andesite and dadiie)e and Stolper, 198Blank and Brooker, 19948ehrens

10
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et al., 2004Ni and Keppler, 201)3Konschak and Keppler (2014) founwblecular CQin basaltic
andesite melt at high temperature bysitu synchrotron infrared spectroscopy in diamond anvil
cell. A model on CQ-H20-melt equilibrium for rhyolite and basaFi@. 1.2) has been developed
to compute HO-CO, degassing pathi®Newman and Lowenstern, 2002; Papale et al., 2006)

Table1.1

A summary of volatile contents maturalsome mafi@arcmagmas, all components are in wt%.

Reference Locality P (kbar} SiO; K20 Na,0 HO S Cl F CGo,
Vigouroux et al. (2008) Colima 0.1-7 4855 1535 1738 4~5 0.20.5 0.2 0.4 0.30.4
Rowe et al. (2009) Cascades ~50 2 3 little 0.204  0.10.2

Spilliaert et al. (2006) Etna >=3 4449 1.7-35 3.04.8 0.43.6 0.090.35 0.130.24 0.22.3
Esposito et al. (2011) Phlegrean  >2 4 47-51 0.54.2 2.2-3.2 1.1-:1.5 0.0030.17 0.01-0.31 0.1-0.19 0.010.12
Fourmentraux et al. (2012) Averno ~15 5862 6.4-8.2 4.7-5.8 0.45 0.01-0.06 0.751 0.2-0.5

Sadofsky et al. (2008) GNC° 47-60 0.1-4.2 1.83.5 1.05.2 0.120.36 0.040.12 0.01-0.06

Johnson et al. (2009) MGVF® 5057 0.501.52 1.642 0.44.2 <0.21 <0.13 <0.63
Benjamin et al. (2007) Costa Rice 47-63 1.54.4 2945 0.2-3.3 <0.40 <0.27 <0.24 <0.02
Harris and Anderson (198« Fuego  0.3.0.85 50.7-53.8 0.67-0.95 2.2-4.2 1334 0.080.1 <0.41
Roggensack (2001) Cerro Negr 4853 1.43.2 1.83.0 <4.2 <0.15 0.020.13 <0.11

“Entrapment pressure;
SGuatemala, Nicaragua and Cost Rica
‘MichoacaGuanajuato Volcanic Field (MGVF) icentral Mexico

1000
| 2000 bar
800 -
E 6004
Q.
= 11000 bar §
(@) '
O 400
200 -
0_ I I I I I
0 1 2 3 4 5 6
H20 (Wto/o)

Fig. 1.2.Vapor saturation curves fai,0 and CO, (ppm) in basaltic melt{at 1200°C) (modified from
Oppenheimer et al., 201ARed curves denote-B concentrations in the coexisting fluid phase, with the

rest being C@
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Sulfur solubility and speciation in magmagcomplicated due to multiple valenciesdstrongly
depend on the oxygen fugac{g.g.,Carroll and Rutherford, 1987; Simon and Ripley, 201%)

and SQ@* arethe main speciethought to be present in silicate melts of petrological significance
(Carroll and Webster, 1994; Jugo et al., 201®ulfur solubility in silicate melts increases
dramatically ashe S species in the mathangs from dominantly $ to $* (Fig. 1.3,Carmoll and
Rutherford, 1987t uhr, 1990;Jugo et al., 2000

a 1.4
1.0 1 ] 7
mantle Lamprophyric
wedge, lavas 1.2
0.8 s ] IAB
® 1.0 >
BABB 2
_ &0IB 2
0.6 E 0.8 -
0 IAB 4
W 3
0.4 - 2 06 -
= 5
MORB = | < =
0.2 | & 0.4 1
0.2 -
0.0 2 MORB -
T T T T T T T 00

3 2 414 0 1 2 3 4 5
Oxygen fugacity (/A\FMQ)

1.0 -05 00 05 1.0 15 20 25 3.0
Oxygen fugacity (/AFMQ)

Fig. 1.3.(a) Sulfur speciation curve v, in mafic silicate melt (black lineand typicalfO, rangesof

magmadrom different tectonic settings. (b) Sulfur content at sulfide satur@tiSnC S S )

and at i an

(sulfate) saturation (SCAS) of mafic n®lwith fO, rangesshownfor varioustectonic environments.
MORB=mid-ocean ridge basalts; BABB=baakc basin basalts; OIB=ocean island basalts; |IAB=island
arc basalts. (modified from Jugoal., 2010)

Chorine solubilityin silicate meltsdecreasesvith pressure in watdvsearing, brine-saturated
systems, and strongly depemh melt structure and compositi@ng.,Carroll and Webster, 1994;
Webster et al., 199%Bignorelli and Carroll, 200 2001; Webster et al., 200The absence of a
systematic relation of Cl with 4@ for arc basaltic melt inclusionsay be related to a limitednge
in CI/H20 (250% NaCl brine)of slab fluids (Kent et al., 2002) However, someCIl-H>0O
fractionation should occur during fluid expulsion from the slablwing migration through the
mantle prior to meltingKent et al., 2002)

12
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1.3. Fluids in magma chambes

Magma may ascendrom the mantle to the crust along faults or fractumsas diapis
(Hawkesworth et al., 200@ondomines et al., 2003; Reid, 2014)hen a magmeannot find a

path upwards or encounsdow-density crustit may accumulate into a magma chamber. Magma
chambers in arc settings are structurally and chemically complex, commonly being either
compositionally stratified or showing evidence for repeated mingling/mixing between mafic and
intermediate to felsic magmas. Degdllstudies on volcanic systems have shown that most magma
chambers contain partly solidified magmas or crystal mushes that are periodicaliva¢ed and
partially remelted by mafic magmas ascending from dgf@dachmann and Bergantz, 2008)
Pressure eetts a firstorder control on the solubility of volatdeas volatile solubilitiegenerally
decrease with pressure. Therefore, decompression caused by msggmaor failure ofthe
confining rock, often leads to fluids saturation and exsolution. Magasgemh also promotes
undercooling, resulting in crystallization of anhydrous or wpter phasesvhich increaseshe
fraction ofvolatilesdissolved in melts. These two factéasor fluid oversaturation and exsolution

from the magma chambeamhancinglfiid flux into theEarths crust or the atmosphere.

Fluids play an important role in upper crustal magma chambers for several reasons: (1) their
exsolution from magmas commonly triggers volcanic eruptidai et al., 1989)(2) they extract

sulfur and netals from the magma and concentrate them in the form of ore dgpagifdudétat

and Simon, 2013; Wilkinson, 20%3)3) they govern critical rheological properties of magmas
(e.g.,Sparks, 2003)and (4) if erupted in large quantities they afféa Earth's climate(e.qg.,
McCormick et al., 19958riffa et al., 1998; Robock, 2002)Jnderstanding the formation,
distribution and composition of fluids in upper crustal magma chambehersfore of broad

interst in Earth sciences.

Fluids are present at various depth levelsatrdifferentevolutionary stages of magma chambers
(Burnham, 1979b; Métrich and Wallace, 2008; Wallace and Edmonds,: Z01 fglatively HO-

poor but CQ and/or SG-rich fluids exsolve from mafic magmas agyhquench against more
evolved, stagnant magma (2) these fluids rise and interact with overlying, more felsic magmas (i.e.,
"volatile fluxing"; Fig. 14) and may be stored in larger quantities at the top of the magma chamber,

(3) progressively ED (xCl)-rich fluids exsolve from intermediate to felsic magmas as cooling and

13
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crystallization proceeds, and (4) dominantly meteoric fluids circulate through fully solidified

magma at subsolidus conditions.

Accumulation of sulfurich fluids in the upper parts of maa chambers and their preferential
release during volcanic eruptions is responsible for the "excess sulfur problem" (i.e., the eruption
of more sulfur than could have been stored in the erupted magma volume) and the presence of
magmatic anhydrite in interediate and felsic magméBarat et al., 2011)'he same fluids also
contain significant amounts of metals (e.g., Hattori, 1993), as demonstrated by high metal
concentrations measured in volcanic gad#gliams-Jones and Heinrich, 200B8tadeau et al.,

2010; Zelenski et al., 2013/enard et al., 2014%elenski et al., 2014gvidence for C«enrichment

in magmas stored magma at Mt. E(@allins et al., 2009)and the presence of €Zn, Se, Cd,

Ag- and Asrich sulfides in the dacitic to rhyodacitic magsnof Mt. PinatubqHattori, 1993,

1996) The concentration of chalcophile elements in magmatic fluidendkgpstrongly on the
presencer absence of sulfides in the magma and the preservation/destruction of these sulfides at
lateemagmatic to subsolidusagieqe.g.,Keith et al., 1997Halter et al., 2005Audétat and Pettke,
2006;Simon and Ripley, 2011)

0 km

- mafic magmas & rocks

Gt T .:’ intermediate / felsic magma
— - H,O, Cl, 80,, CO,, Cu S (partially molten)
5-15 km E

intermediate / felsic magma
(crystallized)

Fig. 1.4.Schematic view of a compositionally stratified magma chamber underneath a stratovokbano in
arc setting. Volatiles and metals such aafauransported by a fluid phase from mafic magmas to overlying

intermediate and felsic magmas (modified from Audétat and Simon, 2013).
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The exsolved fluid phase is domiaedby water, and contains lesser amount obCE(speciation
dependent on oxygendacity), HCI, NaCl, KCI, etde.g.,Kouzmanov and Pokrovski, 2012)he
formation and properties of tbefluids strongly depend on the PVTRropertiesof aqueous
solution, which may be approximated by the w@lbwn simple HO-NaCl system. At high
pressuresa singlephase magmatic fluichay exsolvefrom the magm#gBurnham, 1979babove
the two phases curves of the®INaCl systemFig. 1.5) with a typicalsalinity in the range of-2
13 wt% NaClquiv (e.g.,Hedenquist and Riclnds, 1998; Redmond et al., 200ysk et al., 2004
Audeétat et al., 2008Rusk et al., 2008 During decompression, the ascending magmatic fluid will
intersectthe two-phase liquid+vapor surface {V solvus), leading to two phases, a liquid and
vapor, with distinct density, salinitiandconcentrations of volatiles and metédsg.,Heinrich et
al., 1999; Ulrich et al., 199%udétat and Pettke, 2003; Williardsnes anéieinrich, 2005)

1.8 — r % g
1.6—- 1 Fig. 1.5.Pressurers. composition (NaCh
4 ] temperature phase diagram thie H,O-
- 1.4 T NaCl system. A single fluid phase (e at,
E 1,2_- _ 800 °C) composed of 10 wt% NaC
i’ 1.0_' ] aqueous evolves from 2.3 kbar (out of 1
3 | diagram) to 1.3 kbar. The fluid pha
§ 0.8 + . intersects the solvus and separates in
o 0.6—- i small amount of hypersaline liquid and
i large volume of dw-density aqueou:
0'4—_ I vapor ( 6 f)l Tineé fdrmeb phasl
0.2 4" itical curve NaCl+V will form a halite daughter cryal upon
0.0 | —_ cooling (modified fromBodnar et al.,
0.1 1 10 100 1985)
wt% NaCl

1.4.Overview of previous experimental studies on gold solubility

Gold is a strongly siderophile and moderately chalcophile element, ocamasttyin native form
or as an alloybutalso as a variety of telluride mineralsb#longs taGroup IB of periodidable,
with atomic number 79 and atomic weight 196.9665. The average abundance of gold in iron

meteorites is laout 1.15 ppm Chondritic meteorites typically contain much higher gold
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concentrations asompared to terrestrial rocks, intherangeoi P00 p b Au. The Ear t h
containswith an average abundance af 4.5 ppbAu 2i 3 orders of magnitudessAu than iron

meteorites othondries (Rudnick and Gao, 2014lowever, in somspecialpago f t he Ear t h
crust, gold can be concentrated durimg deposits formatiofKesler, 1994; Robb, 2005gading

to average Au abundancesarcessof 1i 10 ppm, which ar¢he minimum grades required for

economic exploitation Most primary gold deposits formedia hydrothermal fluids hence

knowledge of the fetors that influence gold solubility in hydrothermal fluids is essential for

understanding the formation of ore deposits.

Thesolubility of gold in fluids has attracted the attention of geologisiseearly on(see reviews

by e.g.,Williams-Jones eal., 2009;Pokrovski et al., 2014Most previous experimental studies
(Table 1.2)on gold solubility focused on the lower temperature hydrotheroalditions
representative of epithermal environments (e.g., Gibert,dt%88; Pokrovski et al., 200&ufur-

free fluid systems (e.g., Frank et al., 2002; Hanley et al., 2005; Simon et al., 20R&jom
whichreduced sulfurs thedomirantfluid speciege.g., Loucks and Mavrogenes, 1999; Simon et
al., 2007; Tagirov et al., 2005). Loucks and Mavrogenes (1999) used synthetic fluid inclusions to
study Au solubility in aqueous fluid &0700 C and 1.24.0 kbar. They observagp to 1000
ppm gold inthefluid and suggestettiatAUHS(HS): is the dominant Au species at this condition.
Subsequent studies on compositionally similar fluids identified Au(H8U(HS), Au(OH) as
major Au species (Tagirov et al., 2005; Pokrovski et al., 2009; Liu et al., 204k &ral. (2002)
found gold solubilies 0f40-840 ppm ina brine, increasinwith HCI contentat 800 C and 1.0
kbar. They suggested HAuGlas gold speciesHowever, Hanley et al. (2005) fourtdat Au
solubility decreasewith the fluid salinity,consistant wittAuOH in the fluid. Simon et al. (2005;
2007) conducted experiments with NaGTI-HCI-Fe-As-S fluids and suggestéldatgold chlorine
complexesdominateboth in the brineand inthe H>S-bearing vapor phase. Most recently,
Pokrovski et al. (@14, 2015) suggested an important role of the trisulfur igh ifScomplexing
gold, leading to Au solubilites up to ~640 ppm isS¥0s-HCl-bearing fluids at 350C, 35 MPa.

It needs to be noticed that all these studies were caueak relatively redoed conditions, in

which sulfur occurs either in reduced stat&)(8 had a neaneutral valence (9.
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Table 1.2
Representative published Au solubility data anaposed Au species aqueous fluid.
Au
Reference starting system composition P (kbar) T (°C) pH fO, solubility proposed specit
(ppm)
Loucksand&Mavrogenes, 19¢ H,O+KCI+HCI+PPM 1-4 550-725 4.36.7 QFMP+PPM upto 1000 AuHS(H.S)
Frank et al., 2002 H,O+NaCI+HCI 1 800 - NNO 40-840 AuOH, HAuCh
Hanley et al., 2005 H,O+NaCI+HCI 15 600800 4.56.1 NNO 9006000 AuCl, HAuCL,
Simon et al., 2005 H,O+NaCl 1.1-1.45 800 1.51.7 NNO 2850 HAuCl,
Simon et al., 2007 H,O+NaCl+KCIH+HCI+FeAsS 1.2 800 - NNO 12-30
NNO-0.5- AuCl,
Zajacz et al., 2010 H,O+NaCl/KCI/LiCl/CaCb+HCI+S 1.5 1000 NNO+19 UPto1500 Na/KAuCl,,
: Na/KAu(HS)
Frank et al., 2011 H,O+HCl+sulphides 1 800 - NNO up to 240

apyrrhotite+pyrite+magnetite

b quartz+fayalite+magnetite

1.5. Postentrapmental modification of fluid inclusions

Fluid inclusions (FI) are micrscale fluidsamples trapped within mineralBheythus represent
direct sampls of ancient geological fluids. Fluid inclusions form mainly in two manners, either
during initial growth (primary inclusions) aluringhealingof fracturesthat developeeh the host
mineral (secondary or pseudosecondary inclusidipvided that time relationships can be
establishegdfluid inclusions can provide the most direct information on the physical and chemical
properties of fluids in the geological processes related to the mfoaration. The size of fluid
inclusions can range frothe nanometer scale to a few hundreds of micrometers;aaaty upto

millimeters. Most studied fluid inclusiomangefrom ~5to ~50em insize

Quartz is the mosfrequenthost mineralof fluid inclusions studied from magmatic and
hydrothermal ore deposits, becagsartzcommonly precipitated during tloee-forming process,

and because @k transparency, hardness and simple chemical composition. Quartz veins, euhedral
guartz phenocrystalwithin relatively high temperature magmatic ore deposits, and miarolitic
cavities in granite contain numerous large fluid inclusions in various assemblages, providing
abundant information on temperatymessure evolution, phases of fluidapd element
concentrationge.g.,Roedder, 1984; Bodnar and Vityk, 19%4détatet al., 1998; Audétat et al.,
2008) However, most conclusiongsirawn from fluid inclusions studiesare basednthe
assumptions that both the bulk volume and the chemical composition of the fluid inclusions

remained constant sinfleid entrapment.
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Quartz is composed of [SifJ "tetrahedra forming channkke structures along the:axis (Weil,
1984) The St*is usually substituted by a trivalent cation, commonly with Aba*, F€*, B3* or
As®* (Gotze, 2009; Weil, 1984)The charge balance is created either by the incorporatian of
monovalent cation (e.g., NaLi*, Cu", H") in theinterstitial space or byhe substitution of one
Si** by a pentavalent cation (e.g>P Thechannes parallel to the @xis with a diameter of ~Q

A (Verhoogen, 1952; White, 197®llow small cations (such as H.i*, Na', Cu", and Ag) to

diffusein this direction

Numerousstudies on synthetic and/or natural fluid inclusions have challethgecbmmon view
that fluid inclusions in quartzpreservethe chemical compositiorof the fluid at the time of
entrapmenfAudétat and Gunther, 1999; Doppler et al., 2013; Lerchbaumehahétat, 2012;

Li et al., 2009; Zajacz et al., 200%everalstudies foundhat molecular HO and H could be
gained or lost in fluid inclusions of quartd4ll and Bodnar, 1990; Qin et al., 199%2avrogenes
and Bodnar, 1994 udétat and Gunther, 199Rjdley and Hagemann, 1999). Doppler et al. (2013)
experimentally demonstratéldatthe hydrogen isotope compositions of fluid inclusions in quartz
may be easily modified by 4@ and RO diffusion in reequilibration processes at evaluated P
conditions. Mdlifications of Cu, Ag, Li and concentrations in fluid inclusions in quartz via cation
exchange have been shown in Zajacz et al. (2009), Li et al. (2009eesttbaumer and Audétat
(20123). The same gmomenon was also found in melt inclusions in quartz (Kamenetsky and
Danyushevsky, 2005; Zajacz et al., 2009). Lerchbaumer and Audétata)3drformed re
equilibration experiments atoexistingbrine and vapor inclusiorend were able to demonstrate
thathigh Cu concentrations in naturahporinclusionsarean artifact and formedia diffusional
uptake of Cu due ta change in the pH of the surrounding fluid from acid to more neutralwend

to ahigher abundance &in the vapor phas@-ig. 1.6).

Goldis situatedn the same group (IB)f the periodic tablas coppeandsilver, thust has similar
chemicalproperties Severalstudieshave reportedhu concentrations in naturdluid inclusions
(e.g.,Ulrich et al., 1999Seo0 et al., 2009)Gold has been considered to be immobile in quartz
(Pokrovski et al., 2014) becauee AU ion (137 A; Shannon, 1976hasa similar sizeasK®,
which is larger tharthe diameter of the channels guartz(~1.0A). Seo and Heinrich (2013)
modeledthe evoldion of Au solubility in fluid inclusions vs. external fluid during cooling in

porphyry environment and concluded that if a@ifyusional chang®ccurred, the\u rather was
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lost than gained by the fluid inclusiondowever, no experimestvere evercarried outto see
whether gold concentrations in quarzosted fluid inclusions can be modifiedafter fluid

entrapment.

BEFORE DURING AFTER

EQUILIBRATION fluid: quench pH=4.0 EQUILIBRATION

o H*? H>Cu*
VAPOR
0.5wWt% S

pH=0.3 fluid; quench pH=4.0

Q¢ H* Cu*
BRINE . .
0.04 Wt% S
° i \m¥

Fig. 1.6.Schmaticdiagram illustrang the mechanism gbreferentialCu diffusioninto vaportype fluid

inclusions A gradient influid acidity causes protons to diffuse out of the fluid inclusions, which in turn
causes Cu (+Na, Ag) to diffuse inward to maintain charge balance. The incoming Cu combines with S to
precipitate as sulfides (black triangles). Because the amount of Ceathéie gained by this process is
limited by the amount of sulfur present in the fluid inclusion, swifthi vapor inclusions can take up more

Cu than sulfupoor brine inclusions. (Lerchbaumer and Audétat, 2012

1.6.Research objective of this thesis

The aim of this thesis is to study the behawbtrace and major elemenits fluids present in
magma chambers and porphyry-8u (£Mo) systemsin E a r tuppérsrust. More than 100
successful hydrothermal experiments have beer ttoavaluate(1) the major and trace element
composition (including Na, K, Fe, Ca, S, Cl, Li, B, Cu, Zn, Ag, Cd, Mo, As, Se, Sh, Te, Ce, TlI,
Pb, and Bi) of fluids that exsolve from mafic alkaline magmas intruding into the base of
compositionally stratidd magma chambers and the geochemical signature imparted by these
fluids on the overlying, more evolved magmasgd (2) gold solubility in oxidized (logO. >

FMQ+2.5), sulfurbearing aqueous fluids similar to those responsibletter formation of
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porphyry Cu-Au (£Mo) depositsDuring theexperiments, we fountthat Au diffusesinto and out
of quartzhosted fluid inclusions, thus we systemically studied-pastapmental modificatioref
Au contentdn quartzhosted fluid inclusionst typical magmatihydrothermal conditionsThe
experimental reults are fundamental farnderstanding theolatility of elements duringhe
intrusion ofmafic alkaline magmas into felsic magma chambers,fan@u solubility in fluids
responsible forporphyrytype ore deposits. The data also himsportant implications for
interpretingAu abundance measureah natura) quartzhosted fluid inclusions. The thesis consists
of three manuscripts, whicreeither alreadypublishedn, or have beesubmittedo, internatonal

scientific journals.
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2. Experimental and analytical methods

2.1. High-temperature and high-pressure experiments
2.1.1. Starting materials

The mafic starting materialised for synthesis of mafic hydrous glasses waataral basaltic
trachyandesite from Two Buttes, southeastern Colorado (David and Smith, 1993; David et al.,
1996. This rock consists of phenocrysts of clinopyroxene (~40 vol%), phlogopite (~10 vol%),
olivine (~2 vol%) and magnéd (~1 vol%) set in afiiely crystalline groundmass consisting of
~30 vol% glass, ~25 vol% plagioclase, ~20 vol% phlogopite, ~15 vol% magnetite and ~10%
pyroxene The rock wadinely crushednto powder( O1 0 Om g ffaailitate equilibeaton t o
duringthe experimentsThe hydrous mafic glass was prepargachthatit ultimately contained
0.3wt% S, 0.2 wt% Cl and 5 wt% 0.

Two different £lsicstartingmaterialsvere used to study fluid transport from mafiddtsic melts
oneis a haplogranite of the 1 kbautecticmelt composition (79.47wt% Si£11.73wt% A$Og;
3.90 wt% NaO; 4.91wt% KkO), and the other one & natural obsidian from China (76.3wt%
SiOz; 11.3wt% AbOs; 3.6 wt% NaO; 4.5wt% KO; 2.5wt% Fe®; 0.20 wt% CaO).

To increase the chance of being able to analyze all trace elements of interest within the synthetic
fluid inclusions the hydrous starting glassas doped withtrace elements such that their
concentration was about 50 ppm each. At a melt water cont&nwi8h, thisrequired the trace
elements to be added at a concentration of ~1000 ppm each in the aqueous solution. However,
because it was not possible to dissolve all trace elements in a single aqueous, sautised

three different solutions containir@000 ppm trace elements ed€hble 2.1)and then added the

three solutions in equal quantities to the solid starting material. Sulfur, Cl, Li, B, Cu, Zn, Cd, As,
Se, Sb and Tl were added to the aqueous solution in the forasQkHHCI, LiCl, HsBO3, Cudy,

ZnClp, CdCh, Ass0s, NaeSe-5H,0, SbCk, NaeTeOs and TICI, respectively. Silver, Mo, Pb and

Bi were not soluble enough in any of these solutions, for which reason we added these four
elements in the form of diluted standard solutions for-M¥(Plasma CAL) to the rock powder

and subsequently allowed the slurry to dry to remox@ &hd HNG.
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Table 2.1
Compositions of the three aqueous solutions that were used in the experiments
Solution No. Components Concentrations
H.SQy, HCI, LiCl, CuCh, ZnCly, S~10wt%, Cl~6.6wt%,
A CdCb, SbCh Li, Cu, Zn, Cd, Sb-3000ppm each
H.SQy, HCI, N&SeQ-5H.0, NaTeQ, S~10wt%, Cl~6.6wt%, Br~0.5wt%, Se,
8 NaBr Te ~3000ppm
C H3BOs, AssOs, TICI B, As, TI ~3000ppm each

For theAu-related experimentsgaeoussolutions containing various amounts of HChSidy,
NaSQq, LIiCl, KCI, CsCl and MnGlwere prepared from analytiecgtade chemicals and deionized

water. Sodium chloride, and somecases, elemental sulfuilereadded as solids.

