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ABSTRACT

The evolution of magmatic-hydrothermal fluids in porphyry Cu and porphyry Mo deposits
was studied using synthetic and natural fluid inclusions by optical microscopy,
microthermometry, Raman spectroscopy, and LA-ICP-MS.

The partitioning of Cu between vapor and brine in aqueous NaCl-S + KCI + FeClz-rich fluids
was investigated by means of hydrothermal experiments in rapid quench autoclaves at 600-
800°C, 70-130 MPa and at both oxidizing and reducing fO2, covering all geologically
relevant conditions. Resulting partition coefficients (Dcu*2Prin¢) are between 0.2 and 0.4 for
the range of studied S-concentrations, fluid pH, fO2, and P-T conditions. These values
indicate that Cu does not partition into the vapor phase at any plausible condition in
contrast to data from natural quartz-hosted vapor and brine inclusions which appear to
indicate Cu enrichment in the vapor.

The formation of such Cu-rich vapor-type fluid inclusions was investigated in
hydrothermal re-equilibration experiments. For this purpose, coexisting vapor and brine
inclusions of known composition were re-equilibrated in a fluid of slightly different
composition and lower pH than the trapped one at 800°C, 70-130 MPa. This procedure led
to a dramatic increase in Cu concentrations in the vapor phase from 0.3 +0.03 to
5.7 £+ 3.3 wt% after re-equilibration and the change of Dcu®®in¢ from a true value of
0.4 + 0.05 to an apparent value of 8.3 + 4.9. This post-entrapment modification can be traced
back to the difference in fluid pH between the trapped and the surrounding fluid, inducing
diffusion of H* out of the inclusion and the diffusion of Cu* (and Na*, Ag*) into the inclusion
in order to maintain charge balance. Moreover, the presence of larger amounts of S within
vapor inclusions as compared to brine inclusions can bind larger amounts of Cu. The re-
equilibration of trails of vapor and brine inclusions in a natural quartz sample in a fluid
similar to the trapped one, yet more acidic, showed that this modification process can be
reversed, resulting in the loss of major amounts of Cu from natural vapor inclusions.

The composition of metal-bearing melts and magmatic fluids of Mo-mineralized granites
resembling porphyry Mo deposits was investigated using natural melt-, fluid-, and solid-
inclusions in quartz crystals found in miarolitic cavities from minor Mo-occurrences in

Colorado and Norway. Melt inclusions from the Treasure Mountain Dome are highly
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enriched in Mo (4-43 ppm), also melt inclusions from the Drammen and Glitrevann
granites (5-32 ppm, and 12 ppm, respectively), resembling highly fractionated melts.
Copper concentrations are low (<1-30 ppm) in the melts, but high in the fluids:
intermediate density, supercritical fluid inclusions of these three locations host 6-1900 ppm,
8-3500 ppm, and 5-180 ppm Cu, respectively. The comparison of these results with data
from economic porphyry Mo and porphyry Cu (Mo, Au) deposits shows no difference in
Mo concentrations in the particular melts and fluids. Hence, other factors probably control
the evolution of a granitic intrusion into large, economic Mo deposits, minor Mo
occurrences, or just into barren plutons. These may be mainly the size, position, and
geometry of the parental magma chamber, the multiplicity of intrusions maintaining a
constant flux of metalliferous, S-rich, hot melts, and the extent of fluid focusing within

small rock volumes forming high-grade ore shells.
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ZUSAMMENFASSUNG

Magmatisch-hydrothermale Fluide in porphyrischen Kupfer- und Molybdanlagerstitten
wurden anhand von synthetischen und natiirlichen Fliissigkeitseinschliissen mit Hilfe von
Auf- und Durchlichtmikroskopie, Mikrothermometrie, Raman Spektroskopie und Laser-
Ablations-ICP-MS untersucht.

Es wurden Hydrothermal-Experimente in ,rapid-quench’ Autoklaven, bei Temperaturen
von 600 bis 800°C und Driicken von 70 bis 130 MPa unter sowohl oxidierenden als auch
reduzierenden Bedingungen durchgefiihrt, um die Verteilung von Kupfer zwischen der
Dampf- und Fliissigkeitsphase in wissrigen, NaCl-S + KCl + FeCl>-reichen Fluiden zu
studieren. Die gemessenen Dampf/Fliissigkeits-Verteilungskoeffizienten von Kupfer liegen
zwischen 0.2 und 0.4, so dass Kupfer unter den simulierten, naturnahen Bedingungen nicht
in der Dampfphase angereichert wird. Dieses Resultat steht in klarem Widerspruch zu
Daten aus natiirlichen Fliissigkeitseinschliissen in Quarz, die eine Anreicherung von Kupfer
in der Dampfphase zeigen.

Die Bildung solch kupferreicher, Dampfphasen-dominierter Fliissigkeitseinschliisse wurde
in Reequilibrierungs-Experimenten untersucht. Dazu wurden zunichst Einschliisse der
koexistierenden Dampf- und Fliissigkeitsphase bei 800°C, 70-130 MPa synthetisiert und der
Inhalt von einigen der entstandenen Einschliisse analysiert. In einem zweiten Schritt
wurden die verbleibenden Einschliisse in einem neuen Fluid dhnlicher Zusammensetzung,
aber mit neutralerem pH-Wert abermals equilibriert. Dadurch stiegen die
Kupferkonzentrationen in den FEinschliissen der Dampfphase von 0.3 +0.03 auf
5.7 + 3.3 wt%, was auch eine Modifikation des Verteilungskoeffizienten von Kupfer zur
Folge hatte; dieser stieg durch die Reequilibrierung vom urspriinglichen, echten Wert von
0.4 £ 0.05 auf den scheinbaren Wert von 8.3 +4.9. Diese Modifikation des Elementgehalts
eigentlich verschlossener Fliissigkeitseinschliisse kann auf die Diffusion einzelner Ionen
durch den Quarz-Wirtskristall zuriickgefiithrt werden: Der pH-Unterschied zwischen dem
eingeschlossenen und dem umgebenden Fluid 16st eine Wanderung von H* aus den
Flissigkeitseinschliissen aus. Das entstehende Ladungsdefizit wird durch die Diffusion von

Cu* (und Na*, Ag*) in die Fliissigkeitseinschliisse hinein kompensiert. Hinzu kommt, dass
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die Einschliisse der Dampfphase, im Gegensatz zu Einschliissen der Fliissigkeit, stark mit
Schwefel angereichert sind und dadurch grofiere Mengen Kupfer binden koénnen. Die
Reequilibrierung natiirlicher Dampf- und Fliissigkeits-Einschliisse in einem, dem
eingeschlossenen dhnlichen, jedoch deutlich saurerem Fluid zeigte, dass die Diffusion von
Kupfer auch wieder riickgéngig gemacht werden kann: Ein Grof3teil des Kupfers, das in der
Dampfphase angereichert war, ging verloren.

Die Eigenschaften der metallreichen Schmelzen und Fluide, die zur Bildung porphyrischer
Molybdanlagerstitten fithrten, wurde anhand von natiirlichen Schmelz- und
Fliissigkeitseinschliissen aus molybddnreichen Graniten von Colorado und Norwegen
untersucht. Schmelzeinschliisse sowohl des Treasure Mountain Dome, als auch der
Drammen und Glitrevann Granite sind Mo-reich (4-43 ppm, 5-32 ppm, und 12 ppm) und
stellen stark fraktionierte Schmelzen dar. Die Kupfergehalte der Schmelzen sind eher gering
(<1-30 ppm). Die Analyse von Einschliissen superkritischer magmatischer Fluide mittlerer
Dichte ergibt hingegen hohe Kupferwerte fiir alle drei oben genannten Vorkommen
(Treasure Mountain Dome: 6-1900 ppm; Drammen: 8-3500 ppm; Glitrevann: 5-180 ppm).
Der Vergleich dieser Ergebnisse von nicht wirtschaftlich nutzbaren Molybdanvorkommen
mit Daten porphyrischer Molybdan- und Kupfer-(Molybdan-, Gold-)lagerstitten zeigt, dass
sich die Schmelzen und primiren Fluide in ihrem Mo-Gehalt nicht unterscheiden. Folglich
miissen andere Faktoren ausschlaggebend sein, damit sich eine einfache granitische
Intrusion zu einer Molybdénlagerstitte entwickeln kann. Diese Faktoren sind
wahrscheinlich die Grofde, Lage und Geometrie der urspriinglichen Magmenkammer, die
stete Zufuhr heifder, metall- und schwefelreicher Schmelzen und der Grad der Fokussierung
von daraus entstandenen metallreichen Fluiden in kleineren Gesteinsvolumina, die zur

Bildung hochgradiger Stockwerksvererzungen fiihren.
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1 INTRODUCTION

1.1 Porphyry ore deposits

An ore deposit is defined as an accumulation of metalliferous minerals of economic
importance whose concentration is rich enough to justify mining. Minor occurrences of ore
minerals may contribute to a general understanding of this geologic feature. Magmatic-
hydrothermal ore deposits originated from hot (~250-700°C), aqueous solutions, usually a
mixture of magmatic and smaller portions of meteoric water that flowed through definite
pathways in the Earth’s crust, transported metals, and deposited them in localized areas
within the crust or close to the surface (e.g. Skinner, 1997).

Porphyry type deposits are linked to tectonic active regions and the subsequent
emplacement of granitic rocks within the Earth’s crust. The sequestering of metal-rich
hydrothermal fluids from these plutons leads to the deposition of high grade Cu and Mo ore
within small areas. Porphyry Cu systems supply almost 75% of the world’s Cu, 50% of the
Mo, ~20% of the Au, most of the Re, and minor amounts of Ag, Pb, Te, Se, Bi, Zn, and Pb
(Sillitoe, 2010).

1.1.1 Tectonic setting and classification

Porphyry ore deposits may be classified according to their relation to major tectonic
processes that are subduction of oceanic lithosphere and intracontinental rifting. Both
ocean-ocean and ocean-continent collisions and subsequent subduction could lead to the
formation of porphyry ore deposits. Porphyry deposits within continental arcs are
associated with calc-alkaline granodioritic rocks (I-type granites; Ishihara, 1981) and show
higher ore grades and larger tonnages of ore as compared to deposits within island arcs,
probably due to more intense crustal thickening, which aids the formation of large mid-
upper crustal magma chambers (Takada, 1994). A prominent example for the first type is
the Bingham Canyon deposit (Utah), for the latter type related to island-arcs the Panguna
deposit (Papua New Guinea). These island arc-related deposits in general show higher

Au/Cu ratios and lower Mo/Cu (e.g. Richards, 2005). Apart from the primary magma source
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and the formation of plutons, other tectonic structures like large fault zones are of major
importance as they facilitate the ascent of magma (Clark, 1993; Richards, 2000). Such zones
can be found in all major porphyry regions, for example within the Colorado Mineral Belt
(Colorado) where Precambrian fault structures were reactivated in the Early Tertiary due to
the Laramide orogeny and the formation of the Cordillera in western North America (e.g.
Tweto and Sims, 1963).

Rifting processes, on the other hand, often occur in back-arc settings as consequence of
previous subduction. Magmas associated with rifting are alkaline and of A-type affinity (e.g.
White et al., 1981; Carten et al., 1993) leading to the formation of porphyry Mo deposits
which are characterized by a Mo/Cu-ratio greater than 1. Examples are the large deposits at
Climax and Henderson (both Colorado, USA) which postdate Laramide subduction and are

associated with the formation of the Rio Grande Rift (White et al., 1981; Bookstrom, 1989).

1.1.2 Geometry of porphyry deposits

The “parents” of porphyry Cu and Mo systems are large, multiphase batholiths of dioritic to
granitic composition which were established ~1-2 Ma before the onset of the intrusion of
porphyry stocks (e.g. Dilles and Wright, 1988; Mortensen et al., 1995; Dilles et al., 1997;
Deckart et al., 2005; Campbell et al., 2006) at depths of ~5 km (e.g. Sillitoe, 2010; Richards,
2011). But unless a deposit was tilted, no tracks of these parental magma chambers would be
visible within the deposit. Some porphyry Cu systems are furthermore associated with calc-
alkaline volcanism of intermediate to felsic composition (Sillitoe, 1973) that usually took
place 0.5 to 3 Ma prior to stock intrusion as it is recorded at Bingham (Waite et al., 1997).
However, erosion usually eliminated all volcanic marks from the surface. Subsurface
witnesses of volcanic evolution though could be maar-diatreme complexes. The volcanic
activity in total is rather limited as intense explosive eruptions would lead to the loss of
metal-rich magmatic volatiles thus hampering the formation of large deposits within the
crust (e.g. Sillitoe, 1980; Pasteris, 1996; Cloos, 2001; Richards, 2005).

The center of a porphyry system is formed by the porphyry stock itself which in its ideal
shape is elongated and cylindrical (e.g. Seedorff et al., 2005) partly reaching shallow levels

13
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>2 km below the surface (e.g. Richards, 2011), (Figure 1.1). The porphyries are made up of
variable amounts of phenocrysts and a fine-grained aplitic groundmass produced by
pressure quenching during rapid ascent and loss of volatiles (Burnham, 1967). Along with
this main igneous body, magmatic-hydrothermal and phreatic breccias as well as diatremes
may occur. Hydrothermal breccias may contain more metals than the surrounding
stockwork due to their high permeability. Phreatic breccias on the other hand, are mostly
barren because of their late-stage appearance after the main mineralization events (Sillitoe,
2010). Diatremes represent long volcanic vents generated mainly by phreatomagmatic

eruptions and usually measure more than 1 km in diameter (e.g. Sillitoe, 1985).
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Idealized section through a porphyry system illustrating the hydrothermal alteration
pattern, thermal structure, and fluid flow pathways (modified from Richards, 2011).
Fluid evolution starts with a primary single-phase, supercritical fluid at depth, which
separates into vapor and brine at the Cu-Mo-porphyry stage and finally reaches the
surface in form of low density, acidic vapor leading to the formation of epithermal Au

(Cu) deposits.
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The majority of ore minerals is concentrated in the so-called stockwork, an intensively
cracked area situated on top of the porphyry stock. Such mineralized stockwork breccias are
characteristic of all porphyry metal systems (Fournier, 1968; Cunningham, 1978; Westra,

1979).

1.1.2.1 Mineralization and hydrothermal alteration

One of the most characteristic features of porphyry systems is its alteration pattern affecting
large portions of both the host rock and porphyritic stock (Creasey, 1966; Meyer and
Hemley, 1967), (Figure 1.1) and the zoning of metals linked to this alteration pattern. An
inner zone containing Cu + Mo + Au characterizes the potassic and phyllic cores of the
system (Sillitoe, 2010). This center is encircled by kilometer-scale halos of Zn-Pb-Ag + Mn
anomalies. Finally, a zone containing Au-As+ Sb, which usually is found within the
lithocap, follows. This zoning is a result of spatial and temporal differences in metal
precipitation from the fluid resulting from changes in fluid temperature.

The two types of alteration with the largest dimensions are propylitic at deeper and phyllic
alteration at shallow levels. The different alteration types are from the bottom to the top
(i.e. from the oldest to the youngest) potassic, phyllic, propylitic, and advanced argillic
(Figure 1.1). Each zone exhibits a specific mineral assemblage due to the characteristic
features of the magmatic-hydrothermal fluids causing alteration (Sillitoe, 2010 and
references therein): Potassic alteration is indicated by secondary biotite and K-feldspar and
a chalcopyrite + bornite assemblage. Phyllic alteration partly overprints older potassic
alteration. Within these characteristic pale-green rocks almost all mafic minerals have been
transformed to chlorite, plagioclase to sericite, and magnetite to hematite. Additionally,
pyrite and chalcopyrite were deposited. Propylitic alteration is characterized by hydration
reactions and CO: metasomatism forming chlorite, epidote, and carbonate (e.g. Sillitoe,
2010). Advanced argillic alteration forms the lithocap (Sillitoe, 1995) and is the uppermost,
often eroded sequence indicated by clay minerals and alunite. Lithocaps extend to several
>10 km?, partly even 100 km? (Sillitoe, 1995) thus being much larger than the actual deposit
below. Where carbonate rocks host porphyry deposits, exoskarns are generated at the

contact to the porphyry intrusion.
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1.1.3 Porphyry Cu deposits

Copper is a pinkish metal that has been of major economic importance for thousands of
years. Presently it is mainly used as building material, constituent of various alloys, and as
electrical and heat conductor. Copper is found as native Cu or more common, as constituent
of minerals like covellite, (CuS), chalcocite (CuSz), chalcopyrite (CuFeSz), bornite (CusFeSs),
malachite (Cu2CO3(OH)2), azurite (Cus(COs)2(OH)2), and cuprite (Cu20). Almost 75% of the
world’s demand for Cu is supplied by porphyry Cu deposits which can be found all over the
world, always connected to subduction zones at convergent plate margins, mostly of
Mesozoic and Cenozoic age. These collisional regimes comprise both cordilleran and island
arc settings, indicated by the large porphyry Cu provinces of western North/South America

and Indonesia, respectively (Figure 1.2).

Figure 1.2

Sketch map showing the worldwide distribution of porphyry Cu systems (after
Sillitoe, 2010). Notice the clear correlation with Mesozoic and Kenozoic orogenetic
belts in western North and South America, the western Pacific margin, and the

Tethyan orogenetic belt in eastern Europe and southern Asia.

Well known examples of porphyry Cu deposits are for example the Bingham Canyon
deposits in Utah/USA (containing 27.5 megatonnes (Mt) Cu, 0.78 Mt Mo, 1600 t Au, and
17700 t Ag; Krahulec, 1997) and El Teniente/Chile (containing 100 Mt Cu, 1.4 Mt Mo;
Skewes et al., 2002). The actual largest known exploitable concentrations of Cu were found

in the porphyry deposit at Los Bronces-Rio Blanco/Chile containing 203 Mt Cu (Sillitoe,
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2010 and references therein). Considering the average concentration of Cu in the Earth’s
upper crust (28 ppm; Rudnick and Gao, 2003), the mechanism of metal enrichment must
have been very efficient.

Porphyry Cu systems are associated with multiphase, I-type granite intrusions (Ishihara,
1981) which are typically metaluminous and medium K calc-alkaline (Seedorff et al., 2005).
These intrusions form large mid to upper-crustal magma chambers (Takada, 1994) due to
crustal compression and thickening. Extensional settings with typical bimodal basalt-
rhyolite magmatism, on the other hand, lack significant porphyry Cu deposits (Sillitoe,
1999; Tosdal and Richards, 2001) but are the ideal tectonic setting for porphyry Mo deposits
(see below). Host rocks of porphyry Cu deposits could be any rock type from sedimentary to
igneous (e.g. Titley, 1993) indicating that its composition does not influence the
mineralization sensu stricto at all. However, impermeable, poorly fractured rocks like shales
and carbonates could serve as a sealing layer around the porphyritic stock leading to
increasing ore grade (e.g. Sillitoe, 1997).

Porphyry Cu systems can consist of several mineralized zones and areas (Sillitoe, 2010): the
porphyry Cu + Mo + Au ore body in the center, subepithermal Zn-Cu- Pb + Ag + Au veins,
various skarns containing Cu, Au, Zn, and Pb mineralizations, areas of carbonate
replacement hosting Zn-Pb-Ag + Au (or Cu), and sediment hosted distal-disseminated Au-
As + Sb + Hg mineralization. The shape of the central stockwork mineralization is
controlled by the geometry of the intrusion, whereas the development of all other possible
orebodies mentioned above depends on the wall-rocks. The uppermost part of a porphyry
Cu system comprises the lithocap with its characteristic high sulfidation lodes containing

Cu-Au + Ag mineralization.

1.1.4 Granite-related (porphyry) Mo deposits

Molybdenum is a silver-white metal that is mainly used as additive to stell. The main ore
mineral is molybdenite (MoS2). Molybdenum deposits can be found all over the world
(Figure 1.3), but most of the present Mo production is recovered as a by-product of
porphyry Cu deposits. Pure porphyry Mo deposits (i.e. without any recoverable amounts of

Cu; Mo/Cu >1; Carten et al.,, 1993) are rare and limited to the western part of North
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America. There, the world’s second largest (after porphyry Cu deposits) amounts of Mo
were found in just a few deposits hosting 100-1000 Mt Mo with an ore grade of 0.1-0.3 %
Mo (Ludington and Plumlee, 2009) with the average Mo concentration of the upper crust

being in the range of 1.1 ppm (Rudnick and Gao, 2003).

Figure 1.3
Sketch map showing locations of granite-related Mo deposits. Obvious is the
relationship of Mo deposits with settings of subduction and intraplate rifting at the

west coast of both North and South America (after Carten et al., 1993).

Molybdenum deposits are classified based on the chemistry of the cogenetic igneous phases
and detailed structural, crustal, magmatic, and hydrothermal characteristics (Westra and
Keith, 1981; Carten et al. 1993) resulting in two major classes, the “differentiated monzo-
granite” and the ‘high-silica rhyolite-alkalic suite. The first comprise deposits that usually
occur in continental arcs, which formed from late-stage differentiates of granodiorite-
monzogranite or monzonite-monzogranite intrusions. Deposits belonging to this group tend
to be closer related to porphyry Cu deposits than to granite Mo deposits (Lowell and
Guilbert, 1970) and will not be discussed in detail.