Fluid inclusions were tragal in quartz pieces ox3x6 mm or 1.81.8x10 mm size that were cut
from inclusionfree synthetic quartz in such a way that the longest dimension was parallel to the
c-axis of quartz crystallhe quartz pieces were then etched in concentrated hydrofacdidor

about 1 hour to form numerous etched channels, which favor the formation of large fluid inclusions
during overgrowth of new quartz (Li and Audétat, 206@y. some irsitu cracking experiments,

large fluid inclusions are first synthesized in adlef different composition at favorable P
conditions, and then +epenedduring themain experimentia in-situ cracking In the present
study we conducted these prms at 800C and 2 kbar using agueous solutions contaiaitiger

5 wt% KCI and 500@pm Csor 5 wt% KCI.

2.1.2. Piston cylinder experiments

Piston cylinder experimentsere performed to synthetizelatile- and trace elememtch mafic
glasseat 10 kbar and 1200C. Approximately 0.09 g solution and 0.2 mpaficrock powder were
welded into Pt capsules of 5.0 mm O.D. (outer diameter), 4.6 mm |.D. (inner diameter) and 10 mm
length. The capsules were tharserted intoa hot-pistontin endloaded, soliemedia piston
cylinder apparatus usiny2-inch diameter MgGNaCl assemblies with stepped graphite heaters.

A friction correction of 5% was applied to the nominal pressure basedldmation usinghe
guartzcoesite phase transition at 79C (Bose and Ganguly, 1985The &mperature was

monitored by RPoRhio (Stype) thermocouples with an estimated uncertairfity10 C. The
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duration of the experiments was only three hours to minimize loss of irootl@cdelements to

the platinum capsule. The experiments were terminated by switching off the electrical power,
resulting in cooling below the glass transition temperature in less than 10 sd¢onds. The recovered
platinum capsules were immersed in dilute sulfagd (~10 wt% HSQy) at ~50 C for a few

hours to dissolve any attached MgO and were then weighteltettk for potential leaks during

the experiments. Only runs that showed no significant weight change were used for subsequent

experiments.
2.1.3. Cold-seal pressurevesselexperiments

Hydrathermal experiments were conducted@®850 C and1.3-2.3 kbar in coleseal pressure
vessels.The instruments used in this study weapidquench coleseal pressure vessels
(conventional autoclavemade of Inconel713LC super alloyand TZM alloy (Ti- and Zr
reinforced molybdenumpressure vessel¥he conventional autoclaves usedter as pressure
medium whichwassuppliedvia capillary tubinghrough the cone seal at the cold end of the bomb
(Fig. 2.1).Temperatire was measurday means oNiCr-Ni (type K) thermocouples placed in an
external borehole of the vesselghich introducesan uncertainty ota. +5 C for the sample
temperature (Boettcher and Kerrick, 197@poling water circles tbugh the double conaf the
autoclaveand rapid quench can be obtaineddbggging the capsule with the help of an external
magnet within a few seconds from the hot end of the vessel to its abl&iece water was used
as pressure madh, the intrinsic oxygen fugacity of éhautoclaves wa<.5-1 log units above the
Ni-NiO buffer due to the reaction of water and theaNiby (Keppler, 2010)

For the TZM pressure vessels, teenperature on the samples (at the top inside the vessels) was
calibrated by an internal thermocoe@gainst the temperature of the furnace, afithuncertainty

of ca.+20 C. Pressure waseasured by a pressure gauge with an accuracy tbar5@ince Ar

was use@spressure medm, the intrinsic oxygen fugacity imposed on the sample was controlled

by Ar, about2-3 log units above the MO buffer forwaterrich sampls (Bell et al., 2011)
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O-ring

Extension Tube S
(Cold Portion of
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Fig. 2.1.(a) the vertical rapid quench autoclaves with a furnace at the top in the hydrothermal lab of
Bayerisches Geoinstitut. (b) Schematic diagram ofréipéd-quench coleseal pressure vessel (modified
from Matthews et al., 2003).

2.1.3.1. Volatile fluxing experiments

The oxygerfugacityin these experimentgas not specificéy controlledbut must have been rather

high because sulfur was added in the form £8®l, and because most experiments appear to have

been saturated in anhydritather tharsulfide, which constrains loip:t 0 O QFM+2. 5 ( P&
al., 2011).The old-seal pressure experiments were conducted with three diftapstile setups

In the firstsetup, a piece of inclusieinee quartz and a slightly smaller piece of quartz with pre
synthesized, large fluid inclusionsve loadedogethemwith mafic starting material (either finely

crushed rock powder or crushed hydrous glass) taqueous solutdangotd capsule of 4.3 mm

O.D, 4.0 mm I.D. and 30 mm lengthwhich wasthen welded shut. After 0:3.0 days of
equilibration, the quartz cores were fractured in situ to initiateedopening of presynthesized

fluid inclusions andllow theformation d new fluid inclusions. Theecond setuwith the quartz

beaker which was used only in a singkexperiment is based on the design described in
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Lerchbaumer and Audétat (209)2and effectively minimizes loss of metals to the gold capsule,
but has the disadvantage that the formation of fluid inclusions cannot be initiated after a specific
time of equilibration by imsitu cracking because that would fracture also the quartz éedke

guartz beaker was manufactured out of a single quartz crystal and had the following dimensions:
4.4 mm O.D., 2.0 mm I.D. and 16 mm length. For this setup, the quartz beaker was filled with
fine-grained mafic rock powder, aqueous solution, and dl ¢in@x1.8x10 mm) piece of quartz
containing large, preynthesized fluid inclusions that were alreadgpened by heating the quartz
piece in a 1 atm furnace to 700 and then quenching it in distilled water. Theartz beaker was

then closed with aeatly-fitting SiOz glass plug and loaddgdgethemwith fine quartz powder into

a gold capsule of 5.0 mm O.D., 4.6 mm I.D. and 30 reangth. The third capsule setwas
designed to simulate the interaction of fluids exsolving from a crystallizing mafic magma
overlying felsic magmalNo fluid wastrapped in the form of fluid inclusions in this setdm
minimize loss of CuAg, Se, Cd, Te and Bi to the gold capsule, also this setup features a quartz
beaker. A neatly fitting plug of SkQlass was placed tveeen the mafic starting material (crushed
volatile-bearing glass) and the overlyingrushedhydrated felsic glass (haplogranite or natural
obsidian from China) to avoid direct contact between the two reseridiesSiO; plug was
necessary to be abledassign compositional changes in the felsic melt to volatile flyxtigerwise

it would nothavebeen clear whethetheyariseddue tosimplechemical equilibration of the two
reservoiror due to volatile fluxingDuring the experimentshe SiQ glass plug crystallized to a
polycrystalline aggregate of quartz that was permeable to fluid but not to silicattraltases

the prepared gold capsules wereldedusinga pulsed arc welder, then subjected to ~1 k& H
pressure, and finally weligd to checKor the presence of leaki-situ cracking of the quartz
pieces was performed after 0.5~2 days by dragging the sample with the help of an external magnet
from the hot end of the vessel to its cold end and then back up to the hatréndseconds The
experiments were terminated by dragging the sample slowly (with©3@conds; to preventre

opening of the fluid inclusions) to the cold end of the pressure vessel.
2.1.3.2. Au solubility experiments

Three capsule setups were usedtudy gold solubity at 500850 C and2-2.3 kbar In the first
seup, gold capsules of 3.5 mm O.D. (outer diameter), 3.1 mm I.D. (inner diameter) and 20 mm

length were loaded with a piece of etched quartz, ~40 mg solutibt,n@y of NaCl, 6L mg S,
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and a small Si@glass rod (~4 mg). Run durations using this setup were kept short (10 hrs at 800
“C, 20 hrs at 700C; 40 hrs at 600C; 80 hrs at 500C), such thaftO, was controlled by the
starting materials rather than by the intrin&de of the pressure vessel. tihe second setup, the
starting materials were contained in an inner Au asoRdko capsule of 3.0 mm O.D., 2.7 mm I.D.
and 20 mm length, which was then loaded with ~40 @ &hd solid oxygen buffers (HeeO
(RRO), MNnGMn304 (MMO) or hematitemagnetite (H1)) into an outer Au capsule (O.D. 4.6
mm; I.D. 4.3 mm; 35 mm length). Gold rather thargRabo had to be used as inner capsules in
the sulfurbearing experiments becauseséRtbo was found to react with sulfur and to become
very brittle during this pro@s. In this setup, entrapment of fluid was initiated aftet 22 hours

by in-situ cracking, after which the runs were continued for anothe2®4hours to allow for
crack healing. However, in order to obtain larger fluid inclusions, the runs were sittregdvith

an etched quartz piece and a Siass rod as in the previous capsule setup, or with a quartz piece
that already contained large fluid inclusions that weresgrghesized from ¥O-KCl fluid. In both
cases, already existing fluid inclusionem reopened during the igsitu cracking, leading to
distinctly larger fluid inclusions than if fluid inclusieinee quartz pieces were used (Li and
Audétat, 2009). Fluid inclusions that wereagened during situ cracking could be recognized

by smallfluid inclusion trails leading to thenandby the absence ofKignals during LAICP-

MS analysis. It is those 1@pened inclusions that were preferentially chosen fofICAMS
analysis (Li and Audétat, 2009). The third setsisimilar tothe secondsetyp, except that an
unetched quartz piece was used (to avoid fluid entrapment before Au solokiiyfluid reached

a low, stable valgyeand that the external nickeickel oxide (NNO) buffer was placed in an open
Au capsule below the sample capsuledadtofwithin a sealed outer capsule. The latter is possible
because the material of the pressure vessel is vengiN{~76 wt% Ni) and thus imposed@,

that is already close to the NN@uffer. The pH of the quench solution was measured with pH
indicabr papers. The quartz pieces were gently polished e@®:And SiC grit papers and
subsequently using diamond spray on paper to remove excess quartz on the sample surface and

render fluid inclusions ready for observation and analysis.
2.1.3.3. Au diffusion expeimés

Each experiment consisted of two steps: arpreand a reequilibration runin thepreruns fluid

inclusions were firstsynthetizedusing the method described aboveln the reequilibration
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experiments, the quartz pieaegovered from preuns werdoaded togethewith a new piece of
etched quartz and fluid into new gotd,platinum capsules, or into A4Cuwsalloy capsule®f 5.0

mm O.D.,4.6mm I.D. and 20 mm lengtfihe new piece of etched quartz served to trap the new
external fluid, whereas éfluid inclusions occurring in the pieces recoverd fromrpres started

to diffusively reequilibrate with the external fluid. All requilibration runs were performed in the
same manner and at the sam@& PBonditions as the corresponding jpuas to aval pressure
gradients between the -eguilibrating fluid inclusions and the external fluidfter the
experimentsthe capsules were opened by a razor blade and the {hté 6lution was checked

by pH-indicator paper. The recovered quartz piagese geniy polishedto remove excess quartz

on the sample surfader opticalobservation andnalysis
2.2. Analytical Methods
2.2.1. Scanning electron microscopyand electron microprobe

The mafic run products were firanalyzedby scanning electron microscog$¢EM), which is
suitablefor imaging and identifying mineral phaséhe electron gun of the SEM generates a
beam of electrons that focuses and scans across the surface of polished $ampighkly energic
electron bemn interacts with the atoms in tkample, resulting in generation of different emissions.
The secondary electroSE) emitted from the stiace ofspecimerhave relatively low energy,
providingvery highresolutionthreedimensional (2D) morphology informationBack-scattered
electrons (BE) are beam electrons tlaat scatteredrom deeper locations within the specimen
with much higher energy than the secondary electmmesintensity of BSE is proportional to the
average atom magg), and thus provides the image wailbrightness thais a function of the
chemistry composition of the sample. addition, the collision of the electron beamth the
samplekicks outelectrons from atomic shells amdu®s electronsfrom more distal (higher
energy shells to drop to more proximshelk, therebyreleagng energyin the form ofelemert
specificX-rays These characteristic-Kaysare detected bgnergydispersive spectromet@DS)

and used to measuttee abundance of elements in the sample.

Backscattered electron (BSE) images were takea feiss Gemini 1530 field emission scanning

electron microscope (FEEM) using an accelerating voltage of 20 kV, a working distance of 14
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mm and an apert ur-dspessive spettromater (EZSHwas used togjyalitatively

identify mineral phass in the mafic run products.

Electron microprobeanalysiswere conducted in order to obtamccurate quantification ohé
chemicalcomposition of various mineral phases in the-fiyn@ined mafic run products. Similar to
SEM, characteristic Xrays are emited once the electron bearnits a mineral phase. The
characteristicX-rayscan be analyzed either lay energydispersive spectrometer (EDS)lmy a
wavelengthdispersive spectrometer (WDIh the WDS modethe characteristicX-rays are
selected baseoh different crystal spectrometers each with a kndwpacing.The intensity and
position of spectral line are then compared with the characteXistiysemitted by the standard

samplesallowingto quantify the unknowisample compositions.

Major elanent compositions were measured with a JEOL JXA 8200 microfitabeas operated
with 15 kV acceleration voltag&0 nA beam current, and a bedefocused to-P umdiameter
The following standards were used to calibrate the instrument: albite for N&i,amdllastonite
for Ca, orthoclase for K, ilmenite for Ti, forsterite for Mg, spinel for Al, metatiom for Fe,

vanadinite for Cl, and barite for S.
2.2.2. Microthermometry

After observation and selection of fluid inclusionsjcrathermomeic measurements were
performed with a Linkam THMS®00 heatingcooling stagattached t@ Zeiss microscap The
heatingcooling stagevas calibratedising standard fluid inclusionis an uncertainty of +0.C in
the range 0f56.6(melting of CQ), to 0.0 C (melting of BO). For simplification the PVTX state

of the fluids waslwaysreported withregardto the NaCIH>O modelsystem

Formeasuringhe salinity of fluid inclusionghat were trapped in the singbdase fieldthey were
first cooledto -50 C to-100 C with the help of liquid N, andphase changesithin the fluid
inclusiors werethenmonitoredduring slow heating back to room temperatimemostcaseghe
liquid partof the inclusiongrystallized to ice, which then melted again duringtimg (Fig. 2.29.
The temperature at which the last piecécefmelted wasrecorded which correspondto theice

melting temperature, o ice Of thefluid inclusion No evidence for the presence of clathrates or
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other solid phases at the time of lagt melting (such as double freezing, or melting of phases at

temperatures above C) were observed.

The ice melting point of the fluid inclusions is a function of the total solute concentfazomnly
NaCl,andexpressed as Nailivwt %; shown inFig. 2.23. The salinity of the fluid was calculated
based on the melting tempéure of ice using the equatigiven in Bodnar and Vityk (1994)

Salinity (wt%)= 0.00+1.78-0.0442f+0.00055%

whered is the méting point in Celsius.
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Fig. 2.2. Vaporsaturated phase diagrams of the NHED system at (a) low temperature; (b) high
temperature -ice; L-liquid; HH-hydrohalite (NaCl-2k0); H-halite (NaCl); Pperitectic (0.1 C, 26.3 wt%
NaCl); Eeutectic 1.2 C, 23.2 wt% NacCl). The halite soluityl curve extends from the peritectic to the
NaCl triple point of 801 C (modified from Bodnar and Vityk, 1994).

Formeasuringhe salinity of brine inclusions (containing halite daughter crg)stduid inclusions

were heatedo determine the halite dislution temperatures. The final melting temperature of
halite is related to the NaCl solubility in the fluid phase, i.e., corresponding to the salinity (wt%
NaCl) of the solutior(Fig. 2.2b). The salinity of thérine fluid inclusionsvas calculated bade

on the melting temperature loélite using the equatioftom Bodnar and Vityk (1994):

Salinity (Wt%)= 26.242+0.492@+1.42y 2-0.223y 3 +0.04129 *+

6.292x10% y5-1.967x1C yb+ 1.1112x16¢ y’
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wherey =T( C)/100. This equatioallows to calculat®aCl solubility in water fronthe peritectic
temperature (0.1C, 26.3 wt% NaQlupto the NacCl triple point of 801C.

The NaCl concentration of vapor fluid inclusions was estimated from the phase relations in the

H20-NaCl model system.
2.2.3. Raman spectroscopy

Varioussulfur species (8, SO, SO andHSQy) in synthetic fluid inclusions were identified

and quantified by Raman spectrosicopeasuremestRaman spectroscopy is a very efficient and
nontdestructivetechniquefor the investigation offluid phases and solids. Thabrational
information is specific to thehemical bondsand the symmetry of moleculestesulting in
characteristilRaman shifts. In this studiRaman spectra of fluid inclusions were taken in confocal
mode using a Horiba LalM HR UV spectrometer equipped with a CCD detector, 1800'mm
grating, and a 50x magnification objective. The spectral resolution of this instrument setup is 3.5
cml, and a confocal pinhole of 3 em was used for the measurements. Excitationpr@soted

using the 514.5 nm line of an Aipn laser with an output laser power of 0.2 W. Most spectra were
taken at room temperature, using six overlapping windows with acquisition times of 2x30 s each
to cover the entire range of 100 to 4500'¢fig. 2.3).
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Fig. 2.3. Representalve Ramanspecta takenat room temperaturscom the liquid and vapor phase of
quartzhosted fluid inclusions synthesized at 8@) 2 kbar from a starting fluid containing 3.5 wt% HCI,
16.4 wt% HSQ, and 20 wt% NaCl (H&AU-14).
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Spectra covering more restrictedpectral range of 350250 cm' were collected at temperatures

up to 600 C with an output laser power of 0.2 W orderto investigate potential changes in the
speciation of sulfur and/or gblduring heating. For the latter purpose, fluid includiearing
quartz chips (2x1.6x0.5 mm) were heatet 100 C intervals ina modified hydrothermal
diamondanvil cell of the Bassett type (Bassett et al., 1993) in which the diamond anvils were
replacel with cylinders made @&iO, glass. The uppaylindercontained a central borehptich

that no solid parts occurred between the sample and the microscope lens. Temperature was
calibrated to an accuracy of +6 usingthe melting points of NaN§§308 °Q, CsCl (645 °C) and
NaCl (801 °C), but due to manual heatthg overallaccuracyduring thecollection of theRaman
spectra was +20C. No forcewas applied to the quartz chip, kthie pressure inside the fluid
inclusionsincreased continuously duringdieng due to theilsochoric behavior, reachiraa. 100
MPaat 600 C.

To be able to quantitatively interpret the Raman Spectra, standard solutia®m®aiHAd SQ (the
latterin the form of HSQGs dissolved in watenyvere prepared as described in Binder and Keppler
(2011), andatios of thantensity integrabhreas of sulfur species oweeintensityintegrd area of
the ~1640 cm H,O absorption band were determined. The resulting conversion factors far HSO

(Iso,/IH,0=1.5799 molal HS®), SO? (Isg#/lh,o0 =31.0286 molal S¢¥) and SQ
(Iso,/In,0=1.9880 molal Sg) differ by up to a factor of 4 from those determined by Binder and

Keppler (hso,/Ih,0=1.0453 molal HS®), SO (Inso2/In,0 =11.324 molal S&) and SQ
(Iso/In,0=0.5411 molal Sg), whichprobably isdue to the use @fdifferent Raman spectrometer

setup.
2.2.4. LA-ICP-MS

Major and trace element concentrations in hydrous glassegyrimeed mafic run products, and
synthetic fluid inclusions were measd byLaser Ablation LA)- Inductively CoupledPlasma

(ICP) Mass Spetrometry MS). The LA-ICP-MS setup aBayerisches Geoinstitég¢aturesa 193

nm ArF Excimer laser (GeolasPro, Coherent, USA) attached to an Elare[§R&kin Elmer,
Canada)quadrupolemass spectrometesimilar to the equipment described in Guinther et al.
(1999. The | aser was operated at a frequehooy of
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the sample surfac&@he sample chamber (~8 &rwas flushed by.4 L/min He gago which5
mL/min Hz gaswas added on the wag the ICRMS (Guillong and Heinrich, 2007ThelCP-MS
system wasunedto a thoriumoxiderate of ~0.05% and a rate @dubly-charged calcium ions of
~0.1% based omeasurrements on thNdST-610standard.

The laser pit sizevas 70 um diameter fdyulk analyses of thsolid rocks sample$0-70 pm for
hydrous glasseand 3050 um for fluid inclusionsMafic rocksand hydrous glasses were analyzed
at 710 points along profiles parallel to the long axis & tapsule, and averages plus standard
deviations were calculated. Due to the fgrained nature ofthemafi r un pr odmaioct ( O1 C
sizg a laser pit size of 70 um diameter was sufficient to prodtatdesignals Measured isotopes
include’Li, 1B, 2Na,?*Mg, 2’Al, 3°Si, 325, 35ClI, 3%, 43Ca,*°Ti, >°Mn, >'Fe,*®Ni, %°Cu, ®6Zn, "°As,
7QBr’ BZSG,SSRb, 888[', 9OZI', QSMO, 107Ag, 114Cd, 121Sb,125Te, 133CS,137Ba, 14OCe’184VV’ 185Re 195Pt,
197Au, 295T1, 298P and?®*Bi, measured using dwell times of-B0 ms per isotop®ue to the large
number of elementswvo separate element menus were usedhe analysis of fluid inclusions
each containing Na, Al, Si, S, CI, K, Ca, Fe, Br and Cs pluE3df the remaininglemants. With
each element menu fluid inclusions were measureahd the resultererethen combined to a
single data set. Corrections for contributions of ablated host quartz were made for Li, Na, S, Cl,
As, Sb and Br, assuming that the fluid inclusiorenteelves do not contain any Si@&xternal
standardization was based mostly on NEEID (Jochum et al., 20),lexcept for S, Cl and Br,
which were quantified based on afghanite (S, $&p et al., 20)1and a in-housescapolite
standardthat was calibrated against the standards BB1 and BB&wdrick (2012)using the
revised Br concentrations listed in Table S4Kaindrick et al. (2013)Analyses ofup to 14
unknowns were bracketed & analyses oNIST-610 plus 1 analysis of eitheafghanite or
scapoliteat the beginning and the end of each analysis blmt&rnal standardization for the
glasses and mafic run products was done by normalizing the sunnudjal element oxides to
100 wt%, whereas microthermometrically determined Na eatnations (corrected for the
presence of other major cations; Heinrich et al., 20030adedNa, K, Rb or Csconcentrations
wereused in the case of fluid inclusions. the reequilibration experimentd{ or average Rb
concentratios determined in thdluid inclusions prior to the requilibration experiments were
used as the internal standard, because Na concentrations provedrte bwdified during re

equilibratioin and thus are not reliableThe overall uncertainty associated with A@P-MS
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analyss of synthetic fluid inclusions with known internal standard element concentration is about
10% (Heinrich et al., 2003); for ;| and Brit is about 20% (Seo et al., 2011).
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3. Results and discussions

3.1. Transfer of volatiles and metalsfrom mafic to felsic magmas in composite magma

chambers

Partition coefficientsDsuidirock=Chid/Crock) Of €lements between fluid and mafic rock residtie
850 °C and 2 kbawere calculated from their concentrations in the fluid inclusions and the mafic
residug(Fig. 3.1). In two additional runanformation on relative element mobilities were obtained
by reacting fluids that exsolved from crystallizing mafic magma with juxtaposed silicic melts
(haploganite and rhyolite whichhas the advantage thatstmore sensitive and thus allowery
fluid-immobile elements such as Ti and Zr to be studiemks factors in the mafic part of ttveo
runs(Fig. 3.1) were calculateds follows:

11T BOHA OF82 (3-1)
where G is the element concentration in mafic starting glass ani$ e element concentration
in mafic end product.
The combined results suggest thtthe studied®-T conditions S, Cl, Cu, Se, Br, Cd and Te are
most volatile (Ruigrock >10), followed by Li, B, Zn, As, Ag, Sh, Cs, W, Tl, Pb and Biiff}ock
=1-10). Less volatile ardla, Mg, K, Ca, Mn, Fe, Rb, @ndMo (D fuidrock =0.1-1), and the least
fluid-mobile elements are Al, Si, Ti, Zr, Ba and Cau{#ock <0.1).
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Fig. 3.1. Comparison of loss factors calculated from experiments involving a felsic melt reservoir (HG42
and HG47)with fluid-rock partition coefficients calculated from experiments involving synthetic fluid

inclusions (grey area).
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Thevolatile elements identified ithis study are consistent witlbservations in naturenagmatic
sulfides in the rhyodacite of Mount Pinatudx@enriched in Cu, Zn, Se and probablgoAg, Cd

and Te(Hattori, 1993; 1998 melt inclusions and silicate mirss studied byBerlo et al. (2004),

Kent et al. (2007), Rowe et al. (2008) and Collins et al. (260@w anomalouslyhigh
concentrations of Li and/or Cteflectingaddition of Cu and Lirich fluidsto magmasand similar
metalabundances are foundmaturalfluid inclusions (e.g., Williamsglones and Heinrich, 2005),
volcanic plume patrticles (e.g., Moune et al., 2010), and fumarolic condensates (e.g., Zelenski et
al., 2014).0Our experimental dataend is broadly consistent with relative element viligs
determinedrom natural hightemperature fumarole gas@sg. 3.2. Thedifferencesareprobably

due to the lower density of fumarolic gasether factors (see manuscript for details).
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Fig. 3.2 Enrichment factors (EF) of elements in the flplthse relative to the mafic source, normalized to
corresponding Ti contents. Data obtained from our experiments involving synthetic fluid inclusions (gray
array) are compared with data obtained from the analysis of fumarolic gases/aerosols andoksiogem

five arc volcanoes worldwide: Tolbachik (Zelenski et al., 2014), Erta Ale (Zelenski et al., 2013), Kudryavy
(Taran et al., 1995), Lascar (Menard et al., 2014) and Etna (Aiuppa et al., 2003).