Characteristic features of deposits of the high-silica rhyolite-alkalic suite are their location
in post-subduction, extensional settings usually within continental rift zones associated
with multiphase alkaline magmatism, as well as the special chemical pattern of the
associated igneous rocks which are enriched in F, Rb, Nb, as well as Be, Cs, Sn, Li, Th, W

indicating a highly fractionated nature (Mutschler et al., 1981; Westra and Keith, 1981).
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The high-silica rhyolite-alkalic suite can further be subdivided into ‘Climax-type,
‘transitional’, and ‘alkalic’ deposits whereas the whole supergroup can be considered as a
magmatic-hydrothermal continuum (Carten et al., 1993).

Climax-type deposits sensu stricto are just the two at Climax and Henderson (Colorado) but
due to their unique richness of more than 1 Mt of total Mo and an average ore grade of
more than 0.2% Mo, these two deposits are used as a general measure for the classification
of porphyry Mo deposits. Climax-type deposits consist of multiple intrusions overlapping
each other, like at Henderson where at least eleven events can be distinguished that formed
three ore shells (Carten et al., 1988). The shapes of these single igneous bodies resemble
large inverted cups, which measure up to 1000 m in diameter (White et al., 1981), with
surrounding alteration halos. Another feature characteristic for these large deposits is the
depth of magma emplacement being in the order of 2-4 km (e.g. Wallace et al., 1978;
Westra and Keith, 1981; Klemm et al., 2008) and the long residence time of the magma in
the crust that lead to optimal fractionation and enrichment of Mo in residual fluids. These
metal-rich fluids then were concentrated in long cylindrical magma apices (Shinohara et al.,
1995) leading to the formation of distinct ore shells. 7ransitional deposits (Carten et al.,
1993) are just smaller or show lower grades in ore than the Climax-type deposits, probably
due to less fractionation of high-silica rhyolite. They are more related to volcanic complexes
with intrusions being partly emplaced after caldera formation. For most transitional
deposits there is evidence for faulting, which might have disturbed the ‘calm’ crystallization
and fractionation of a huge magma chamber within the crust. The largest difference
between Climax-type and transitional deposits is the higher abundance of chalcopyrite
(CuFeS2) in the latter ones. As the ratio of incompatible elements (such as Mo) to
compatible elements (like Cu) increases with fractionation (e.g. Audétat, 2010) this might
also be an indicator for less evolved fluids in transitional deposits. Climax-type and
transitional deposits exclusively formed during a period of intense magmatism (~30-20 Ma;
e.g. Bookstrom et al., 1988) in the southwestern USA due to extension towards the end of
the Laramide orogeny (~70-35 Ma; e.g. Chapin, 2012), (Figure 1.3).

High-silica rhyolite with significant concentrations of Mo also occurs in co-magmatic

association with alkaline volcanic and subvolcanic complexes (Carten et al., 1993). Such
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deposits can be found all over the world (USA, Greenland, Norway) but their similarities to
the textural, compositional, and hydrothermal characteristics of Climax-type deposits are
still striking. Alkalic deposits usually formed after caldera formation and involved much
smaller amounts of high-silica rhyolite than the transitional ones. Besides these distinctions,
alkalic deposits are associated with the same magmatic and hydrothermal features typical of

Climax-type deposits; the total of ore tonnage is just smaller (Carten et al., 1993).

1.1.5 The role of sulfur

The presence of sulfur in magmatic systems is evident from the occurrence of sulfide
minerals in many magma-related ore deposits. This implies that sulfur plays a key role in
processes that lead to the enrichment of metals such as Cu and Mo, first in the magma and
in hydrothermal fluids and then within a small rock volume forming high-grade ore
deposits.

In geologic environments, sulfur occurs in the liquid, solid, and gaseous state. Common
oxidation states in near surface reservoirs include S° S*, S*, and S%. Most important S-
complexes include SO2 and HoS. Sulfur as sulfide and sulfate can coexist in silicate melt and
in magmatic-hydrothermal fluids, whereas the sulfide/sulfate-ratio is related to the
oxidation state of the reservoir, thus controlling the stability of ore-metal-bearing sulfide

minerals (Simon and Ripley, 2011).

The sulfur content of reduced silicate melts may be in the order of a few tens to a few
hundred ppm S dissolved as sulfide, whereas oxidized, water rich melts may contain up to
1.5 wt% S in the form of sulfate (Jugo et al., 2005a, b; Jugo 2009). These particularly high
concentrations of sulfur have a major influence on the ore-forming potential of a magmatic
system. Cooling and compositional changes of a silicate melt lead to the crystallization of a
large number of sulfide minerals including bornite (CusFeSs), intermediate solid solution
(i.e. the high-temperature, Fe-rich modification of bornite, ~Cu2Fes3Ss), and pyrrhotite
(-FeS), (Simon and Ripley, 2011). The partitioning of metals like Cu and Au between the
melt and these sulfide phases strongly depends on fO2 and fS: according to experimental
studies (Lynton et al., 1993; Jugo et al., 1999; Simon et al., 2006; Bell et al., 2009). It was
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shown that the partitioning of Cu from silicate melt into pyrrhotite for example increases
with increasing £5: at 100-150 MPa, 800-850°C implying that it is very likely that large
amounts of Cu could precipitate as sulfide phases from the magma, possibly being excluded
from further transport and deposition at the porphyry level. On the other hand, such a
crystallization of metal-rich sulfide phases during the early stages of a magmatic system may
lead to a first concentration of ore metals, provided that they re-dissolve and S and metals
are still available at a later stage to partition into magmatic-hydrothermal fluids. Such a
resorption of sulfides may happen due to auto-oxidation during magma degassing which
would change the stable S-species in the melt from reduced to more oxidized (Mathez,
1984; Bell and Simon, 2011).

As was already mentioned above, the concentration of sulfur is much higher in oxidized
silicate melts than under reduced conditions with maximum sulfur (as SO2) contents at a /02
of QFM+2 to QFM+3 (Jugo et al., 2005a; Binder and Keppler, 2011) which is exactly the
oxidation state of most porphyry-type ore deposits (e.g. Streck and Dilles, 1998; Audétat and
Pettke, 2006; Stern et al., 2007; Chambefort et al., 2008).

The most critical process for the formation of porphyry-type sulfide deposits is the
partitioning of sulfur from the melt into magmatic-hydrothermal fluids. Sulfur partition
coefficients DsMuidmelt range between 30 and 500 (Webster and Botcharnikov, 2011 and
references therein). Furthermore, experimental results on the partitioning of sulfur between
melt and fluid are in line with the striking presence of sulfur in volcanic eruptions
(Westrich and Gerlach, 1992; Symonds et al., 1994; Wallace and Gerlach, 1994) and
demonstrate that aqueous fluids exsolved from silicate melts (Keppler, 2010). Evidence for
the ability of magmatic-hydrothermal fluids to transport large amounts of sulfur comes also
from volcanic fumaroles and their S-rich sublimates. In arc environments volcanic gases
contain ~90 mol% H20, up to 10 mol% CO2, up to 6 mol% SOz, and up to 6 mol% HCI
(Williams-Jones and Heinrich, 2005; Webster and Mandeville, 2007; Métrich and Wallace,
2008; Oppenheimer et al., 2011). The study of fluid inclusions from prominent porphyry Cu
deposits provides further insight into the origin of magmatic-hydrothermal fluids and their
S-content: Inclusions with chalcopyrite (CuFeSz) daughter crystals were found in the high

temperature cores of porphyry Cu deposits suggesting the direct exsolution of the
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metalliferous fluid from the melt (Roedder, 1971).

Phase separation of the supercritical fluid into a vapor and liquid phase (brine) due to fluid
boiling leads to the enrichment of metals and S in smaller fluid volumes. Successive
microanalyses of individual co-existing vapor and brine fluid inclusions from porphyry Cu
deposits showed that Cu, As, and Au tend to be enriched in vapor inclusions suggesting that
these metals were transported to the site of deposition by the sulfur-rich vapor phase (e.g.
Lowenstern et al., 1991; Heinrich et al., 1992; Heinrich et al., 1999; Ulrich et al., 1999;
Williams-Jones and Heinrich, 2005). Experimental studies then showed that Cu does indeed
form stable complexes with hydro-sulfide (e.g. Helz et al., 1993; Heinrich et al., 1999;
Mountain and Seward, 1999, 2003; Etschmann et al., 2010; Zajacz et al., 2011) and that
sulfur in general is enriched in the vapor phase (Drummond and Ohmoto, 1985;
Suleimenov and Krupp, 1994), which was also observed in natural fluid inclusions (Seo et al.
2009). The partitioning of Au into the vapor phase is connected to the formation of
complexes with reduced sulfur as well (e.g., Hayashi and Ohmoto, 1991; Benning and
Seward, 1996; Gibert et al., 1998; Loucks and Mavrogenes, 1999; Tagirov et al., 2005;
Pokrovski et al., 2008; Zajacz et al., 2010). Sulfur-free systems, on the other hand, showed
preferential partitioning of Cu and Au into the brine (Williams et al, 1995; Pokrovski et al.,
2005; Simon et al., 2005; Etschmann et al., 2010) at various P-T conditions
(800°C / 140 MPa, Simon et al., 2005; 25-592°C / 18-60 MPa, Etschmann et al., 2010). This is
in line with the observation that an increasing activity of sulfur in a low-salinity vapor, in
the absence of brine, correlates with an increase in the solubility of gold in the vapor phase
(Zajacz et al., 2010). However, recent investigations showed that even if large amounts of
sulfur were present in the system, both Cu and Au partitioned into the brine relative to the

vapor (at 800°C and 100 MPa, Frank et al., 2011).

1.1.6 The source magma

The host magmatic systems are of felsic to intermediate calc-alkaline composition and are
thought to be derivatives of more mafic, mantle-derived primitive magma sources (e.g.
Richards, 2005). A distinction can be made between more mafic host rocks, which prevail
in island arc settings and preferentially form porphyry Cu deposits, and more alkaline host
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rocks that intrude in back-arc settings leading to the formation of Mo-dominated porphyry

stocks within extensional regimes.
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Figure 1.4
Schematic section illustrating the relationships between the subduction zone,
metasomatism of oceanic lithosphere and the formation of primary, hydrous arc

magmas within an oceanic island arc (modified from Richards, 2011).

Primary arc magmas are enriched in H2O and sulfur, contain high concentrations of Rb, K,
Ba, Sr, Cs (large-ion lithophile elements), Li, B, As, and Sb and are generated in the
asthenospheric mantle wedge above a subduction zone (Tatsumi et al., 1986; Peacock, 1993;
Arculus, 1994), (Figure 1.4): High pressure (~3 GPa), low temperature (700-800°C)
metamorphism affects the subducted oceanic crust and its sediments at depths of ca. 100 km
leading to the breakdown of hydrous minerals such as serpentine, amphibole, zoisite, and
lawsonite (Tatsumi, 1986; Schmidt and Poli, 1998; Winter, 2001; Forneris and Holloway,
2003) and the release of a fluid phase enriched in water-soluble elements such as S,

halogens, and large-ion lithophile elements. These fluids infiltrate, hydrate, and finally
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metasomatize the overlying mantle wedge (e.g. Davidson, 1996; Noll et al., 1996; de Hoog et
al., 2001). The fluid flux lowers the solidus temperature of the mantle and leads to partial
melting and the formation of primary arc magmas which are rich in halogens, sulfur and
metals, or in other words are “fertile” and capable of forming economic porphyry ore
deposits (Richards, 2005). Arc magmas are relatively oxidized with values in the range of
~QFM<1 to QFM+3 (Brandon and Draper, 1996; Parkinson and Arculus 1999; Rowins,
2000; Einaudi et al. 2003; Chambefort et al., 2008) which causes destabilization of sulfides
and increasing sulfur solubility (as sulfate) in the melt (Carroll and Rutherford, 1985).
Under such conditions, chalcophile elements like Cu and Au are incompatible and dissolve
into the melt, hence still being available for later ore-forming processes. If the magma were
more reduced, on the other hand, these elements would be sequestered by sulfide phases
and thus precluded from successive processes.

In the next step, the primitive arc magmas rise until they reach the base of the crust where
they pool in sill complexes (Figure 1.5) due to their higher density relative to the overlying
crustal material (Hildreth and Moorbath, 1988). Crystallization of the magma is related to
heat conduction into the overlying crust, leading to partial melting of felsic crustal rocks
and magma mixing, the so-called MASH process (crustal melting, assimilation, magma
storage and magma homogenization; Hildreth and Moorbath, 1988). This MASH process has
a major impact on the metallogenetic potential of the magma as volatiles and incompatible
elements are further concentrated (Richards, 2005). Furthermore, fractionation of sulfide
melt or minerals could have an effect on chalcophile metal ratios due to the different
partition coefficients of Au and Cu in sulfides (Campbell and Naldrett, 1979): sulfides would
sequester more Au than Cu from the magma leading to low Au/Cu ratios. This explains why
Au-rich porphyries are related to more mafic, more oxidized magmas in which sulfide
saturation and fractionation has not taken place (e.g. Hamlyn et al., 1985; Bornhorst and
Rose, 1986; Richards et al., 1991; Spooner, 1993; Wyborn and Sun, 1994; Richards, 1995;
Sillitoe, 1997, 2000).

Repeated MASH processes lead to the formation of large-volume magma chambers which
guarantee a continuous flux of magma into the upper crust where large porphyry ore

districts might form (Richards, 2005). The style of magma ascent depends on the rheology
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of the surrounding crust material: it happens in form of diapirs in the ductile lower crust
and dikes and sills in the more brittle upper crust (Richards, 2005). Large scale fracture
zones which typically form at the end of orogenetic episodes due to relaxation of
compressional stress (e.g. McNulty et al., 1998; Simakin and Talbot, 2001) enhance and
focus the ascent of the melt (Richards, 2000). The latter effect explains why the subduction-
related porphyry ore deposits typically form towards the end of such tectono-magmatic

processes (e.g. Richards, 2003 a, b).
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Figure 1.5
Schematic section through a continental arc showing the formation of the MASH zone

and overlying porphyry systems (modified from Richards, 2011).

Magma ascent continues to the level of neutral buoyancy which usually lies close to the
contact of the basement with supracrustal sequences where rock density decreases (e.g.

Glazner and Ussler, 1988; Walker, 1989; Lister and Kerr, 1991), (Figure 1.5). Unless a
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connection exists between the magma and the surface, resulting in major volcanic
eruptions, large batholithic plutons form within the mid-upper crust by lateral propagation
and infiltration of sills (Cruden, 1998; de Saint-Blanquat et al., 2001). As long as the supply
of fresh hot magma from the underlying lower crustal magmatic system persists, the pluton
remains molten and will expand, usually to the subvolcanic level forming long, cylindrical
apexes (Norton, 1982), (Figure 1.1).

With the onset of crystallization of anhydrous solid phases, mainly quartz and feldspar from
the water-rich granitic melt, an aqueous fluid phase starts to evolve as water behaves as an
incompatible element (Candela and Holland, 1986). At some point, depending on the
depth/pressure of crystallization and the initial water content, the melt becomes saturated
with respect to the aqueous phase and all dissolved elements partition between melt,
crystals, and fluid. The initial water contents of andesitic and dacitic magmas are estimated
based on the presence of hornblende and biotite and add up to 4 wt% H20 (e.g. Burnham,
1979, 1997; Naney, 1983; Hedenquist et al., 1998) implying that large amounts of fluid could

be exsolved.

1.1.6.1 The partitioning of Cu and Mo between melt and fluid

Molybdenum and Cu exhibit a completely different behavior with reference to the
partitioning between melt, solids, and the exsolving fluid phase resulting in the enrichment
of these metals in different melt types. Due to its incompatibility in major rock-forming
minerals, Mo is enriched in residual melt and fluid phases regardless of the initial magma
composition (Clark, 1972; Krauskopf, 1979), and increasing fO2 Another critical factor
might be the presence of Ti-, Fe-, and Mg-rich phases like titanite, mainly in less
differentiated magmas, which tend to sequester Mo (Wedepohl 1978; Candela and Holland,
1986) making it unavailable for ore-forming processes. Hence, high concentrations of Mo
are associated with leucocratic, highly fractionated magmas (Westra and Keith, 1981;
Audétat, 2010) implying that late-stage magma may exsolve the most Mo-rich fluids. The
fractionation behavior of Mo between the melt and a fluid phase is independent of halogens
such as Cl and F (Candela and Holland, 1984; Keppler and Wyllie, 1981) and considered to

be constant at given chemical composition and P-T conditions (Candela and Holland, 1986).
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Copper, on the other hand is a compatible element which is enriched in solids and aqueous
fluid phases relative to the melt. If fluid saturation is not yet attained, Cu is incorporated
mainly in sulfides (Rajamani and Naldrett, 1978; Burnham, 1979) which might lead to a net
depletion of Cu in the melt fraction (Candela and Holland, 1986). Depending on the redox-
state of the melt, these Cu-rich sulfides are either re-dissolved and re-incorporated into the
ore-forming system (Bell and Simon, 2011) or are excluded from any further processes
including fluid exsolution (cf. section 1.1.5 “The role of sulfur”). In case of fluid saturation,
Cu preferentially partitions into the Cl-rich aqueous fluid, and the fluid/melt partition
coefficient of Cu correlates positively with the concentration of Cl in the aqueous phase
(Holland, 1972; Candela and Holland, 1986) being highest at pressures around 100 MPa
(Williams et al., 1995). The latter is consistent with observations that many porphyry Cu
deposits formed at paleodepths of 3-4 km (e.g. Singer et al., 2008; Sillitoe, 2010). This
behavior implies that the fluid phase gets enriched in Cu already in early stages of porphyry
formation and that late, highly fractionated magmas are Cu-depleted.

The distinct Mo/Cu ratios within porphyry deposits can thus be explained by the evolution
of the hydrothermal fluid that exsolved from the magmatic source (Candela and Holland,
1984): Low Mo/Cu ratios are ascribed to fluids generated from a H20O- and Cl-rich magma at
shallow depths. These factors lead to early fluid formation, hence to the partitioning of
large amounts of Cu into the aqueous phase. High Mo/Cu ratios are typical for fluids
exsolved from magmas with low initial H2O- and Cl-concentrations at deeper levels. Thus,
large parts of the magmatic body crystallize before water saturation is initiated resulting in
Mo-rich highly fractionated melts and fluids. These residua are concentrated near the top of
the magma chamber (Hildreth, 1981) due to the inward crystallization of the pluton as a
result of heat loss to the country rock (e.g. Whitney, 1975; Brandeis and Jaupart, 1987;
Candela, 1991; Averkin and Candela, 1994). Periodic injections of such highly fractionated

fluid-saturated magma form the small stocks that are typical for porphyry Mo deposits.

1.1.7 The magmatic-hydrothermal fluid

Volatiles exsolve from the magma as small bubbles (Candela, 1991). They are less dense
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than the magma, but cannot escape due to the viscosity of the melt and the presence of
crystals (Cloos 2001). Thus the bubble-rich magma rises convectively to the top of the
chamber as a buoyant plume (Shinohara et al., 1995). Due to the pressure loss during ascent,
the bubbles expand, coalesce and form a volatile-rich domain in the top parts of the
intrusion body (Whitney, 1975). The degassed magma sinks again due to its higher density
and gives way for fresh, hot, bubble-rich magma. Due to this process of magma convection
(Shinohara et al., 1995; Cloos, 2001), large volumes of metal- and S-rich fluid can be focused
in the apical portions of the magma chamber at magmatic temperatures.

The exsolved fluid phase consist mainly of H20, S (mainly as SO2 in oxidized systems, partly
also reduced species), CO2, NaCl, KCI, and HCl. Due to the high concentration of Cl,
elements which tend to form chloride-complexes are concentrated in the fluid phase as
well. Experimental studies showed that this is the case for metals enriched in porphyry ore
deposits (e.g. Holland, 1972; Ryabchikov et al., 1980, 1981; Khitarov et al., 1982; Candela
and Holland, 1984; Urabe, 1985; Keppler and Wyllie, 1991). The subsequent evolution of
the metalliferous hydrothermal fluid strongly depends on P-T-X conditions and can be
modeled using the simple NaCl-H20 system (e.g. Bodnar et al., 1985).

At high pressure (>120 MPa, 700°C), a single-phase, supercritical fluid is exsolved from the
silicate melt (Burnham, 1967, 1979) with an average salinity of 2-13 wt% NaClequiv (e.g.
Sourirajan and Kennedy, 1962; Pitzer and Pabalan, 1986; Cline and Bodnar, 1991; Cline,
1995). At lower pressures, the NaCl-H20 system is characterized by a large miscibility gap
resulting in the separation of the fluid into a low salinity, low density vapor and a high
salinity liquid phase, the brine (Figure 1.6). All components that were dissolved in the
previously single-phase fluid fractionate between these two fluid phases. The composition
of the vapor phase and brine then strongly depends on the salinity of the primary fluid,
pressure and temperature. As can be seen in the NaCl-H20 phase diagram (Figure 1.6), the
bell-shape of the solvus leads to decreasing salinity of the vapor and increasing salinity of
the brine with decreasing pressure. This fluid evolution from single phase to boiling was
also confirmed by the finding of inclusions of supercritical fluids at depth and vapor and
brine inclusions in shallower regions of the Bingham Canyon deposit (Landtwing et al.,

2005).
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Phase diagram for the system NaCl-H:O. Isotherms represent phase boundaries along
which a homogeneous single-phase fluid separates into a vapor and liquid phase (i.e.
“fluid boiling”). A single-phase fluid of e.g. 700°C and composed of H2O and 10 wt%
NaCl decompresses from 130 MPa (point A) to 110 MPa (point B). It intersects the
solvus and separates into a vapor and liquid phase of ~5.7 wt% NaCl and ~43 wt%
NaCl, respectively, the latter forming a halite daughter crystal upon cooling (modified
from Bodnar et al., 1985).

The fluid phase is not just the carrier of metals and S, it also causes hydrothermal alteration
of the host rock at the porphyry level. Fluid evolution from hot neutral to cold acidic fluid
conditions causes the typical zoning with potassic alteration in the center, advanced argillic
alteration close to the surface and phyllic alteration surrounding the whole porphyry stock
(Figure 1.1). Early high temperate potassic alteration (700-350°C; Einaudi et al., 2003)
produces an assemblage of quartz - K-feldspar - biotite + magnetite, which is similar to the

assemblage present in the igneous source rocks because the fluid is still in equilibrium with
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the near-solidus magma. As soon as the fluid cools below 350°C, SO: disproportionates

according to

4 SO2 + 4 H20 = HaS + 3 HaSO4 (1)

to generate HoS and a sulfate species (depending on acidity, H2SOs, HSOs«, or SO42),
(Holland, 1965; Burnham, 1967, 1979; Giggenbach, 1997). This formation of H:S leads to
the precipitation of sulfide minerals (see section 1.1.8), the formation of sulfuric acid
(H2SO4; together with the increasing reactivity of species such as HCl and HF; Hedenquist,
1995) to hydrolytic alteration resulting in intense phyllic alteration. At this stage, meteoric
water already influences and partly overprints the hydrothermal fluid system as it was
indicated by oxygen and hydrogen isotope ratios measured in sericite (Stein and Hannah,
1985). Phyllic alteration is typified by partial to complete transformation of mafic minerals
to chloride, plagioclase to sericite and/or illite, and magnetite to hematite along with
deposition of pyrite and chalcopyrite (Sillitoe, 2010). Propylitic alteration is in course
caused solely by circulating groundwater that was heated by the magmatic intrusion. It thus
can affect huge volumes of country rock extending many kilometers around the porphyry
stock (Taylor, 1974; Norton, 1982), partly overprinting earlier high temperate assemblages.
Meteoric water also might redistribute ore constituents on a minor scale (Burnham and
Ohmoto, 1980) or for example, concentrates them in high-grade veins.

Advanced argillic alteration occurs at temperatures <200°C close to the surface, forming the
lithocap and is ascribed to the high acidic vapor plume (Stoffregen, 1987; Hedenquist et al.,
1994, Arribas, 1995) that rises farthest compared to the denser brine leading to the

conversion of feldspar to clay minerals.

Many of the above mentioned facts like the one that ore metals and S already have been
present in the parental magma system, were transported by magmatic-hydrothermal fluids
and not leached out of the country rock have been deduced from stable isotopic studies:

Common lead isotopic compositions measured in both altered and unaltered rocks from
different stocks of the porphyry Mo deposit at Henderson (Colorado) fall all within a very
restricted range implying that the Henderson rocks were not isotopically influenced or
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contaminated with Pb from the country rocks and that a thoroughly homogeneous Pb
source must exist at depth (Stein and Hannah, 1985). Moreover, the Pb isotope ratios
decrease close to the contact of the stock indicating that ore solutions which produced
stockwork Mo mineralization moved outward from the stock. Also, for the Bingham
Canyon porphyry Cu-Mo deposit (Utah), Pb isotope ratios measured in fluid inclusions of
both the Cu and Mo stages suggest a single magmatic source of Mo-and Cu mineralizing
fluids (Pettke et al., 2010). Hydrogen isotope signatures were used as well to demonstrate
that the influence of meteoric water to primary ore formation is limited or absent,
respectively (Candela and Holland, 1986) and that the metals stem from hydrothermal
fluids of magmatic origin: H-isotope signatures found in the potassic alteration zone of
many porphyry deposits do not match with signatures from typical meteoric waters.
Furthermore, the comparison of H-isotope ratios of fluids from porphyry systems with
other crustal fluids of known origin showed that the primary ore-forming fluids are of clear
magmatic origin (Hedenquist and Lowenstern, 1994). Using the relative abundances of the
stable isotopes of S, the source reservoir of S in porphyry systems could be identified
(Ohmoto and Rye, 1979; Seal, 2006). The ratios of S isotopes measured in sulfides from
various porphyry ore deposits within the Colorado Mineral Belt are all similar and lie in the
area of typical ratios of magmatic sulfur indicating that S was not leached out of the
surrounding host rocks but originated from the underlying magmatic source (Stein and
Hannah, 1985; Hattori and Keith, 2001). The same principle was applied to constrain the
origin of Cu: The isotopic analysis of primary Cu-sulfide minerals from porphyry Cu
deposits (including Chuquicamata/Chile and Butte/Montana) yielded values indicating a
clear magmatic origin (Maréchal et al., 1999; Zhu et al., 2000; Larson et al., 2003; Albaréde,
2004; Ehrlich, 2004; Markl et al., 2006; Asael et al., 2007; Marthur et al., 2009).

1.1.8 Metal transport and deposition of Cu and Mo

Phase separation of the previously supercritical fluid is important for the formation of
porphyry ore deposits, as it appears that significant sulfide mineralization commonly

appears just after the first evidence for immiscibility in the fluid inclusion record (e.g.
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Gustafson and Quiroga, 1995; Arancibia and Clark, 1996). After fluid boiling, the vapor
phase and brine are diversely enriched in elements and undergo an independent physical
evolution due to their differences in density (Henley and McNabb, 1978): The low density
vapor plume ascends to shallower, up to epithermal levels, whereas the brine stays behind
at the porphyry level (Figure 1.1; see also chapter 1.2 ‘Genetic model’).

The partitioning of ore metals between vapor and brine strongly depends on the affinity of
the respective element either to form chloride complexes (in the brine) or to complex with
sulfur (in the vapor). Experimental studies in the model system H20-NaCl-KCI-HCl at
temperatures of 350-450°C showed that Fe, Zn, As, Sb, and Ag partition into the high-
salinity brine relative to the vapor even at reducing conditions and high concentrations of
S. Gold, on the other hand is preferentially enriched in the vapor phase in the presence of
~1 wt% S with H>S being the dominant S species, whereas under these conditions, Cu
equally partitions between the vapor phase and brine (Pokrovski et al., 2005).

The transport of Cu is still under debate, because the analysis of natural fluid inclusions
showed that vapor inclusions are highly enriched in Cu (e.g. Heinrich et al., 1999; Seo et al,,
2012), but experimental studies failed to reproduce this observation (e.g. Simon et al., 2006;
Pokrovski et al., 2008; Frank et al., 2011). However, it seems that the hypersaline brine is
the main carrier of metals, because base metal solubilities generally increase with increasing
fluid salinity which is caused by the separation of the vapor phase from the liquid (e.g.
Crerar and Barnes, 1976; Holland, 1972). In this case, Cu® complexes with Cl to form CuCl°
(Crerar and Barnes, 1976; Candela and Holland, 1984), which is the dominant complex of
Cu in the temperature range of 250-350°C in aqueous chloride solutions in equilibrium with
common sulfide assemblages (Crerar and Barnes, 1976). Complexes of Cu® and sulfur would
be Cu(HS)2 and Cu(HS)(H2S), (Pokrovski et al., 2008; Seo et al., 2009; Etschmann et al.,
2010).

The concentration of Mo in the fluid is independent of Cl-concentrations (Candela and
Holland, 1984; Wood et al., 1987) and correlates negatively with S abundance (Tingle and
Fenn 1984; Candela and Holland, 1986). It is assumed that Mo is present as oxo-hydroxo
species like MoOs (Candela and Holland, 1984).

Metal precipitation is mainly driven by a combination of hydrolysis of SO2 in the fluid (e.g.
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Holland, 1965; Burnham, 1967, 1979, Giggenbach, 1997) and rapid pressure-changes (i.e. in
course of hydraulic fracturing) that lead to fluid unmixing. During its ascent, the fluid cools
below ~350°C and SO: disproportionates to form H2S and H2SOs (equation 1). This increase
in /H>S with continued disproportionation causes metal-sulfide precipitation.

Depending on the type of Cu complexes, Cu precipitation follows the reactions (Seo et al.,

2012):
2 Cu(HS)> +2FeClo =2 CuFeS2+2Cl +2 HCl + H: (2)
2 Cu(HS)(H2S) + 2 FeCl2 = 2 CuFeS: + 4 HCI + Ha(aq) (3)
or/and
CuCl + FeCl2 + 2 HoS = CuFeS2 + 2 HC1 + H2 + CI- (4)
2 CuCl + H2S = Cu2S + 2 HCL (5)

Precipitation of Mo from oxy, hydroxyl, or oxy-chloride complexes of Mo always requires
H>S and H2. Thus high H>S activities and net reduction will favor Mo precipitation (Einaudi

et al., 2003; Seedorff and Einaudi, 2004b) as Mo-sulfide according to

MoOs + H2 + 2 H2S = MoS: + 3 H20 (6)

The separate occurrences of Cu- and Mo-rich stages in some porphyry deposits (e.g. at
Bingham Canyon/Utah; Seo et al., 2012) can thus be explained by the changing redox
potential and acidity of the fluid. Early Cu-stage fluids were slightly oxidized, allowing
efficient precipitation of Cu-Fe sulfides, whereas late Mo-stage fluids were more reduced
and acidic, leading to Mo-saturation and precipitation of molybdenite (MoS2). Small
variations in redox conditions and acidity within the magmatic fluid source thus can cause
large-scale metal separation by selective sulfide precipitation.

The site of metal precipitation is mainly dictated by the nature of the surrounding host
rocks (Guillou-Frottier and Burov, 2003): Small rheological contrasts between the magma
and the host rocks result in the formation of a fracture network around and near the flanks
of the porphyry stock, the so-called stockwork. In case of larger rheological contrasts,

breccia pipes are formed in which the fluid is focused. The latter is not favorable as the
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breccia pipe might be connected to the surface leading to the loss of metals and/or
brecciation would affect large volumes of host rock leading to more disseminated metal
deposition. Usually, ore formation happens close to the ductile-brittle transition (Figure

1.1), (Fournier, 1999).

1.2 Genetic model

The complex evolution of porphyry ore systems from the original magma over the
enrichment of metals to the formation of the ore shell is summarized in a genetic model

(after Richards, 2005, 2011 and references therein) highlighting the single, critical steps:

The subduction of oceanic lithosphere leads to subsequent metasomatism/dehydration of
the oceanic crust, resulting in the discharge of large amounts of fluid. This fluid lowers the
solidus and triggers partial melting of the lower continental crust within the accretion
wedge. The resulting calc-alkaline arc magma is oxidized and rich in water, S, and halogens,
hence having a high potential to from porphyry ore deposits although the metal contents
are not abnormally high. This magma intrudes the overlying denser mantle lithosphere
until it reaches the base of the crust (Hildreth and Moorbath, 1988) where it starts to pool
in sill complexes due to its higher density in reference to the overlying crust. At this level,
the magma body will start to crystallize and conduct heat into the overlying crustal
portions, which results in partial melting of felsic crustal rocks at depths of 40-50 km and
mixing with the more primitive arc magma. This MASH process (Hildreth and Moorbath,
1988) forms intermediate magmas of high buoyancy, which start to ascend after
compressional tectonic forces ceased at the end of the subduction event. The magma-
upstream is further enhanced and focused by preexisting, reactivated large scale crustal
fracture zones (Richards, 2000). Ascent rates are fast, in the order of 102-10% ms! (Clemens
and Mawer, 1992; Petford, 1996), implying that the mineralizing potential of the magma is
unlikely to be lost on ascent through the crust and that the magma will not start to freeze in
dikes (Clemens and Mawer, 1992). The whole process stops at the level of neutral buoyancy

where an upper crustal magma chamber starts to form due to the density contrast between
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the unvesiculated magma and the upper crustal lithologies (e.g. Glazner and Ussler, 1988;
Walker, 1989; Lister and Kerr, 1991) at depths of ~5km. This upper crustal magma
chamber remains molten and expands as long as the flux of melt from depth sustains.
Hence, the most critical factor at this stage is the continuous supply of hot, volatile-rich
magma from the underlying MASH zone. The large volume magma chamber at the base of
the continental crust and rapidly rising melts can thus be regarded as two of the
cornerstones of porphyry-deposit-formation.

Expansion of the upper-crustal pluton leads to the formation of elongated apexes due to the
formation of localized zones of crustal extension (Guillou-Frottier and Burov, 2003). These
apexes measure 1-2 km in diameter and partly reach relatively shallow levels of <2 km
depth (Norton, 1982). Cooling and subsequent crystallization of anhydrous minerals from
the water-rich andesitic arc magmas triggers fluid exsolution and consequently the
partitioning of all ore-constituents into the resulting hydrothermal, Cl-rich fluids. Again,
the volume of magma available plays an important role as the hydrothermal fluids need to
interact with large portions of magma because for example, Cu concentrations in
intermediate composition magmas are quite low (10-150 ppm Cu; Gill, 1981). Hence, the
volume of magma that is needed to form moderate sized porphyry Cu deposits ranges
between 30-50 km3 (Cline and Bodnar, 1991; Cline 1995), for large deposits a magma
volume of >100 km?3 would be required.

To finally form an economic deposit, large volumes of the magmatic-hydrothermal fluid
must be channeled and react with small volumes of rock in order to focus mineral
deposition. Such focusing of the metalliferous fluid happens in the upper parts of the
magmatic apexes due to magma convection based on the density contrast between the melt
and the fluid (Shinohara et al., 1995). Upon ascent, the hydrothermal fluid experiences
major depressurization, starts to boil, and separates into two phases of contrasting density,
the Jow salinity vapor phase and high salinity brine. All elements dissolved in the
previously supercritical fluid fractionate between these two phases, whereas the majority of
metals, including Cu, is enriched in the brine as Cl-complexes. More or less simultaneously,
metal precipitation is initiated due to this phase separation, cooling, and reaction of the

fluid with the wall rocks. These relations explain the limitation of the porphyry Cu-Mo
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deposit to the sphere of the brine as it is indicated in Figure 1.1. The less dense vapor
expands to shallower levels transporting significant amounts of S and Au which are
deposited in epithermal regions. Metal precipitation takes place in fractures and faults that
formed around the shallow intrusions during hydraulic fracturing and is attended by

intensive Aydrothermal alteration of the host rocks.

If just one of these processes is changed or absent, porphyry ore formation is disturbed or
even inhibited. For example, changes in the large tectonic regime would alter subduction
and would stop everything right at the beginning. A major impact affecting late stages of
porphyry ore deposit formation would be surface venting of the magmatic-hydrothermal

fluid, i.e. a large volcanic eruption resulting in the loss of volatiles and metals.

1.3 Open questions and scope of this thesis

1.3.1 Porphyry Cu deposits

The most uncertain parameter during the evolution of magmatic-hydrothermal fluids in
porphyry Cu systems is the transport of Cu itself.

The analysis of single quartz-hosted vapor and brine fluid inclusions coexisting in trails
from porphyry Cu deposits all around the world (e.g. Heinrich et al., 1999; Seo et al. 2009)
showed that the vapor phase is clearly enriched in Cu and S in contrast to the brine. Hence
it was inferred that the vapor phase is the main transporting agent of Cu in porphyry Cu
systems. However, although numerous studies have been carried out within the last 10
years (e.g. Mountain and Seward 1999, 2003; Simon et al., 2006; Pokrovski et al., 2008;
Zajacz et al.,, 2008; Rempel et al.,, 2010; Frank et al, 2011), it was not possible to
experimentally reproduce the partitioning of Cu into the vapor phase, with the exception of
one questionable study by Nagaseki and Hayashi (2008). Experiments confirmed the
existence of Cu-hydrosulfide complexes (Mountain and Seward 2003; Etschmann et al,,
2010) and showed the effect of S on the fractionation behavior of Cu: Systems containing
high concentrations of reduced S resulted in higher concentrations of Cu in the vapor phase

as compared to S-free systems. Other investigations of natural quartz-hosted fluid
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inclusions, on the other hand, showed that vapor and brine inclusions are not completely
closed systems with respect to their elemental budget due to the possibility of diffusion of
H*, Cu’, and Na* through quartz into and out of the inclusion (Mavrogenes and Bodnar,
1994; Zajacz et al., 2009; Li et al., 2009-this thesis, chapter 6.4). This process might have
modified the contents of natural quartz-hosted fluid inclusions possibly resulting in

misleading Cu-concentrations that do not resemble the original fluid any more.

Accordingly, in this thesis the vapor/brine partitioning of Cu was studied in a series of
hydrothermal experiments in aqueous Cu- and S-rich systems with a wide range of
parameters (salinity, P-T, fO2, f5:, pH). Additionally, it was investigated whether the
diffusion of Cu through quartz may affect Cu concentrations in vapor and brine inclusions

(manuscript 2, ‘High Cu concentrations in vapor-type fluid inclusions: an artifact?’).

1.3.2 Granite-related Mo deposits

Although very few high-grade porphyry Mo deposits are known and many studies have
been carried out on their tectonic setting, petrography, and geologic environment, almost
no data exists on the nature and bulk composition of primary magmatic fluids, which were
responsible for the transport of Mo in first place. Only two studies have been carried out so
far, on the Mo-deposits at Questa (New Mexico; Klemm et al., 2008) and at Cave Peak
(Texas; Audétat, 2010). As already mentioned, the factor, which distinguishes between pure
porphyry Mo and mixed porphyry Cu (Mo) deposits, is the Mo/Cu ratio being >1 for the
former implying that no recoverable amounts of Cu are present (Carten et al., 1993).
However, the study of primary fluids of the Questa and Cave Peak porphyry Mo deposits
yielded an ambivalent picture: Mo/Cu ratios of 0.01 and 0.20, respectively were reported
suggesting different, but high concentrations of Cu dissolved in the primary fluid.
Moreover, at Cave Peak sulfide phases contain 2-3 wt% Cu, which is now concentrated in
exsolved chalcopyrite, whereas the high Cu concentrations in the primary fluids of the
Questa deposit are contrasting with the absence of Cu-bearing minerals in the mine.

Thus, the main question that needs to be answered to obtain a better genetic model of
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granite-related Mo deposits concerns the general metal content of primary mineralizing
fluids and melts. Furthermore, it is unclear if the concentrations of Cu obtained from quartz
hosted fluid inclusions are correct in first place, since they could have been modified post-
entrapment by diffusion of Cu (cf. chapter 6.2 of this thesis).

In order to provide more data on ore-forming fluids of granite-molybdenite systems and to
finally supply an answer to the problem of differing Cu concentrations in such systems, the
primary fluid and melt inclusions from granite-hosted Mo deposits from Norway and
Colorado have been studied (manuscript 3, “The metal content of melts and fluids in Mo-

mineralized granites’).
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2 EXPERIMENTAL AND ANALYTICAL METHODS

2.1 Hydrothermal experiments

2.1.1 Design of experiments

Two different types of experiments have been carried out:

1) The partitioning of Cu between the vapor phase and the brine was studied under
controlled pressure (50 - 130 MPa), temperature (600 - 800°C), fO: (oxidizing - reducing),
and pH (pH <0.3 - 10) conditions. As a model for natural magmatic-hydrothermal fluids, the
system H20-NaCl-S (+ HCl + FeCLl> + KCI) was chosen. The fluid was trapped at run
conditions as synthetic vapor and brine inclusions in quartz which were then analyzed after
cooling (Sterner and Bodnar, 1984; Duc-Tin et al., 2007). By analyzing 5-20 (depending on
the reproducibility) inclusions of each type, a good estimate on the elemental budget of the
vapor and brine phase was obtained.

2) Re-equilibration experiments of fluid inclusions in quartz were carried out to test if the
Cu-contents of natural fluid inclusions may have been modified after entrapment. A piece
of quartz containing synthetic fluid inclusions of known composition was loaded together
with a fluid phase into a new capsule and was again heated and pressurized in the cold-seal
apparatus. After the run, the re-equilibrated fluid inclusions were analyzed and the
concentration of elements before and after equilibration were compared (further details are
given in the second manuscript in section 6.2.4.2).