Based on the volatility data and measured miinaralt andsulfidei melt partition coefficients,
volatile fluxing in felsic natural samples may im@nitoredby Cu, Se, Te and Gehrichment in

magmatic sulfides, and by As, Se, Cd angBiichment in magmatic apatite.

3.2. Solubility of gold in oxidized, sulfur-bearing fluids at 500850 C and 203230 MPa: a

synthetic fluid inclusion study
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Gold solubility in sulfuffree fluids increases with a slope of ~0.25 in log [Au] vs f@gliagrams
(Fig. 3.3, andwith a slope of ~1 in the log [Au] vs. log [NaClilagram suggestinghat Au had a
valence state of +1 in the Awearing complex(esTherefore, gld likely dissolved mainly in the

form of NaAuCy} in sulfur-free fluidsas the followedlissolution reaction

56 08 a0 GO I P G&Md 6806 (32)
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Fig. 3.3 Logarithmic plots showing the Au solubility in sulftree fluids at 800C, 2 kbar as a function
of: (a)fO. relative to the fayalitenagnetitequartz (FMQ) buffer, and (b) starting NaCl concentration. All

concentrations are given in moles per@§Qvater.

Gold solubility in fluids was also found to depend positivelgn temperature, starting sulfate
concentrabn, HCI-content fluid salinity and oxygen fugacityFig. 3.4). The in-situ Raman
spectra of such fluid inclusions 600 °Cdemonstratethatthe sulfurspeciesat high temperature
and pressureere dominady HSQi andSQ,, andthatthe $*/S* ratio in the bulk fluidorobably
remained constanWeightpercent level Au solubilities were observiedO.-unbuffered fluids
containing sulfate and chlorinehich appears to bdue tothe formation of NAuCl> complexes

via the reactions:
00 pfCOYOD OO0 &L wdPal WO 6 6 PICYD OV (3-3)
Fluids in porphyry CuAu (£Mo) ore forming environment&ontaining 7 wt% NaCl, 1.0 wt% S

and 1.1 wt% HCIfO; buffered by hematitenagnetite at 600 °Q kba) can dissolve ~ 600 ppm

Au, which is d&out two orders of magnitude higher than actual Au contentstural magmatic
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hydrothermal brines in porphyry €Au (xtMo) deposits. Thereforédu precipitation n porphyry
CuwAu (£Mo) deposits isinlikely to becontrolledvia Au solubility in the fluid but rathewia the
precipitation ofCu-Fesulfidesthat incorporate Au as a minor or trace constituent and then exsolve
native Au during cooling
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Fig. 3.4. Gold solubility as a function of: (a) NaCl concentration in the starting fluid, @¢9QH
concentration in the starting fluid, (c) HCI concentration in the starting fluid, (d) temperature, (e) type of
alkali ion and (f) oxygen fugacity. Sulfur speciation boundaries in (f) are from Binder and Keppler (2011).

FMQ: fayalitemagnetitequartz buffe.
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3.3.Gold diffusion into and out of quartz-hosted fluid inclusions during reequilibration

experiments at 600800 C and 2 kbar

Fluid inclusions synthesized in prens display a large variety shapes and measure up to ~50
em i n | edmtdhAftdr leeqgilbration, some fluid inclusions show notable changes in
morphology, i.e., originally irregular and elongated fluid inclusions attained more isometric and
regular shapes (Fig8.5o, d). In the sulfurbearing reequilibration experiment conducten a
AugsCuos alloy capsulethe fluid inclusions contained large Cu sulfdi@ughter crystals after-re
equilibration (Fig.3.5d).

Fig. 3.5. Transmittedight photomicrographs of fluid inclusionsynthesizedin the study: (a) fluid
inclusionssynthsizd atat 800 C and 2 kbarr(n #1Q 4 days) photographetbefore reequilibration, (b)
the same fluid inclusions after-eguilibration at 800C and 2 kbarr(n #12% 4 days), (clsulfur-bearing
fluid inclusionssynthesizedt 800 C and 2 kbarr(gn #22 4 days) photographethefore reequilibration,
(d) the same fluid inclusions after-equilibration in a AwCuos capsule at 800C and 2 kbarr(in #23 7

days). Notice th@resence ofulfide daughter crystals in the fluid inclusions in (d).
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Fluid inclusions containing5 wt% KCI synthesized in platinum capsules at 800 °C and 600 °C,
2 kbar were reequilibrated in Csspiked, HCI and NaClbearing solutiongn new gold capsules

at the same ¥ conditions for 414 daysBoth Na and Awoncentrationsignificantly increased
during the reequilibration processwith Na increasingup to 0.23wt% and Auincreasingup to
570ppmat800 °C(Fig. 3.6a). Similarobservations were madean experiment conducted at 600
“C, 2 kbar Fig. 3.6b). The high K-content and absence of ®sthe fluid inclusiongproves that
they did not crack open during the-equilibration, implying that Na and Au were gained by
diffusion through the quartz lattice. Revatsxperiments were conducted by synthesizing Au
bearing fluid inclusions in gold capsules and theregeilibrating them in a platinum capsule,
which resulted irup to ~900 ppm Awepletion (Fig3.6c). Two experiments werperformed to

test whether Au could be gained by fluid inclusiassa result oflecreasing acidity in the external
fluid. However no evidencdor diffusional exchangef Au with H* was founl. To test whether

the formation of Cuich sulfide phases within fluid inclusions has any influence on Au uptake,
fluid inclusionsof apre-run coraining 9.8 wt% NacCl,2.3wt% S, ~400 ppm Rl@and370+£70 ppm

Au with a pH of <1,werere-equilibratdin anaqueous fluiccontaining9.9 wt% NaCl, 1.5 wt%
KOH, 1.5 wt% sulfur,~70 ppm Cs, 48+13 ppm Awith a pH of 2in a AwsCus alloy capsule.
This re-equilibrationcaused the fluid inclusions to gain $.8.1wt% Cu and ~0.7 wt% Na, but

no gain of Auwas detected (Fi.6d).

In summaryAu diffusion appears to be driveolelyby Au concentration gradients contrast
to the behavior of Naand Cd, noevidencewvas foundhat Au" diffusively exchanges with Hor

gets incorporated into Gloearing sulfide daughter crystals inS-bearing experiment&ince Au
solubilities in cooling magmatibydrahermal fluids tend to decreasstural fluidinclusions are

more likely to have lost Au rather than to have gdsome
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Fig. 3.6.Composition of fluid inclusions before vs. afteraguilibration (crosses), plus composition of the
external fluid present during the-eguilibration experiment (red bars): (a) fluid inclusions containing 5.0
wt% KCI, reequilibrated in an external fluicbntaining 3.5 wt% HCI + 20.1 wt% NaCl + 115+9 ppm Cs
at 800 C, 2 kbar for 4 days (runs #1+2). (b) similar fluid inclusionggeilibrated at 600C, 2 kbar for

14 days (runs #3+4). (c) fluid inclusions which originally contained 20.6 wt% NaCl, 144@t28®Au,

and 156%11 ppm Rb, fequilibrated in an external fluid containing 20.3 wt% NaCl + 14.9 wt% KCI + 0.2
wt% KOH within a Pt capsule at 80Q, 2 kbar for 4 days (runs #8+10). (d) fluid inclusions which originally
contained 9.8 wt% NaCl + 2.3 wt% glental S + 393+22 ppm Rb + 370£70 ppm Auegeilibrated in an
external fluid containing 9.9 wt% NaCl + 72+7 ppm Cs + 1.5 wt% KOH within @us capsule at 800
“C, 2 kbar for 7 days (runs #22+23). The Cu content of the fluid inclusions after thenfran #22) was
below the detection limit of 3Q00 ppm.
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6. Transfer of volatiles and metals from mafic tofelsic magmas in composite

magma chambers: an experimental study

Haihao Guo, Andreas Audétat
Bayerisches Geoinstitut, Universitat Bayreuth9®140 Bayreuth, Germany

6.1. Abstract

In order to determine the behavior of metals and volatiles during intrusionfiof megma into

the base ofsilicic, upper crustal magma chambers, flumck partition coefficients (Ridrock) Of

Li, B, Na, S, Cl, KMn, Fe,Rb, Sr, Ba, Ce, Cu, Zn, Ag, Cd, Mo, As, Se, Sb, Te, W, Tl, Pb and Bi
were determined experimentally 2 kbar and 858 close to the solidus of mafic magma. In a
first step, volatilebearing mafic glasses were prepared by med#timaturalbasaltic trachyandesite

in the presence of volatleearing fluids at 1200C / 10 kbar in piston cylinder pressdse
hydrous glasses were then equilibrated in subsequent experiments @t/85&bar in coleseal
pressure vessels, which caused98@o of the melt to crystallize. After 08B0 days of
equilibration, the exsolved fluid was trapped by means-sitinfracturingin the form ofsynthetic

fluid inclusions in quartz. Both the mafic rock residue and the fluid inclusions were subsequently
analyzed by laseablation ICPMS for major and trace elements. Reverse experiments were
conducted by equilibrating metakaring agueous solutions with rock powder and then trapping
the fluid. In two additional experiments, information on relative element mobilities were obtained
by reacting fluids that exsolved from crystallizing mafic magma watérlyingsilicic melts. The
combined results suggest that under the studied cond&io@f Cu, Se, Br, Cd and Te are most
volatile (Didrock >10), followed by Li, B, Zn, As, Ag, Sb, Cs, W, Tl, Pb and Biiff}ock =1-10).

Less volatile are Na, Mg, K, Ca, Mn, Fe, Rb, Sr, ahal Rb (Duidirock =0.1-1), and the least fluid
mobile elements are Al, Si, Ti, Zr, Ba and Caud2ock <0.1). This trend is broadly consistent with
relative element volatilities determined on natural Heymperature fumarole gases, although
somedifferences existBagd onthe volatility data ananeasurednineral melt andsulfide' melt
partition coefficients, volatile fluxing felsic naturasamplesnay be identified bZu, Se, Te and

Cd-enrichmenin magmatic sulfidesandby As, Se, Cd and Benrichmenin magmatic apatite
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6.2. Introduction

Upper crustal magma chambers commonly show evidence for compositional stratifiadttion
intermediate to felsic magnieeing presenin the upper parts of the magma chamber, and mafic
magmasntruding intoits base Fig. 6.1; e.g.,Koyaguchi et al., 1986; Riehle, 1992; Matthews et
al., 1999; Saito et al.,, 2002alama et al., 2006Wiebe, 201% Upon decompression and
crystallization the mafic magmageleaseCO,;, S and other volatiles to the overlying
intermediate tdelsic magma, which process is thought to besponsible for higffiuxes of CQ
and SQ from modern volcanoe@.g.,Andres et al., 1991de Hoog et al., 2004Roberge et al.,
2009; Christopher et al., 2010; Wallace and Edmonds,)20ieformationof magmaticanhydrite
(e.g., Hattori, 1993; Luhr, 2008, Parat et al.1D0Qandthe triggering of volcanic eruptions.(.,
Pallister et al.1992,1996; Richer et al.,, 2004aneko et al., 2007 Mafic magmasare also
thought delivermost ofthe sulfur and metalgresent ingiant porphyry Cu (xMo, Au) deposits
associated with dominantly intermediate to felsic mag¢agh et al., 1997; Hattori and Keith,
2001; Halter et al., 2005; Audétat andtRe, 2006; Stern et al., 2007

0 km

- mafic magmas & rocks

.:l intermediate / felsic magma
(partially molten)

H,0, CI, SO,, CO,, Cu

,-i—

Fig. 6.1 Schematic view of a compositionally stratified magma chamber underneath a stratovolcano.

Volatiles and metals such as Cu are transported by a fluid phase from mafic magmas to overlying

intermediate and felsic magmas (modified from Audétat and Simon, 2013).

The aim of this project is to evaluate the major and trace element compositigflafds that
exsolve from mafic alkaline magmas they quench agaiti but do not extensively mix witha

larger body of felsic magma. #pical scenario would béhe intrusion of 0.2 kmd mafic magma
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with a temperature of 1000100 C intothe base of 4.0 kn? crystatrich dacitemagmawith a
temperature of 75800 C. After thermal equilibratiothe temperature dfoth magmass around
850 C,which means that thmafic magmabecomealmostfully crystallized whereaghe dacitic
magma musims partially remelted Most of the volatiles thadreoriginally dissolved in the mafic
magmathus exsolve into dree fluid phase thaendsto rise and interact witloverlying, moe

felsic magmasA perfect analogue of this situation has been documented by Eichelberger (1980)
for a mafic enclavewithin a rhyodacitic lava flowof the Medicine Lake Highland Volcano,
California whereas the mafic enclavehgyhly crystalline and full of vesicles, the surrounding

rhyodacitic lava is entirely glassy and bubfree, suggesting a snapshoaetund850 C.
6.3. Experimental methods
6.3.1. Experimental strategy

Two different kinds of experiments were conducted in this stlidple6.1): (1) runs in which

fluids in equilibriumwith an almost fully crystallized mafic magma were trapped as synthetic fluid
inclusions in quartz and subsequently analyzed byJC”A-MS, and (2) runs in which the same
fluids were allowed to react vintan overlying reservoir of hydrous felsic melt, resulting in
enrichment of trace elements in the felsic melt. The first approach has the advantage that the fluid
can be trapped and its composition be directly quantified, whereas the second approaeh has th
advantage that it provides higher sensitivity and thus allowsatkitor relativelyfluid-immobile
elements such a&l, Ti and Zr to be collecte(see below)An important requirement for both

types of experiments is that equilibrium is reached betla& and mafic residue befotieefluid

is trappedn the form of synthetic fluid inclusions aeactswith felsic melt. To test whether this
requirement was met we performed the first type of experiments in both forward or reverse manner
(Fig. 6.2): In the forward experiments volatitgearing mafic glasses were synthesized at high
pressure rad temperature in piston cylinder presses, and subsequently crystallized in a separate
experiment at lower pressure and temperature in-seddl pressure vessels. the reverse
experiments aqueous fluid was equilibrated directly with the crystalline starting material at lower
pressure and temperature without an intermittent step of melting. In both cases the formation of

fluid inclusions was initiated after &0 days run time by irsitu fracturing of the quartz piece.
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Experimentsan whichfluids wereallowedto reactwith an overlying reservoir of felsic melt were

performed in forward manner, i.e., using hydrous mafic glass as starting material.

homogenization crystallization
at 1200 °C, 10 kbar at 850 °C, 2 kbar
<
S quartz
powdered "OCk : g equilibration
i7if, +addedfluid at 850 °C, 2 kbar
quartz
L

Fig. 6.2 Schematic view of forward vs. reverse experiments in which part of the fluid was trapped as
synthetic fluid inclusions in quartz. The upper path illustrates a forward experiment that involves a first step
of homogenization and hydration at high temperatumg pressure, followed by crystallization and fluid
exsolution at lower temperature and pressure; the lower path illustrates a reverse experiment in which fluid
was directly equilibrated with rock powder at the lower Bonditions without an intermitterstep of

homogenization.
6.3.2. Starting materials

A natural basaltic trachyandesite from Two Buttes, southeastern Colorado (David and Smith,
1993; David et al., 1996vas used as mafic starting material in all experiments. This rock consists
of phenocrysts otlinopyroxene (~40 vol%), phlogopite (~10 vol%), olivine (~2 vol%) and
magnetie (~1 vol%) set in a finely crystalline groundmass consisting of ~30 vol% glass, ~25 vol%
plagioclase, ~20 vol% phlogopite, ~15 vol% magnetite and ~10% pyroxene. For reveragrun
directly wused finely crushed powder of this
prepared volatildearing mafic glasses by melting the rock powder in the presenegldi&aring
aqueous fluid spiked with various trace elemésegbelow)at 1200N / 10 kbar in piston cylinder

experiments. Melt inclusions in mafic alkaline arc magmas typically contain on the order of 0.3
0.4 wt % S, 0.20.3 wt % Cl and 6 wt % HO (e.g., Vigouroux et al., 2008; Métrich and

57



Manuscripts

Clocchiatti, 1996; Spilliart et al., 2006 Therefore, the hydrous mafic glass was prepared such
that it ultimaely contained 0.3 wt % S, 0.2 wt % CIl ahdit % HO.

To increase the chance of being able to analyze all trace elements of interest within the synthetic
fluid inclusions we added trace elements in such amounts that their concentration in the hydrous
starting glass was about 50 ppm each. At a melt water cont&nwidb, this requires the trace
elements to be added at a concentration of ~1000 ppm each in the aquetws. $tduvever,
because it was not possible to dissolve all trace elements in a single aqueous solution we ultimately
used three different solutions containing ~3000 ppm trace elements each (supplementd&-y Table
S1) and then added the three solutions tmmequantities to the solid starting material. Sulfur, Cl,

Li, B, Cu, Zn, Cd, As, Se, Sb and Tl were added to the aqueous solution in the fop®Caf H

HCI, LiCl, H3BO3, CuChk, ZnCh, CdChb, AssOs, N&SeQ-5H,0O, SbCk, NaTeQs and TICI,
respectively. Silver, Mo, Pb and Bi were not soluble enough in any of these solutions, for which
reason we added these four elements in the form of diluted standard solutions¥8 IBRasma

CAL) to the rock powder and subsequently allowedstbey to dry to remove ¥ and HNQG.

Fluid inclusions were trapped in quartz pieces>x#*% mm or 1.81.8x10 mm size that were cut
from inclusionfree synthetic quartz in such a way that the longest dimension was parallel to the
c-axis of quartz crystalin a first series of experiments (not discussed here) the fluid inclusions
were formed by fracturing the quartz piecesitu and then allowing the cracks to heal. However,
with this method the fluid inclusions usually turned out too small for all gbmreents of interest

to bemeasurabléy LA-ICP-MS. For this reason we switched to a technique described by Li and
Audétat (2009) to produce larger fluid inclusions. In this technique, large fluid inclusions are first
synthesized in a fluid of different ogposition at favorable-F conditions, and then 1&ened in

the "real" experiment by isitu cracking. In the present study we conducted thesaipseat 800

~C and 2 kbar using aqueous solutions contaifimg% KCI and 5000 ppm Cs.

The two experiments which the fluids reacted with an overlying reservoir of felsic melt were
performed with two different types of felsic melt: one run was performed with a haplogranite of
the 1 kbaeutecticmelt composition (79.47wt% SpO11.73wt% AbOs; 3.90 wt% NaO; 4.91wt%

K20), and the other one with a natural obsidian from China (76.3wt% S13Bwt% AbOs3; 3.6

wt% NaO; 4.5wt% KO; 2.5wt% Fe@y 0.20 wt% CaO). Both felsic melts were saturated with
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water (ca. 6 wt% kD) in a prerun conducted at 85 / 2 kbar in coldseal pressure vesselhis
approach provides a higher sensitivity than the one via synthetic fluid inclusions because the felsic
glasshas a higher densiggnd can be ablated using large pit sizes, hence significantlymnabeeal

entes the ICRMS thanduring the analysi®f fluid inclusions.As a consequence, relative
volatilities of six more elements (Mg, Al, Si, Ca, Ti and Zr) could be determined using this

approach.
6.3.3. High temperature and pressure experiments

For the preparation olatile- and trace elemeimich mafic glasses in piston cylinder experiments
approximately 0.09 g solution and 0.2 g rock powder were welded into Pt capfsul@snm O.D.
(outer diameter), 4.6 mm I.D. (inner diameter) and 10 mm length. The capsulé¢semesabjected

to 10 kbar and 1200C in endloaded,solidmedia piston cylinder apparatus usi@gd-inch
diameter MgGNaCl assemblies with stepped graphite heaters. A friction correction of 5% was
applied to the nominal pressure based on the guaggie phase transition at 79C (Bose and
Ganguly, 199 Temperature was monitored by-PgoRhio (Stype) thermocouples and is
associated with an estimated uncertainty of £L.0The duration of the experiments was only three
hours to minimize loss of iraandcertaintrace elements to the platinum capsule. The experiments
were terminated by switching off the electrical power, resulting in cooling béhevglass
transition temperature in less than 10 seconds. The recovered platinum capsules were immersed in
dilute sulfuric acid (~10 wt% $$Qy) at ~50 C for a few hours to dissolve any attached MgO and
were then weighted ttheck for potential leaks during the experiments. Only runs that showed no

significant weight change were used for subsequent experimerdkl-seal pressure vessels.

The old-seal pressure experiments were conducted with three diffaapatile setupd-ig. 6.3;
Table6.1). In the first setup, a piece of inclusinee quartz and a slightly smaller piece of quartz

with pre-synthesizedarge fluid inclusions wre loaded with mafic starting material (either finely
crushed rock powder or crushed hydrous glass) taqueous solution into a gold capsule of 4.3 mm
O.D., 4.0 mm I.D. and 30 mm length (F§3a and then welded shut. After 8250 days of
equilibration, the quartz cores were fractured in situ to initiateedopening of presynthesized

fluid inclusionsand formatiorof small,new fluid inclusions. Theecond setup (Fi§.3b), which

was used only in a singexperiment (HG38), ibased on the design described in Lerchbaumer
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a /V Au capsule b N Au capsule C /\6 Au capsule

=5 2 hydrous felsic
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Fig. 6.3. lllustration of the three differenapsule setups used for the cslehl pressure vessel experiments:

(a) capsule setup for crystallizing / equilibrating mafic starting mate®&@itC / 2 kbar and trapping fluid

after a specific amount of time in the form of synthetic fluid inclusions in qualjtzapsule setup with a

rigid quartz beaker to reduce loss of certain elements to the gold capsule. The pressure is transmitted into
the quatz beaker via the movable Si@lass plug and the fine quartz powder in the bottom of the capsule.

(c) capsule setup for simulating the interaction of volatiles exsolved from crystallizing mafic magma with
overlying felsic magma. The Si@lass plugs cryatlize during the experiments and thereby are permeable

to aqueous fluidgzl = fluid inclusion.

and Audétat (2012) and effectively minimizes loss of metals to the gold capsule, but has the
disadvantage that the formation of fluid inclusions cannot biated after a specific amount of
equilibration by insitu cracking because that would fracture also the quartz beakequahe
beakemwas manufactured out of a single quartz crystal and had the following dimensions: 4.4 mm
O.D., 2.0 mm I.D. and 16 mrangth. For this setup, the quartz beaker was filled withdnaeed

mafic rock powder, aqueous solutjand a small (1.0x1.8x10 mm) piece of quartz containing
large presynthesizedluid inclusions that were already-opened by heating the quartz pen

a 1 atm furnace to 70 and then quenching it in distilled water. Tdugartz beaker was then
closed with a neatly fitting Si€ylass plug and loaded with fine quartz powder into a gold capsule
of 5.0 mm O.D., 4.6 mm I.D. and 30 mm length. The thagdsule setup (Fi®.3c) was designed
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to simulate the interaction of fluids exsolving from a crystallizing mafic magma with overlying
felsic magmaNo fluid is trapped in the form of fluithclusiors in this setupTo minimize loss of

Cu, Ag, Se, Cd, Terad Bi to the gold capsule, also this setup features a quartz beaker. A neatly
fitting plug of SiG glass was placed between the mafic starting material (crushed vb&silieg

glass) and the overlyingrushedhydrated felsic glass (haplogranite or natural obsidian from
China) to avoid direct contact between the two reservbimsSiO, plugwasnecessary to be able

to assign compositional changes in the felsic melt to volatile flyxatigerwise it would notdo

clear whethethey aredue tochemical equilibration of the two reservamsdue to volatile fluxing.
During the experiments the Si@lass plug crystallized to a polycrystalline aggregate of quartz

that was permeable to fluid but not to silicate melt.