Additionally to the re-equilibration of synthetic fluid inclusions trails of natural fluid
inclusions in miarolitic quartz crystals from the Erongo granite (Namibia) and the
Drammen granite (Norway) were re-equilibrated at trapping conditions which were
estimated from microthermometry and mineral inclusions in the quartz. A few inclusions of
each trail were analyzed to obtain information about their elemental budget. The trails
were then cut out of the quartz crystal and loaded together with fluid and buffer minerals

into a quartz capsule.
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2.1.2 Starting material

All synthetic fluid inclusion studies presented in this thesis were conducted using pieces of
natural quartz from Brazil that have been etched in 48% hydrofluoric acid for 30-60
minutes. Using this method, artificial channels were produced along the quartz’ surface
which healed due to quartz growth during the experiment and thus trapped small aliquots
of the fluid at run conditions (Duc-Tin et al., 2007). In order to guarantee homogeneous
healing of etched channels, SiO:-glass was added which recrystallized at run conditions
forming a new layer of quartz around the natural crystal. Etched quartz pieces were loaded
together with the aqueous fluid (H20 + NaCl + KCl + HCl and traces of elements loaded as
FeClz, PbCl2, CoClz, As20s, LiCl, CsCl, HsBOs, RbCl), solid starting material, and powdered
SiO2-glass into metal capsules (see next section) which were sealed by arc welding. Solids
were used as a source of elements like chalcocite for Cu, chalcopyrite for Cu and Fe,
molybdenite for Mo, silver foil for Ag, elemental sulfur, and as buffer assemblages. For
example, the assemblage albite-biotite-orthoclase-bornite-chalcopyrite-magnetite-
anhydrite was used to effectively buffer 02, £S2, and pH.

All minerals were crushed and sieved to a size of 160-250 pm in order to assure a large
surface area and to still be able to recognize the minerals after the run under the optical
microscope. In some experiments, sodium sulfide (Na2S) and S and Ti were used to produce

H-S, for instance, according to the reactions

NazS + 2 HCl = 2 NaCl + 2 HsS 7)
and
2S +2 H0O + Ti=2 HS + TiO2 (8)

since HoS is a gas that is only partly soluble in water and therefore cannot be easily loaded

into metal capsules.

2.1.3 Preparation of sample capsules

The samples were loaded into metal capsules of 5 mm OD, 4.6 mm ID, and ~45 mm length

which subsequently were closed by arc welding. Mostly, gold capsules were used as these
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are inert against sulfur. Partly also capsules made of platinum and a gold-copper (AussCuos)
alloy were used, as well as gold capsules with inner walls coated by Cu. In most
experiments, inside the metal capsule, an inner capsule made of synthetic SiO2 was used to
avoid reactions of the sample with the capsule material. The new assembly consists of a
quartz container which holds the sample and is placed into the gold capsule. The container
which is made of synthetic quartz is closed by a plug of SiO2-glass and a rounded lid made
of the same material as the container (Figure 2.1). As soon as run temperature and pressure
are reached the plug recrystallizes and grows together with the container and the lid. Due
to this tight sealing any interaction between charge and noble metal capsule are reduced to
a minimum. Further details and a full description of the usability of this new method are
given in the first manuscript (section 6.1 ‘The ‘quartz capsule’ — a new method to avoid

alloying problems with noble metal capsules in hydrothermal experiments’).

=5 MMy

Figure 2.1
Setup of the quartz capsule: 1= Au capsule, 2= cap made of synthetic quartz, 3= plug
made of SiO2 glass, 4= fluid (plus SiO:2 glass and buffer minerals, illustrated as small

dots), 5= etched piece of natural quartz, 6= container made of synthetic quartz.
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2.1.4 Cold-seal pressure vessels

The apparatus which was used to apply hydrothermal pressures of 70-150 MPa and
temperatures of 600-800°C is the so-called cold-seal pressure vessel (e.g. Matthews et al.,
2003). The Bayerisches Geoinstitut has 14 such devices available of two different designs:
with horizontally and vertically positioned bombs (Figure 2.2). For this study only pressure
vessels of the vertical design were used because they are easier to handle and allow rapid

quenching of the sample.

Figure 2.2

Hydrothermal lab at the Bayerisches Geoinstitut. At the left side there are horizontal
pressure vessels with their typical box-shaped isolation-covers, in the center of the
room there are the vertical rapid quench autoclaves with their blue furnaces at the

top. The panel to control pressures and temperatures follows to the right.

The term “cold-seal” reflects the fact that the closure of the bomb is outside the furnace and
is thus relatively cool compared to the part within the furnace. The autoclaves are made of a
nickel-alloy (IN 713 LC) and the pressure medium is water which is supplied through the
cone seal at the cold end of the bomb. Temperature is measured by an external
thermocouple and controlled from a central panel. The autoclave is the only portion of the

system that is placed inside the furnace and is separated from an extension tube by a
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coupling and a double cone (Matthews et al., 2003), (Figure 2.3). Cooling water circulates
outside of the double cone. Rapid quenching can be induced by dropping the sample
capsule from the hot furnace to the cold end of the bomb. This is accomplished by lowering

the outer magnet which keeps the sample holder in place inside the furnace.

External Thermocouple

Gold Capsule

Autoclave

(IN713 LC) Support Rod for Rapid
Quench Mechanism
Double Cone Coupling

Cold Water Output Cold Water Input

! FMagnet
i / _____ Adjustable Magnetic Steel

Plug for Support Rod

Extension Tube
(Cold Portion of ————>f
Rapid Quench

System

To Data Acquisition Board

Closure Nut

> «—— Pressure Transducer

Cone Seal To Pressure Pump

Figure 2.3
Schematic diagram of the rapid quench, cold-seal autoclave (modified from Matthews

et al., 2003).

This experimental setup is similar to previous designs by Phil Thinger from the California
Institute of Technology (cf. Matthews et al., 2003). Usually, the redox state cannot be
controlled in most experiments using cold-seal vessels but since water was used as pressure
medium the intrinsic oxygen fugacity of the autoclaves was typically close to that of the Ni-
NiO buffer due to the Ni-alloy (IN 713 LC) the bombs are made of. In cases where more
oxidizing conditions were needed, fO2 was internally buffered and, if possible, the run-time
was set to be as short as possible. Capsules were put into rapid quench autoclaves and
heated isobarically at run-pressure. Experiments using quartz-capsules were heated along an

isochoric path to ensure constant density and volume of the fluid inside the capsule in order
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to prevent rupture of the quartz container (details are described in the first manuscript in
section 6.1.3). At the end of the run cooling of the sample was done isobarically and along
the same isochoric path, respectively. After the autoclave has cooled to room temperature,
the capsule was recovered, weighted to check for leakage, and subsequently was opened
with a razor blade. The pH of the quench fluid inside the capsule was measured using
indicator paper. Remaining solids and buffer minerals were recovered and stored for further
analyses. The quartz pieces were cleaned for subsequent analysis of the contained fluid
inclusions (see next section). Partly, some fluid inclusions got trapped along the inner walls
of the quartz capsule itself. In this case, the capsule was cut along its c-axis and the
respective pieces hosting fluid inclusions were polished and prepared just like the piece of

natural quartz.

2.2 Analytical methods

Any fluid inclusion analysis started with cutting of the sample into thin slices and polishing
of both sides of these thick sections. If necessary, the sample was then cut into smaller
pieces which would fit into the sample holders of the heating-cooling stage and the ablation

cell of the LA-ICP-MS.

2.2.1 Optical microscopy

Optical microscopy was used to identify fluid inclusions and daughter crystals. For further
analyses high-resolution pictures (Figure 2.4) of the sample were printed out and inclusions
of interest were marked.

Fluid inclusions are mainly selected for analysis according to their size, shape, and position
within the quartz. For good Raman- and LA-ICP-MS analyses the inclusions should be as
close to the surface as possible. On the other hand, fluid inclusions decrepitate easily upon
heating during microthermometry-analysis if the overlying quartz layer is too thin and
cannot stand the increasing pressure of the trapped fluid. As a good compromise, those

inclusions which lie in depths equal to their maximum size were selected.
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Figure 2.4

Synthetic fluid inclusions in quartz. A Photograph of a polished quartz-column
containing synthetic fluid inclusions after a 4-day run at 800°C, 130 MPa in a NaCl-S-
H20 dominated fluid. Fluid inclusions formed along channels that previously had been
etched into the quartz-surface by HF-treatment. During the run the quartz crystal
grew in all directions, indicated not just by the closed channels but also by newly
grown quartz at the right and left side. B-E Microphotographs of vapor (B, C, D) and

brine (D, E) inclusions from the same sample.

2.2.2 Microthermometry

After a first selection of fluid inclusions based on optical parameters, microthermometric
analyses were carried out using a heating-cooling stage. Microthermometry is based on the
observation of phase changes within fluid inclusions which take place during freezing of
the fluid and heating of ice, clathrates, and salts like NaCl. From the temperatures at which
these changes take place, one can, with reference to simple fluid systems such as NaCl-H2O,
derive estimates of the PVTX state of the fluids at the time of trapping. Upon cooling, the
fluid shrinks much more than the host crystal which may lead to the formation of a vapor
bubble in the formerly homogeneous fluid inclusion (Sorby, 1858). Daughter crystals
develop as soon as the fluid intersects the saturation curve of any dissolved solid (e.g.

halite/NaCl).
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Figure 2.5

Vapor-saturated phase relations in the system NaCl-H:0. With the known melting
temperature of halite one can directly estimate the salinity of the trapped fluid (red
dashed lines). Thus a halite melting temperature of e.g. 400°C equals with a salinity of
47 wt% NaCl. The halite solubility curve extends from the peritectic to the NaCl triple
point at 801°C. I =ice; L =liquid; HH = hydrohalite; H = halite; P = peritectic (0.1°C,
26.3 wt% NaCl); E = eutectic (-1.2°C, 23.2 wt% NaCl), (modified after Bodnar and
Vityk, 1994).

Heating of multiphase inclusions results in the dissolution of daughter minerals, particularly
the more soluble ones, and in the homogenization of the vapor and liquid phases. The
temperature at which daughter minerals dissolve is related to their solubility in the fluid
phase. For a saturated NaCl-H2O system (i.e. a brine inclusion) the final melting
temperature for halite is directly proportional to the wt% NaCl in solution (Figure 2.5).

Bodnar and Vityk (1994) described the salinity as a function of halite dissolution

temperature according to
Salinity (wt%) = 26.242 + 0.4928 W + 1.42 W2 - 0.223 W3+ 0.04129 W* +
6.295* 103 W5 -1.967 * 103 W6 +1.1112 * 104 W7 )

where W =T(°C)/100. Equation (3) represents the solubility of NaCl in water from the
peritectic temperature (0.1°C) to the NaCl triple point (801°C).
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Homogenization of a fluid inclusion may happen by disappearance of the vapor bubble (i.e.
homogenization into the liquid state), expansion of the vapor bubble (i.e. homogenization
into the vapor state), or by fading of the liquid-vapor meniscus (i.e. critical homogenization
into a supercritical fluid). The temperature of homogenization is in a boiling fluid (i.e. if
two phases, vapor and brine, are coexisting), equal to the trapping temperature. This is not
the case for supercritical fluids trapped above the boiling curve (Figure 1.6; Bodnar et al.,
1985) as the development of a vapor bubble forms at temperatures far lower than trapping.

Thus the homogenization temperature is just an estimation of the minimum temperature of

formation.
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Diagram showing the depression of the freezing point of pure water as a function of

the amount (wt%) and type of salt in solution (modified from Shepherd et al., 1985).

Freezing of a fluid inclusion below room temperature results in solidification of the fluid: it
freezes to a solid (ice) and a vapor phase. The reversed course of this process (i.e. melting) is
direct proportional to the composition of the fluid, which means that the depression of the

ice melting point of an aqueous fluid inclusion provides a measure of the total solute
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concentration (Roedder, 1984; Hall et al., 1988), (Figure 2.6). Since NaCl is the major solute
in most inclusions, the depression of the melting point of ice is expressed as an equivalent of

wt% NaCl. The relationship of melting temperature and salinity was identified by Bodnar

(1993), based on experimental data from Hall et al. (1988):

Salinity (wt%) = 1.78 0 - 0.0442 62 + 0.000557 63 (10)

where 0 is the depression of the melting point in °C. Equation (4) yields an accuracy of
+0.05 wt% NaCl at all temperatures from 0.0°C to -21.2°C, the eutectic temperature for

H>O-NaCl.

In more complex systems with components such as CO2, H2S, and SOs, additional phase
changes can be observed upon freezing. Gas hydrates (clathrates) form, which incorporate
large amounts of H20 leading to an increase of the relative concentration of salt in the
remaining liquid phase. Thus the calculation of the salinity based on ice melting points
yields values that are far too high. If large quantities of CO: are in the system, the difference
to true salinity may exceed 100%. Therefore ice melting points need to be corrected for the
amount of CO2 which is a function of clathrate melting (e.g. Collins, 1979; Diamond, 1992,
2001). Moreover, natural aqueous systems usually contain also CHs, N2, and sulfur
compounds which form mixed hydrates with CO2 (e.g. Shepherd et al., 1985) making the
calculation of salinities even more difficult. For such cases special programs have been
developed (Bakker, 1997) which were also applied in this thesis to calculate NaCl- and CO:
concentrations of natural fluid inclusions (see section 6.3.5)

Further details, including the apparatus, are given in the methods sections of the

manuscripts (6.1.3, 6.2.3, and 6.3.5).

2.2.3 Raman Spectroscopy

Raman spectroscopy was applied to detect CO2 and sulfur-species within fluid inclusions as
well as to identify solid mineral inclusions in natural quartz crystals and precipitates on the
gold capsule walls.

Raman spectroscopy is based on the interaction of monochromatic light (in this case from a
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laser source) with molecular vibrations of the sample which results in scattering of the
incident light (Figure 2.7). The spectrum of scattered light consists of a dominant frequency
that equals the incident frequency, the so called Rayleigh scattering which is filtered out.
Raman scattering, on the other hand, is a shift in energy of the incident light due to the
interaction of the photons of the incident light with the molecules of the sample. Thereby
this molecule gets excited from its ground state (m) to a virtual state of higher energy. As
soon as the molecule relaxes, it emits a photon of lower energy than the incident photon
and ends up in a higher vibrational stage. Thus, energy gets absorbed by the molecule
resulting in the so-called Stokes scattering. However, due to thermal energy, some
molecules may be present in an excited state (z7) right from the beginning. Scattering from
this state to the ground state m is called anti-Stokes scattering which implies that energy is
transferred from the sample to the scattered photon (i.e. to the light). Since at room
temperature the number of molecules in an excited vibrational state (7) is rather small, anti-

Stoke scattering is weak.
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Figure 2.7

Schematic sketch of the Rayleigh and Raman scattering process. m = ground
vibrational state, lowest energy; n=excited vibrational state, higher energy (after

Smith and Dent, 2005).

Vibrational information and thus Raman shift is specific to chemical bonds and the
symmetry of molecules, thus it is used to identify phases. The Raman shift is expressed as

wavenumber w [cm™] according to
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Aw=( -1 (11)

A A

where Ao is the wavelength of the incident light and A1 the wavelength of the Raman
spectrum.

For Raman analyses conducted in this work, no special sample preparation was necessary.
The polished thick sections were directly irradiated by the green laser beam generated by a
Coherent Innova 90C argon ion laser and resulting scattered light was detected by a Horiba
LabRAM HR 800 spectrometer. The resulting spectra of bands of Stokes-scattering of
analyzed fluid phases were checked for SO+, HSO«, SO2, CO2, H2S, H20, and H2 peaks
(Burke, 2001). To identify solid inclusions, spectra of the unknown phases were compared
with Raman spectra from reference materials and/or spectra from databases like the
RRUFF-Project (http://rruff.info/).

For details concerning parameters of the measurements refer also to the methods sections in

the manuscripts (6.1.3, 6.2.3, and 6.3.3)

224 LA-ICP-MS

After application of all methods discussed above, fluid inclusions were finally analyzed by
Laser Ablation (LA) — Inductively Coupled Plasma (ICP) — Mass Spectrometry (MS) which
resulted in complete destruction of the inclusion. Nevertheless, LA-ICP-MS is the method
of choice for fast measurements of element concentrations in fluid inclusions.

The setup of the apparatus is as follows: The sample is stored in an air-tight chamber where
it is hit by the 193 nm laser-beam. The aerosol produced by ablation of the sample is carried
in a gas flow of helium mixed with a small amount of hydrogen to the ICP. In the ICP,
argon is electrically heated by an inductive coil to very high temperatures forming a plasma.
The sample aerosol is first dried, atomized, and finally ionized. This ion beam leaves the ICP
through a set of lenses which focus the beam before it enters the mass spectrometer. In the
quadrupole mass spectrometer, which operates in high vacuum, ions are separated
according to their mass to charge ratio. This is done by applying an electrical field of

alternating and direct current potentials to an array of four rods. The ions pass the array of
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rods with the applied potentials allowing only those ions of the selected mass to pass. By
alternation of the applied current the wanted masses (elements) are detected one by one in
very short times resulting in a quasi-simultaneous measurement of as many elements as
required. For details concerning functional parameters of the measurements refer also to the

methods sections in the manuscripts (6.1.3, 6.2.3, and 6.3.3).
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Figure 2.8

Typical counts per second versus time signal of an ablated brine inclusion measuring
15 pm. Note the stepwise opening of the inclusion indicated by single plateaus of the
Si-signal (white line). Vertical green lines define the background interval, red lines

the selected interval of sample-ablation.

For fluid inclusion analysis using laser ablation, a special aperture is placed between the
laser beam and the sample, which allows stepwise enlargement of the laser beam and
stepwise opening of the inclusion. Thus quartz breakout and explosion of the inclusion is
minimized. To obtain good statistical data correction, sets of up to 20 analyses were
compiled with four measurements of NIST 610-glass as external standard bracketing up to
16 inclusion analyses (Spandler et al., 2011). Although the NIST 610 glass was standardized
for almost 70 elements, it is not suitable for Cl- and S-analyses. To obtain useful values for
these two elements, measurements of a well characterized piece of afghanite
((Na,Ca,K)s[ Al6Sic024](SO4,Cl2,CO3)3 -0.5H20), a Cl-, and S-rich silicate, were added as
another external standard before and after effective fluid inclusion analyses (Seo et al.,

2011). The resulting signals with their typical plateaus reflecting single laser beam-sizes
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(Figure 2.8) was then processed in an Excel worksheet created by Dr. Bodo Hattendorf from
the Laboratory of inorganic chemistry, ETH Ziirich. Each analysis involved a 40 second gas
blank interval at the beginning to correct for the background. Signals of every element were
corrected for spikes and searched for specific characteristics like a sudden peak of Cu
correlating with S in the middle of the signal which would indicate ablation of a Cu-sulfide
daughter crystal.

Finally just that part of the signal where the inclusion was ablated (Figure 2.8) was
integrated and used for the calculation of mass ratios based on external standardization
which in turn were converted into absolute elemental concentrations using a known value
as internal standard. Internal standards for both synthetic and natural vapor and brine
inclusions, as well as for natural single-phase inclusions were concentrations of Na obtained
from microthermometry. For synthetic single phase fluid inclusions the known
concentrations of Rb or Cs in the fluid was taken as these elements tend to be not very
reactive due to their large ionic radii. In case of melt inclusions the concentration of Al,
estimated from similar melts as described in the literature, was taken as internal standard

(details are given in the third manuscript in chapter 6.3.5).
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3 RESULTS AND DISCUSSION

At this point a detailed summary will be given of the results presented in the manuscripts
following in chapter 6. The manuscripts which all have been submitted, partly are already
published or in press, provide an answer to many of the questions outlined at the beginning

of this thesis.

3.1 Cu partitioning between vapor and brine

Vapor-brine partitioning experiments were carried out covering a wide range in
temperature (600-800°C), pressure (70-130 MPa), fluid compositions (NaCl + KCl + FeClz; S
concentrations ranging from ~0.5 to ~6.6 wt%), fO: conditions (H:S-dominated to SO:-
dominated), and fluid acidities (quench fluid pH <0.3 to 10).

First, the runs 04C and B021 from Nagaseki and Hayashi (2008) were reproduced under
identical conditions at 600-650°C, 50-97 MPa, using an aqueous NaCl-HCI-CuCl-S-rich
fluid and anthracene (Ci4Hio) as reducing agent, but yielded completely different results: In
contrast to their findings that Cu highly partitions into the vapor phase (with partition
coefficients Dcuveprine of 8.41 +4.83 and 13.18 £9.59), very low Dcu'@brire-yalues of
0.32 +0.14 and 0.22 +0.11 were obtained. However, since the small data volume in the
study of Nagaseki and Hayashi (2008) of just one vapor measurement and their obviously
wrong mass balance cast doubt on the high Dcu'#brine-values, it is more likely that the
numbers obtained in this study are correct and that the partition coefficient of Cu between
the vapor and the brine at these conditions is in the order of 0.2-0.3.

Subsequent experiments were carried out using a natural mineral assemblage consisting of
chalcopyrite-bornite-magnetite-biotite-orthoclase-albite-muscovite-quartz (+ anhydrite) to
internally buffer pH, fO2, 52, and the activity of Cu at similar values as they prevail in
natural porphyry Cu deposits. Dcu"?P*rine values obtained in these three experiments are low
and well reproducible (0.11 + 0.04 to 0.15 + 0.04), although different amounts of HCI and S
were used in the starting mixture. This reproducibility and the oxidized state of S in the
fluid inclusions imply that the buffer assemblages were effective throughout the runs.