In all cases the prepared gold capsules weitded with a pulsed arc welder, then subjected to ~1
kbar HO pressure, and finally weighed to check for the presence of leaks. The finished capsules
were then loaded into rapgliench coleseal pressure vessehade of Inconel 713LC super alloy

in a setup similar to that described in Matthews et al. (2003), using water as the pressure medium.
Temperatures were measured with NNGr(K-type) thermocouples in external boreholes of the
vessels. Uncertainties inghemperature and pressure readings are considese@rd +£30 bar,
respectivelyOxygen fugacity was not specifically controlled in our experiments but must have
been rather high because sulfur was added in the formSf@Hand becausmostexperimeng

appear to have been saturated in anhydrite but not in sulfide, which conkigpi® to O
QFM+2.5(Parat et al., 2011). As mentioned in the introduction, anhydrite is a relatively common
mineral phase in arc magmésg., Luhr et al., 2008; Parat a&t, 2013, hence conducting the
experiments at oxidized, anhydrgaturated conditions is geologically reasonabhdl
experiments were run at 2 kbar and 88or 7 to 9 days. In the runs with capsule setup (a), in

situ cracking of the quartz piecessygerformed after 0.5~2 days by dragging the sample with the
help of an external magnet within seconds from the hot end of the vessel to its cold end and then
back up to the hot end. The experiments were terminated by dragging the sample slowly (within

30-60 seconds; to preventopening of the fluid inclusions) to the cold end of the pressure vessel.
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Table 6.1

Overview of performed experiments and obtained run products.

Sample o Duration In-situ Capsule . . . .

No. T(°C) P (kbar) (days) cracking setup Starting materials Run type Phases in mafic run product
after (days)

HG30 850 2 8.5 1 a mafic rock powder + fluid reverse cpx, plg, phl, amp, mag, ~15 volfhelt
HG32 850 2 9 2 a volatile-bearing mafic glass forward cpx, plg, phl, amp, mag, ~15 volfbelt
HG33 850 2 9 2 a mafic rock powder + fluid reverse  cpx, plg, phl, amp, mag, anh,15 vol%melt
HG34 850 2 8 0.5 a volatile-bearing mafic glass forward cpx, plg, phl, amp, mag, ~10 volfbelt
HG35 850 2 8 0.5 a mafic rock powder + fluid reverse cpx, plg, phl, amp, mag, ~20 volbelt
HG36 850 2 8 1 a mafic rock powder + fluid reverse cpx, plg, phl, amp, mag, ~10 vol% melt
HG38 850 2 7 none b mafic rock powder + fluid reverse cpx, plg, phl, amp, mag, ~15 volfselt
HG42 850 2 7 none c volatile-bearing mafic glass + obsidian  forward cpx, plg, phl, amp, po, ~15 vol%aelt
HG47 850 2 7 none c volatile-bearing mafic glass + haplogranit: forward cpx, plg, phl, amp, mag, ~15 volfbelt

Abbreviations: cpX clinopyroxene; plg plagioclase; phi phlogopite; amp amphibole; qtZ quartz; mag magnetite; pd pyrrhotite; ani anhydrite.

2as shown in Fig6.3.
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6.3.4. Analytical Methods

Major and trace elemerbncentratioain hydrous glasses, fingrained mafic run products, and
synthetic fluid inclusions were measured by-l@P-MS using a 193 nm ArF Excimer laser
(GeolasPro, Coherent, USA) attached to an Elan #BRRerkin Elmer, Canadgpadrupolenass
spectometer (Gunther et al., 1998 he laser was operated at a frequency of 10 Hz with an energy
density ¢ fbn thels@mpld Audance. The laser pit sims 70 um diameter fdoulk
analyses of themafic run product,50-70 um for hydrous glasseand 3-50 um for fluid
inclusions.Mafic run products and hydrous glassese analyzed at-10 pointsalong profiles
parallel to the long axis of the capsule, and averages plus standard dewat®galculated. Due

to thefine-grained naturef the maficr un product ( QallaBer @vize ockd e b el o\
diameter was sufficient to produtarly stable signalsMeasured isotopes includei, *'B, 2Na,

25Mg, 27AI, 3°Si, 328,35CI, 39K, 43Ca,49Ti, 55Mn, 57|:e’65cu1662n, 75AS, 7gBr, SZSe,85Rb,8SSr, 9°Zr,

QBMO, 107Ag, 114Cd, 1218b, 125-|-e’ 133CS, 137Ba, 140C€, 184\/\/, 195Pt, 197AU, 205T|, 208Pb andZOQBi’
measured using dwell times of-50 ms per isotope. Due to the large number of elements two
separate element menus were used, each containing N&i, Al, Cl, K, Ca, Fe, Br and Cs plus
11-13 other elements. With each element medA0 #luid inclusions were measured and the results
then combinedo a single data set. Corrections for contributions of ablated host quartz were made
for Li, Na, S, Cl, AsSb and Br, assuming that the fluid inclusions themselves do not contain any
SiO.. External standardization was based mostly on NaST (Jochum et al., 20}, lexcept for S,

Cl and Br, which were quantified based on afghanite (SS&¥; et al., 20)1and a scapolite that

was calibrated against the standards BB1 and BBRewmidrick (2012)using the revised Br
concentrations listed in Table S4Kdndrick et al. (2013)Internal standardization for the glasses
and mafic run products was done by normiafj the sum of alinajor element oxides to 100 wt%,
whereas microthermometrically determined Na concentrations (corrected for the presence of other
major cations; Heinrich et al., 200®&ere used in the case of fluid inclusions.

Major element compositi@of various mineral phases in the fgmined mafic run products were
measured with a JEOL JXA 820@icroprobe. The minerals were analyzed with 15 kV
acceleration voltage, 10 nA beam current, and a beam size defocus2duta. IThe following
standards ere used to calibrate the instrument: albite for Na and Si, wollastonite for Ca, orthoclase

63



Manuscripts

for K, ilmenite for Ti, forsterite for Mg, spinel for Al, metallic Fe for Fe, vanadinite for Cl, and
barite for S.

Backscattered electron (BSE) images of poliskections through the recovered samples were

taken on a Zeiss Gemini 158@ld emission scanning electron microscope-&HEMV) using an
accelerating voltage of 20 kV, a working dist:
dispersive spectrometerDiS) was used to qualitatively identify mineral phases in the mafic run

products.

Microthermometry was performed with a Linkam THM$G0 heatingcooling stage that was
calibrated to an uncertainty of £0Q in the range 0f56.6 to 0.0C. The salinity of tle fluid
(expressed as Naglivwt %) was calculated based on the melting temperature of ice using the
eqguations given in Bodnar and Vityk (1994). No evidence for the presence of clathrates or other
solid phases at the time of last ice melting (such a®lddiieezing or melting of phasest

temperatures above C) were observed.
6.4. Results
6.4.1. Run products

Experimental conditions and obtained run products are summamidedle6.1. Photographf

run products from an experimermmvolving synthetic fluid inclusions and oriavolving an
overlying felsic magma are shown kgs. 6.4 and6.5, respectively. In runs conducted with
capsule designs (a) and (b) the recovered quartz pieces are strongly fractured and contain numerous
fluid inclusions (Figs6.4a, b). Three types of fluid inclusions can be distinguished based on their
size, spatial distribution, and composition: (1) abundant, small (typically382Qm mean
diameter) inclusions arranged on healed fracture planes, (2) fange,ihclusions (commonly

>40 um mean diameter) located near the edges of the quartz piece, representing fluid inclusions
that were present in the quartz already before the start of the experiment andrdegrened and

filled with new fluid at the timef in-situ fracturing, and (3) rare inclusions of the latter type that
were not reopened during the 4gitu cracking. The last type of fluid inclusions dameasily
distinguished from the former two types by their high K and Cs content, and since they did not
trap any new fluid they will not be discussed any further. The former two types of inclusions are
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compositionally identical, showing microthermometricalgtermined salinities of 28.7 wt%
NaClkquiv and the following average major element composition based elfCBPAVIS analyses:
1.92.8 wt% K, 3.67.6 wt% Cl, 0.1314.3 wt% S, and 0.40.4 wt% Fe.

The mafic starting material (either powdered rock + flwd;hydrous mafic glass) always

transformed to a highly crystallized aggregate consisting of various mineral phases (occupying a

mafic
rock

a
3mm

Fig. 6.4. Photographs of samples recovered from experiments involving synthetic fluid inclusions. (a)
Polished section thrgi sample HG33 (incident light). (b) Transmitieght photomicrograph of the quartz

piece recovered from run HG32, showing numerous healed cracks decorated with small fluid inclusions
and some larger inclusions that were present already before the extpdsiumwere r@pened and filled

with new fluid at the time of usitu cracking. (c) Backcattered electron (BSE) image of the mafic run
product of sample HG32 after a run time of 9 days at 850 °C and 2 kbar. Notice the euhedral shape of all

minerals.
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total volumeof 80-90 %) plus smaller amounts of silicate melt-@2Mvol%) and cavities that were
filled with fluid (0.5-3 vol%) (Figs.6.4c, 6.5b), independent of whether the run was performed in
forward or reverse manner. Thednous nature of the mindrassemblage (which differs
significantly from that in the starting rock) and the euhedral shape of the miseggesthat
major recrystallization and formation of new minerals occurred during the runs. In the two
experiments conducted with capsuleigegc), a large fluid bubble developed in the overlying
pool of felsic melt(Fig. 6.5c), suggesting thagignificant amounts o¥olatiles movedfrom the

underlying mafianagma into the felsic meléservoir.

quartz
| beaker

fluid bubble

£ V— st .
;, '
D we quartz

beaker

Fig. 6.5. Photographs of the run products of experiment HG42, which was designed to explore the flux of
volatiles from a crystallizing mafic magma into an overlying pool of felsic melt. (a) Polished longitudinal
section. (b) BSE image of the mafic run productBSE image of the quenched pool of felsic melt in the

top of the assembly. Notice the presence of a large bubble containing precipitates of pyrrhotite.
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6.4.2. Composition of glasses andafic run products

Average compositions of hydrous starting glasses, mafiproducts, and overlying felsic melts

are reported in Tablé.2, whereas representative analyses of individual mineral phases are listed
in Table6.3 and plotted irsupplementary Fig-S1.A representative LACP-MS signalof a bulk
analysisof a mafic run product is shown ifig. 6.6a. The most abundant mineral phagseshe

mafic run producare diopside, Mdhornblende, phlogopitendesine (Akyso) andmagnetitgthe

latter being too small to be measured quantitativeBfe runadditionally contaired small
amounts opyrrhotite whereasinhydritewas observed in another r(fable6.1). However, based

on leaching tests (see below) anhydrite was probably present in all expetimenssially was
dissolved away during sample preparatibime hydrous strting glasses were quite homogeneous
with respect to the added elements (S, Cl, Li, B, Cu, Zn, Ag, Cd, Mo, As, Se, Sb, Te, Tl, Pb and
Bi) and retained a trachybasaltic bulk composition similar to the wiocleanalyses published

by David and Smith (199&)ndDavid et al. (1996)After crystallization of these glasses in forward
experiments the mafic run products were &illly homogeneous with respect to both major and
trace elements, although thlesolute concentrations of many trace elenmsrdatterd considerably

and were nowvsignificantlylower due to partitioning into the fluid phaséhe concentrations of

Cu, Ag, Se, Te were extremely low both in the mafic run productsratite fluid inclusions
analyzed fromruns performed with capsule desigh(@g., HG30, HG32, HG33), suggesting that
these elements were lost to the gold capsule. Indeged, performed with capsule design (b) that
involves a quartz beaker (HG38howsno significant loss of these elements (see below). The
felsic melt reserves in two experiments performed with capsule design (c) were homogeneous

with respect to both major and minor elements.
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Table 6.2
Composition of mafic and felsic starting glasses and corresponding end products after theeatger
Elemen Mafic glass HaplograniteRhyolite glas Haplogranite Rhyolite  Mafic rock Mafic rock Mafic rock Mafic rock Mafic rock Mafic rock Mafic rock Mafic rock Mafic rock
wt% orig U orig U ofig U HG U HG U HG U HG U HG U HGH#¥ U HGH U HG36 U HGB U HG42 U HGH U
NaO 28 004 4 01 49 01 36 01 43 02 27 02 24 01 24 02 25 02 25 01 25 01 26 01 27 005 27 01
MgO 7.8 0.1 0.0150.0010.0050.0010.0190.0010.0180.003 76 07 8 03 8 02 76 07 82 03 8 04 85 03 8 02 82 03
Al,O; 127 01 123 0.1 11.3 0.05 121 02 105 04 13 1 129 04 135 05 128 04 132 05 128 02 132 04 13 02 131 01
SiO, 552 05 788 01 763 0.2 785 03 775 0.7 559 13 55 08 556 05 564 17 556 14 554 06 544 09 555 04 55 05
KO 55 003 49 004 47 01 55 01 51 01 49 07 49 04 55 06 54 05 53 09 51 06 5 05 47 01 46 02
CaO 81 0.1 0.06 001 02 0.01 009 002 02 001 87 15 88 08 74 14 74 13 77 21 82 09 85 08 84 05 88 03
FeO> 6.7 0.1 0.050.002 25 0.03 006 001 23 01 62 03 64 03 65 03 69 1 65 04 69 05 67 02 66 01 65 02
TiO, 1.1 0.01 0.02 0.001 0.14 0.001 0.02 0.001 0.13 001 11 02 11 01 12 02 11 01 11 01 11 01 11 002 11 0.03 11 0.04
S 0.37 0.05 0.07 0.001 0.04 2E-04 0.06 0.01 0.04 0.003 0.24 0.28 0.26 0.04 0.12 0.03 0.25 0.06 0.16 0.14 0.22 0.16 0.25 0.37 0.2 0.02 0.23 0.06
Cl 033 0.02 0.1 0.002 0.15 0.003 0.11 0.01 0.18 0.02 0.29 0.14 0.21 0.03 0.21 0.03 0.22 0.04 0.25 0.06 0.2 0.03 0.26 0.06 0.18 0.02 0.28 0.04
ppm
Li 61 2 15 03 37 1 52 2 78 3 54 5 51 3 50 6 54 4 57 3 56 6 49 4 38 3 36 2
B 54 4 23 2 3 05 29 2 3 1 41 20 34 3 33 7 32 3 36 12 36 14 29 8 31 5 50 8
Mn 980 11 31 03 590 7 77 14 550 19 900 82 990 75 810 43 860 120 850 120 910 54 940 54 920 35 930 28
Cu 360 14 <0.25 0.09 007 71 08 82 07 09 04 18 06 16 1 12 08 1 02 11 02 300 135 230 72 100 19
Zn 170 5 23 09 130 3 14 05 140 6 124 28 140 7 160 35 140 14 133 28 132 22 135 41 128 10 139 7
As 69 16 07 01 47 011 21 11 6 06 49 44 41 2 33 19 39 4 27 25 65 8 38 18 37 7 4 6
Se 75 22 12 06 <11 29 16 13 02 5 7 46 12 29 19 26 11 19 18 27 13 18 8 42 4 40 6
Br 380 16 29 31 27 12 41 16 35 5 na na na na na na na na na na 180 7 na na 20 3 240 47
Rb 170 1 23 01 170 1 36 3 170 2 160 24 150 12 170 22 170 16 160 26 160 21 150 18 150 5 140 11
Sr 990 16 119 2 08 01 130 4 64 27 1100 260 1100 29 970 220 980 150 1000 230 1000 170 1100 110 1300 64 1200 53
Zr 580 13 9 13 770 01 10 2 660 32 540 100 520 200 620 240 520 53 540 180 820 390 500 45 570 120 600 48
Mo 41 1 013 001 9 02 093 028 11 1 36 3 51 4 36 6 49 3 40 10 33 3 39 3 50 8 39 5
Ag 48 1 <0.04 0.1 0.004 25 0.2 37 03 018 009 079 0.2 0.34 0.18 0.17 0.04 0.15 0.08 0.22 007 46 18 40 16 26 3
Cd 66 3 01 0.03 05 0002 18 05 29 06 9 6 18 4 72 31 9 4 75 4 1 3 46 27 36 6 46 10
Sb 33 6 <0.08 08 01 06 066 11 02 27 30 34 3 18 14 25 5 18 22 110 200 29 19 38 8 40 6
Te 82 24 0.15 0.02 <0.14 0.38 0.08 0.12 006 65 87 32 11 35 30 42 23 35 38 25 32 48 55 43 26 37 8
Cs 4 01 01 001 39 01 04 01 39 02 15 4 21 10 10 1 19 3 1 2 16 2 27 04 28 02 27 02
Ba 1300 27 19 1 27 03 28 3 7 2 1200 250 1300 150 1400 170 1300 77 1300 135 1300 43 1400 89 1300 47 1300 55
Ce 110 2 87 03 140 3 85 03 140 10 110 5 110 5 100 4 110 5 100 9 110 2 110 5 110 3 110 3
W 1.7 07 112 12 26 005 15 2 4 1 13 03 19 03 11 01 37 04 22 06 1 01 27 12 41 13 32 06
Tl 67 3 011 0.03 07 005 19 06 92 04 44 94 39 3 48 10 42 4 52 11 46 8 59 6 33 2 38 3
Pb 69 2 3 04 24 036 10 18 28 3 52 11 58 4 52 8 5 5 54 2 51 3 61 11 58 8 52 6
Bi 35 1 0.0140.007 02 002 10 06 15 03 13 10 20 8 62 19 11 3 13 6 14 3 21 4 42 11 27 4
Abbreviations:orig st ar t i ng mat et ls@hasawangpdesation of the measiirementsi nat. analyze:
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Table 6.3
Representative electron microprobe analyses of mipaeses in the mafic run product.

No. Mineral SiO; Na&O FeO A0 MgO KO CaO TiO2 Cl SG;  Total
HG32 cpx 494 0.74 6.3 4.1 156 0.11 211 0.68 0.013 0.063 98.2
amp 49.7 0.85 6.4 4.39 16.1 0.17 205 049 0.008 0.008 98.7
phl 39.6 0.53 9.2 1425 196 6.22 0.6 227 0.073 0.045 0924
plg 559 5.56 1.6 25.2 0.11 093 86 0.17 0.018 0.011 98.1

HG33 CcpX 505 049 6.4 367 1475 019 226 0.62 0.011 0.029 99.2
amp 499 061 6.8 4.8 13.38 048 209 0.74 0.014 0.019 9738
phl 396 067 128 144 1524 659 08 287 0.107 0.085 93
anh 0.6 0 0.3 0.3 0.3 04 434 01 0.005 498 952

HG36 CcpX 509 041 59 2.07 16.3 0.12 22 0.59 0.004 0.007 983
amp 49.2 0.7 7.3 5.04 138 03 214 1 0.011 0.012 98.8
phl 412 065 88 1469 1634 745 11 192 0.097 0.034 922
plg 559 545 09 2585 037 08 86 012 0.014 0.011 0981

HG38 cpx 52 045 5.7 3.7 154 045 213 0.7 0.032 0.032 99.7
amp 52.4 11 5.2 6.9 13.2 1.3 167 07 0174 0.071 097.7
phl 468 108 7.1 12.3 15 6.14 52 178 0.169 0.053 95.6
plg 57 545 1.1 22.8 11 168 7.6 016 0.049 0.012 97

HG42 cpx 50.8 0.74 6.2 3.85 159 013 212 05 0.009 0.006 99.3
amp 498 132 84 7.04 115 022 206 08 0.016 0.029 99.7
phl 39.9 0.65 12 1318 161 64 14 285 0.128 0.037 92.7
plg 505 541 09 2192 0.8 1 6.7 011 0.075 0.01 96.5

6.4.3. Composition of synthetic fluid inclusions

Average compositions of synthetic fluid inclusions are listed in Tédleand a representative
LA-ICP-MS signalobtained froma fluid inclusion is showim Fig. 6.6b. For a given sample the

fluid inclusion compositionturned oufairly reproduciblg+10-30% relative standard deviation),
except for elements that require mapmst corrections (S, Cl, Br, Li, As, Sb), and elements that
easily alloy with gold (Cu, Ag, Se, Te, Cd, Sb and Bi). Importantly, fluid inclusion compositions
measured in forward experiments are within uncertainty the same as those measured in reverse

runs,suggesting that equilibrium between fluid and mafic residue was reachef.{Fig.
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Fig. 6.6. () LA-ICP-MS signal (15Ap21d04) of the mafic rock residue of experiment HG34, analyzed with

a laser pit size of 70 um diameter. (b) IBP-MS signal of a 60 unrsized fluid inclusion (15Ma03h06)
analyzed from experiment HG30. Notice that in the case of S, Na and CI significant signals are obtained
when ablating pure quartz, meaning that corrections had to made to accurately quantify the tionsentra

of these elements in the fluid inclusion.
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Fig. 6.7. Element concentrations in fluid inclusions from run HG32 (forward experiment) vs. run
HG33 (reverse experiment) at 850 °C and 2 kbar, both cracked in situ after 2 days. The relatively
good matctsuggests that equilibrium between the fluid and rock was attained in both experiments.
Uncertainties for Ag, Ce and W are high because these elements were close to the detection limit.

The cause for the discrepancy of Li is not clear.
6.4.4. Fluid-rock partition coefficients and relative element mobilities

For experiments in which aliquots of fluid were trapped in the form of synthetic fluid inclusions,
partition coefficientgDsuidrock=Ciuia/ Crock) Of €lements between fluid and mafic rock residue were
calculated from their concentrations in the fluid inclusions and mafic residue, respectively. The
data are listed in Tab4 and are summarized ig. 6.8a Mass balance calculations based on

an esimated fluid abundancef 2.3 wt% (the remaining 2.7 wt%:28 residing in phlogopite,
amphibole and residual melt in the mafic residue) demonstrate that the experiments behaved as
tclosed systems with respect to of Li, B, Na, S, CIMK, Fe,Rb, Sr, Ba, €, Zn, Mo, As, Sb, W,

Tl, and Pb, whereas significant amounts of Cu, Ag, Se, Te, Cd, Sb and Bi were lost to the gold
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Table 6.4

Element concentrations in fluid inclusions and calculated partition coefficients (D) between fluid and mafic residue

HG 30

Fl

u

HG30

D

u

HG 32

Fl

u

HG32

D

u

HG 33

Fl

HG33

D

u

HG 34

HG34
FI. & D

HG 35

Fl

u

HG 35

D U F

HG 36

HG 36
] D U FI

HG 38

HG 38

D u

Li

B
Na?
S
Clz
Ka
Mn
Fe
Cu
Zn
As
Se
Br
Rb
Sr
Mo
Ag
Cd
Sb
Te
Cs
Ba
Ce
w
TI
Pb
Bi

240
220
1.6
0.87
3.6
2.3
510
0.97
39
410
172
66
n.a.
82
72
350
1.2
99
71
1.4
35
47
1.7
4
140
440
17

160 45 2.9

51
0.11
0.34

1.4

0.3
150
0.28

17
130
129

42

n.a.

12

16

59

0.6

45

47

0.3

12

14
0.03

1.8

26

36

8

53
0.83
3.6
12
0.48
0.56
0.16
43
3.3
3.6
12
n.a.
0.53
0.06
9.8
6.6
10.6
2.6
0.22
2.32
0.04
0.02
3.1
3.1
8.4
1.3

29
0.07
4.4
7.7
0.09
0.17
0.05
26
1.3
4.2
17
n.a.
0.11
0.02
1.9
4.4
8.3
3.5
0.3
1.02
0.01
0
1.6
0.9
1.9
1.1

11
140
1.7
3.7
4.2
2.8
560
13

68
670
130

27
n.a.

88
79
420
15
140
35
220
84
51
2.3
5.5
240
730
20

3.5
15
0.4
11
1.4
0.3
90
0.4
31
78
35
8.9
n.a.
7.8
9.2
39
13
21
13
140
24
8
1
3.3
21

0.21 0.07 51

4.3
1
14
20
0.58
0.56
0.2
37
4.8
3.2
0.59
n.a.
0.58
0.07
8.1
1.9
7.9
1
6.7
4
0.04
0.02
2.9
6

0.5
0.2
4.8
7.4
0.08
0.1
0.06
20
0.6
0.9
0.25
n.a.
0.07
0.01
1
1.7
2.2
0.39
4.9
2
0.01
0.01
1.8
0.7

66 13 1.5

3

1

0.5

180
1.7
4.3
5.3
2.7
240
11
52
420
97
26
n.a.
76
65
340
24
160
27
110
57
39
13
4.9
270
750
20

]
9
47
0.1
2.5
11
0.4
78
0.2
30
100
28
10
n.a.
12
26
74
0.6
26
6
68
45
4.6
0.7
1.7
24
99
6

1 0.22

54
0.9
37
25

1.8
0.1
24
6.3

0.48 0.09

0.3

0.1

0.16 0.04

33
2.6
3

29
0.9
1.9

0.91 0.67
n.a. n.a.
0.45 0.09
0.07 0.03

9.3
7
22
15
3.1
5.9

2.6
4.1
10
1.2
3.2
5

0.03 0.01
0.01 0.01

4.5
55
15

33 14 34

1.6
13
3

120 100 2.3 1.9
140 34 43 11
1.3 0.02 0.72 0.06
0.86 0.5¢ 3.4 25
37 09 17 52
22 04 0.4 0.08
240 41 0.28 0.06
0.69 0.1 0.1 0.02
62 35 50 41
320 110 2.3 0.8
180 79 48 21
160 40 6.1 3

n.a. n.a. n.a. n.a.
59 16 0.35 0.1
51 15 0.050.02
360 110 7.4 2.2
11 09 6.1 5.2
150 27 17 7.5
37 85 15 05
110 45 2.6 1.8
45 24 24 14
17 6 0.010.01
1.8 1.4 0.020.01
6.7 1.3 18 04
130 30 3.2 0.8
270 58 48 11
14 31 1.6

65
190
1.9
1.4
5.2
2.8
440
1.4
51
510
170
19
n.a.
83
73
340
0.9
49
18
15
48
35
2.8
8.2
190
510
4.1

8
47
0.1
0.3
11
0.3
110
0.3
27
120
49
8.1
n.a.
23
23
90
0.4
10
7.8
0.6
31
15
11
0.9
30
83
1.1

11 0.2 32
53 2.2 120
1 0.08 15
84 7.5 0.25
21 7.1 54
054 0.1 23
0.52 0.15 500
0.22 0.0t 0.65
50 28 79
38 1.2 534
6.2 59 52
1 1 29

n.a. n.a. 3400 240C

0.51 0.1€
0.07 0.03
8.6 3.1
59 4.2
6.5 3.8
1 13
0.04 0.05
42 28
0.03 0.01
0.03 0.01
3.7 1.2
3.7 1 150
9.4 1.6 470
03 02 17

77
64
300
13
340
15
22
40
58
5.5
2.3

14 0.57 0.25 28
13 3.2 12 620
04 079024 11
012 11 1 01
17 27 91 76
0.3 0.44 0.08 1.9
70 0.55 0.08 530
0.2 0.1 0.03 04
17 70
201 4 1.7 680
35 08 12 170
19
20 13
0.49 0.11
0.06 0.01
9.2 34
59 48
30 15
0.14 0.25
20 0.86 1.4
24 26 16
8 0.050.01
3 0.050.03
13 22 13
77 32 17
160 9.1 3.2
9.1 13 0.7

n.a.
66
52

210

170

780
32

320
96
40
1.3

4.9

260

600

14
10
110
0.9
160
3.5

170
0.19
0.9
3.4
0.6
140
0.21

18 16000170C

91
51

1.1 0.9 9000 210C

n.a.
19
26

130

140

120
11
67
61

8

0.8
0.6
17

120

0.56 0.0t
21 8
0.57 0.1
04 34
30 15
0.37 0.1
0.56 0.1t
0.06 0.02
54 26
5 16
43 25
510 260
n.a. n.a.
0.46 0.14
0.05 0.02
55 35
3.8 33
17 10
11 0.8
6.6 8
36 23
0.03 0.01
0.01 0.01
1.8 0.8
44 05
9.7 26

110 58 53 3

aNa, S, Cl, K, Fe are reported in wt%, all other elements in ppm by w

Abbr evi alsigmast@ndardideviation of the measurements; nat analyze.
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Fig. 6.8. (a) Fluid/rock partition coefficients calculated by dividing element concentrations in the fluid
inclusions (FI's) by their concentration in the mafic residue. The elements are arranged by ascending mass.
(b) Mass balance diagram showing tladcalated total mass of each element present within the sample
capsule after the experiment, divided by its total mass before the experiment. In the experiments without
quartz beaker significant amounts of Cu, Se, Ag, Cd, Sb, Te and Bi were apparetalthiesgfold capsule.

(c) Element concentrations in mafic residues after washing thenQmoHdiluted HCI solution, relative to

the element concentrations before washing.

capsules in the runs performed without quartz be@kgr6.8b). In the run performed with quartz

beaker (HG38) the loss of the latter elements was essentially zer® @aYy. However, in the
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beginning of this run aignificantfraction of the added fluid apparently moved into the pore space
of the quartz powder #te bottom of the capsulsuch thathe fluid abundance had to be reduced

to 0.5 wt% to satisfy the mass balance of-abaying elementsA test was made to seew much

of originally fluid-dissolvedmaterialwas present in thenafic residue anéhcludedin the bulk
analyses, leading artificially low fluid/rock partition coefficients. For this purposdéiquots of

two mafic residus were ground to fine powder ardenwashed for 30 minutes hot (80 C)
diluted hydrochloric acid (5 wt% HCDr distilled water. Afterrinsing the acidtreated samples
once more irnot, distilled waterthey wereallowed to dry, pressed to dense pellets and finally re
analyzed by LAICP-MS. The results are shown in Fi§.8c and summarized in supplementary
Table6-S3.Except for sulfur and potentially bromine, no systematic differences between washed
and untreated samples are evident, meaningathatint of originally fluid dissolved material in

the mafic residue is smalind thus that fluidrock partition coefficientsalculated fromuntreated
samples are robust. Thiwes not hold for sulfur (and potentially bromine), which occurs at ~5
times lower concentrations in washed samples compared to untreated samp&8dFigince
oxidized sulfur is easily soluble and anhydrite has lobserved in on run (HG33), our preferred
interpretation of this discrepancy is that all runs were saturated anhydrite. The consequence is that

true D9k yalues may be up to 5 times haglthan shown in Fig6.8a

In the two experiments in which the fluid was allowed to react with an overlying pool of felsic
melt (HG42, HG47) relative element mobilities were calculated based on concentration changes
in the mafic material. This approaclrted out more practical than focusing on concentration
changes in the felsic melt, as the starting concentrations of many elements in the felsic melt was
essentially zero and corresponding gain facteosild beinfinitively large. We thus calculated

relaive element extraction efficiencies from the mafic material as follows:

R % (6-1)

where G is the element concentration in mafic starting glass anmslt6e element concentration

in the mafic run product. Notice that the denominator in thig&gu is the concentration in the

end product rather than that in the starting product, as this corresponds more closely to the
fluid/rock partition coefficients measured in the previous experiments. The results are listed in

supplementary Tablé-S2andare compared irFig. 6.9 with the fluid rock partition coefficients
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derived from the fluid inclusicibearing experimentfue tothe fundamentally differerways to
assess relative volatilitieswas necessary to use two differeptales in this Figurehence only a

qualitative comparison of the two data sets is possible.
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Fig. 6.9. Element extraction efficiencies calculated from experiments HG42 and HG47 (solid lines),
compared to fluitrock partition coefficients calculated from experiments involveymnthetic fluid

inclusions (shaded area)otice the different scales.
6.5. Discussion
6.5.1. Attainment of equilibrium

Several lines of evidence suggest that equilibrium between fluid and mafic residue was reached in
our experiments: (1) fluid inclusion composiis measured in forward versus reverse runs agree
well with each otherKig. 6.7); (2) the minerals in the mafic residue have a euhedral shape and are
distinctly larger than the grain size of starting rock powder used in the reverse expelig)¢nés;

newly formed mineral assemblage is the same in both forward and reverse runs, but differs from
that of the starting rock by the absence of olivine and a much higher abundance of phlogopite; and
(4) profiles measured across the mafic residue reveal a homageace element distribution.
However, mass balance constraints and the comparison between runs without quartz beaker and
the run with quartz beaker (Fi§.8b) suggest that in the former runs major amounts of Cu, Ag,

Se, Cd, Sb, Te and Bi werestdo the gold capsule. For these elements the flaick partitioning
coefficients determined in runs HG30 and H&®are thus considered unreliable. They tend to

be too low because the fluid inclusions formed in the vicinity of the Au capsule and thus trapped

75



Manuscripts

fluid that was more strongly depleted in takoying elements than thanalyzed maficock
reservoirsabove and below the central quartz pi@eg. 6.4a). Corresponding partitioning values

of Cu, Ag, Se, Cd, Sb, Te and Bi should thus be regarded as minwadues. As was mentioned
earlier, the experiment conducted with quartz beaker (HG38) has the advantage that alloying
problems are minimized, but the disadvantage that the timing of fluid inclusion formation could
not be controlled by Hsitu cracking bemuse that wouldlso haveled to cracks irthe quartz

beaker. However, the fluidock partition coefficients obtained for natfloying elements in this

run are virtually the same as those obtained in the previous runs, suggesting that the fluid reached
equlibrium beforeit was trapped within fluid inclusioraso in this experiment.

In the two runs conducted with an overlying trap of felsic melt the mafic starting material was a
hydrous glass, hence the mebehring fluids exsolved as a result of crystation and thus should

have been equilibrium with the crystallizing mineral assemblage. Furthermore, thendlbile
elements are rather homogeneously distributed within the recovered felsic trap, meaning that their
abundances were not controlled by wfiifvities within the silicate melfhe trendbtained from

the runs with felsic melt traps are similar to those obtained from the runs with synthetic fluid
inclusions, althougbmall differences exist (Fi§.9). The reason for tisesmall differences is not

known.

Taking the results of all experiments together, one can group the investigated elements into four
classes according to their mobility in the fluid ph&&eCl, Cu, Se, Br, Cd and Te are most fluid
mobile (Duidrock >10), followed by Li, B, Zn, As, Ag, Sh, Cs, W, Tl, Pb and Bk{@rock =1-10).

Less fluidmobile are Na, Mg, K, Ca, Mn, Fe, Rb, Sr, Mo and Rbiff2ock 0.1-1), and the least
fluid-mobile elements are Al, Si, Ti, Zr, Ba and Ceuddock <0.1).

6.5.2. Comparison with data from natural samples

Evidence for selective metal transport by magmatic fluids has been documemgatyiprevious
studies. By investigating the compositions of magmatic sulfides in the rhyodacite of Mount
Pinatubo and comparing them witiose in contemporaneous mafic magma, Hattori (1993, 1996)
found that the former are enriched in Cu, Zn, Se and probably Ag, Cd and Te. Based on
independent evidence for addition of sulfur to the rhyodacite it wasdurted that these elements
were added byneans of sulfurich fluids that exsolved from underplating mafic magma. This
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interpretation is strongly supported by the present study, as the-alemimned elements are
amongst the 10 most volatile elements identified in our experiments. Similaripasously high
concentrations of Li and/or Cu in melt inclusions and silicate minerals have been interpreted by
Berlo et al. (2004Kent et al. (2007)Rowe et al. (2008ndCollins et al. (20090 reflect addition

of a Cu and Ltrich fluid phaseThemost direct evidence for metal transport by magmatic fjuids
however,stems from the analysis of fluid inclusions (e.g., Willialesies and Heinrich, 2005
volcanic plume particlese(g., Moune et al., 20),0and fumaolic condensates (e.g., Zelenski et

al., 2014. Especially the latter approach provided a wealth of data on otherwisstlidlied tace
elements such as Se, Tl, Te, Cd and Bi (e.g., Symonds et al., 1987; Taran et al., 1995; Aiuppa et
al., 2003; Zelenski et al., 2013; 2014; Menard et &14R In most of these studies, element
concentrations measured in the fumarolic condensates were normalizeduid-immobile
reference element and compared to corresponding element ratios in the likely source magma in

terms of relative enrichment facso(EF) defined by (e.g., Lepel et al., 1978
EF=X/Rf)/(Xm/Rm) (6-2)

where X refers to the concentration of the element of interest, R refers to the concentration of the
reference element, and f and m refer to fluid and magma, respectively. Usualyhbsen as
immobile reference element because it occurs at relatively high and constant concentration in

magmas and has a very low solubility in fluids and gases (e.g., Symonds et gl., 1987

To be able to compare our experimental data with those obt&iom the study of volcanic
fumaroles we converted the data listed in Tabl2snd6.4 into enrichment factors relative to Ti.
Since Ti was below the detection limit in all analyzed fluid inclusions we used the lowest obtained
detection limit of ~0.005vt% Ti as reference valu€or sulfur weexpanded the range to include

the possibility that actual volatiles are up to five times higher than shown irsF6g8 and6.9.

The results are shown Fig. 6.10, where they are compared with enrichmiamtorscalculated

from volcanic condensates of Tolbachik volcano (Zelenski et al.,)2Bith Ale Zelenski et al.,

2013, Kudryavy (Taran et al.1995, Lascar Kenard et al.2014) and EtnaAiuppa et al.2003.

In general, the trends displayed by the twadets are similawith the highest enrichment factors
observed for S, ClI, Se, Br, Cd and Te (zLi, B, Cu, As, Ag, Tl, Bi), intermediate enrichment factors
observed for Na, K, Zn, Mo, Sh, Cs, W Pb, and the lowest enrichment factors observed for Al, Si,
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Ca Ti, Fe, Sr, Zr, Ba and Ce. However, the absolute range of enrichment factors determined in
our experiments is significantly smaller than that determined on volcanic gas condensates. This is
probablydue to the lower density of fumarolic gases compardiditts exsolved at depth, as the
behavior of volatile versus nerolatile elements is more contrasting at low pressure than at high
pressure. For example, a rock or magma that equilibrates with a gas phase at 1 atm loses virtually
all of its contained Sral Cl but hardly any Ti and Al, whereas fluids exsolving at high pressure
transport comparatively more Ti and Al (e.g., Kessel et al., 2005; Hermann and Spandler, 2008
Other potential factors leading to discrepancies between our experimental dataicmdesir
factors determined on natural fumaroles are discussed sufipbementary material. Importantly,

the trends displayed by the two data sets are very similar, which supports the idea that specific
element abundances or element ratios can be usedritor volatile fluxing events in geological
samples. In the remaining sections we will discuss which elements and which $gpepbés may

bebest suited for this purpose. The ideal element should not only be highly volatile, but also occur
at similar @ higher concentrations in mafic magmas than in felsic magmas, as fluxing of a specific
element into a felsic magma will not be recognized if this element occurs at much higher
concentrations in the felsic magma anyway. Lithium, B and Tl occur at corsdidéngher
concentrations in felsic magmas than in mafic magmas (e.g., Taylor, 1964;, R&6#&rhence

they are not suitable to monitor volatile fluxing and thus will not be considered further.
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S This study —+—Zelenski et al.,2014 -s—Menarg etal.,2014

Te
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Fig. 6.10. Enrichment factors (EF) of elements in the fluid phase relative to the mafic source, normalized
to corresponding Ti contents. Data obtained from our experiments involving synthetic fluid inclusions (gray

array) are compared with data obtained from theyaisabf fumarolic gases/aerosols and wholeks from
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five arc volcanoes worldwide: Tolbachik (Zelenski et al., 2014), Erta Ale (Zelenski et al., 2013), Kudryavy
(Taran et al., 1995), Lascar (Menard et al., 2014) and Etna (Aiuppa et al., 2003).

6.5.3. Effect of magmatic sulfides

Magmatic sulfide phases strongly sequester some of the elements that have been identified as
highly volatile in this study. Depending on temperature, pressure and sulfide composition,
magmatic sulfides can occur in either crystalbtege(typically either monosulfide solid solution
(MSS) or intermediate solid solution (ISS)) or sulfide liquid (SL) (Kullerud et al., 196
partitioning behavior oAs, Cu, Zn, Mo, Ag, Sb, W, Pb and Bi between monosulfide solid solution,
sulfide liquid and silicate melt has been studied by Li and Audétat. (2012,,2M&)easulfide

liquid T silicate melt partition coefficients of Cu, Zn, Ag, Cd, Sb, Tl and Pb are reported by Kiseeva
and Wood (2013, 2015). Sulfide liguiicsilicate melt partition @efficients (usw) of Cu, Zn, Se,

Ag, Cd, Te, Pb and Bi were determined on natural MORB samples by Patten et al. (2013), and
partition coefficients of As, Se, Sb, Te and Bi between MSS, ISS and SL were determined by Liu
and Brenan (2015)Due to the scaity of data regarding fs/ism partition coefficients we
establishedin additionabatasetby analyzing MSS grains and coexisting rhyolite glass by LA
ICP-MS in two natural samples: (i) an obsidian sample from Clear Lake, California, that was
previouslystudied by Stimac et al. (1994nd (ii) a vitrophyre sample from the BarBonito

flow in the Valles Caldera, New Mexico. Details on the samples and the analytical procedure are
given in the supplementary material. The results are listedgplementaryable6-S5, together

with literature data on fssism, Dsusm and Dssysepartition coefficients. The data suggest that Cu

and Ag partition strongly into all three types of magmatic sulfides (MSS, ISS, SL). This means
that the concentrations of Cu and Ag sulfides, minerals and the silicate melt are mainly a
function of the amount of sulfides present, and thus that these elements are not well suited to
monitor potential additions (or losses) by means of a fluid phase. The same is true for Te if the
magmaic sulfide phase is a sulfide liquid {855 = 1,00617,000) or ISS (R/SS/SM ~ 0.7+
Dre3YSM), and probably also for Bi if the magmatic sulfide phase is sulfide liqud{(®' 01, 000

in mafic magmas, but up to 50,000 in cool, felsic magmas). Howievereds to be noted that
reportedcompositions of Curich sulfides in felsic magmas plot in the ISS field rather than in the
sulfide liquidfield at the reconstructed magma temperatures (Parat et al., 2011; Chapter in RIMG

volume 73, hence sulfide liqui does not seem to be common in felsic magmas. The affinity of Bi
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to sulfide phases in felsic magmas is thusbablynot so high: BMSSSM= 4.6, and R;'S%Mis

<200 based on §'5%'SSvalue of 0.04 reported in Liu and Brenan (20%&nilarly, our Quss/sm

values obtained for As, Se and Cd and correspondisgsk values inferred from MSS/ISS
partition coefficients reported by Liu and Brenan (2Cdr&)all below 10. The point is that sulfide

T silicate melt partition coefficients smaller or equal~200 are not expected to cause any
depletion of these elements in the silicate melt because the sulfide content of the magma is unlikely
to exceed 0.5 wt%. The concentrations of As, Se, Cd and Bi in the silicate melt (and in minerals
crystallizing therefrm) thus should be largely independent on the presence/absence and the
amount of magmatic sulfides. Consequently, from the group of chalcophile elements we regard
these four highly volatile elements as the most promising candidates in the search of rtevé moni

for volatile fluxing.
6.5.4. Monitors of volatile fluxing

Among the various volatile fluxing monitors used in previous studies thecG@ent of melt
inclusions is probably the most robust one, as crystallizing mafic magmas always exsglve CO
and fluxing of CQO, into overlying felsic magma reservoirs has been confirmeauyerous
studies (e.g., Saito et al., 1993Roberge et al., 2009; Christopher et al., 20H)wever,
application of this monitom fossil volcanic systemsezquires the availability oéxceptionally
well-preserved (preferentially glassy) melt inclusions, which is seldom met. Sulfur certainly gets
added to overlying felsic magma reservoirs, (ea., Roberge et al., 2009; Christopher et al.,
2010) but its concentration in the silicateeln and coexisting minerals is buffered by the
precipitation of sulfides and sulfates. Hence, in the common case ofsafifwated magmas the

total abundance of sulfur in the magma can only be monitored by the abundance of sulfides and
sulfates, but noby the sulfur content ofindividual minerals (e.g., Streck and Dilles, 1298or
chlorine and bromine the chances to find suitable monitors are better, but the partitioning behavior
of Cl into apatite (the most obvious choice regardingw@$shown to bea complex function of

melt composition and Cl concentration of the system (Webster et al), 20@9analysis of Br is
challenging due to its very low abundance (e.g., Marks ek@l2 Kendrick, 2012. Other
elements that have previously been usethtmitor addition of fluid to (or loss of fluid from)
intermediate and mafic magmas are Cu andBErlp et al., 2004; Kent et al., 2007; Rowe et al.,

2008; Collins et al., 2009However, as shown above, Cu abundances are strongly controlled by
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the presene of magmatic sulfidesyheread.i, B and Tlareenriched in felsic magmas anyway
(supplementary Tabl&S5). An additional problem withi is thatthis elements rather mobile in
many minerals (Zhang and Cherniak, 2D&Ad thus is prone for resettinthereforeof the 13
mostvolatile elements identified in this stud$,(Cl, Se, Br, CdTe, £Li, B, Cu, As, Ag, Tl, Bi)
the elements S, Cl, BTe,Li, B, Cu Ag and Tlall do not seem to bguitableto monitorvolatile
fluxing because their concentration in tledsic silicate melt and coexisting minerals is either
buffered, tochigh from begin with (compared to the mafic endmemleg)ow to be routinely
measuredBr), or toostronglyaffected by the amoumtf sulfides present. Whaemainsare the
elements Se, Cd\s and Bi.

All these elementasually occur at very low concentrations in silicate melts (As at the ppm level,
Se, Cd and Bi at subpm levels;supplementarylable 6-S5), hencepotentialmonitorsshould
preferentially take up these elements. Obvious candidates are magmatic sulfides bgsgasise D
and Dss/smvaluesof Se, Cd and Bare relatively high (typically-4.0;in the case of Se even >100;
supplementaryrable6-S5). Indeed, Igh contents o5e and Cd (plus Cu, Zn and Ag) in-@ah
sulfides of the white pumice at Mount Pinatubo have previouslyihtapretedy Hattori (1993,
1996) to recordvolatile fluxing from underlying mafic magma. Arsenic was deteatethese
sulfidesas well, but not at higher quantities tharthe sulfides analyzed from basaltic enclaves
(Hattori, 1996.

Another potentially usefuhineral phase tmonitor for As,Se, Cd and Bi abundances in magmas
may be apatite. Arsenic is extremely compatiblepatide, as is demonstrated by a complete solid
solution between Ga(PQy)s(F,OH) and Cao(AsOs)s(F,OH) (Pan and Fleet, 2092nd reports

of As-rich apatite (up to 15 wt% Asin altered lavas from the Mt. Etna region (Gianfagna et al.,
2014). Under oxidzing conditions also selenium can replace phosphorous in the apatite crystal
structure (Pascher, 1963; Ma et al., 204:3d thus should beasily taken up by apatite. The same
is probably true for Cd, which can completely replace Ca in the apatiteusérifPtan and Fleet,
2002, and for Bi, which can be incorporated in large quantities as Wealy/€r and Semadia,
1983. Therefore, all fouelements that we regard as most promising to monitor volatile fluxing
are compatible in apatite. To test this hygsis we analyzed4 apatite grains from latitic to
rhyodacitic rocks associated with the porphyry@o-Au deposits at Santa Ritllew Mexico,

and Bingham Canyon, Utah, plus 2 apatite grains from a glagitez dike near the Questa Mine,
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New Mexico. All d these rocks were saturated in anhydrite based on the presence of anhydrite
inclusions within apatite amphibole and quartz phenocrysts, plus remains of altered anhydrite
phenocrysts in the matriandtheyshow evidence for interaction with mafic magmhbence it is
possible that they became enriched in sulfur by means of volatile fluxing. The results (listed in
supplementary Tablé-S6) demonstrate that the concentrations of A88.0ppm), Se 0.9-3.4

ppm), Cd 0.07-0.42 ppm) and Bi 0.040.11 ppm) in these apatiteare well measurable
(correspondingletection limitsfor alaser pit size of 50 pmAs 1 0.08 ppm; Sei 0.6 ppm Cd i
0.05ppm; Bii 0.01ppm), but due to a lack of reference data cannosay whether these values

are high comparedo other magmatic apatitegn summary,of the suiteof trace elements
investigated in this studyne best candidates for monitoring volatile fluxing in felsic magmas are
As, Se, Cd and Bi because they are highly volatile but are not too strongly seliegt@agmatic
sulfides. Anomalously highoncentration®f these elements in a given magma mayeoerded

by magmatic sulfides themselves,bytheirabundancéen magmaticapatite.