The other experiments were conducted in compositionally simpler systems of just a few
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components. (i) Two experiments with an aqueous fluid containing CuCl and elemental S
were performed at 600°C, 70 MPa and 700°C, 100 MPa resulting in Dcy*2PPrine values of
0.17 + 0.04 and 0.16 + 0.09, respectively. (ii) A similar experiment was run with chalcocite
as Cu-source and elemental S at 800°C, 130 MPa, resulting in a Dca?P*rine value of 0.31 + 0.03
and intermediate sulfur valences (H2S + SO+*). (iii) H2S-dominated fluids were produced by
the reaction of S with Ti metal and of Na:S with HCl-bearing solutions. The resulting
Dcyvapbrine—yalues are all <0.20, independent of temperature (600-800°C), fluid acidity
(quench fluid pH <1 to 10), or the concentration of S (0.5 - 6.6 wt%) in the fluid. (iv) One
run with oxidized S-species in the fluid yielded a similarly low Dcu'#brine value of
0.22 + 0.07, as well as (v) one run containing a S-rich fluid and a buffer assemblage of
chalcocite-albite-muscovite-orthoclase-topaz resembling the fluid that was trapped in vapor
and brine inclusions in the Erongo granite (Namibia) yielding Dcu¥#*rine value of 0.08 + 0.04
at 650°C, 80 MPa.

To summarize, none of these experiments resulted in Dcu'*P*rine values greater than 0.31
although a large range of geologically relevant conditions has been covered. This result
simply implies that Cu does not partition into the vapor phase at any plausible condition
and that another explanation is suggested for the high concentrations of Cu measured in

natural, quartz-hosted vapor inclusions (e.g. Heinrich et el., 1999; Seo et al., 2009).

3.2 Re-equilibration of synthetic fluid inclusions

Experiments have been carried out, which demonstrate that the Cu content of quartz-
hosted fluid inclusions can be modified via cation exchange after their formation (Li et al.,
2009; details are given in the fourth manuscript, section 6.4 ‘Rapid Na, Cu exchange
between synthetic fluid inclusions and external aqueous solutions: Evidence from LA-ICP-
MS analysis’): In these experiments, NaCl-Cu-rich fluid inclusions (synthesized in quartz at
700°C, 140-200 MPa) were re-equilibrated at 600-800°C, 70-140 MPa in a KCIl-Cu-rich
fluid, resulting in the loss of up to 83 % of the original concentration of Na and the gain of
~6000 ppm Cu in the inclusion. Other elements with larger ionic radii (i.e., K, Fe, Ba, Sr)

were not exchanged, demonstrating that the inclusions remained physically intact and that
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Na and Cu were transported through quartz by diffusion. However, whereas the diffusion of
Na was triggered by a concentration gradient of Na between the inner and outer fluid, Cu
diffused ‘uphill’ resulting in up to 10 times higher Cu concentrations in re-equilibrated fluid
inclusions as compared to the outer fluid. These results show that the diffusion of Cu (and
Na) in fact can modify the elemental budget of quartz hosted fluid inclusions, although the

main process may not be the interdiffusion of Na and Cu.

In view of these findings, more re-equilibration experiments were carried out. Coexisting
vapor and brine inclusions were first synthesized from H20-NaCl-Cu-S-rich fluids at 800°C,
130 MPa and then re-equilibrated in a second step at 800°C, 70 MPa in fluids of slightly
different compositions: i) In a first set, vapor and brine inclusions were re-equilibrated in a
compositionally similar, but less acidic fluid (the quench fluid pH was 3 in contrast to a pH
<0.3 in the primary run) resulting in a remarkable gain in Cu within the vapor inclusions,
which changed the Cu partition coefficient Dcu#*rine from 0.31 +0.05 before re-
equilibration to 8.3 + 4.9 after re-equilibration, whereas the concentrations of most other
elements remained stable within analytical errors. New vapor and brine inclusions that
were trapped during the re-equilibration run in a separate piece of quartz contained similar
amounts of Cu as the fluid analyzed after the first step, implying that the outer fluid was not
anomalously enriched in Cu and that diffusion of Cu was not caused by a gradient in Cu
concentration. ii) The second pair of experiments did not contain S in the starting fluid
resulting in just a small increase in Dcu*®*re from 0.37 + 0.06 before re-equilibration to
0.53 + 0.07 after re-equilibration. iii) The third set of experiments was run with S in the
starting fluid but without any pH change between the first and second step. It resulted in
the decrease of DcuPrire values from 0.48 +0.14 to 0.09 +0.05. iv) A fourth pair of
experiments run at H>S-dominated conditions resulted in a change of Dcu'#*ire from
0.09 + 0.03 to 8.3 + 7.0 whereas v) experiments run at oxidizing conditions yielded just a
small increase of Dcubrine from 0.22 + 0.07 to 0.98 + 0.49. These results suggest that large
increases in Dcu'®P*rine values are produced only if (a) an originally acidic fluid is replaced by
a less acidic one, and (b) the original fluid contains significant amounts of S. Additionally,

the oxidation state of S also matters, as a more reduced fluid in the first step enhances the
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increase of Cu in the vapor phase as compared to SO2-dominated fluids.
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Figure 3.1

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 Cu that can be gained
by this process is limited by the amount of sulfur present in the fluid inclusion, sulfur-

rich vapor inclusions can take up more Cu than sulfur-poor brine inclusions.

Based on all these findings, a new model was developed, which explains the high
concentrations of Cu found in the vapor phase of natural samples and after re-equilibration
experiments (Figure 3.1): A gradient in fluid acidity causes H* to diffuse out of the fluid
inclusions which in turn causes Cu* (and Na*, Ag*) to diffuse into the fluid inclusion to
maintain charge balance. The incoming Cu combines with S to precipitate as sulfides which
explains the large daughter crystals that are often found within natural vapor inclusions.
Because the amount of Cu that can be gained by this process is limited by the amount of S
present in the inclusion, S-rich vapor inclusions can take up more Cu than Cl-rich, S-poor
brine inclusions resulting in artificially high Dcu#Ptrine-values. Such a process is supported by
findings in nature, where rock-buffered cooling and/or the dilution of magmatic-

hydrothermal fluids by meteoric waters leads to an increase in fluid pH with time
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(Burnham, 1979). Also the analysis of vapor inclusions of porphyry Cu deposits showed that
they are really enriched in S (Seo et al., 2009).

All re-equilibration experiments mentioned above have been carried out at 800°C in order
to speed up the diffusion process due to time constraints. To get an idea about the diffusion
of Cu at lower, geologically more relevant temperatures, a minimum diffusion coefficient of
Cu was calculated for a temperature of 800°C, being 2.9 x 10° m?s! and extrapolated it
down to 400°C resulting in ~1.5 x 1012 m?s’l. Based on this value it would take a maximum
of 80 years for a 20 pm sized fluid inclusion covered by 5 mm quartz to gain 5 wt% Cu at
400°C. Compared to the typical life span of a magmatic-hydrothermal fluid system this is
negligibly small, suggesting that many natural, quartz-hosted fluid inclusions have been
modified post entrapment and that true vapor-brine partition coefficients of Cu are in the
range of 0.2-0.3, as it can be inferred from above mentioned partitioning experiments using

natural mineral buffers.

3.3 Re-equilibration of natural fluid inclusions

In order to check whether the above mentioned modification of fluid inclusions in quartz
could be reversed, a re-equilibration experiment was performed on a natural quartz sample
containing coexisting trails of vapor and brine inclusions from a miarolitic cavity within the
Erongo granite (Namibia). The analysis of these inclusions showed that the vapor phase
contained high concentrations of Cu. The original fluid was reconstructed based on: i) the
analysis of main- and trace elements by LA-ICP-MS yielding Dcu"P*rire -yalues of 10-66 and
further suggesting that the vapor phase contained significant amounts of S; ii)
microthermometry measurements yielding fluid salinities of ~4 wt% NaCleqiv in the vapor
inclusions and 46-55 wt% NaClequv in the brine inclusions and homogenization
temperatures of ~600-650°C suggesting entrapment pressures of ~60-80 MPa; iii) the
presence of solid inclusions of K-feldspar, albite, and muscovite within the quartz crystal
indicating that the fluid was acidic.

The trail of vapor and brine inclusions was then re-equilibrated for 22 days in a fluid

composed of 15 wt% NaCl, 5 wt% KCl, 2 wt% S, and 1000-3000 ppm Pb, Rb, and Cs, which
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corresponds to a 75 : 25 mixture of the analyzed vapor and brine inclusions at its original P-
T conditions which were estimated to be 650°C and 80 MPa. The sample was equilibrated in
the presence of a mineral assemblage of albite-muscovite-orthoclase-topaz, which buffered
the fluid pH at a very low value and an excess amount of chalcocite (Cu2S) as Cu-source.

The analysis of the inclusion after the run showed that most of the Cu (and smaller amounts
of Na) was lost from vapor inclusions, changing the Dcu*#*1r¢ from 11 + 9.3 to 0.06 + 0.04,
which is exactly the contrary of what was observed in the re-equilibration experiments on

synthetic fluid inclusions.

Another re-equilibration experiment was carried out using a sample from the Mo-
mineralized Drammen granite (Norway) in order to find out if the unexpectedly high
concentrations of Cu measured in intermediate density, single-phase fluid inclusions are
true or may also have been modified post entrapment by the diffusional uptake of Cu. The
procedure was similar to the one described above: a trail of inclusions was re-equilibrated in
a fluid of similar composition than the trapped one. In this case the fluid was composed of
6.35 wt% NaCl, 3.2 wt% KCl, 0.5 wt% S, 350-650 ppm Cs and Rb, and 0.4 mol/kgsotuion HCI.
Copper and Mo were added in excess amounts as chalcopyrite (CuFeS2) and molybdenite
(MoS2) and the albite-muscovite-orthoclase-topaz mineral assemblage again was used to
buffer the pH at a low value.

The analysis of the inclusions after the run revealed that within analytical uncertainty, only
the concentrations of Na, Rb, and Cs changed significantly. Sodium decreased by a factor of
three, whereas Rb and Cs increased by a factor of two. The concentration of Cu did not
change within analytical uncertainty, however, it became much more reproducible
changing from a Cu-value of 1220 + 560 to 770 + 190 ppm. This suggests that the high Cu-
concentrations of some fluid inclusions in fact have been modified and during re-
equilibration were brought more in line with the lower concentrations of Cu observed in
other inclusions. However, the change was relatively small compared to the high degree of
Cu diffusion observed in the re-equilibration studies of synthetic fluid inclusions and
inclusions from the Erongo granite described above. This is probably related to the fact that

the fluid inclusions on this trail from the Drammen granite contained much less sulfur
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(~0.3 wt% S) than the synthetic vapor inclusions (~2.5 wt% S) and vapor inclusions from
the Erongo granite (~2 wt% S). As was discussed in section 3.2, the amount of S inside an
inclusion is the critical factor for the post-entrapment modification of Cu concentrations,
implying that the elemental budget of fluid inclusions containing just small amounts of S is
not altered much. Copper concentrations measured in such S-poor, quartz hosted natural

fluid inclusions are thus much more reliable.

3.4 Composition of melts and fluids in Mo-mineralized granites

The analysis of melt-, fluid-, and solid inclusions in miarolitic quartz from three Mo-
mineralized granites from Colorado and Norway provides new data on the composition of
melts and primary magmatic-hydrothermal fluids forming porphyry Mo deposits.

Samples come from the Treasure Mountain Dome which is situated in the intensely
mineralized Colorado Mineral Belt (USA). Although in close vicinity to the largest
porphyry Mo deposits Climax, and Urad-Henderson, this granite is just of minor economic
importance. Two relatively fractionated lithologies (‘granular facies’ and an outer
‘leucocratic border phase’) have been sampled, the latter hosting miarolitic cavities lined
with euhedral crystals of quartz. The analysis of melt inclusions in quartz phenocrysts and
miarolitic quartz showed that with increasing degree of crystallization and fractionation,
incompatible elements like Cs, Rb, W, and Mo get enriched in the residual melt, whereas
compatible elements like Mg, Fe, Ti, Ca, and Sr get depleted. Titanium concentrations
decrease from melt inclusions analyzed in the leucocratic border phase, throughout the
granular facies, to those in miarolitic quartz, whereas the concentrations of Rb, Mo, and W
follow the opposite trend. In a closed system, the observed increase from ~5 ppm to
~90 ppm Cs in the residual melt requires a degree of crystallization of at least 90%. Thus,
the melt inclusions analyzed in miarolitic quartz represent the very last melt fractions in
almost completely crystallized granite. Molybdenite inclusions within the quartz
phenocrysts of the border phase, together with the incompatible behavior of Mo suggest
that the intruding magma originally was molybdenite-saturated.

The evolution of the mineralizing fluid from an originally single-phase, magmatic fluid
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which enters the two-phase field upon decompression and cooling, to a fluid that finally
becomes diluted by meteoric water is traced by different generations of fluid inclusions:
intermediate-density fluid inclusions of relatively low salinities (5-10 wt% NaClequiv),
coexisting vapor and brine inclusions with increasingly disparate salinities, and low-salinity
aqueous fluid with densities >0.8-0.9 g/cm3. The concentration of Mo within supercritical,
intermediate density fluid inclusions shows a large variation between the different
miarolitic quartz crystals from 2-5ppm to 50-150 ppm, suggesting that most Mo
precipitated at a certain moment from the magmatic-hydrothermal fluid at near-magmatic
conditions. The concentrations of most other elements remained constant within a factor of
~2-3, apart from Cu, which varies by a factor of 6 to 60 in all samples. CO2 concentrations
vary from 2.5 to 7.9 mol%, S concentrations from <0.13 to 1.3 wt%, whereas Raman spectra
reveal that sulfur occurs mostly as SO42 in the liquid portion of the fluid inclusions at
ambient conditions. Homogenization temperatures were not determined to avoid
decrepitation of the few high-temperature, magmatic fluid inclusions. A maximum pressure
estimate of ~100 MPa may be inferred from solid inclusions of andalusite within the contact
zone of the border phase and the host rocks.

Coexisting intermediate density fluid and melt inclusions provide an insight into the fluid-
melt partitioning behavior of dissolved elements: The highest values are observed for Pb,
Zn, and possibly Cu, while Ce and Al display the least preference for the fluid phase. The
partition coefficient Dmo™id/melt of Mo is 2.4 + 1.8 which is significantly below the threshold
value of 25 which marks the passage from fractionation into the melt to fractionation into
the fluid phase (at an estimated entrapment pressure of ~100 MPa, and a water solubility of
~4 wt% H20), implying that the Mo concentration in the residual melt increased with
increasing degree of crystallization. Copper, on the other hand, shows quite high Dcufluid/melt
of 37.4 + 60.3.

Further samples have been studied from the Drammen (‘medium- to fine-grained granite’)
and Glitrevann (‘aplitic granite’) granites, situated in the Oslo Rift (Norway), a region well-
known for its rift-related Mo-mineralization.

Twenty melt inclusions of the Drammen granite were analyzed, of which 14 were situated

along a 2 cm long transect through the border of a miarolitic cavity, extending from fine-
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grained aplite over a pegmatitic contact zone into a euhedral quartz crystal, clearly
indicating that W concentrations increase with increasing degree of melt fractionation.
Molybdenum concentrations first increase from 11 to 32 ppm and then dramatically
decrease to values around 6 ppm in the most evolved melts within the euhedral quartz
crystal suggesting that at the very last stages of magma solidification changes in P, T, 15,
and/or fO2 led to the precipitation of molybdenite.

Fluid evolution within the Drammen granite is similar to the one in the Treasure Mountain
Dome, starting with intermediate-density, partly CO:-bearing fluid inclusions with
salinities of 4.4-6.3 wt% NaClequiv, passing through a stage of two-phase fluid, and finally
reaching a state where aqueous, high-density fluid inclusions were trapped. However, P-T
conditions (~680°C/ 140 MPa) of the magmatic-hydrothermal fluid at Drammen,
reconstructed from the intersection of intermediate-density fluid inclusion isochors with
the granite solidus, differ from the ones in Colorado, especially regarding the much higher
pressure. Molybdenum concentrations in intermediate-density fluid inclusions range from 3
to 270 ppm, with the majority of values clustering around 30-40 ppm Mo. Copper
concentrations show a large scatter, ranging from 8 ppm to 3500 ppm without any apparent
relationship to other elements. Although roughly contemporaneous, none of the analyzed
fluid and melt inclusions were unambiguously coexisting. Accordingly, no fluid-melt
partition coefficients were calculated.

Useful miarolitic quartz samples from the Glitrevann granite were limited and thus only a
few results can be presented. Analyses of melt inclusion in quartz crystals within the aplitic
granite shows that these melts are just slightly more fractionated than the average whole-
rock composition reported in the literature (Jensen, 1985). Molybdenum concentrations add
up to 12 + 1 ppm.

Within the quartz crystals from miarolitic cavities, no melt inclusions were found.
Intermediate-density fluid inclusions are rare and restricted to the base of the crystals, but
coexisting vapor and brine inclusions are more abundant, with late-stage brine inclusions
reaching salinities of up to 80 wt% NaClequiv. Intermediate-density fluid inclusions have
salinities of 6.7-8.1 wt% NaClequiv, contain 2.1-3.5 mol% CO2, 5-180 ppm Cu with the

majority of values clustering around 20 ppm, and rather low Mo concentrations in the order
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of ~5 ppm. The fact that none of these inclusions contains more than 1100 ppm Al suggests
that they probably do not represent magmatic fluids, but were trapped at subsolidus
conditions, being comparable to the Mo-poor intermediate-density fluid inclusions

measured in some Treasure Mountain samples.
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Figure 3.2

Molybdenum versus Cs-concentrations of melt inclusions from Mo- and Cu

mineralized granites and porphyries, sorted according to their economic relevance and

tectonic setting. Note the generally lower Mo/Cs-ratios of subduction-related melts
compared to melts from within-plate settings. Sources of data: see section 6.3.6.
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The comparison of this data from subeconomic deposits with data from economic porphyry
Mo deposits and barren granites in intra-plate settings worldwide shows that with regard to
the metal content of input melts there is no systematic difference between economically
Mo-mineralized and barren granites. Melts from subduction-related porphyry Cu
(Mo + Au) deposits, on the other hand, exhibit lower Mo-contents than similarly evolved
melts from within-plate settings. The same applies for Mo-concentrations in the input
fluids: Maximum Mo concentrations in porphyry Mo-related fluids are similar to those
observed in fluids from sub-economically mineralized and barren intrusions in within-plate
settings. Furthermore, fluids from Mo-mineralized granites have higher Cs and Mo contents
than those from porphyry Cu (Mo) deposits which reflects the higher degree of
fractionation of melts in the former occurrences (Figure 3.2). This is in line with the higher
concentrations of compatible Cu in porphyry Cu (Mo)-related fluids. However, absolute Cu
concentrations are always at least five times higher than Mo concentrations, even in those
fluids that produced pure Mo mineralization, leading to the question where all this Cu
went, since no recoverable Cu-ore was found in most porphyry Mo deposits. A possible
explanation is the selective precipitation of Mo at near-magmatic levels in contrast to Cu
and Fe, which were possibly deposited at higher levels and thus might have already been
eroded.

In summary, the range of Mo concentrations measured in single-phase, pre-mineralization
fluids from barren and productive intrusions is relatively small (~1.6 orders of magnitude),
suggesting that the Mo-mineralization potential was to a larger extent controlled by other
factors. These factors are very likely the size and shape of the underlying batholitic system,
the depth of magma emplacement, and the episodic intrusion of magmas ensuring a
constant flux of metals and sulfur to the porphyry level resulting in high-grade ore shells

within a small rock volume.
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AUTHOR’ S CONTRIBUTION

1 Lerchbaumer L. and Audétat A. (2012) The ‘quartz capsule’ — a new method to avoid

alloying problems with noble metal capsules in hydrothermal experiments. European

Journal of Mineralogy 24/3 (2012), in press; doi: 10.1127/0935-1221/2012/0024-2216.

In course of the partitioning-studies I designed this new capsule together with my
supervisor Andreas Audétat (AA). I carried out all experiments and subsequent analyses.

Final conclusions were drawn by me together with AA and I finally wrote the manuscript.

2 Lerchbaumer L. and Audétat A. (2012) High Cu contents in vapor-type fluid inclusions:
an artifact? Geochimica et Cosmochimica Acta (2012), in press; doi:

10.1016/j.gca.2012.04.033.

I did all partitioning and re-equilibration experiments and subsequent analyses.

Interpretation of the data was done together with AA and I wrote the manuscript.

3 Lerchbaumer L. and Audétat A. (2012) The metal content of silicate melts and aqueous
fluids in sub-economically Mo-mineralized granites: implications for porphyry Mo genesis.