6.6. Conclusions

This study demonstrates that volatilities of various elements duringrfladlated magma
chamber processes can be experimentally determined at geologically realistic pressure and
temperature conditions. In the most direct approach, fledgslibratedwith mineralsand melts

are trapped after a given time of equilibration in the form of synthetic fluid inclusions, and their
compositioncansubsequentlype measured by LACP-MS. A more indirect but more sensitive
approach is to let the fluids react witharerlying pool of felsic melt, and then determine relative
volatilities by mass balance. In the present study volatilities of 33 elements ranging from Li to Bi
were determined in this manner. The results agree with relative element abundances in volcanic
gas condensates, but there are also certain differences, likely caused by the higher pressures
prevailing in our experiments. The combined data sets suggest that S, Cl, Cu, As, Se, Br, Cd, Te,
Tl and Bi are among the most volatile elements. Of those, @arisstrongly sequestered by
magmatic sulfides, and thus may be not suitable to monitor volatile fluxing. Arsenic, Se, Cd and
Bi, on the other hand, are only moderately sequestered by sulfides, and thus are more promising
to be utilized as indicators fomlatile fluxing. They may be analyzed in magmatic sulfifies

availablg and potentially alsi apatite.
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Fig. 6-S1. Compositions of minerals analyzed by electron microprobe. (a) Plot of pyroxene compositions

in the EARWo-Fs diagran(Eni enstatite, Wowollastonite, F&ferrosilite, Di diopside, Hilhedenbergite);

(b) Amphibole compositions in the classification diagram for amphiboles with atomic conteng>df.&€a

and (Na+K)<0.5(Leakeet al., 1997); (c) Phlogopite compositions; (d)dsplar compaositions plotted in
the Ab-An-Or diagram(Ab-albite, Ananorthite, Ororthoclase).
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6.9.1. Potential other reasons for the discrepancies between our experimental data and

enrichment factors determined on natural fumarole condensates

A potential way taobtain artificially low enrichment factors in our experiments is by incomplete
removal of fluid components from the mafic residue after quenching. If parts of the fluid content
are still present in the mafic residue and are ablated together with theresadige, calculated
enrichment factors for fluiinobile elements will be too low. In the extreme scenario that all
solutes of the fluid are still present in the mafic residue (i.e., that odyedaporated), then the
calculated enrichment factors cannet@ed 100 if the fluid content of the charge is 1 wt%, or they
cannot exceed 20 if the fluid content is 5 wt%. To test whether our results were affected by this
problem we washed the mafic residues of two samples aamthtgzed them. More precisely, the
mafic residues were ground to fine powder and then split in two parts. One part was boiled for 30
minutes at 80 °C in distilled water, and the other part in a similar manner in diluted hydrochloric
acid (5 wt% HCI), followed by washing it twice in hot ditetd water. After this treatment the
powders were dried, pressed to dense pellets, and then analyzedIGPIMS. The results are
shown in supplementary Tal8eS3 and supplementary FigS2. Most element concentrations in

the washed powers are very damito those in the untreated powders, suggesting that the amount
of fluid components remaining in untreated powders was small. Consistently lower sulfur contents
in the washed powders are probably due to dissolution of anhydrite, which was opticalgdbser
only in one run, but may in fact have been present in all of them. We thus conclude thatithe fluid

rock partition coefficients and enrichment factors calculated from untreated samples are robust.

10 1

conc. after washing/conc.

before washing

Li B NaMg Al Si S C K Ca Ti Mn Fe Cu Zn As Se Br Rb Sr Zr Mo Ag Cd Sb Te Cs Ba Ce Tl Pb Bi
—+—HG36 H20 wash -8-HG36 HCl wash —+—HG34 H20 wash HG34 HCl wash

Fig. 6-S2. Concentration of wfic residues after washing them inCHor diluted HCI solution, relative to

the element concentrations measured before washing.
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Another potential reason for discrepancies between our experimental results and data obtained
from fumarole condensates is tldement ratios were affected by vadmine fractionation. In

our experiments the fluid was singt@ase, whereas the fluids emanating from fumaroles are low
density vapors after extensive fractionation of brine. In order to see how element ratios change
during vapor brine separation we determined vagmine partition coefficients for the entire suite

of trace elements investigated in this study. For this purpose, three experiments were conducted
using the quartz capsule method described in Lerchbaurdekizdétat (2012). One run (HG48)

was performed at 2.3 kbar in the singlease fluid field to check how well the concentrations
measured in the fluid inclusions agree with those of the starting solution. Two other runs (HG49
and HG50) were conducted at®BQ and 1.3 kbar, at which conditions the fluid was in the two
phase field. In all cases the capsules were prepared as follows: first, minor amount® of Ag
MoS,, PbCh and elemental Bi were loaded into the quartz beaker, then a 1x1.8x10 mm etched
guartz was inserted, then equal amounts of solutions A, B and C were inserted, and in the end NacCl
powder was added. The quartz beaker was then closed with a neatly fitgraf S glass and

a lid of quartz which sealed onto the quartz beaker during the experiment. The entire setup was
sealed into gold tubing with 5.0 mm O.D. and 4.6 mm I.D. Microthermometric data suggest that
the fluid in the two lowepressure experimensplit into ~85 wt% vapor with a salinity of t22

wt% NaClkquivand ~15 wt% brine with a salinity of 1318.6 wt% NaClui. Both types of fluid
inclusions were analyzed by EKCP-MS. The results of the singfghase fluid experiment agree
reasonably wiewith the concentrations in the starting fluid (except for boFog;6-S3a and Table

6-S4; Ag, Mo, Pb and Bi were added as excess solids and thus cannot be compared), suggesting
that alloying problems with the outer gold capsule were effectively naeuiniThe fact that most
values in Fig6-S3a plot slightly below unity may be caused by the addition of NaCl in solid form.

If any solution left the quartz capsule before the lid was closed, the true Na content of the remaining
fluid would have been sligiyt higher than the value that was used as internal standard, and the
calculated concentrations of all other elements thus would have become slightly too low. The
results of the two experiments conducted in thepivase field (Fig6-S3b; Tables-S4) suggst

that B, As, Se and Sb (and potentially S, Br, Mo, Bi) had a greater affinity towards the vapor phase
than the other elements but may not have reached vapor/brine partition coefficients greater than
unity. Fractionation of these elements from the remgimlements is likely enhanced at lower

pressures and/or during opsystem vapdibrine separation. However, the largest discrepancies
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between our experimentally determined enrichment factors and those determined on fumarole
condensates are actually obsahfor S, Cl, Te, Tl and Bi, i.e., elements that did not significantly
fractionate in our vapobrine partitioning experiments. Therefore, vapane fractionation does

not seem to be the cause of the observed discrepancies.
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Fig. 6-S3. (a) Composition of fluid inclusions trapped in the siAgiase field vs. that of the starting fluid
(HG48). (b) Partition coefficients between brine and vapor in two experiments performed in-{fteaseo
field (HG49 + HG50).

Apart from the contrast in fluid density, which we think it the main reason for the observed
differences, the following additional factors may have played a role: (1) differences in the
chemistry of the rocks that equilibrated with the fluid; (2) diffeesn@n the major element
chemistry of the fluid (for example, our fluids did not containoCi@ut this should have only a
minor effect on metal solubilitieb see Kokh et al., 2015); and (3) theesence of magmatic

sulfides.
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6.9.2. Determination of MSS/SM partition coefficients in natural rhyolite samples

The obsidian from Clear Lake, California, has been described in detail by Stimac and Hickmott
(1994). It contains (micrephenocrysts of plagioclase, orthopyroxene, ilmenite and pyrrhotite
(MSS) in a glassy matti Estimated formation conditions are 930+60 °C and@g-FMQ+0.5

(x0.5). The Banco Bonito vitrophyre from the Valles Caldera, New Mexico, has been described in
detail in Eichler (2012) and contains (micq)enocrysts of plagioclase, biotite, amphibole
sanidine, orthopyroxene, clinopyroxene, quartz, ilmenite, magnetite, zircon, apatite and pyrrhotite
(MSS) in a glassy matrix. Its estimated formation conditions are 78@a0d logO, ~FMQ+2.0

(x1.0). In both samples, entire, unexposed MSS crystais grédled out of the surrounding glass

by LA-ICP-MS, and original compositions computed by subtractingl@ated host until no Na

was left in the signal and then normalizing the sum of S, Fe, Cu, Mn and Ni to 100 wt%. Similarly,
the composition of the lgtate glass was calculated by normalizing the sum of all major element
oxides to 100 wt%. Calculated MSSM partition coefficients are tabulated in supplementary
Table6-S5.

6.9.3. References

Eichler, C.M. (2012) Petrogenesis of the East Fork Member Rhyolfedkes Caldera, New

Mexico. MSc. thesis, University of Las Vegas.

Kokh, M., Pokrovski, G., Akinfiev, N., Guillaume, D., Salvi, S. (2015). The effect of@Onetal
transport and fractionation by geological fluids. Abstract of the 25th anniversary Guoldsch
Conference held in Prague, Czech Repubilic.

Leake, B.E., Woolley, A.R., Arps, C.E., Birch, W.D., Gilbert, M.C., Grice, J.D., Hawthorne, F.C.,
Kato, A., Kisch, H.J. and Krivovichev, V.G. (1997) Nomenclature of amphiboles; report of the
subcommittee oamphiboles of the International Mineralogical Association, Commission on New
Minerals and Mineral Name€&an. Mineral.35, 219246.

94



Manuscripts

Table 6-S1
Compositions of the three agueous solutions that were used in the experiments
Solution No. Components Concentrations
H.SQu, HCI, LiCl, CuCh, ZnCkb, S ~10wt%, Cl ~6.6wt%,
CdCh, SbC} Li,Cu,Zn,Cd,Sb ~3000 ppm eacl
H.SQs, HCI, NaSeQ-5H.0, S ~10wt%, Cl ~6.6wt%, Br
NaTeQ,, NaBr ~0.5wt%, Se, Te ~3000 ppm eac
C H3BOs, As:Os, TICI B, As, Tl ~3000 ppneach
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Table 6-S2

Logarithmic values (log) of calculated eleme

extraction efficiencies

HG42 a HG47 a
Li 0.45 0.07 0.69 0.07
B 0.4 0.17 0.07 0.02
Na 0.02 0.001 0.05 0.002
Mg 0.01 0.0005 0.06 0.003
Al 0.02 0.001 0.03 0.001
Si 0.02 0.0002 0.004 0.0001
S 0.81 0.37 0.6 0.33
Cl 0.54 0.1 0.2 0.05
K 0.22 0.01 0.19 0.01
Ca 0.02 0 0.07 0.004
Ti 0.04 0.002 0.0026  0.0002
Mn 0.05 0.0032 0.05 0.002
Fe 0.01 0.0004 0.04 0.002
Cu 0.22 0.1 2.6 1
Zn 0.23 0.05 0.23 0.02
As 0.38 0.3 0.57 0.29
Se 0.39 0.28 0.89 0.62
Br n.a. n.a. 0.57 0.19
Rb 0.22 0.02 0.26 0.03
Sr 0.21 0.02 0.19 0.01
Zr 0.03 0.008 0.03 0.004
Mo 0.12 0.03 0.05 0.01
Ag 0.35 0.21 0.86 0.18
Cd 0.61 0.26 0.44 0.15
Sb 1.3 1.2 0.18 0.06
Te 0.47 0.66 1.2 1.1
Cs 0.37 0.05 0.47 0.07
Ba 0.033 0.002 0.05 0
Ce 0.016 0.001 0.02 0
w 0.5 0.26 0.46 0.2
T 0.72 0.23 0.77 0.15
Pb 0.24 0.05 0.33 0.06
Bi 0.33 0.13 0.31 0.07

Ab br e v i ialtsignoarstandardideviation of tt
measurements.
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Table 6-S3

Composition of roclpowders after washing in,®
or diluted HCI solution.

Sample No. HG34 HG34 HG36 HG36
wash H:O HCI  HO0  HCl
Wt%

NaO 1.8 1.2 18 17
MgO 8.5 5.5 8.6 6.7
Al20s 14 115 14 118
SIiO, 542  63.6 536 597
K20 4.8 3 4.7 3.7
Ca0 8.6 10 9 9.4
FeOr 6.9 4.7 7.1 6
TiO2 1.2 0.5 1.2 1
S 0.054 0.046 0.043 0.032
cl 018 027 018 1.7
ppm
Li 37 24 40 31
B 48 46 48 39
Mn 930 900 950 850
Cu 2.1 1.3 3.9 2
Zn 130 69 150 85
As 53 36 69 28
Se 22 32 30 41
Br 16 13 43 45
Rb 150 88 150 107
Sr 1000 940 1100 1000
Zr 610 810 430 530
Mo 40 42 27 28
Ag 011 009 023 025
cd 11 13 13 11
Sb 24 28 31 34
Te 36 41 58 64
Cs 17 14 15 13
Ba 1400 540 1400 740
Ce 120 90 120 78
W 21 42 62 330
Tl 41 26 46 50
Pb 55 44 58 46
Bi 13 12 16 15
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Table 6-S4
Results of vapdibrine partitioning experiments
Exp No.  starting HG48 HG49 HG50
fluid scrit. ] brine a vapor U Durinetvapor U brine 0 vapor U  Duorinevapor U
Li 860 760 160 3600 500 280 16 13 2 2300 160 430 79 5.3 11
B 760 290 31 225 19 550 98 0.41 0.08 190 18 160 79 1.2 0.6
Na 3.5 3.5 0 186 21 14 0.9 13 8.7 136 03 22 03 6.1 0.7
S 5.7 42 09 9.2 0.4 4.7 1 2 0.4 12 15 31 17 3.9 2.2
Cl 3.8 3.3 07 13.6 1 2.1 0.1 6.6 0.7 8.9 11 22 04 4 0.8
Cu 860 1200 110 2400 170 390 45 6.2 0.8 3000 140 980 430 3.1 1.4
Zn 860 850 84 2900 60 330 79 8.9 2.1 2500 120 510 93 4.9 0.9
As 760 550 69 380 70 920 200 0.4 0.1 320 53 400 150 0.8 0.3
Br 4400 3500 740 9900 420 4600 1500 2.1 0.7 7200 870 2200 95 3.3 0.4
Se 860 650 110 170 58 100 1.7 0.6 490 58 480 220 1 0.5
Mo sat. 520 86 2900 200 1100 220 2.7 0.6 1200 75 330 59 3.6 0.7
Ag sat. 2100 790 2200 120 44 18 50 20 8900 420 1300 84 6.6 0.5
Cd 860 740 50 2400 45 170 37 14 3 2300 110 490 49 4.7 0.5
Sb 860 670 29 380 37 790 150 0.5 0.1 390 45 370 88 1.1 0.3
Te 860 820 140 1200 69 158 130 7.8 6.3 1400 77 550 190 2.6 0.9
Au sat. 4100 2500 10300 2100 1300 360 8 2.7 8200 1800 1800 210 4.7 1.2
TI 760 550 170 2700 220 390 120 7 2.2 2000 92 420 110 4.8 1.3
Pb sat. 3700 490 4100 280 330 57 13 2.3 18000 2000 3400 870 5.3 15
Bi sat. 6400 740 11800 660 3700 450 3.2 0.4 19800 1200 6200 1200 3.2 0.6

Na, S and Cl concentrations are reported in wt%; all other elements in

Abbr evi alsigmansendard deviation of the measureme
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Table 6-S5
Summary of sulfidésilicate melt partition coefficients and element abundances in felsic vs. mafic magmas
Banco Bonito Obsidian Clear Lake Obsidian  Li'15° Brenan'15Patten '13Brenan '15 Li'15° Kiseeva'18Liu'l5 Liu'l5 Taylor '64 Taylor '64

ey DMS;/Z;A G ey DM:;ZM G Dwmssism Dwmssism Dsusm Dsusm  Dsusm  Dsusw  Dissist Dussiiss ﬁlvgr;:r?l?g ?X%acs(:r"ﬂc.
Li 30 10
B 15 5
\Y; 2 1.1 0.6 5 01 1.3 20 250
Mn 10 2.8 0.8 2 25 30 4 0.6 3 400 1,500
Fe 10 100 3.9 9 59 5.0 2.7 8.6
Co 5 2600 310 5 1,100 100 1,100 45 800 1 48
Ni 10 22,000 8000 9 20,000 10600 24,000 780 17,000 4,500 05 150
Cu 10 54,000 24,000 9 4,700 1,300 4,000 500600 1,300 4001,600 49,000 2,200 1.00 0.15 10 100
Zn 5 5.2 1.1 1 2.1 0.1 11.0 35 4.0 14 40 100
As 3 0.6 0.4 8 12 5 2 400 0.20 0.90 15 2
Se 5 43 24 3 >107 9001,500 350  200-2,000 1.00 0.80 0.05 0.05
Mo 5 2.9 1.1 5 720 100 9 1 2 1
Ag 10 1,600 600 8 52 28 100 1100 2,400 2,900 050 0.04 0.04 0.1
cd 5 4.7 2.2 3 6.8 2.0 110 490 0.2 0.2
Sn 5 <3.2 5 01 11 11 3 1
Sb 2 026 004 8 01 0.20.3 7-40 200 360 0.2 0.2
Te 3 32 32 3 120 80 600-1,200 4,500 1,00017,00 0.70 0.07 n.a. n.a.
w 6 0.6 0.02 5 01 2 1
Au 5 <35 2 150 100 200 170,000 0.004 0.004
Tl 2 025 026 3 <0.3 73 0.75 0.10
Pb 2 024 010 2 0.07 001 1 57 120 440 20 5
Bi 8 3.8 1.9 8 6.3 1.6 40 320 47,000 0.07 0.04 0.18 0.15

anumber of measurements

bLi and Audétat (2015) Effects of tempena, silicate melt compositioand oxygen fugacity on thgartitioning of V, Mn, Co, NiCu, Zn, As, Mg Ag, Sn, Sh, W, Au, Pb, and
between sulfide phases and silicate melt; Geochimica et Cosmochimica Acta-462v2kies calculated for 850 °C, QFM+2, 1.0 wt% FeO

¢Brenan (2015) S&e fractionation by sulfidesilicate melt partitioning: Implications for the composition of madeived magmas and their melting residues; Earth and Pla
Science Letters 4225457; experiments performed atl% kbar and 1202300 °C

d patten et al. (2013) Partition coefficients of chalcophile elements between sulfide and silicate melts and the eddgtionystatory of sulfide liquid: LACP-MS analysis ¢
MORSB sulfide droplets; Chemical Geology 358:17&8

¢ Kiseeva and Wood2013) A simple model for chalcophile element partitioning between sulphide and silicate liquids with geochemical apflécttiamd Planetary Scier
Letters 383:681; values calculated for 1400 °C and 1 wt% FeO

fLiu and Brenan (2015) Partitioning of platintgroup elements (PGE) and chalcogens (Se, Te, As, Sbh, Bi) between monaslifid®lution (MSS), intermediate solid solut
(ISS) and sulfide liquid at controlld®:i fSz conditions; Geochimica et Cosmouiica Acta 159:13961; experiments performed at 1 atm and-880 °C

9 Taylor (1964) Abundance of chemical elements in the continental crust: a new table; Geochimica et Cosmochimica Actb233:1.

hFe is reported as wt% Fe, all other elemanésin ppm.

Abbr evi alsigmasgndardideviation of the measurements.
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Table 6-S6

Composition of apatites from natural rocks.

Sample name Rock type CaO P:0s N&O MgO SiGz FeO S Cl Mn Cu As Se ¢Sr Y Cd Ba La Ce Bi

wt% wit% wt% wi% wt% wi% ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
SR8 apa A core Quartzmonzodiorite 55.4 388 0.1 0.05 0.5 0.14 620 8800 1400 (0.2) 2.2 1.8 1000 490 0.20 6.5 1700 3400 0.11
SR8 apa Arim Quartzmonzodiorite 55.4 394 0.1 0.05 04 0.15 560 9000 1400 (0.2) 2.1 1.3 1000 400 0.10 6.9 1600 3100 0.10
SR8 apa B core Quartzmonzodiorite 55.4 38.3 0.1 0.05 04 0.15 670 8900 1400 05 19 14 1000 400 0.19 8.9 1300 2700 0.08
SR8 apa B rim  Quartzmonzodiorite 55.4 38.9 0.1 0.05 04 0.15 600 9000 1400 0.3 22 20 1100 470 0.12 6.1 1500 3200 0.10
SR9 apa core Rhyodacite 554 383 0.1 0.02 03 0.07 500 2400 1200 (0.2) 2.0 20 970 480 0.07 1.0 830 2000 0.11
SR9 apa rim Rhyodacite 554 37.6 0.1 0.02 0.3 0.07 440 2400 1200 (0.2) 1.7 20 830 450 0.09 14 750 1900 0.08
Questa Q2 apa. Quartzlatite 554 388 0.1 003 0.2 0.09 520 3500 730 (0.3) 1.3 09 740 140 0.30 3.9 1200 1700 0.10
Questa Q2 apa Quartzlatite 554 387 0.1 005 03 014 560 3700 830 (0.3) 1.8 1.0 830 240 0.40 4.7 1500 2600 0.12
Bing 14 apa A Latite 554 372 02 02 02 0.26 640 5000 800 0.2 14 34 1300 600 0.25 15 790 1900 0.04
Bing 14 apa B Latite 554 372 02 04 15 046 720 5300 870 5.8 26 1.1 1900 210 0.41 110 1400 2900 0.06
Bing 14 apa C Latite 554 378 0.2 0.7 22 0.73 1700 5400 910 40 1.8 1.2 1600 200 0.42 20 1400 2800 0.10
Bing 14 apa D Latite 554 403 02 02 03 0.35 1270 6100 960 3.0 1.7 2100 300 0.15 20 1700 4300 0.08
Bing 14 apa E Latite 554 382 03 02 13 0.38 1660 5200 770 4.0 1.8 1.1 1900 200 0.37 41 1400 2800 0.07
Bing 12 apa A Latite 554 382 03 02 50 030 1170 5800 1000 2.2 3.0 1.7 1500 270 0.26 120 1900 4300 0.08
Bing 12 apa B Latite 554 375 01 02 04 027 630 5000 800 03 24 19 1500 300 0.31 14 730 1600 0.11
Bing 12 apa C Latite 554 374 01 02 04 0.29 650 5300 790 0.9 27 15 1900 200 0.41 21 1300 2900 0.09

Underlined values are not representative due to contamination by silicate matrix during the measurment; red valuessegdeste detection limits.
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7. Solubility of gold in oxidized, sulfur-bearing fluids at 5006850 C and 200
230 MPa: a synthetic fluid inclusion study

Haihao Guo, Andreas Audétat

Bayerisches Geoinstitut, Universitat Bayreuth9®440 Bayreuth, Germany
7.1. Abstract

Although Au solubility in magmatiiydrothermal fluids has been investigated by numerous
previous studies, there is a dearth of data on oxidizedfQpg FMQ + 2.5; FMQ:fayalite
magnetitequartz buffe), sulfurbearing fluids such as those that formedpbyry Cu4Au (-Mo)
deposits. We performed experiments to constrain the effects of fluid salinitygda@nt, sulfur
content,fO> and temperature on Au solubility in such oxidized, stitfearing fluids. For this
purpose, small aliquots of fluids equiited with Au metal were trapped at high pressure and
temperature in the form of synthetic fluid inclusions in quartz and were subsequently analyzed by
LA-ICP-MS. Additionally, Raman spectra were collected from qulozted fluid inclusions at

up to 600 C to help to identify the nature of dissolved gadahd sulfur species. Gold solubility
was found to be affected most strongly by the HCI content of the fluid, followd@:zyluid
salinity and temperature. Compared to these factors the sulfur conteetfafid has relatively

little influence. At 600 C and 200 MPa, fluids witheglogically realistic HCI contents (~1.1 wt%)
and salinities (50 wt% NaClqui) dissolve~10033000 ppm at oxygen fugacities buffered by the
magnetitehematite buffer. At even more oxidized conditions (three log units above the hematite
magnetitefO; buffer), HCF, NaC} and BSQs-rich fluids can dissolve up to 5 wt% Au at 80D.

The observed Au solubility trendsiggest that most of the Au dissolvedhe form of NaAuCGl

in our experiments.

Natural hightemperature fluid inclusions from porphyry -@w (-Mo) deposits contain at least
100 times less Au than the solubilities predicted based on our experimental data, implying that at
temperatures >500C the natural fluids were strongly Awundersaturated. Consequently, gold
grades in Auich porphyries were not controlled by the precipitation of native Au, but rather by

factors that caused the precipitation of#eh hydrothermal sulfides such as bornite.

7.2.Introduction
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Gold is one of the most noble of all metals, existing dominantly as a native metal in the solid state
and dissolving only scarcely into liquids or gases. However, the widespread occurrence of
economic gold deposits that formed by means ofdtphermal fluids (e.g., Kesler, 1994; Robb,
2005) implies that gold transport and deposition by geological fluids is a common process in the
Earthdés crust. Therefor e, knowl edge of the f a
fluids is esseml for understanding the formation of ore deposits.