Economic Geology (2012), submitted.
I studied and analyzed the natural samples (previously collected by AA) and I conducted

the experiments and subsequent analyses. Data interpretation was done by me together

with AA and I finally wrote the manuscript.
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between synthetic fluid inclusions and external aqueous solutions: Evidence from LA-ICP-
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This study was mainly done by Li Yuan. I contributed data from microthermometry-
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6 MANUSCRIPTS

6.1 The quartz capsule’— a new method to avoid alloying problems with

noble metal capsules in hydrothermal experiments

L. LERCHBAUMER AND A. AUDETAT

Bayerisches Geoinstitut, Universitit Bayreuth, 95440 Bayreuth, Germany

European Journal of Mineralogy 24/3 (2012), in press; doi: 10.1127/0935-1221/2012/0024-2216.

6.1.1 Abstract

A specially designed quartz liner effectively prevents alloying problems with noble metal
capsules during hydrothermal experiments at elevated pressures and temperatures. The
liner consists of three pieces: a cylindrical container made of a single quartz crystal, a SiO2
glass plug, and a rounded closure lid made of a single quartz crystal. Soon after the final
pressure and temperature have been reached, recrystallisation of the SiO: glass plug causes
the quartz cap to be tightly sealed onto the quartz container, thus producing a quartz
capsule that fully isolates the charge from the surrounding noble metal capsule. The
efficiency of the method is demonstrated on experiments with Cu and S (+ Fe, Ag)-bearing,
NaCl-H20 dominated fluids, which are complicated by the fact that all commonly used
noble metals (and -alloys) react with either of these elements. Even small amounts of added
Ag are still present after the run, showing that interaction with outer gold capsules was
minimal. The new method makes it also possible to study chemical systems involving
compounds with low melting points, such as Sn, Bi, Te, Tl, and Hg, and it allows the
surrounding noble metal capsules to be replaced by capsules made of non-noble materials if
necessary. A disadvantage of the method is that it cannot be used in conjunction with
external fO2 buffers, as the fluid inclusions form before equilibrium with respect to an

external /02 buffer is reached.
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6.1.2 Introduction

In experiments conducted at elevated P-7 conditions the sample is usually contained in
noble metal capsules in order to prevent its chemical reaction with the surroundings. The
choice of the capsule material depends on many factors such as temperature stability,
permeability to hydrogen, malleability, metal price, and its reactivity with the charge or the
pressure medium (e.g., Huebner, 1971). Commonly used metals and alloys are Au, Pt, Ag,
AuPd, and AgPd. Although called "noble", none of these materials is completely inert, with
the degree of reactivity increasing with increasing temperature. At temperatures above
~600 °C, (i) Au significantly alloys with Cu, (ii) Pt (at high 7"also AuPd) alloys with Fe, (iii)
AgPd alloys with Ni, and (iv) Pt, Ag and Pd-bearing alloys react with S to form sulphides
(e.g., Barton & Toulmin, 1964; Pan & Wood, 1994). Furthermore, all of these materials alloy
with Sn, Bi, Te, Tl, and Hg to form intermediate compounds with low melting points,
causing the capsules to fail if the abundance of the latter elements is high. A major problem
in studies related to ore formation is posed by experiments containing Cu and S (+ Fe)
simultaneously because none of the capsule materials listed above is inert with respect to
both of these elements. At the same time, it is desirable to perform experiments at known
fO:2 conditions.

Several methods have been developed to overcome this problem. One option is to
design the experiments such that the activities of Cu, Sz, and Oz are all buffered. This can be
done by either buffering /02 externally and using internal mineral assemblages that
constrain f5; and Cu activity (e.g., Simon et al, 2006, 2008; Frank er al, 2011), or by using
mineral assemblages that fix all three variables (eg., pyrite-pyrrhotite-magnetite-
chalcopyrite; Seyfried & Ding, 1993). Although these approaches work well, the number of
applications is rather limited because only few Cu-, Fe-, and S-containing mineral
assemblages are available that are able to buffer /5: (+ /02), and because efficient fO2
buffering through Au capsules (which are needed in Fe- and S-bearing experiments)
requires temperatures of > 700 °C (Chou, 1986).

To retain a higher experimental flexibility it would be desirable to find a way to
circumvent the alloying problems. At temperatures up to 500 °C, flexible titanium cells

(e.g., Seyfried & Ding, 1993; Pokrovski et al, 2008) or rigid titanium autoclaves (e.g.,
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Rempel er al, 2010) have been used, which inner surfaces were previously passivated by
acid treatment. However, we found that in hydrothermal experiments above ~500 °C
passivation is no longer possible because the reaction of Ti to TiO: does not stop, leading to
complete transformation of Ti sheets of 0.02 mm thickness into rutile after 6 days at 700 °C.
A method allowing S- and Cu-bearing fluids to be studied in situ by Synchrotron-XAS at
temperatures up to 600 °C has been developed by Testemale et al. (2005). In this method
the sample is contained in a rigid cylinder made of glassy carbon and pressure is applied by
two glassy carbon pistons. Most recently, Zajacz et al. (2011) used AugzCuos alloy capsules to
investigate Cu-solubility in sulphide-bearing fluids at 1000 °C and 150 MPa. In these
experiments no significant interaction between the charge and the capsule material was
observed. In contrast, our experiences with AussCuos tubing at 600-700 °C and 70-100 MPa
were less promising, as fluids containing 1-2 mol/kgsluion H2S reacted with the alloy to form
an irregular layer of CuS of 0-15 pm thickness within 5 days. Thus, a substantial amount of
S was lost during these runs. The formation of CuS could potentially have been prevented
by using an alloy containing less Cu, but then the Cu content of the fluid inclusions may
have become too low to be analysed reliably. Furthermore, this approach does not allow
determination of the actual solubilities of Cu-bearing minerals because the alloy fixes the
Cu activity likely at some different value.

Even more challenging are experiments involving elements with low melting points
such as Sn, Bi, Te, T1, and Hg. Native Bi, for example, has a melting point of only 271 °C and
can dissolve up to 20 wt% Au at 300 °C. Due to this behaviour it has been proposed that Bi
melts may efficiently scavenge Au from hydrothermal fluids (Douglas er al 2000; Tooth er
al. 2008). However, the same behaviour renders it virtually impossible to conduct Bi-rich
experiments in noble metal capsules because the capsules either melt or transform into
brittle crystalline phases, resulting in capsule leakage.

The aim of this study was to develop a hydrothermal experimental technique that
reduces the interaction between charge and noble metal container to a minimum and
allows aliquots of the fluid to be trapped as synthetic fluid inclusions in quartz. Although
the data presented here deal only with Cu-, S-, (+ Fe) and Bi-bearing systems the method

can equally be used with other compounds and thus is able to prevent any kind of alloying
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problems. Notice also that our target P-7 conditions (~700-800 °C and 100-150 MPa) are
fundamentally different from those of piston-cylinder experiments in which capsules made
of quartz (Ballhaus er al, 1994) or olivine (e.g., Ballhaus er al, 1991; Holzheid & Grove,
2002; Berry et al, 2005) have been previously used. In these latter experiments, pressures
and temperatures are so high that the liners deform, which strongly facilitates their sealing

and the transmittance of confining pressure.

6.1.3 Methods

The setup of our experiments is shown in Figure 6.1.1. The quartz capsule itself consists of a
beaker made of single crystal synthetic quartz, a closure cap made of the same material, and
a neatly fitting plug of SiO2 glass inserted into the uppermost part of the beaker. The beaker
measures 16 mm in length, 4.4 mm in outer diameter and 2 mm in inner diameter, and is
drilled out of synthetic quartz in such a way that the c-axis of the crystal is parallel to the
length of the container. The bottom edge of the beaker is rounded to avoid any damage to
the surrounding metal capsule. The rounded closure cap measures 2 mm in thickness and is
cut such that the c-axis is oriented perpendicular to the flat base. The rounding of the
closure cap is important, as it causes the cap to be pressed onto the beaker during the
pressurisation at the beginning of the experiment. The base of the cap and the top of the
beaker are polished flat to ensure quick sealing. The plug is made of SiO: glass, which
dissolves and re-precipitates on the crystalline quartz, thus producing a seal between the
container and the capsule lid.

In our experiments the cylindrical space within the quartz beaker was filled with a
piece of natural quartz from Brazil, ~25 pl aqueous solution (H20, NaCl + FeCl>+ HCl with
minor amounts of dissolved Co, Cu, Cs, Pb, and Rb), ~1.5-7 mg SiO2 glass, and in some cases
other solid starting materials such as AgCl, As:Os3, HsBOs, elemental S, and/or small grains
(160-250 pm diameter) of arsenopyrite, cassiterite, chalcocite, magnetite, molybdenite,
pyrrhotite, and pyrite. It is essential that more solution is loaded than is necessary to fill the
sample volume at run conditions, otherwise the surrounding pressure cannot be transmitted

(see below). In one run (LL175) native Bi was filled into the quartz beaker. In all cases the
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inserted piece of quartz measured ca. 1.0 x 1.8 x 10 mm and was cut such that its longest
dimension was parallel to the c-axis of the quartz crystal. The surface was etched in 48 %
hydrofluoric acid for 30 minutes to obtain small channels that favour the formation of fluid
inclusions during overgrowth of new quartz (e.g., Duc-Tin er a/, 2007; Li & Audétat, 2008).
The inner walls of the beaker were etched as well to obtain additional surface for fluid
inclusion formation. The filled quartz capsule was then inserted into a gold capsule of
40 mm length and a wall thickness of 0.2 mm that subsequently was sealed by arc welding.
Finally, the finished capsule was loaded into a water-filled cold-seal pressure vessel,
pressurised to ~40 MPa and then taken out again, to check whether the gold capsule was

squeezed correctly onto the quartz capsule.

Figure 6.1.1
Setup of the quartz capsule. 1 = Au capsule, 2 = cap made of synthetic quartz, 3 = plug
made of SiO2 glass, 4 = fluid (plus SiO2 glass and buffer minerals, illustrated as small

dots), 5 = etched piece of natural quartz, 6 = container made of synthetic quartz.

Finished capsules were put into cold-seal rapid-quench autoclaves of the design
described in Matthews er al (2003). After pressurizing to ~40 MPa, the capsules were
heated nearly isobarically to 400 °C. During this procedure the NaCl-H20 solution
expanded and part of it escaped from the quartz capsule into the surrounding gold capsule.
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Above 400 °C pressure and temperature were raised simultaneously in a manner that the
fluid density stayed approximately constant at ~0.6 (+ 0.1) g/cm3. This ensured that the fluid
remained in the one-phase field during heating. Once the run temperature was reached,
pressure was lowered to the final conditions within a few minutes. Subsequent
recrystallisation of the SiO: glass plug and growth of new quartz between the quartz cap
and the beaker resulted in the formation of a tight seal and thus isolated the inner fluid
from the gold capsule. Control experiments without quartz capsules were conducted in a
similar way but contained a larger piece of etched quartz (~5 mm x 5 mm x 8 mm) and
more fluid (~50-110 pl), which were loaded directly into Au, copper-coated Au, or
AussCuos-alloy capsules. In runs LL135 and LL136, in which H2S was generated by the
reaction of Na:S with HCl-rich solution, the two components were loaded separately to
avoid any chemical reaction before the capsule was completely closed. This was done as
follows: First, the solution was inserted into the base of the gold capsule by means of a
pipette, then the capsule was crimped shut a few millimetre above the solution, then the
piece of etched quartz was put loaded together with Na:S into the upper part, and finally
the capsule was sealed by arc welding. Subsequent heating to ~100 °C caused the fluid in
the lower part of the capsule to expand and to join the upper part.

After the experiments the capsules were weighted to check for leakage and then
opened with a razor blade. The pieces of etched quartz containing the synthetic fluid
inclusions were polished and adequate fluid inclusions were marked for further analyses.

Major and trace element concentrations in individual fluid inclusions were analysed
by laser ablation ICP-MS (LA-ICP-MS). Measurements were performed using a 193 nm ArF
Excimer laser (Geolas M system; Coherent) attached to a quadrupole mass spectrometer
(Elan DRC-e; Perkin Elmer). The sample chamber was flushed with helium gas at a rate of
0.4 1/min and hydrogen gas at a rate of 5 ml/min (Guillong & Heinrich, 2007). The ICP-MS
system was tuned to a thorium oxide rate of ~0.05 % and a rate of doubly charged Ca ions of
~0.1 % during ablation of NIST SRM 610 glass. Dwell times were 10-20 ms per isotope,
except for Cu (+ Au) which were measured for 40-50 ms Additional information about the
instrumentation can be found in eg., Pettke er al (2004) and Pettke (2008). External

standardisation was based on NIST SRM 610 glass, using the preferred values listed in the
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GeoReM database (http://georem.mpch-mainz.gwdg.de/). Chlorine was not measured
because the signals in low salinity fluid inclusions were generally too small to be quantified
reliably.

Elemental concentration ratios measured by LA-ICP-MS were converted to absolute
values using an internal standard, i.e., a known concentration of one element in the fluid.
In experiments performed in the single-phase fluid field we used the concentration of Rb in
the starting solution for this purpose because Rb is insoluble in all solid phases present in
our runs. In experiments performed in the two-phase fluid region we used Na
concentrations deduced from microthermometrically determined NaClequv values as internal
standard. Microthermometry was done on a Linkam heating-cooling stage (THSMG 600)
with an operation range of -198 to +600 °C, whereas NaClequiv values were calculated from
the melting curves of ice and halite reported in Bodnar & Vityk (1994). For vapour
inclusions the fluid salinity was determined for every inclusion that subsequently was
analysed by LA-ICP-MS in order to be able to quantify small amounts of co-trapped brine,
which is very common in vapour inclusions (e.g., Bodnar er al, 1985). This was done by
defining the least saline vapour inclusion as vapour endmember and calculating the
proportion of vapour and brine in mixed inclusions by mass balance. That way corrected
vapour salinities were up to three times lower than uncorrected ones. For brine inclusions
we used average salinities highly reproducible within one experiment.

Combined analytical uncertainties are estimated at 10-20 % (e.g., Heinrich er al,
2003). Most of this reflects systematic errors arising from the internal and external
standardisation and thus does not influence the data reproducibility, except for elements
close to the detection limits where analytical errors increase due to counting statistics.

In most of the sulphur-bearing runs the trapped fluid was additionally analysed by
Raman spectroscopy in order to determine sulphur speciation in the quenched liquid. This
was done with a Horiba LabRAM HR 800 spectrometer connected to a Coherent Innova
90C argon ion laser, using an exposure time of 20 seconds and an accumulation time of 2

seconds.
6.1.4 Results

Within this study the quartz capsule method was tested in 12 experiments at temperatures

86



Manuscripts

of 600-800 °C and pressures of 70-150 MPa (Tables 6.1.1 and 6.1.2). In 50 % of the cases the
quartz cap was tightly attached to the quartz beaker after the experiment and could be
removed only with force using a razor blade, or even had to be cut off with a diamond
blade. In the remaining 50 % of cases the cap did not fully seal with the quartz beaker but
still prevented significant interaction of the fluid with the surrounding noble metal capsule.
No clear relationship between the duration of the experiments and the tightness of the

sealing could be observed, but a minimum runtime of one day appears to be necessary.

Table 6.1.1 Overview of performed experiments

. excess uartz
fluid , 9 runs
solids capsule

1-phase no yes LLO75

1-phase yes yes LLO82, LL107, LL156

2-phase yes no LL117

2-phase no yes LLO89, LL093

2-phase yes yes LLO91, LL126, LL133, LL154, LL167, LL175
2-phase no no LL108, LL135, LL136, LL173, LL174

The size of the synthesised fluid inclusions is independent of the presence/absence of
a quartz capsule, but strongly depends on temperature and fluid composition. At 800 °C,
fluid inclusions greater than 20 ym in diameter were obtained in fluids of any composition
(Figure 6.1.2), whereas at 600 and 700 °C, inclusions of this size were only obtained in runs
to which HCl was added. In general, the speciation of sulphur analysed by Raman
spectroscopy in the liquid portion of the fluid inclusions is in agreement with the oxidation
state of the starting materials (i.e., Na:S gave H2S; Na:SO4 gave SOs+*; and elemental sulphur
gave both), suggesting that only little hydrogen was exchanged with the external fluid as
long as fluid inclusions formed. In experiments containing no or only little (< 1 wt%)
sulphur, measured fluid salinities and reconstructed fluid isochores agree well with P-V-T-
X properties in the model H2O-NaCl system and the given run conditions. For example, the
salinities of vapour and brine inclusions in S-free run LL175 (15 and 37 wt% NaCl,
respectively) agree well with the limits of the two-phase field at 700 °C / 120 MPa (~12 and
35 wt% NaCl; Bodnar et al., 1985), and the isochore constructed for the single-phase fluids

trapped in run LLO82 (7.1 wt% NaCl; Thom = 305 °C into the liquid) passes within 10 MPa
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through the run conditions of 600 °C/ 150 MPa. In experiments with significant amounts of
sulphur, however, significant mismatches are observed with regard to the phase relations
and isochores in the model H20-NaCl system. The two-phase fluid field appears to be
significantly widened, and calculated isochores suggest entrapment pressures that are up to
50 MPa too low. Importantly, exactly the same mismatches are observed also in runs
performed without quartz capsules, showing that the problem is caused by the presence of

sulphur rather than by a failure of pressure transmission in the quartz capsules.
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Figure 6.1.2
Synthetic fluid inclusions in quartz, produced at 800 °C and 130 MPa in a quartz

capsule experiment (Run LL154).

The results of LA-ICP-MS analyses are summarised in Table 6.1.2 and are discussed
below. Experiments performed in the one-phase fluid field allow the composition of the
synthetic fluid inclusions to be easily compared with the starting concentrations (Figure
6.1.3). In one experiment (LL075), which was performed at 700 °C and 150 MPa in a quartz
capsule, a solution containing 7.18 wt% NaCl, 5100 ppm Cu (added as CuCl), 520 ppm Co,
570 ppm Rb, 530 ppm Cs, 510 ppm Pb, and 0.25 mol/kgstuion HCl was loaded together with
6.44 wt% elemental S and 1200 ppm Ag (as AgCl) into the quartz capsule. Because the 6.44

wt% S dissolved completely into the fluid the concentrations of all elements present in the
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starting solution need to be reduced by 6.0 %. Such corrected values are listed as "starting
concentrations" in Table 6.1.2. Elemental concentrations measured in the synthetic fluid
inclusions agree within 12 % with the starting concentrations of elements added in solution
(Na, Cu, Cs, Pb, and Co), but are slightly higher for the two elements that were added as
solids (+ 15 % in the case of S; + 25 % in the case of Ag). The latter can be explained by the
fact that part of the loaded fluid was expelled from the quartz capsule during heating to
400 °C, thus the mass of elements loaded as solids increased relative to the mass of fluid
remaining in the capsule. The presence of small amounts of Au in the synthesised fluid
inclusions (Table 6.1.1) shows that some interaction with the Au capsule did occur before
the fluid became fully isolated. However, the above results suggest that only little Cu and
Ag were lost from the charge and therefore, that interaction of the inner fluid with the gold
capsule was very limited. Quantification of Cu and Ag concentrations in the gold capsule
would not contribute much to or against this conclusion, as there is always fluid expelled
from the quartz capsule during heating, which will loose dissolved metals to the gold
capsule also after the quartz capsule had sealed.

Other experiments involving single-phase fluids in quartz capsules were conducted
with excess amounts of added solids (LLO82 with pyrite, pyrrhotite, chalcopyrite,
magnetite; LL107 with chalcocite; LL156 with cassiterite). In these runs it cannot be
quantified how much metal was lost through alloying because major elements (e.g., Cu in
case of excess chalcopyrite) were buffered at their solubility limit, and minor elements may
have been taken up by these excess solids (e.g., Mo and Ag may be taken up by excess
chalcopyrite). On the other hand, they provide important insights regarding the question
whether equilibrium between fluid and solids has been reached before fluid entrapment. In
the etched plate technique (Duc-Tin et al, 2007) fluid inclusion formation occurs during
the overgrowth of new quartz over the etched quartz substrate, with the SiO: being derived
mainly from SiO2 glass. This process is relatively slow compared to the healing of cracks in
pre-cracked quartz pieces, and thus results in fluid entrapment over a considerable amount
of time. If the added solids dissolve too slowly, then the corresponding element
concentrations in the fluid inclusions will not be constant. The fact that the measured

concentrations of Cu and Sn in these experiments are reproducible suggests that
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equilibrium between fluid and solids was reached faster than the onset of fluid inclusion

formation.
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Figure 6.1.3

Comparison of starting concentrations in the experimental charge with elemental
concentrations measured in synthetic fluid inclusions (Run LL075; 700 °C / 150 MPa).
The slightly higher concentration of Ag and S in the synthetic fluid inclusions is due
to fact that these elements have been added as solids and thus became enriched
relative to the other compounds when part of the fluid escaped from the quartz

capsule during heating. Error bars denote 1 sigma standard deviations.