Previous experimental studies on gold solubility in hydrothermal fluids focused either on relatively
low temperatures representative of epithermal environngergsGibert et al., 1998; Kokh et al.,
2016; 2017; Pokrovski et al., 2009b; Zotov et al., 1989; 1991 sulfurfree fluid systemsge.g.,

Frank et al., 2002; Hanley et al., 2005; Simon et al., 2@0%n fluids containing reduced sulfur
specieqe.g.,Loucks and Mavrogenes, 1999; Tagirovakt 2005; Simon et al., 2007; Zajacz et

al., 2010) Loucks and Mavrogenes (1999) used synthetic fluid inclusions to investigate Au
solubility in HS-bearing fluids a650-700 C and 116400 MPa. They observed solubilities up to
1000 ppm (by weight) Au @ahproposed AuHS(EE) as the dominant Au species. Subsequent
studies on compositionally similar fluids identified Au(HSAu(HS), Au(OH) as major Au
species(Tagirov et al., 2005; Pokrovski et al., 2009b; Liu et al., 20Ftank et al. (2002)
investigaéd sulfurfree brines at 800C and 100 MPa and found that Au solubility increases with
increasing HCI content, reaching 840 ppm Au at ~4.0 wt% HCI. They proposed Has@le
dominant gold species. Simon et al. (2005; 2007) conducted experiments witiKSaBCI-

FeAsS fluids at 800C, 116145 MPa and concluded that gold chloride complexes dominate both
in sulfurfree and in (reduced) sulfloearing fluids. In contrast, Hanley et al. (2005) proposed
Au(OH) as the dominant species in their sah fluids at 608800 C, 150 MPa based on a
negative correlation of Au solubility with fluid salinity. Most recently, Pokrovski et al. (2014,
2015) suggested an important role of the trisulfur iof) (8 complexing gold, leading to Au
solubilites up to ~640 ppim K>S,03-HCl-bearing fluids at 350C, 35 MPa. It needs to be noticed

that all these studies were carried at relatively reduced conditions, in which sulfur occurs either in
reduced state €9 or had a neaneutral valence (. However, evidence from pehyry CuAu

(xMo) deposits, which are one of our most important sources of Au (Kesler, 1994; Sillitoe, 2010),
suggest that the offlerming fluids in these deposits were highly oxidizeéb (®g units above the
fayalite magnetitequartz (FMQ) buffer; e.g.Burnham and Ohmoto, 1980; Hedenquist and
Richards, 1998), whereé'Sor * (in SQ; and sulfate, respectively) is the dominant sulfur valence
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(e.g., Binder and Keppler, 2011; Ni and Keppler, 20I)e present study thus aims at
investigating gold solubility in oxidized (lof0. > FMQ+2.5), sulfurbearing aqueous fluids

similar to those responsible for porphyry-8u (£Mo)-formation.
7.3. Methods
7.3.1. Experimental methods

We used synthetic fluid inclusiots trap fluids at high temperature and pressure and subsequently
analyze their composition by LACP-MS. Agueous solutions containing various amounts of HCI,
H2SQy, N&eSQq, LiCl, KCI, CsCl and MnGl were prepared from analytiecgfade chemicals and
deionizd water. Sodium chloride, and in two cases elemental sulfur, were added as solids. Quartz
pieces of 1.0x1.6x10 mm size were cut from includiee synthetic quartz in a way that their
longest dimension was parallel to thevds of quartz crystal. The gtz pieces were then etched

in concentrated hydrofluoric acid for about 1 hour to form numerous etched channels, which favor
the formation of large fluid inclusions during overgrowth of new quaitand Audétat, 2009)

Three capsule setups were usedun experiments. In the first setup (Figla), gold capsules of

3.5 mm O.D. (outer diameter), 3.1 mm I.D. (inner diameter) and 20 mm length were loaded with
a piece of etched quartz, ~40 mg solutioti60mg of NaCl, 81 mg S, and a small Si@lass rod

(~4 mg). Run durations using this setup were kept short (10 hrs a€8Q0 hrs at 700C; 40 hrs

at 600 C; 80 hrs at 500C), such thafO, was controlled by the starting materials rather than by
the intrinsicfO. of the pressure vessel. In the second setup {F), which was used for runs

#15, 28, 30, 33, 34, 48 and 49, the starting materials were contained in an inner AgPoboAu
capsule of 3.0 mm O.D., 2.7 mm |.D. and 20 mm length, which was then loatdeéd@ mg HO

and solid oxygen buffers (ReeQ (RRO), MNGMnz04 (MMO) or hematitemagnetite (HM))

into an outer Au capsule (O.D. 4.6 mm; I.D. 4.3 mm; 35 mm length). Gold rather tigsPiAu

had to be used as inner capsules in the shiaring experimas because AdP o was found to

react with sulfur and to become very brittle during this process. In this setup, entrapment of fluid
was initiated after 2492 hours by irsitu cracking, after which the runs were continued for
another 24120 hours to atiw for crack healing. However, in order to obtain larger fluid inclusions,
the runs were started either with an etched quartz piece anc gl& rod as in the previous

capsule setup, or with a quartz piece that already contained large fluid inclirsibmsere pre
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synthesized from ¥D-KCI fluid. In both cases, already existing fluid inclusions werepened
during the insitu cracking, leading to distinctly larger fluid inclusions than if fluid inclusree

quartz pieces were used (Li and Audét@02). Fluid inclusions that were-opened during in

situ cracking could be recognized by small fluid inclusion trails leading to them, and in the case
of presynthesized ones by the absence dfighals during LAICP-MS analysis. It is those +e
opened inlusions that were preferentially chosen for-L@P-MS analysis (Li and Audétat, 2009).

The third setup (Figr.1c), which was used for runs #29, 38, 41 and 45, is similar to setup b, except
that an unetched quartz piece was used (to avoid fluid entrafefne Au solubility became

low) and that the external nickeickel oxide (NNO) buffer was placed in an open Au capsule
below the sample capsule instead of in a sealed outer capsule. The latter is possible because the
material of the pressure vessel isyHi-rich (~76 wt% Ni) and thus impose$@ that is already

close to the NN&buffer. In all setups the samptentaining capsules were crimped, welded with

a pulsed arc welder, then psbrunk at ~100 MPa 4@ pressure, and finally weighed to check for

potential leaks.

a b / ~Q—Aucapsule C (\(—Aucapsule
e

| AuPd or fluid and NacCl
/ %—Au capsule /X Au capsule

| fluid and NacCl
and solids
< quartz
<1 etched quartz (etched) quartz
Au capsule

\/ \/ fO, buffer

<} fO, buffer

and H,0
\/ | E—

5mm

Fig. 7.1 Schematic illustration of the three capsule designs used in our experiments: (a) Gold capsule
loaded with etched quartz, fluid and solids (NaCl,;3@, S, LiCl, KCI or MnC}). (b) Doublecapsule

design containing an oxygdmgacity buffer + HO filled into an outer gold capsule, and the sample placed
into an inner Au(xPd) capsule. (c) Design used for th&ii-buffered runs, featuring an open capsule

filled with Ni and NiO below the sample capsule.
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All except for two runs ere performed in rapiduench coleseal pressure vessels made of Inconel
713LC super alloy, using water as pressure medium. Temperature was measured wiih NiCr
(type K) thermocouples placed in an external borehole of the vessels. The remaining twereuns w
performed in argopressurized autoclaves made of TZM alloy -(End Zrreinforced
molybdenum). Uncertainties in the temperature and pressure readings are consid€remd5

+20 bar, respectively, in both vessel types. The experiments were starprdsburizing the
capsules to ~50% of the final value and then heating them along an isochoric path defined by the
entire volume of the pressure medium to the final run conditions e8500C and 20230 MPa,

which took about 30 minutes.-Bitu crackingof the quartz pieces was performed after122

hours by dragging the capsule with the help of an external magnet within a few seconds from the
hot end of the vessel to its cold end and then back up to the hot end. The experiments were stopped
by removinghe autoclaves from the furnace and allowing them to cool to room temperature within
about 40 minutes. One run (#14) was terminated {sjtinquenching (cooling to <5@ within a

few seconds) in order to minimize baactions within the fluid inclusis during cooling.
Recovered capsules were weighed to check for leaks occurring during the experiments and then
opened with a razor blade. The pH of the quench solution was measured wiidigator papers.

The quartz pieces were gently polished opQAland SiC grit papers and subsequently using
diamond spray on paper to remove excess quartz on the sample surface and render fluid inclusions

ready for observation and analysis.
7.3.2. Analytical methods
7.3.2.1. LA-ICP-MS analyses

The major and traceelement content afynthetic fluid inclusions was measured by-l@P-MS.

The utilized systems consist of a 193 nm ArF Excimer laser (GeolasPro, Coherent, USA) attached
to an Elan DR&: (Perkin Elmer, Canadguadrupolemass spectrometéGunther et al., 1998)

The laserwa® per at ed at a f r equ e fhangrgy densityladtheksamplevi t h
surface, using a laser pit size of 40 um for the standard8@B8 pm for the fluid inclusions.
Measured isotopes includki, 2Na, 2°Si, 32S,35Cl, 3%K, “3Ca,**Mn, 3*Cs aml 1°’Au, which were
measured using dwell times of-B0 ms per isotope. A representative-l@P-MS signal of a

fluid inclusion analysis is shown in Fig.2. Corrections for contributions of ablated host quartz
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were made for S and ClI, assuming that thal fiaclusions themselves do not contain any;SiO
(Seo et al., 2011). External standardization was based on NIST SRMdHum et al., 2011)
except for S and CI, which were quantified based on acheltacterized, natural afghanite crystal
(Seo et al.201]). Internal standardization was based on the Na content of the loaded solution
(Heinrich et al., 2003), drin the case of N&ee experiments (runs #22, 23 and 2én its Cs or

K content. In four of our experiments (#13, 16, 17 and 18) the fldidisio two phases at run
conditions (see below). Since no phase diagrams are availableg@Nah fluids that could be

used to interpret microthermometric data, we calculated maximum Au contents of the bulk fluids
in these runs by choosing the flipptase that had higher Au/Na ratios and taking the Na content

of the bulk fluid as internal standard.

1.0E+7 3

1 background quartz

fluid inclusion+host
host

1.0E+6 o
Si

1.0E+5 4

1.0E+4

HoE WWW‘WMWWW
1.0E+2 4 ‘

OO 1111111 1 '
20

0 40 60 80 100 120 140 160

Intensity (cps)

Time (s)

Fig. 7.2.LA-ICP-MS signal obtained from a Zfn sized fluid inclusion (150c08k17) from run H&J-
11. The fluid was trapped under very oxidized coodgiat 800 C, 2 kbar and contains 12 wt% Cl, 8.0
wt% Na, 4.3 wt% S, and 3.3 wt% Au.

Since the measurement'8fAu (the only natural isotope of Au) is affected by an interference from
181Tat%0 and NIST SRM 610 contains significantly more Ta (482+4 ppm) than Au (23.6+1.7 ppm),
one needs to determine how much error is introduced by this interference. GM6IGRBS tuned

to a ThO rate of 0.08.14 % and a rate of doubly charged Ca ions ofOR% based on
measurements on NIST SRM 610 at the beginning of each session. If one assumes that the rate of

TaO formation is the same as that of ThO, then one obtains an err&@%ef dowever, a more
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precise estimate is obtained by determininggittealrate of TaO formation, which was obtained

by measuring®’Au in two Tarich samples that were presumably-fiee, i.e., a synthetic silicate

glass containing 1300 ppm Ta (synthesized in a Pt capsule), and an ilmenite containing 570 ppm
Ta. In both cases thabserved®’Au signal corresponds to a TaO rate of 0.031%. Applying this
oxide rate to NIST SRM 610 results in an error of 1.4%, i.e., Au concentrations-freela
unknowns will be underestimated by this percentage. Calculated Au concentrations imndthe flu
inclusions were thus consistently multiplied by a factor of 1.014. The overall uncertainty
associated with LACP-MS analyses of synthetic fluid inclusions with known internal standard
element concentration is about 10% (Heinrich et al., 2003); fodSCairt is about 20% (Seo et

al., 2011).

7.3.2.2. Raman spectroscopy

Raman spectra of fluid inclusions were taken in confocal mode using a Horiba LabRAM HR UV
spectrometer equipped with a CCD detector, 1800 miating, and a 50magnification objective.

The spetral resolution of this instrument setup is 3.5 mnd a confocal pinhole of 3D em

was used for the measurements. Excitation was promoted using the 514.5 nm line ‘ofoan Ar
laser with an output laser power of 0.2 W. Most spectra were takemateagperature, using six
overlapping windows with acquisition times of3D s each to cover the entire range of 100 to
4500 cmt. A number of spectra covering the spectral range of1ZHD cm were collected at
temperatures up to 60€ with an output Iser power of 0.2 W in order to investigate potential
changes in the speciation of sulfur and/or gold during heating. For the latter purpose, fluid
inclusionbearing quartz chips (*2.6x0.5mm) were heated at 10Q intervals in a hydrothermal
diamondanvil cell of the Bassett type (Bassett et al., 1993) in which the diamond anvils were
replaced with cylinders made of Siglass. The upper cylinder contained a central borehole, such
that no solid parts occurred between the sample and the microscopd demserature was
calibrated to an accuracy of 8 using the melting points of NaN(808 °C), CsCl (645 °C) and

NaCl (801 °C), but due to manual heating the overall accuracy during the collection of the Raman
spectra was +20C. No force was applied tthe quartz chip, but the pressure inside the fluid
inclusions increased continuously during heating due to their isochoric behavior, reaching ca. 100
MPa at 600 C.
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To be able to quantitatively interpret the Raman Spectra, standard solutia®®»aAdSO, (the

latterin the form of HSQs dissolved in water) were prepared as described in Binder and Keppler
(2011), and ratios of the intensity integral areas of sulfur species over the intensity integral area of
the ~1640 cm H.O absorption band were daténed. The resulting conversion factors for HSO

(Ilso,/In,0=1.5799 molal HS@), SO (Iso2/lno =31.0286 molal S&) and SQ

(Iso,/In,0=1.9880 molal Sg) differ by up to a factor of 4 from those determined by Binder and

Keppler (hso,/In,0=1.0453molal HSQ), SO (Inso2/In0 =11.324 molal S&F) and SQ

(Iso/In,0=0.5411 molal Sg), which may be due to the use of different Raman spectrometer setups.

7.4.Results
7.4.1. Appearance of fluid inclusions

Depending on the utilized capsule setup angrooedure, three types of synthetic fluid inclusions
were produced: (1) in runs performed withousitu cracking, dissolution of the Si@lass rod

and reprecipitation of crystalline Si©on the etched quartz substrate led to the formation of
numerousepften large (>30 um mean diameter) fluid inclusions close to the sample surface (in the
following called "primary" fluid inclusions; Fig4g..3a, b, c); (2) in samples that were cracked in
situ, small inclusions (typically <10 um) occur on planes cuttimgugh the entire height of the
guartz sample, representing fluid that was trapped in cracks that formed desitugaracking (in

the following called "secondary" fluid inclusions; Fig3d); and (3) in runs that contained an
etched quartz piece and weasracked irsitu, some of the primary fluid inclusions wereoened

and refilled with new fluid during the in situ cracking (called "refilled” inclusions; F&gl). Such
refilled fluid inclusions were our main target for HEP-MS analysis, but in soeruns primary

or secondary inclusions were analyzed as well for the purpose of comparison.

In most experiments all fluid inclusions turned out to have intermediate densities and to contain
constant proportions of vapor + liquid + a small gold daughtestal (Figs.7.3b, c), suggesting

that the fluid was trapped in the singlbase field. However, in four experiments (#13, 16, 17 and
18) both crystatich inclusions and lowedensity, crystafree inclusions are present (Figs3e,

f), suggesting thahe fluid was trapped in the twahase field.
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Fig. 7.3. Photomicrographs dfuid inclusions synthesized at 800 °C and 2 kbar: (a) Typical appearance of
fluid inclusions that formed during overgrowth of new quartz over an etched quartz substratt (R{G.
(b, ¢) Fluid inclusions synthesized at 8@) 2 kbar from aqueous stadifiuids containing 3.5 wt% HCI,
16.4 wt% HSOy and 20 wt% NaClHG-AU-04 and HGAU-14). The inclusions contain3lwt% Au and
an opaque daughter crystal consisting of metallic gold (indicated by arrows). (d) Two large "refilled" fluid
inclusions (FIs), wich represent primary fluid inclusions that were synthesized in-eupr&om a HO-
KCI fluid and later were cracked open and refilled with new fluid during a second experime#tUHG
38), plus small secondary fluid inclusions occurring on cracks thed m®duced via bsitu cracking
during the second experiment. (&) brine inclusion containing several D, daughter crystals,
synthesized at 80, 2 kbar from a starting mixture containing 23.8 wt%3@ and 1.8 wt% HCI (HG

AU-17). (f) Vapor phaseaexisting with the brine phase shown in (e).
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7.4.2. Factors affecting Au solubility

An overview of the conducted experiments and obtained Au solubilities is provided in7Tlable

The effects of individual parameters on Au solubility are summarized in7HEiglt should be

noted that most experiments shown in Fig. were nofO»-buffered, except for the runs plotted

in Fig. 7 .4f. ThefO2-unbuffered experiments were run short enough thabhlld not significantly
equilibrate through the noble capsules wtith pressure medium of the autoclaves, hencé&he

in these runs was controlled by the starting materials. This is proved by the fact that Au solubilities
obtained in runs conducted in-firessurized TZM vessels (which impose a very high intridic

of around FMQ+3 to FMQ+4) are within uncertainty the same as those obtained in runs conducted
in HxO-pressurized Inconel 713LC alloy vessels (which impose an intri@®icof around
NiNiO+0.5). Although the oxygen fugacities in these unbuffered experimearts myuch higher

than in natural fluids (see below), the results are useful to constrain the influence of various
parameters on Au solubility in fluids in which sulfur is present dominantly“istSte.

At constant HSQy and HCI concentration in the flyidjold solubility increases with increasing
NaCl content (Fig.7.4a), whereas at constant NaCl and HCI concentration in the fluid, gold
solubility increases with increasing®y (Fig. 7.4b). In NaClfree fluids containing 23.8 wt%
NaSQs (i.e., same amourof sulfur as in the experiments with 16.4 wt%Sdy) gold solubility
increases with increasing HCI content (Figic). Gold solubility also increases with increasing
temperature (Fig7.4d). Notice that gold solubility is low (<1000 ppm) if either Na (Fig.a),

H>SQOy (Fig. 7.4b) or Cl (Fig.7.4c) is missing in the system, but that it reaches weight percent
levels at temperatures as low as 5Q0f the fluid containgi 7.7wt% Na,0 7.9 w% CI, andd

4.6 Wt% SQ? (Fig. 7.4d). Similarly high Au solubilities are obtained if Na is replaced by other
alkalies (Li, K; Fig.7.4e), whereas about five times lower values are obtained if Na is replaced by
doubly-charged ions (Ca, Mn; runs #21, 24plee/.1). This is probably due to the fact thatCh

and MnCl ion pairs are much stronger than-8hk leaving less Clavailable for complexing with

Au. The effect ofO2 on Au solubility in sulfusfree versus sulfubearing fluids at 800C, 200

MPa isdepicted in Fig7 4f. Over the investigated rangef@h Au solubility increases by a factor

of about eight in both the-fee and the $dearing fluids. Importantly, the highest Au solubility
attained in the hematimagnetitebuffered experiments (8,100+1,500 ppm Au in sulfaaring
run#34) is about five tingelower than the Au solubilities attainedf@-unbuffered experiments
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with the same fluid composition (45L1 wt% Au; runs #4, 11, 14; Tablel), which implies that

the extremely high Au solubilities observed in fi@-unbuffered runs are a consequeraf
extremely high oxygen fugacities.

Geologically more realistic are our experiments #48 and 49, in which fluids containing 7 wt%
NacCl, 3.06 wt% HSOQs (corresponding to 1.0 wt% S) and 1.1 wt% HCI were equilibrated at the
MnO-Mn304 buffer at 756850 C ard 206230 MPa. This fluid composition and the experimental
conditions were chosen for the following reasons: the salinity of 7 wt% NaCl was chosen because
it lies within the salinity range of-50 wt% NaClquivobserved for intermediatensity bulk fluids

in porphyry CuAu-(Mo) deposits (Ulrich et al., 2003; Heinrich et al., 2011; Redmond et al., 2004;
Landtwing et al., 2005; Rusk et al., 2004, 2008; Stefanova et al., 2014); the concentration of 0.7
wt% S corresponds to the averageddtent of fluid inclgions analyzed from Bingham Canyon

(Seo et al., 2012), and the concentration of 1.1 wt% HCI corresponds to the value predicted for a
fluid containing 8.9 wt% KCI (same molar quantity as 7 wt% NaCl) buffered by potassic feldspar
and muscovite/andalusite@®0 C, 100 MPa (Burnham, 1979; log mKCI/mHCI~0.6). The MnO
Mn3z04 buffer (FMQ+4.1 at 800C 2 kbar according to Chou, 1987; FMQ+4.5 according to O'Neill
and Pownceby, 1993) was chosen because it lies within the range of oxygen fugacities estimated
for theporphyry Cu mineralization environment based on the composition of hydrothermal biotite
(Burnham and Ohmoto, 1980; 16@. = FMQ+3 to FMQ+5). In these two geologically realistic
experiments Au solubility reached 75070 ppm at G0and 870190 ppm at 85C (Table7.1).

Due to the low permeability of gold with respect to(Bhou, 1986) it was not possible to conduct
similar experiments at lower temperatures. However, Au solubility at lower temperature can be

inferred via extrapolation (see below).
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Fig. 7.4.Measured gold solubility (in ppm by weight) as a function of: (a) NaCl concentration in the starting
fluid (runs #36, 25, 05, 06, 04), (b»$, concentration in the starting fluid (#@4), (c) HCI concentration

in the starting fluid (runs #180), (d) temperature (runs #04,-08, 02, 31), (e) type of alkali ion (runs #22,

07, 23), and (f) oxygen fugacity (runs #38, 15, 30, 28, 29, 33, 34, 04). Sulfur speciation boundaries in (f)
are from Binder and Keppler (201EMQ: fayalitemagnetitequartzbuffer. NNO7T Ni-NiO buffer; RRO

T Re-ReQ buffer; MMO T MnO-Mn3zO4 buffer; HM T hematitemagnetite buffer. Values for FMQ, NNO

and HM were calculated based on Frost (1991); RRO is based on Pownceby and O'Neill (1994); and MMO

is based on Chou (1987).
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Table 7.1
Overview of performed experiments and obtained results.

Experiment T P Duration foz Caps_ule Starting solution Added solids ~ pH? Pressure vess: flud  Au (ug/g) Species

number (°C)  (kbar) (h)? buffer’ material§ phase avg. stdev.
HG-AU-01 800 2.0 10 i Au 3.5 wt% HCI 20 wt% NaCl  <0.3 CSPV 1 1,50C 100 not measured
HG-AU-41 800 2.0 24+36 NNO AuPd-Au 3.5 wt% HCI 5 wt% NacCl <0.3 CSPV 1 150 10 not measured
HG-AU-45 800 2.0 24+36 NNO AuPd-Au 3.5 wt% HCI 10 wt% NaCl  <0.3 CSPV 1 240 20 not measured
HG-AU-38 800 2.0 144+48 NNO Au-Au 3.5 wt% HCI 20 wt% NaCl <0.3 CSPV 1 550 60 not measured
HG-AU-15 800 2.0 24+24 MMO AuPd-Au 3.5 wt% HCI 20 wt% NaCl  <0.3 CSPV 1 1,90C 100 not measured
HG-AU-30 800 2.0 24+48 HM AuPd-Au 3.5 wt% HCI 20 wt% NaCl <0.3 CSPV 1 4,00C 300 notmeasured
HG-AU-02 800 2.0 10 T Au 3.5 wit% HCI+ 4.7 wt% LSO, 20 wt% NaCl  <0.3 CSPV 1 20,00C 1,00C notmeasured
HG-AU-35 800 2.0 10 ) Au 3.5 wt% HCI+ 6.8 wt% NS5O, 20 wt% NaCl <1l CSPV 1 7,20C 1,10C not measured
HG-AU-31 600 2.0 40 T Au 3.5 wit% HCI+ 4.7 wt% LSO, 20 wt% NaCl  <0.3 CSPV 1 14,00C 2,00C not measured
HG-AU-46 800 2.0 10 ) Au 1.75 wt% HCI+ 8.9wt% H,SO, 20wt% NaCl <0.3 CSPV 1 25,00C 2,00C not measured
HG-AU-03 800 2.0 10 T Au 3.5 wit% HCI+ 8.9 wt% LSO, 20 wt% NaCl  <0.3 CSPV 1 31,00C 4,00C not measured
HG-AU-47 800 2.0 10 ) Au 7 wt% HCI+ 8.9 wt% HSO, 20wt% NaCl <0.3 CSPV 1 41,00C 4,00C notmeasured
HG-AU-04 800 2.0 10 i Au 3.5 wt% HCI+16.4 wit% LS5O, 20 wit% NaCl  <0.3 CSPV 1 51,00C 4,00C SOZ, HSQy, AuCly
HG-AU-11 800 2.0 10 ) Au 3.5 wt% HCI+16.4 wt% K5O, 20 wt% NaCl  <0.3 TZM 1 44,00018,00C SOZ, HSQy, AuCly
HG-AU-14 800 2.0 10 i Au 3.5 wt% HCI+16.4 wt% LS5O, 20 wt% NaCl  <0.3 TZM 1 40,00C 5,00C SO, HSQr, SG
HG-AU-36 800 2.0 10 i Au 3.5 wt% HCI+16.4 wt% LBO,° i <0.3 CSPV 1 650 170 not measured
HG-AU-25 800 2.0 10 T Au 3.5 wit% HCI+16.4 wt% b5O, 5 wt% NaCl <0.3 CSPV 1 15,00C 1,00C not measured
HG-AU-05 800 2.0 10 i Au 3.5 wt% HCI+16.4 wt% LS5O, 10 wt% NaCl  <0.3 CSPV 1 26,00C 5,00C not measured
HG-AU-06 800 2.0 10 T Au 3.5 wit% HCI+16.4 wt% b5O, 40 wt% NaCl  <0.3 CSPV 1 47,00010,00C not measured
HG-AU-08 700 2.0 20 i Au 3.5 wt% HCI+16.4 wt% LS5O, 20 wt% NaCl  <0.3 CSPV 1 37,00C 8,00C not measured
HG-AU-09 600 2.0 40 T Au 3.5 wit% HCI+16.4 wt% b5O, 20 wt% NaCl  <0.3 CSPV 1 26,00C 6,00C not measured
HG-AU-10 500 2.0 80 i Au 3.5 wt% HCI+16.4 wt% LS5O, 20 wt% NaCl  <0.3 CSPV 1 19,00C 3,00C not measured
HG-AU-12 800 2.0 10 T Au 16.4 wt% HSQ,;+100 ppm Cs T <0.3 CSPV 1 <10 N/A SOZ, HSOr
HG-AU-13 800 2.0 10 T Au 5.0 wt% HSOi+12.2 wt% NaSO, T <0.3 CSPV 2 <5 N/A SQZ, HSQr
HG-AU-16 800 2.0 10 T Au distilled H,O 23.8wt% N&aSO, ~8 CSPV 2 <6 N/A not measured
HG-AU-17 800 2.0 10 i Au 1.79 wt% HCI (=0.5 m) 23.8 wt% NaS(,<0.3 CSPV 2 <80’ 80 not measured
HG-AU-18 800 2.0 10 T Au 3.52 wt% HCI (=1.0 m) 23.8 wt% NaS(O,<0.3 CSPV 2 <270 190 not measured
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HG-AU-19
HG-AU-20
HG-AU-22
HG-AU-07
HG-AU-23
HG-AU-24
HG-AU-21
HG-AU-29
HG-AU-28
HG-AU-33
HG-AU-34
HG-AU-32
HG-AU-37
HG-AU-48
HG-AU-49

800
800
800
800
800
800
800
800
800
800
800
700
700
850
750

2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.3
2.3

10
10
10
10
10
10
10

144+72
120472
96+72
96+72
72
72
96+72
192+120

NNO
RRO
MMO
HM
!
i
MMO
MMO

Au
Au
Au
Au
Au
Au
Au
Au-Au
Au-Au
Au-Au
Au-Au
Au
Au
Au-Au
Au-Au

6.80 Wt% HCI (=2.0 m)

12.7 wt% HCI (=4.0 m)

16.4 wt% HSO, + 100 ppm Cs
16.4 wt% HSO,

16.4 wt% HSO, + 100 ppm Cs
16.4 wt% HSO, + 100 ppm Cs
3.5 wt% HCI

3.5 wt% HCI+16.4 wt% K50,
3.5 wt% HCI+16.4 wt% K5O,
3.5 wt% HCI+16.4 wt% K50,
3.5 wt% HCI+16.4 wt% K5O,
3 wt% S+0.2 wt% KOH

3 wt% S+2 wt% KOH

7 wt% NaCl+1 wit% §1.1 wt% HC
7 wt% NaCl+1 wt% §1.1 wt% HC

23.8 wt% NaSQ,<0.3
23.8 wt% NaSQ,<0.3
14.5 wt% LIiCl  <0.3
20 wt% NaCl  <0.3
25.5wt% KCl  <0.3
21.5 wt% MnC} <0.3
20 wt% NaCl  <0.3
20 wt% NaCl  <0.3
20 wt% NaCl  <0.3
20 wt% NaCl  <0.3
20 wt% NaCl  <0.3

20 wt% NaCl ~1

20 wt% NaCl 1-2
i <0.3
T <0.3

CSPV
CSPV
CSPV
CSPV
CSPV
CSPV
CSPV
CSPV
CSPV
CSPV
CSPV
CSPV
CSPV
CSPV
CSPV

9,40C
52,00C
24,00C
25,00C
31,00
5,30C
4,00C
910
1,80C
4,60C
8,10C
650
1,20C
880
750

1,00C
4,00C
3,00C
6,00C
4,00C
1,40C
1,90C
70
200
300
1,50C
140
100
90
70

not measured
not measured
not measured
not measured
not measured
not measured
not measured
H.S

SO, HSQy, SO
SO, HSQr, SO
SO, HSQy, SO
SO, H.S

SOZ, H,S

not measured

not measured

afor runs in which irsitu cracking was performed, the times before and aftsiturcracking are provided

bdash means that the oxygen fugacity was not buffered. NNGNiO; MMO i MnO-Mn30O,; RROT Re-ReQ; NM i hematitemagnetite

¢two materials indicate doubleapsule, with the first material referring to the inner capsule and the second material to the outer capsule.

4 pH of the quench fluid.

€ CSPVi cold-seal pressure vessel made of Inconel713LCrighi), pressurized with ¥D; TZM i pressure vessel made ofdnd Zrreinforced Mo, pressurized with Ar

f species identified by Raman spectroscopy.

9plus 119 ppm Cs.

" maximum value based on the composition of the morgi¢tufiuid phase

" plus excess CaS@ cause CaSGaturation

l'added in the form of 80 mole%6*@8H,SQy) and 20 mole% ‘(SOy).
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7.4.3. Raman spectra

Raman spectra of fluid inclusions from run #14 (8G0 200 MPafO- not buffered;
containing 16.4 wt% ks, 3.5 wt% HCI, 20 wt% NaCl and 4.1+0.5 wt% Au) are shown in Fig.
7.5. This is the run that was quenched very rapidigiin in order to minimize baefteactions
within the fluid during cooling. The spectra shown in FigSa,b were taken at room temperature,
whereas those of Fig.5c were taken at 10QC intervals durig heating to 600C. The Raman
spectra obtained from the liquid phase of the fluid inclusions at room temperatuie5&jighow
a broad absorption band centered on 3458 tmat is related to D, plus numerous narrower
bands in the range of 100 to T2éi! that can be assigned to either quartz or various sulfur species
(Fig. 7.5a). Of the sulfur species, H3@with an absorption band located at ~1050*¢cBurke,
2001) shows the largest intensity integral area, followed by @051 cmt; Burke, 200) and
SO (~983 cm'; Burke, 2001). The ratios of these integral areas to the integral are®aitH
~1640 cmt can be used in conjunction with the conversion factors given above to estimate the
relative molar abundances of the sulfur species at ~78salfate and ~21% SOwhich is in
agreement with a dominance of*Sit oxygen fugacities above ~&eQ) +1 (Binder and
Keppler, 2011). The Raman spectra shown in Figh were taken from the liquid portion of a
fluid inclusion thati in contrast tanost other fluid inclusions in this sample (still run #14)id
not contain any Au daughter crystal. The presence of two absorption ba8#satd 34m?
indicate the presence of dissolvAdCls in the fluid (Pan and Wood, 1991). However, these
absorption bands disappeared during heating to 20@nd did not re@ppear during cooling to
room temperature (Fig.5b), whereas a daughter crystal of native gold appeared instead. Similar
observations were made Byan and Wood (1991) abkrovski et B (2009a) during heating of
AuCls-bearing solutions in optical cells, from which they concluded that chloride complexes with
Au®* are unstable at temperatures above ~E0The behavior of sulfur in the same fluid inclusion
during heating to 600C is $1own in Fig.7.5c. All Raman spectra in this Figure were collected in
the liquid phase, as vapdiquid homogenization was not reached yet at 800510 vol% vapor
bubble remained). The size of the HSG®ignal relative to S@increases with increasing
temperature, suggesting th&t 8ecomes more prevalent at high temperature. However, Raman
spectra collected from the vapor bubble (supplementary7Fsd.) reveal distinct signals of SO

at 400 C and 500 C, whereas no suchgsial is present at 20C, which means that SO
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preferentially entered the vapor phase at high temperature, and thus th&tSfier&io in the

bulk fluid may actually have remained constant
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Fig. 7.5. Raman spectra taken from qualnizsted fluid inclusions synthesized at 8@) 2 kbar from a
starting fluid containing 3.5 wt% HCI, 16.4 wt%%0, and 20 wt% NaCl (HEAU-14). (a) Spectra taken

at ambient temperature from the liquid and the vapor phaséuwéianclusion. Notice the prevalence of
S**in the quench fluid(b) Spectra taken from the liquid phase of a fluid inclusion that was heated from 25
~C to 200 C and then cooled back to 26. Notice the presence of AuCat until heating to 100C, and

its absence at 20 and after cooling back to room temperatiecg Spectra taken from the liquid phase

of a fluid inclusion that was heated to 60D in a modified diamond anvil cell. All ndabeled Raman

bands are from quartz.
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Additional Ramarspectra of fluid inclusions synthesized from aqueous starting fluids containing
3.5 wt% HCI, 16.4 wt% bBEQs and 20 wt% NaCl &0, buffered by NiNiO (run #29) ReReQ

(run #28) MNO-Mn304 (run #33)or FeOs-FeO4 (run #34)are shown in supplementary Fig2
and7.3. Hydrogen sulfide (bS; with a band at ~253fn; Burke, 2001)s the only sulfur species
present in the run buffered at-NiO, whereas S©dominates at R&eQ (~60 mol% SQ and

~40 mol% HSQ@ according to the integrated intensity area ratios; supplementarg-8R). With
further increase ifiO; the amount of sulfate relative to that of SAcreases (supplementary Fig.
7-S3; ~49% total sulfate vs. ~51% 58 MnO-Mn304; ~58% total sulfate vs-42% SQat FeOs-
Fex0s). However, the relative abundance of sulfate at the W04 buffer is still considerably
lower than that observed in the unbuffered runs (~79% total sulfate vs. ~23,%e@Gbove),
suggesting that thi®- in the unbuffered rusywas higher.

To test our ability to detect the potential presenc&z0fPokrovski and Dubrovinsky, 2011;
Jacquemet et al., 2014) we also synthesized fluid inclusions from an aqueous solution containing
2 wt% KOH, to which 2 wt% elemental sulfur and ®@®6 NaCl were added in solid form (run
#37). At room temperature the liquid phase of these fluid inclusions contained bgt(~968

cm) andH2S (~2590cm?), while the vapor phase containegSH~2613%m?) and H (~589cn

1. supplementary Figz-S4a).During heating above 200 the absorption band of $0in the
liquid phase disappeared, whereas a conspicuous new absorption band appearsd@tra30
(supplementary Figi-S4b), which corresponds to tBeS stretching vibration of the trisulfion

(Ss) described by Pokrovski and Dubrovinsky (2011) and Jacquemet et al. (2014). The fact that
no absorption bands appeamdhe 536540 cm? region during the heating of our other samples
(supplementary Figi-S5) suggests that the amount efi® these fluids was insignificant.

7.5. Discussion
7.5.1. Au speciation

At first sight, the trends in Fig.4 appear to suggest the existence of a Au complex that involves
sodium, chlorine and oxidized sulfur. However, because the abundances of NaCl,${Glartd

NaSQ; are interrelated (see below) this does not necessarily have to be true. We thus first check
whether the observed trends can be explained by du#feircomplexes such as Ahlorides, as

implied by Raman Spectroscopy.
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Gold solubility in sulfusfree fluids containing 3.5 wt% HCI and 20 wt% NaCl increases with a
slope of ~0.25 in log [Au] vs. loff. diagrams (Figs? 4f, 7.6a), suggesting that Au had a valence
state of +1 in the Adbearing complex(es). Potential dissolution reactions are as follows (e.g.,
Frank et al., 200Zanley et al., 2005, Zajacz et al., 2010):

56 0680 6 I P OGO 66 pICOD (7-1)
56 OB aphd P 066 8 GpIcOb (7-2)
56 08 apltl P 666 prcod (7-3)

The fact that Au solubility increases with a slope of ~1 in the log [Au] vs. log [M&gjjam (Fig.
7.6b) suggests that reactionr1) dominates and thus that tigold dissolved mainly in the form

of NaAuCk in sulfurfree fluids investigated in this study, consistent with the findings of Zajacz
et al. (2010).

a -2 b
3.2 ]
2.5 1_,-"' 3.4 -
o ] o
3 - 5 36 Lot ®
< .. < ] m=1 .-~
-3 4 e -3.8 1 -
o _ o ] I
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//” ] ,"_’
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3.5 wt%HC, 20 wt% NaCl 4.4 3.5 wt%HCI, NNO
800 °C, 2 kbar ] 800 °C, 2 kbar
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0 1 2 3 4 5 6 -1.2 -1 0.8 -0.6 -0.4 -0.2
logfO,(AFMQ) log [NaCl]

Fig. 7.6.Logarithmic plots showing the Au solubility in sulftree fluids at 800C, 2 kbar as a function
of: (a)fO. relative to the fayalitenagnetitequartz (FMQ) buffer, and (b) starting NaCl concentration. All

concentrations are given in moles per 100 g.

In the HSQs-bearing experiments, Au solubility increases with increasing | NaDtent
increasing HCI content, and increasingSis content (Figs7.4a,b,c). However, in contrast to the
sulfur-free experiments, these plots may not really reflect the effects of individual variables, but
rather the combined effects of sevaratiables because the concentrations of Nag3Qd HCI

and NaSQ; are related to each other by the reaction:
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HoSOs+ 2 N a C bSOQuz+ 2HNCA (7-4)

Notice that this reaction is independent®f and thus is in accord with the interndi:-buffered

nature of the experiments shown in Figglae. Actual abundances of the fluid specieS&,

HSQr, SO, NaSQi, NaSQ", HCI, Cf and NaCl at 800C and 2 kbar were calculated using
SUPCRT/SLOP98 and thermodynamic data of Shock et al. (E9Ri7Bverjensky et al. (1997),
except for HSOQs which stability was estimated from electrical conductance data of Quist et al.
(1965). The results suggest that the speci& NaSQs and HCI are almost fully associated at
these PT conditions, and thahe reaction constant K for equatiort4) is about 0.4 (i.e., the
reaction goes ca. 30% to the right). If the Gibbs free energy for Ne&S@ken from Pokrovski et

al. (1995) (assuming a constant stepwise association fram-SRa" = NaSQ™ to NaSQ" + Na'

= NaSQy), then K turns out at about 1.0 (i.e., the reaction goes 50% to the right). However, the
uncertainties associated with these calculations are high (ca. + half a log unit; pers. comm. D.
Dolejs). We thus calculated the abundances of Nag8(d HCIl and NaSQq in the fluids at 800

~C and 2 kbar for hypothetical-#alues of 0.1, 0.4, 1.0 and 4.0 and determined the effects of
individual variables (NaCl, HCI, #$Q4 content) on Au solubility via multiple linear regression
(supplementary materialjhe results are summarized in TabBl2. At an assumed-alue of 0.1

the solubility of gold would have to strongly decrease with increasing NaCl concentration in the
fluid, which stands marked contrast to the qualitative trend/ig. Therefore, this Kalue seems
unreasonable. On the other hand, at\ealie of 0.4 the solubility of Au solubility is predicted to
increase with a slope of 0.9 £0.6 with increasing NaCl concentration, with a slope of 1.2 + 0.5 with
increasing HCtoncentration, and withslope of 0.7 + 0.4 with increasing$&Q; concentration,
which is in agreement with the qualitative trends in Figd4a, b and c. These slopes are in

guantitative agreement (within error) with Au dissolution via the reaction:

56 pICO™YD 06 al GaP O G 66 pICYD OO0 (7-5)

The slopes obtained with aWalue of 1.0 are consistent with this reaction, too, whereas the slopes
obtained with a Kvalue of 4.0 do not fit (the slope for NaCl is too low; the one for HCl is too
high). Based on thfact that the Kvalues of 0.4 and 1.0 were our best estimates (as they represent

actually calculated values) and that NaAu@kas already tentatively identified in ourfige
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experiments and in similar experiment performed by Zajacz et al. (201@pnekide that gold

dissolved mainly in the form of NaAugahlso in our sulfatdearing experiments.

Table 7.2
Summary of results from multiple linear regression analysis of the equéatipfAu] = a*log[NaCl] +
b*log[HCI] + c*log[H2SOy]

a b c
K=0.1 45 + 1.1 3.0 £+ 07 05 £ 0.8
K=0.4 0.9 + 0.6 12 + 05 07 £+ 04
K=1.0 0.7 + 07 15 + 05 05 £+ 04
K=4.0 0.2 + 0.7 22 + 0.6 0.2 + 04

7.5.2. Comparison with Au solubility data of previous studies

Since at 800C and 2 kbar the reaction (4) proceeds only68% to the right (see above) the
solubility trends in Figs.74a and7.4c reflect indeed mostly the effect of NaCl and HCI,
respectively, and thus can be compared with trends observed in previous dtudoes.
experiments Au solubility increased with increasing fluid salinity up to a salinity-8020t%,

after which it decreases again (Figda). Over the salinity range ofZD wt% NaCl Au solubility
increases by ca. a factor of three. These resultoasstent with the positive correlation between
Au solubility and salinity (219 wt% NaClquiv) noticed by Simon et al. (2005), and they agree with
the observation of Hanley et al. (2005) that Au solubility decreases with increasing NaCl from 20
wt% to 70wt%. An increase in the H&lontent of our starting fluids from 0.2 to 2.0 wt% led to a
~10fold increase in Au solubility (Figz.4c). This finding agrees with the data of Zajacz et al.
(2010), but it partly contrasts with the study of Frank et al. (R@2o noticed that Au solubility

in sulfurfree NaCIKCI brines 800 C, 100 MPa at the NNiO buffer is independent of the HCI
content in the range of 6131 wt% HCI, but increases with increasing HCI content at higher HCI
concentrations. The effect oérhperature on Au solubility is difficult to constrain in our
experiments because it affects also the fluid speciation, hence the trends7ddrigflect the
combined effects of both temperature and changing fluid speciation. Gold solubility in dar flui
with 16.4 wt% HSQ, increases by a factor of about three over the temperature interval of 500 to
800 C. A slightly larger temperature effect was noticed in th&-bkaring fluids studied by
Loucks and Mavrogenes (1999), and in the stitfee fluids stidied by Hanley et al. (2005), but
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also in these studies Au solubility was probably indirectly affected by changes in fluid speciation.
In our experiments Au solubility increases zlinearly by a factor of eigf®ais increased from

the NiNiO-buffer to he hematitenagnetite buffer (Fig7.4f). Compared to fluid salinity, HEI
content andO, the amount of sulfur in the fluid has relatively little influence on the Au solubility

in our experiments (FigZ 4f): at fO> conditions buffered by hematitaagnetie, Au solubility
increases by only about a factor of two as the sulfur content is increased from 0 and 16.4 wt%
H>SQu. Interestingly, a similarly small increase is observed at tiéiftbuffer. This result stands

in marked contrast to the work of Zajadzaé (2010), who found that addition of 10 wt%S-+to

fluids containing 3 wt% NaCl and 0.3 wt% HCI leads to an increase in Au solubility by a factor of
50 at 1000C and 1.5 kbar. An even larger solubility increase (up to a factor of 30 relatig€)o H
was noticed byPokrovski et al. (2015) at 35€ and 406600 bar in fluids rich irSs". On the other

hand, recent experiments of Zajacz et al. (2017) performed at%50.9 kbar and 900C / 1.3

kbar revealed that addition of 4 wt%3$ito fluidscontaining 5 wt% NaGluivand 0.7 wt% HCI

leads to an increase in Au solubility by only a factor-8f@ahd 37, respectively. Hence, the effect

of sulfur on the solubility of Au in fluids at oxygen fugacities <FMQ+1.5 depends strongly on
experimental coditions. For oxidized fluids such as the ones that formed porphyry Cu deposits
the effect of adding sulfur appears to be small.

In summary, Au solubility in oxidized fluids depends most strongly on thedd@ent, followed

by fOz, fluid salinity and thetemperature (the latter referring to a temperature interval ofGp0

The amount of oxidized sulfur present in the fluid has comparatively little influence.
7.5.3. Implications for porphyry Cu -Au ore formation

Linear extrapolation of our two geologically ressic experiments performed at 750 and 850

~C at the MnGMn304 fO> buffer (runs #48 and 49; containing 7 wt% NaCl, 1 wt% S, and 1.1 wt%
HCI) to lower temperatures suggests that the Au solubility &g FMQ+4 at 600C is on the

order of 600 ppm.tineeds to be noted that this approach is rather rough because Au solubility
depends also on fluid speciation, which is unlikely to change linearly. Similarly, based on the trend
in Fig. 7.4f the Au solubility can be estimated at ~1000 ppriDatconditiors near the hematite

magnetite buffer (i.e., 5 log units above FMQ) at 660 Higher fluid salinities may result in up
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to three times higher Au solubilities (Fig4a). Hence, real porphyry €Au-forming fluids at 600

C should be able to dissolve on tirder of 6063000 ppm Au, depending on fluid salinity.

These values stand in marked contrast to Au concentrations of only30gpm measured in
natural brines trapped at 5880 C and oxidized conditions {Sdominant) in porphyry Géwu

(xMo) environment (Ulrich et al., 1999; Ulrich et al., 2002; Williadmes and Heinrich, 2005;

Seo et al., 2009; 2012), implying that these natural brines were stronglpdeusaturated. The
same conclusion was reached by f@ekki et al. (2014) for temperatures >5@) whereas at 400

C the predicted Au solubilities overlap with Au contents measured in natural fluid inclusions.
However, in Aurich porphyry Cu deposits most of the Cu and Au appears to have precipitated at
temperatures >500C during potassic alteration (Sillitoe, 1995, 2010), which supports the
hypothesis that the very small (typically <20 um) Au particles in these deposits did not precipitate
from fluids, but exsolved from Abearing bornite during cooling if8on et al., 2000; Kesler et

al., 2002). These observations suggest that Au precipitation-ircAporphyry Cu deposits is not
directly controlled by the parameters discussed above, but indirectly by the factors that control the

precipitation and spatiaistribution of Aurich hydrothermal sulfides such as bornite.
7.6.Conclusions

This work represents the first systematic study on Au solubility in shi#aring magmatic
hydrothermal fluids at highly oxidized conditionBhe results suggest thati solubility is most
strongly affected by the HCI content of the fluid, followed fi¢ and then fluid salinity and
temperature. Compared to these factors the amount of oxidized sulfur present in the fluid has
relatively little influence. Based on the observed Alulsitity trends and multiple linear regression
analysis of computed fluid species at experimental conditimsonclude that gold dissolved
dominantly in the form of NaAu@l Gold solubilities extrapolated to-X-fO. conditions
representative of porphyry €Au-forming fluids areat least two orders of magnitude higher than
actual Au concentrations measured in natural fluids inclusions, which means that at early
mineralization stages around 6@ the natural fluids we strongly Adundersaturated. Therefore,

the Au content of higltemperature mineralization associated with potassic alteration is unlikely

to be controlled by factors that control the solubility of native Au, but rather by factors that control
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the precipiation of Aurich hydrothermal sulfides such as bornite, from which native Au may

exsolve during cooling.
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7.9. Supplementary material
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Fig. 7-S1. Raman spectra obtained at various temperatures (20, 400 an@)56m the vapor
bubbleof a fluid inclusion synthesized at 800, 2 kbar from a starting fluidontaining 3.5 wt%

HCI, 16.4 wt% HSQOs and 20 wt% NaCl (H&AU-14). Unlabeled absorption bands are from

quartz.
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Fig. 7-S2.Raman spectrabtained aambienttemperaturef theliquid phaseof fluid inclusions
synthesizedt 800 °C 2 kbarfrom starting fluid containing 3.5 wt% HCI, 16.4 wt%J3Qs and
20 wt% NaC] with fO, bufferedat (a) Ni-NiO (HG-AU-29) and(b) Re-ReO, (HG-AU-28).
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Fig. 7-S3. Raman spectrabtained aambienttemperaturef theliquid phaseof fluid inclusions
synthesizedt 800 °C 2 kbarfrom starting fluids containing 3.5 wt% HCI, 16.4 wt%3®, and
20 wt% NaC] with fO. bufferedat (a) MNO-Mnz04 (HG-AU-33) andb) hematitemagnetite (HG

AU-34).
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Fig. 7-S4. Raman spectra obtad from a fluid inclusion synthesizedl 700 °C, 2 kbar from a
starting fluid containing 3 wt% native sulfur, 2 wt% KOH and 20 wt% NaCl (a) spectra obtained

at ambient temperature from the liquid phase and the vapor phase, Notice the difference between
H.S that is dissolved in water (broad band at ~2598; @urke, 2001) and 6 vapor (sharp band

at 2611 crt; Burke, 2001). (b) spectra obtained at various temperatures from the liquid phase
during heating to 400 °Qlotice the appearance of new absorphand at~ 530 cm! and ~1060

cmt during heating that can be ascribed to the formation of the trisulfur igrP@krovski and
Dubrovinsky, 2011; Jacquemet et al., 2014).
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