Figure 6.1.4 >
Results from three sets of compositionally similar experiments conducted with and
without quartz capsule in the two-phase fluid field. (a) Run LL093 (700 °C / 105 MPa,
with quartz capsule) versus (b) run LL136 (700°C / 100 MPa, without quartz capsule in
a AussCuos-capsule); and (c) run LLO89 (800 °C / 130 MPa, with quartz capsule) versus
(d) run LL174 (800 °C / 130 MPa, without quartz capsule in a pure gold capsule); (e)
run LL167 (800°C/140 MPa, with quartz capsule) versus (f) run LL117
(800 °C/ 130 MPa, without quartz capsule in a AussCuos-capsule). Notice the much
larger error bars of Cu (but not of Pb and other trace elements) in the runs performed

without quartz capsule. Error bars denote 1 sigma standard deviations.
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Fourteen experiments were conducted at P-7-X conditions under which the starting
solutions split into two different fluids (a low-density vapour phase and a high-density
brine). One half of these experiments was performed without excess solids, the other half
with excess solids (Table 6.1.1). From both types of experiments we performed runs with
quartz capsules and runs without quartz capsules in order to see how much the quartz
capsule helps to improve the reproducibility of the fluid inclusion compositions. In the
following we first discuss the results obtained from runs without excess solids.

Runs LL093 and LL136 (Figure 6.1.4a, b) both contained H2S (which was proven by
Raman spectroscopy) that was produced by adding sulphur as NaxS and chlorine as HCI,
which react to NaCl and H»S according to the reaction Na, 5+ 2HCl <> H,S+2NaCl. The
runtime for both experiments was 5 days. Run LL093 was conducted in a quartz capsule and
contained Fe and Cu added in the form of chlorides (3a = 6.1 wt%), whereas run LL136 was
conducted in a AussCuos capsule and contained no Fe (3a = 15.5 wt%) with the capsule
serving as Cu source. While the reproducibility of Na and Pb are comparable, copper
concentrations in fluid inclusions from the latter experiment show a much larger spread
(Figure 6.1.4a, b). This is unlikely a consequence of slow Cu diffusion out of the AussCuos
capsule because Cu in fact accumulated as crystalline CuS along the capsule wall. Rather,
the formation of CuS lead to a continuous decrease in fS2in the fluid and thus to a decrease
in Cu solubility over time (e.g., Simon et a/, 2006; Frank er al, 2011).

Another pair of experiments (LLO89 + LL174; Figure 6.1.4c, d) was performed with a
bulk fluid containing ~6 wt% NaCl, ~4300 ppm Cu added as CuCl, and ~6 wt% S added as
elemental sulphur. In these two runs S reacted to H2S by means of metallic Ti that was
added as fine powder. The runtime was 6 days. Again the reproducibility of Cu
concentrations in the run conducted with quartz capsule (LL089) is much better than the
ones in the run conducted without quartz capsule (LL174), while the reproducibility of all
other elements is about the same. Mass balance calculations based on a reconstructed
vapour/brine mass ratio of 9/1 suggest that less than 48 % of the Cu and Ag were lost during
run LL089, whereas 87 % of the Cu and more than 95 % of the Ag were lost during run
LL174. Runs LL108, LL135, LL136, and LL173 were all performed without excess solids and

without quartz capsule. Runs LL108, LL135, and LL136 resulted in highly non-reproducible
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Cu concentrations (1o relative standard deviation in vapour and brine are 55-96 % and 18-
24 %, respectively), whereas run LL173 resulted in a standard deviation of 30 % (Table
6.1.2).

An improvement in the reproducibility of Cu concentrations is evident also in
experiments in which two-phase fluids were trapped in the presence of excess solids. Run
LL167 was performed with excess chalcocite in a quartz capsule and resulted in relative
standard deviations of 4 % in the brine and 25 % in the vapour, whereas a similar run
performed in a AussCuOs capsule (LL117) resulted in standard deviations of 45 % and 73 %,
respectively (Figure 6.1.4e, ). Other runs with excess solids performed in quartz capsules
resulted in < 20 % standard deviation in the Cu concentrations of both vapour and brine
(LLO91, LL126, LL133, LL154; Table 6.1.2). In summary, the evidence presented above
suggests that Cu concentrations in fluid inclusions are highly reproducible in runs
performed with quartz capsules, but typically are poorly reproducible in runs performed
without quartz capsules that do not contain excess Cu-bearing solids. An influence of
oxidation state on the magnitude of Cu—Au alloying is not apparent.

The usefulness of the quartz capsule was proven also in a run saturated with molten
bismuth (LL175). In this experiment, 20 wt% NaCl, 9.87 wt% Bi, and 1.04 wt% Au were
filled into the quartz beaker and run at 700 °C and 120 MPa. After 4 days the surrounding
Au capsule was still intact, and the loaded Bi formed a droplet at the bottom of the quartz
beaker. A similar experiment conducted without quartz liner resulted in failure of the Au
capsule due to alloying of Au and Bi. There the Au capsule attained a bronze colour and
became so brittle that it dismembered into several grains upon slight squeezing. In the run
with quartz capsule the 1.04 wt% of loaded Au loaded completely dissolved in the bismuth
melt, causing the Au concentration in the fluid to be low (< 27 ppm in vapour; < 8 ppm in
the brine). The solubility of Bi in the fluid was in the order of 20 ppm. However, the data
show a relatively large spread because the inclusions were very small and the measurements

thus near the detection limit.
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6.1.5 Concluding Remarks

The results presented above demonstrate that the quartz capsule is an effective way to avoid
alloying problems with noble metal capsules. The main focus of our study was to avoid loss
of Cu to Au capsules, but also loss of Ag and Bi was prevented efficiently. The latter implies
that the quartz capsule method is useful in any hydrothermal study involving elements that
either react with Au and Pt to form crystalline phases or produce alloys with low melting
points such as Sn, Te, Te, Tl, Ge, or Hg. Furthermore, the method allows the noble metal
capsules to be replaced by capsules made of non-noble metals if necessary, for example due
to reasons of cost, temperature stability, or higher/lower permeability to hydrogen.

Of course the quartz capsule also bears some disadvantages: (1) it is not possible to
initiate the formation of fluid inclusions after a given time of equilibration by in-situ
cracking because this would destroy the quartz capsule, (2) part of the fluid is expelled from
the quartz capsule at the beginning of the experiment, and (3) the method is limited to
quartz-bearing systems if e.g., applied to silicate melts.

In-situ cracking is a necessary prerequisite if one wants to buffer /02 externally
because diffusional equilibration of hydrogen through noble metal capsules can be slower
than the formation of fluid inclusions. In experiments with internal buffers, on the other
hand, equilibration of the fluid with the solids is usually faster than the formation of fluid
inclusions (e.g., Simon et al, 2007). Several possibilities exist to control fO: in quartz
capsule experiments: (1) it can be buffered internally by mineral assemblages such as
quartz-fayalite-magnetite or ilmenite-magnetite-rutile if these minerals do not disturb the
remaining charge; (2) in experiments with single-phase fluids it may be controlled by using
variable amounts of oxidised/reduced starting materials and calculating fO2 based on
thermodynamic principles; and (3) rather than being controlled actively, fO: may be
monitored by sensors, such as the composition of pyrrhotite in equilibrium with magnetite
(e.g., Whitney, 1984), the hydrogen content of rutile (Colasanti et al, 2011), or via fO2-
dependent solubilities of trace elements (e.g., Sn, U; Wilson & Eugster, 1990; Bali er al,
2011).

To ensure that the fluid within the rigid quartz capsule is at the same pressure as the

fluid within the autoclave it is necessary to load more solution into the quartz capsule than
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is necessary to fill the sample volume at run conditions. In this case, overpressure generated
within the quartz capsule during heating at the beginning of the experiment can be
continuously released by expulsion of fluid into the space between quartz capsule and the
surrounding noble metal capsule, and the pressure within the quartz capsule will always be
the same as in the autoclave. If the amount of added solution is too little, then the pressure
within the quartz capsule is lower than the confining pressure and nothing can be moved in
to compensate the pressure deficit. In this case, the final pressure within the quartz capsule
will be considerably lower than the confining pressure, except if the quartz capsule breaks.
For this reason some fluid should be expelled from the quartz capsule at the beginning of
the experiment. By calculating the final fluid volume and comparing it with the remaining
space within the quartz capsule the amount of expelled fluid can be minimized, but to be

sure that the final pressure is reached there should always be an excess of fluid.
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6.2 High Cu concentrations in vapor-type fluid inclusions: an artifact?

L. LERCHBAUMER AND A. AUDETAT

Bayerisches Geoinstitut, Universitit Bayreuth, 95440 Bayreuth, Germany

Geochimica et Cosmochimica Acta (2012), doi: 10.1016/].gca.2012.04.033

6.2.1 Abstract

Studies of natural fluid inclusions have shown that Cu commonly occurs at higher
concentrations in vapor-type inclusions than in coexisting brine inclusions, a phenomenon
which has been interpreted to arise from copper partitioning into the vapor phase. In the
first part of this study, we attempted to experimentally reproduce this behavior in
hydrothermal experiments covering a range of P-T conditions (600-800 °C, 70-130 MPa),
fluid compositions (NaCl + KCl + FeClz; 0.5-6.6 wt% S), fluid acidities (quench fluid pH <0.3
to 10), and sulfur speciation (H:S-dominated to SO:-dominated). However, as in several
other studies we did not succeed in reproducing conditions under which Cu partitions into
the vapor phase. In view of recent observations that quartz-hosted fluid inclusions can
diffusively loose or gain Cu after entrapment, we set out to determine if the evidence from
natural fluid inclusions could be compromised. For this purpose we synthesized vapor and
brine inclusions from Cu-H20-NaCl-S fluids at 800 °C/130 MPa and re-equilibrated them in
slightly different fluids at 800 °C/70 MPa, measuring some inclusions by LA-ICP-MS after
each step. Vapor inclusions indeed experienced a dramatic increase in Cu from 0.3 + 0.03 to
5.7 + 3.3 wt%, while brine inclusions remained largely unmodified, leading to a change in

the partition coefficient D}”'*" from a true value (i.e. before re-equilibration) of 0.4 + 0.05

to an apparent value of 8.3 + 4.9. The requirements for substantial diffusional gain of Cu in
fluid inclusions are a change in the pH of the surrounding fluid from <1 to more neutral and
the presence of S in the pre-existing fluid inclusions. These requirements are also fulfilled in
nature: Cooling magmatic-hydrothermal fluids experience a change from acidic to more

neutral pH due to buffering along the feldspar-mica join, and natural vapor inclusions
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typically contain significant amounts of sulfur. A reversal experiment performed on natural,
quartz-hosted fluid inclusions from the Erongo granite, Namibia, showed that this process

can be reversed with the measured D/?'"™ value of 11 + 9.3 being modified to 0.06 + 0.04.
Thus, D}"'"™ values >1 measured on natural fluid inclusions in quartz are likely a
secondary feature caused by post-entrapment copper diffusion. Realistic D}*'"™ values in

porphyry Cu environments are between 0.11 and 0.15, and reconstructed vapor/brine mass
ratios are in the order of 4 to 9. This suggests that the main transporting agent of Cu at the
porphyry level are brines and that models based on copper partitioning into the vapor phase

are incorrect.

6.2.2 Introduction

For more than a century fluid inclusions have provided important information concerning
the role of fluids in the formation of magmatic-hydrothermal ore deposits (Hedenquist and
Richards, 1998). Two contrasting types of fluid inclusions are commonly found in this
environment, documenting entrapment from a two-phase fluid: (i) dense, salt-rich
inclusions (brines), and low-density, salt-poor inclusions (vapors). The brine phase was long
thought to be the main carrier of ore metals in these systems because base metal solubilities
generally increase with increasing fluid salinity (e.g., Crerar and Barnes, 1976; Holland,
1972), and because saline fluid inclusions in many deposits contain metal sulfide daughter
minerals (e.g. Roedder, 1971; Nash, 1976; Bodnar, 1995). However, this view has been
challenged recently by several findings. First, microanalyses of natural fluid inclusions have
shown that Cu, As, and Au concentrations in vapor inclusions are commonly higher than in
coexisting brine inclusions, or at least at levels implying a distinctly higher affinity to the
vapor phase than typical Cl-complexed elements such as Na, K, Pb, and Zn. (e.g., Sawkins
and Scherkenbach, 1981, Heinrich et al., 1992; Heinrich et al., 1999; Williams-Jones and
Heinrich, 2005; Audétat et al., 2008; Seo et al. 2009). Second, experimental studies have
shown that Au forms stable complexes with reduced sulfur (e.g., Hayashi and Ohmoto,
1991; Benning and Seward, 1996; Gibert et al., 1998; Loucks and Mavrogenes, 1999; Tagirov
et al., 2005; Zajacz et al., 2010), which, together with the volatile nature of sulfur
(Drummond and Ohmoto, 1985; Suleimenov and Krupp, 1994), provides a plausible
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explanation for the observed partitioning of Au into the vapor phase (e.g., Pokrovski et al.,
2008). Third, fluid inclusions trapped at deep levels and/or during early stages in the
evolution of magmatic-hydrothermal systems revealed that the bulk fluids were of
relatively low salinity (typically 4-10 wt% NaClequiv) and thus split into a large proportion of
vapor relative to brine upon decompression and cooling below 500 °C (e.g., Henley and
McNabb, 1978; Shinohara and Hedenquist, 1997; Williams-Jones and Heinrich, 2005;
Audétat et al., 2008). Taken together, these observations suggested that most of the Cu and
Au in magmatic-hydrothermal systems is transported by vapor-type fluids.

Several experimental studies were conducted to investigate the solubility of Cu in two-
phase fluids and to identify the conditions under which this metal preferentially partitions
into the vapor phase. It was expected that Cu would form stable complexes with reduced
sulfur, similar to the hydrosulfide complexes of Au. Indeed, sulfur-bearing Cu complexes
were found to exist (e.g., Romberger and Barnes, 1970; Helz et al., 1993; Mountain and
Seward, 2003; Etschmann et al.,, 2010; Zajacz et al., 2011) and it was noted that the

vap | brine

vapor/brine partition coefficient of copper, D/ , increases when sulfur is added to the

fluid (Simon et al., 2006; Nagaseki and Hayashi, 2008; Pokrovski et al., 2008; Frank et al.

2011). However, none of these studies succeeded in reproducing D/?'"" values >1. An
exception is the study of Nagaseki and Hayashi (2008), who measured D}*'"™ values up to

30. Mass balance constraints and results of our experiments performed under identical
conditions (discussed below) are in disagreement with these results and suggest that the
partition coefficients are in fact below unity. We have performed 19 additional vapor-brine
partitioning experiments over a significant range of P-T conditions (600-800 °C, 70-
130 MPa), fluid compositions (NaCl + KCI + FeClz; 0.5-6.6 wt% S), fluid acidities (quench
fluid pH <0.3 to 10) and sulfur speciation (H2S-dominated to SO2-dominated). However, as
in previous studies, none of our experiments resulted in a preferential partitioning of Cu
into the vapor phase.

In view of the fact that D/?'"" values >1 in natural samples have been determined

exclusively on fluid inclusions hosted by quartz and that Cu can rapidly diffuse through this
mineral (Mortley, 1969; Kats, 1962) we wanted to test whether the vapor-brine partition

coefficients measured in natural fluid inclusions could have been modified post entrapment.
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Rapid post-entrapment modification of Cu, Ag, Li, and Na concentrations both in silicate
melt inclusions and fluid inclusions via cation exchange has been shown before by
Kamenetsky and Danyushevsky (2005), Zajacz et al. (2009), and Li et al. (2009). We thus
performed re-equilibration experiments with synthetic fluid inclusions during which the
compositional evolution of natural, magmatic-hydrothermal fluids was simulated.
Additionally we performed a "reversal" experiment on natural fluid inclusions in which the
compositional changes likely experienced by these inclusions were reversed. These re-

equilibration experiments are the main subject presented here.

6.2.3 Methods

6.2.3.1 Experimental procedure

Fluid inclusions were synthesized with the etched quartz plate technique described in Duc-
Tin et al. (2007), using etched pieces of natural quartz from Brazil that were loaded together
with fluid (H20, NaCl + KCI + HCI + FeCl2 + CuCl; doped with 200-500 ppm Rb, Cs, Co,
and/or Pb), solid starting materials (e.g., elemental sulfur, Na:S, anhydrite, AgCl, As:0s3,
HsBOs, arsenopyrite, chalcocite, molybdenite), some SiO:2 glass plus buffer minerals (e.g.,
albite, orthoclase, biotite, muscovite, topaz, bornite, chalcopyrite, magnetite, pyrite) into
Au capsules of 5.0 mm O.D., 4.6 mm L[.D. and 40 mm length. This method results in
numerous, large (at >700 °C) fluid inclusions distributed over a narrow depth interval (6.2.
1), which greatly facilitates subsequent microanalysis. Details regarding the experimental
setup, fluid composition and solid starting materials used in individual experiments are
listed in Tables 6.2.1 to 6.2.3. Typical fluid : solid ratios were ~10 : 1. In most cases (except
for runs LL022-LL023, LL053-LL055, LL120, and LL135) we additionally used a quartz liner
to reduce interactions between fluid and the surrounding noble metal capsule
(Lerchbaumer and Audétat, 2012, in press). In this method the charge is placed in a
cylindrical beaker made of single-crystal quartz and then closed with a SiO2 glass plug and a
single-crystal quartz closure lid. Soon after the beginning of the experiment the SiO: glass
plug recrystallizes and thereby produces a tight seal between the beaker and the closure lid,
thus efficiently preventing loss of Cu and S through alloying with the surrounding Au

capsule. Two runs (LL120 and LL135) were conducted in AussCuocs-alloy capsules. In runs
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starting with Na:S plus HCl-bearing solutions (LL93, LL95, LL120, LL135), early reaction of
these two components and corresponding loss of S before capsule welding was prevented as
follows: First, the solution was inserted into the gold capsule using a pipette, then the
capsule was crimped shut a few millimeters above the solution, then the piece of etched
quartz was loaded together with Na2S into the upper part, and finally the capsule was sealed
by arc welding. Subsequent heating to ~100 °C caused the fluid in the lower part of the

capsule to expand and join the upper part of the capsule, in which it reacted with the solids.

pum

® S
o ®

10 um

Fig. 6.2.1
(a) Photomicrograph of vapor and brine inclusions synthesized at 800 °C/ 130 MPa

(run LL141). Appearance of a brine inclusion (b) and a vapor inclusion (c) before (left)

and after (right) re-equilibration at 800 °C / 70 MPa (runs LL147+LL149).

Because the rate of fluid inclusion formation in the etched quartz plate technique is
relatively slow there is enough time for the fluid to equilibrate with the loaded solids before
it gets trapped (Lerchbaumer and Audétat, 2012, in press). Evidence for attainment of
equilibrium between fluids and solids before fluid entrapment is found in the good
reproducibility of metal concentrations measured in fluid inclusions which, based on their
variable levels within new quartz overgrowth, must have formed over a considerable
amount of time.

Loaded capsules were put into rapid-quench cold-seal autoclaves of the design described
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in Matthews et al. (2003) and then heated along an approximately fluid-isochoric path to
the final run conditions of 600-800 °C and 70-130 MPa, where they were held for 4-12 days
(except for run LL171, which lasted only 0.3 days). Runs were terminated by taking the
autoclave out of the furnace and allowing it to cool to room temperature along an isochore
defined by the density of the fluid in the autoclave plus that in the pressure line. The
recovered capsules were weighed to check for leakage, opened with a razor blade, and the
pH of the quench fluid was immediately measured with indicator paper. The quartz bar
containing the synthetic fluid inclusions was polished and inclusions were selected for
analysis.

In the re-equilibration experiments, samples prepared at 800 °C and 130 MPa in the
manner described above were first analyzed by microthermometry, Raman spectroscopy,
and LA-ICP-MS, and then loaded with a slightly different fluid (+ solid materials) and a
fresh quartz plate into new capsules and re-equilibrated at 800 °C and 70-130 MPa for 3-4
days. After this, both re-equilibrated fluid inclusions (in the re-used sample) and new fluid
inclusions (formed in a new quartz plate) were characterized by microthermometry, Raman
spectroscopy, and LA-ICP-MS again. In one "reversal" re-equilibration experiment, a
natural vapor—brine fluid inclusion assemblage in a quartz crystal from the Erongo granite
was immersed for 22 days in the reconstructed fluid at its original trapping conditions at
~650 °C and 80 MPa, and the composition of re-equilibrated fluid inclusions was compared

with inclusions analyzed before the experiment.

6.2.3.2 Raman spectroscopy

Raman spectra of the liquid and vapor phase of individual fluid inclusions were taken at the
Bayerisches Geoinstitut with a Horiba LabRAM HR 800 spectrometer connected to a
Coherent Innova 90C argon ion laser with a wavelength of 514 nm. Measurements were
recorded in the spectral region between 200 and 4500 cm™ with an exposure time of 20
seconds and two accumulations. The resulting spectra were checked for the presence of

H20, H2S, SO2, and HSO+ bands (Burke, 2001) without quantifying absolute abundances.
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6.2.3.3 Microthermometry

Microthermometry was performed on a Linkam THSMG 600 heating-cooling stage that was
calibrated to an uncertainty of +0.1 °C in the range of -56.6 °C to 0.0 °C, and +1 °C at
374 °C. NaClequv salinities of vapor and brine inclusions were determined based on the
melting points of ice and halite, respectively, using the formulations of Bodnar and Vityk
(1994). Fluid salinity was determined for every single vapor inclusion in order to recognize
small amounts of co-trapped brine, which is common in boiling assemblages (Bodnar et al.,
1985). In the case of brine inclusions we used average salinities measured in five to ten
inclusions because these salinities were generally highly reproducible. In vapor inclusions
containing high amounts of H.S (LL151, LL152, LL171, LL172), accurate determination of
fluid salinities was hampered by the formation of clathrates. In these cases we estimated
endmember salinities based on mass balance constraints and/or phase relations in the H20-

NaCl system (Bodnar et al., 1985).

6.2.3.4 Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry

LA-ICP-MS analyses were performed at the Bayerisches Geoinstitut using a a 193 nm ArF
Excimer laser (Geolas M system; Coherent; U.S.A.) attached to a quadrupole mass
spectrometer (Elan DRC-e; Perkin Elmer, Canada). The sample chamber was flushed with
He gas at a rate of 0.4 I/min, and 5 ml/min H> gas was fed into the carrier gas between the
sample chamber and the ICP-MS (Guillong and Heinrich, 2007). Isotopes that were
monitored during the analysis include !'B, 2Na, 325, 3K, Mn, ’Fe, ®Cu, %Zn, »As, ®Rb,
%Mo, 17Ag, 1185n, 13Cs, 28Pb, and 2”Bi, using dwell times of 10 - 40 ms per isotope. The
ICP-MS system was tuned to a thorium oxide rate of ~0.05% and a rate of doubly charged
calcium ions of ~0.1% according to measurements on NIST SRM 610 glass. External
standardization was based on NIST SRM 610 glass using the values given in Spandler et al.
(2011), except for sulfur which was standardized on a well-characterized piece of afghanite
(Seo et al., 2011). Elemental concentration ratios measured in the fluid inclusions were
converted to absolute values by using either Na or Rb as the internal standard. In most cases
we used Na from the microthermometrically determined NaClequiv value and applied the

empirical correction procedure of Heinrich et al. (2003) if other salts were present, except
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for the clathrate-bearing vapor inclusions mentioned above, and vapor inclusions analyzed
after the re-equilibration experiments. In the latter case Na concentrations proved to be
unreliable because significant amounts of Na were gained during the experiments. We thus
used the average Rb concentration determined in vapor inclusions prior to re-equilibration
as the internal standard in the re-equilibrated inclusions. To be able to verify if fluid
inclusions leaked during the re-equilibration experiments we added ~500 ppm Rb to the
first fluid and ~500 ppm of Cs to the second fluid. The absence of detectable Cs in the re-
equilibrated fluid inclusions confirms that they were never in direct contact with the outer
fluid.

Combined analytical uncertainties are estimated to be 10-20% (Heinrich et al., 2003),
except for sulfur and elements close to the detection limit, for which the uncertainties may
be considerably larger. Larger uncertainties are expected also for vapor inclusions that have
been re-equilibrated and/or are rich in H2S (e.g., runs LL151 and LL152) due to the
difficulty to constrain the internal standard. Note, however, that element ratios are not
affected by the internal standardization and thus are accurate within ~10-20% also in those

samples in which the internal standard was difficult to constrain.

6.2.4 Results and Discussion

6.2.4.1 Regular vapor-brine partitioning experiments

Sixteen vapor-brine partitioning experiments were carried out covering a wide range in
temperature (600-800 °C), pressure (70-130 MPa), fluid compositions (NaCl + KCl + FeCly;
sulfur concentrations ranging from ~0.5 to ~6.6 wt%), fO: conditions (H2S-dominated to
SO2-dominated), and fluid acidities (quench fluid pH <0.3 to 10). These experiments are

summarized in Table 6.2.1 and discussed below.

6.2.4.1.1  Reproduction of Nagaseki and Hayashi's (2008) experiments
We reproduced the runs 04C and B021 of Nagaseki and Hayashi (2008) under identical

conditions in our laboratory (our runs LL022 and LL023 in Table 6.2.1). The capsule
material (Au) and the amounts of loaded NaCl, S, CuCl, ZnClz, and Ci«sHio were the same as

in the original study, and also the concentration of HCI (which is not stated in the paper,
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but was 0.46 mol/kg according to the authors) was identical. We also used a pre-fractured
quartz core to trap the synthetic fluid inclusions, as in the original work, and in both cases
the experiments were conducted in cold-seal pressure vessels composed of Ni-rich alloys
that were pressurized by water. The only difference was the method of fluid inclusion
analysis (LA-ICP-MS vs. SXRF).

While Nagaseki and Hayashi (2008) report D}*'"™ values of 8.41 +4.83 and
13.18 £ 9.59 for their runs 04C and B021, respectively, we obtained D}*'*™ values of

0.32 £0.14 and 0.22 +0.11, respectively. Note that both values reported by Nagaseki and
Hayashi (2008) are based on a single vapor inclusion analysis each, and that in the case of
run 04C the reported Cu concentrations in vapor and brine (1.74 wt% and 0.21 wt%,
respectively) are in strong disagreement with the bulk fluid Cu content of 0.15 wt%. The
bulk fluid had a salinity of ~11.5 wt% NaCl and thus should have split into ~85 wt% vapor
and ~15 wt% brine at 650 °C / 97 MPa. With 1.74 wt% Cu in the vapor phase and 0.21 wt%
Cu in the brine phase, the bulk fluid would have contained ~1.5 wt% Cu, i.e., 10 times
more than was actually loaded into the capsule. A potential explanation for the high Cu
values reported by Nagaseki and Hayashi (2008) is that some of their inclusions accidentally
trapped Cu sulfides that precipitated from the fluid during the reaction of CisHio with CuCl-
bearing solution and elemental sulfur at the beginning of the experiment.

In our experiment, Cu concentrations measured in the vapor phase (0.09 + 0.04 wt%)
and in the brine phase (0.26 + 0.02 wt%) correspond to a calculated bulk fluid concentration
of 0.11 + 0.06 wt%, which matches well with the starting concentration of 0.15 wt% Cu.

In the reproduction of their run B021, which was conducted at 600 °C /50 MPa, we
measured 0.19 + 0.06 wt% Cu in the vapor phase and 0.87 + 0.38 wt% in the brine phase, as
opposed to 0.2 wt% and 0.015 +0.011 wt%, respectively, measured by Nagaseki and
Hayashi (2008). A mass balance similar to the one above is not conclusive in this case
because the experiment was saturated in solid copper sulfide, with only a fraction of the

loaded Cu having been in solution.
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Table 6.2.2 Results of re-equilibration experiments on synthetic fluid inclusions
# run LL115 LL122
without pH change; with sulphur in the inclusions
BEFORE equilibration AFTER equilibration . HE inc'z::’”ri‘;r;‘iir;]ed ging
fluid 17 wt% NaCl, 2 wt% S 17 wt% NaCI, 2wt% S
0.8 wt% Cu,S; Rb 0.6 wt% Cu,S; Cs
P [MPa]/ T [°C] 130/ 800 70/800
t [days] / pH* 4/ 4.5/<1
S species* n.a. H,S, S0,? i n.a.
vapor brine vapor brine : vapor brine
(n=6) (n=8) (n=5) (n=8) i (n=3) (n=5)
Na [wt%] 2.1+0.17 24.2 2.9+0.99 26+0.04 | 4.1+0.98 31
S [wt%] 1.1+£0.09 0.24 +0.08 1.1+0.09 0.25+0.14 i 0.98 + 0.01 0.45
Cu [wt%] <0.03 0.05 + 0.02 0.08 + 0.04 0.88 + 0.07 i 0.18 £ 0.07 1.1+£0.07
B [ppm] n.a. n.a. n.a. n.a. E n.a. n.a.
As [ppm] n.a. n.a. n.a. n.a. i n.a. n.a.
Rb [ppm] 190 £ 60 1900 + 100 190 1900 i <2 <5
Ag [ppm] n.a. n.a. n.a. n.a. i n.a. n.a.
Cs [ppm] <10 <4 <8 <2 i 260 + 30 2000 + 150
Pb [ppm] 60 200 + 130 <90 140 + 80 i <4 <6
# run LL141 LL144
with pH change; without sulphur in the inclusions
BEFORE equilibration AFTER equilibration . DI i”"'::i:’”ri‘sr;‘iirg;ed duang
fluid 17 wt% NaCl, 4 wt% HCI 17 wt% NaCl, I5.7 wit% KOH,
0.5 wt% Cug; Rb 2 wt% S, 0.6 wt% Cu,S; Cs
P [MPa]/ T [°C] 130/ 800 70/800
t [days] / pH* 4/<0.3 4/10
S species* n.d. n.a. ; HSO,
vapor brine vapor brine I vapor brine
(n=7) (n=7) (n=4) (n=4) i (n=1) (n=4)
Na [wt%] 5.3+0.55 23 12+0.25 22+3.9 E 3.4 28+ 0.06
S [wt%] n.a. n.a. n.a. n.a. i n.a. n.a.
Cu [wt%] 0.81+0.13 2.2+0.06 0.58 + 0.05 1.1+£0.11 i 0.18 1.7+0.25
B [ppm] n.a. n.a. n.a. n.a. i n.a. n.a.
As [ppm] n.a. n.a. n.a. n.a. i n.a. n.a.
Rb [ppm] 420 + 100 1600 + 40 420 1600 i <4 <14
Ag [ppm] n.a. n.a. n.a. n.a. i n.a. n.a.
Cs [ppm] <10 <4 <20 <3 E 160 2100 + 160
Pb [ppm] <120 <30 <130 <30 E <40 <6

Italic numbers mark elements that were used as intemal standard; n.a. = not analyzed; n.d. = not detectable; * pH and S
species measured in quench fluid after the run; d vapor salinity estimated from H2 O-NaCl phase diagram (Bodnar et al., 1985);
@ = data not reliable; $ no true endmember due to co- entrapped brine.
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Table 6.2.2 Part 2
# run LL147 LL149

with pH change; with sulphur in the inclusions

BEFORE equilibration AFTER equilibration § NEWSAEIEsions 1orEdidoning

equilibration
il 17 Wé"/; Clvffy?ci ‘“g% S 2 wt% NaCl; 0.7 wt% Cu,S
: 2 Cs, As, Pb, Ag, B
Rb, As, Pb, Ag, B

P [MPa]/ T [°C] 130/800 70/800
t [days] / pH* 4/<0.3 4/3
S species* H,S, SO, H,S, SO,” 50,2

vapor brine vapor brine i vapor brine

(n=6) (n=7) (n=16) (n=7) i (n=6) (n=6)
Na [wt%] 3.8+0.89 19 6.2+ 1.6 194+16 | 092+0.08 31
S [wt%] 2.5+0.66 1.7+£1.1 24+11 1.1+0.64 i <0.35 <0.02
Cu [wt%)] 0.30 £ 0.03 0.99 + 0.04 5.7+3.30 0.68 + 0.08 i 0.05+0.02 1.6+0.14
B [ppm] 1300 + 120 850 + 100 1500 + 220 840 + 90 i 1700 + 650 1200 + 90
As [ppm] 690 + 50 640 + 80 1100 + 460 660 + 90 i 3600 + 1900 9100 + 7500
Rb [ppm] 310+ 70 1400 + 30 310 1400 <40 10+2
Ag [ppm] 180 + 50 940 + 30 1000 + 800 1300 + 330 i 70+ 60 6400 + 2100
Cs [ppm] <9 <3 <1 <1 440 + 240 17200 + 600
Pb [ppm] 280 + 60 1300 + 50 360 + 170 1200 + 60 E 360 + 170 1200 + 60
# run LL147 LL150

similar to LL147/149 but at constant pressure

BEFORE equilibration AFTER equilibration NEWinelusions fomediduring

equilibration
_ 17 wt% NaCl, 2 wt% S 2 wt% NaCl; 0.7 wt% Cu,S
L 0.7 wt% Cu,S Cs, As, Pb, Ag, B
Rb, As, Pb, Ag, B

P [MPa]/ T [°C] 130/ 800 130/ 800
t [days] / pH* 4/<0.3 4/4
S species* H,S, SO, H,S, SO,2 i n.d.

vapor brine vapor brine i vapor§ brine

(n=6) (n=7) (n=10) (n=9) i (n=9) (n=7)
Na [wt%] 3.8+0.89 19 4.2+0.45 19+2.1 i 4.5+1.3 22
S [wt%] 2.5+0.66 1.7+11 1.3+0.51 <217 i <0.06 <0.69
Cu [wt%)] 0.30 £ 0.03 0.99 + 0.04 29+18 4117 i 0.20 £ 0.07 0.86 + 0.02
B [ppm] 1300 + 120 850 + 100 780 + 200 1000 + 30 i 580 + 130 640 £ 90
As [ppm] 690 + 50 640 + 80 510 + 140 610 £ 250 i 3600 + 1900 9100 + 7500
Rb [ppm] 31070 1400 + 30 310 1400 i <5 <5
Ag [ppm] 180 £+ 50 940 £ 30 280+ 70 1100 + 160 i 240 £ 100 1300 + 60
Cs [ppm] <9 <3 <1 <2 i 300 + 80 1400 + 30
Pb [ppm] 280 + 60 1300 + 50 320 +40 1300 + 140 i 360 + 100 1680 + 30

Italic numbers mark elements that were used as internal standard; n.a. = not analyzed; n.d. = not detectable; * pH and S
species measured in quench fluid after the run; 4 vapor salinity estimated from H2 O-NaCl phase diagram (Bodnar et al., 1985);

@ = data not reliable; § no true endmember due to co-entrapped brine.
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Table 6.2.2 Part 3
# run LL151 LL152
similar to LL147/149 yet more reducing
BEFORE equilibration AFTER equilibration E HES inc'g::)”?sr::;]ed danng
14 wt% NaCl, 16 wt% HCI
fluid 16 \f;t% S, 1.3 wt"/ﬁoTi, N sz‘foz/ "Cﬂj‘g ! -
0.6 wt% Cu,S; Rb ’
P [MPa]/ T [°C] 130/800 70/800
t [days] / pH* 4/<0.3 4/3
S species* H,S S0,? i 80,7
vapor T brine vapor brine i vapor brine
(n=4) (n=9) (n=10) (n=15) i (n=6) (n=5)
Na [wt%)] 250 27 26 +5.27% 38+0.06 | 0.90%0.06 32
S [wt%] 0.18+0.08? <0.51 1.8+217 <0.37 i <0.06 <0.13
Cu [wt%] 0.34+0.12® 3.7+0.37 15+ 8.7 1.8+1.1 1 0.05%0.01 1.6 +0.21
B [ppm] n.a. n.a. n.a. n.a. i n.a. n.a.
As [ppm] n.a. n.a. n.a. n.a. i n.a. n.a.
Rb [ppm] 160 + 40 2000 * 270 160 @ 2000 <4 <10
Ag [ppm] n.a. n.a. n.a. n.a. i n.a. n.a.
Cs [ppm] <7 <10 <1 <5 i 560 + 90 22100 + 3200
Pb [ppm] n.a. n.a. n.a. n.a. i n.a. n.a.
# run LL171 LL172
similar to LL147/149 yet more oxidized
BEFORE equilibration AFTER equilibration NEW inc'::i;’”ri‘sr:i:;]ed duting
0
fluid 14 wt%zzc\’;vlt,/;).,;avitsﬂ/?‘tcuzso4 2 wt% NaCl; 0.6 wi% Cu,S

Rb, As, Pb, Ag, B

Cs, As, Pb, Ag, B

P [MPa]/ T [°C] 130/ 800 70/800
t [days] / pH* 0.3/<0.3 4/25
S species* HSO,, SO,? H,S, SO,? i n.d.
vapor'r brine vapor brine i vapor brine
(n=10) (n=10) (n=13) (n=7) i (n=6) (n=6)
Na [wt%] 2.4 17 5.41 + 3.06 23+28 i 1.1+£0.25 32
S [wt%] <10 6.8+3.9 20+1.4 12+ 26 i <18 <14
Cu [wt%)] 0.26 + 0.07 1.2+0.20 57+1.8 58+22 i 0.03 £ 0.01 1.2+0.11
B [ppm] 1600 + 940 1200 + 350 940 + 600 670 + 190 i 1200 + 680 690 + 40
As [ppm] 620 + 410 410+ 80 630 + 310 450 + 90 i 5300 + 4000 3100 + 2400
Rb [ppm] 190 + 20 1300 + 190 210 1420 i <10 103
Ag [ppm] 1400 + 470 12000 + 1200 2700 + 1000 15000 + 4900 i 50 + 60 2200 + 300
Cs [ppm] <10 <10 <20 <6 i 520 + 150 18800 + 470
Pb [ppm] 560 + 60 3300 + 580 590 + 190 4200 + 960 i 690 + 610 9400 + 5500

Italic numbers mark elements that were used as internal standard; n.a. = not analyzed; n.d. = not detectable; * pH and S
species measured in quench fluid after the run; 4 vapor salinity estimated from H> O-NaCl phase diagram (Bodnar et al., 1985);

-
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6.2.4.1.2  New vapor-brine partitioning experiments
In three experiments (LL053, LL054, LLO55; Table 6.2.1) we used a natural mineral

assemblage consisting of chalcopyrite-bornite-magnetite—biotite—orthoclase—albite—
muscovite—quartz (+ anhydrite) to internally buffer pH, fO2, f3, and the activity of Cu. This
mineral assemblage is representative of the early to intermediate mineralization stage in
porphyry Cu deposits (Einaudi et al., 2003) and thus is geologically realistic. The oxygen
fugacity is buffered by the reaction (Wones and Eugster, 1965):

Fe,0, + KAISi,O; + H,0 = KFe, AlSi,0,,(OH), + %02 1)

(magnetite), (orthoclase) (annite)

whereby 02 increases with decreasing annite component of the biotite. Natural,
hydrothermal biotites from porphyry Cu deposits have annite components of 18-38 mol%
(Burnham and Ohmoto, 1980), which fits well with the ~24 mol% annite measured in the
biotites after our experiments. These experiments were conducted at 600 °C in thick-wall
Au capsules (wall thickness 0.2 mm), hence fO: should have been buffered strictly
internally due to the low hydrogen diffusion rates at temperatures <700°C (Chou, 1986).
With fO2 being buffered,the sulfur fugacity is constrained by the reaction (Barton and
Skinner, 1979):

5CuFes, +§02 = Cu,FeS, +%Fe304 +38, @)

(chalcopyrite) (bornite), (magnetite)

The fluid acidity is buffered by the coexistence of orthoclase with muscovite and quartz

(Shade, 1974):

3KAISi,O, +2H " = KALSi,0,,(OH), + 6Si0, + 2K " 3)
(orthoclase) (muscovite), (quartz)
D*'"™  values obtained in these three experiments are less than unity and rather

consistent (0.11 + 0.04 to 0.15 + 0.04), despite variable amounts of HCl and S used in the

starting mixture. This and the oxidized state of sulfur in the fluid inclusions (Table 6.2.1)
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suggest that the buffer assemblages were effective.
All other experiments were conducted in compositionally simpler systems. Experiment
LL147 was performed with chalcocite as Cu-source and elemental S at 800°C/ 130 MPa,

resulting in a D}*'"™ value of 0.31 + 0.03 and intermediate sulfur valences (H2S + SO4Z;

Table 6.2.2). Two other experiments conducted with elemental sulfur as starting material
(LLO80 and LLO83; run at 600°C /70 MPa and 700°C/ 100 MPa, respectively) resulted in
slightly lower D}*'*" values of 0.17 + 0.04 and 0.16 + 0.09, respectively (Table 6.2.1).

H>S-dominated fluids were produced in experiments LLO89 and LLO90 by reacting
elemental sulfur with Ti metal (25 +2H,0+Ti=2H,S +TiO,), and in experiments LL093,
LL095, LL120, and LL135 by reacting solid NaS with HCl-bearing solutions

(Na,S +2HCI =2NaCl +2H,S). All of these experiments yielded D*'"™ values <0.20,

independent of temperature (600-800 °C), fluid acidity (quench fluid pH <1 to 10), or the
concentrations of FeClz (0-4.0 wt%) and S (0.5-6.6 wt%) in the fluid.

A run with oxidized sulfur (LL171) and one intended to reproduce a natural fluid
inclusion assemblage from the Erongo granite, Namibia, (LL165) resulted in similarly low

D'’ values (D" = 0.22 +0.07 and 0.08 + 0.04, respectively). Thus, none of our

Cu

vap | brine

vapor—brine partitioning experiments returned a D, value greater than 0.31, with the

majority being below 0.20.

6.2.4.2 Re-equilibration experiments

Re-equilibration experiments consist of an initial run analogous to the experiments
described above, and a second run in which the same sample (after analyzing some of the
fluid inclusions) is re-equilibrated in a slightly different fluid in a new gold capsule. To
speed up diffusion the experiments were performed at 800 °C. In some experiments the
second run was performed at a pressure lower than the initial run in order to simulate the
progressive opening of the two-phase field commonly recorded by fluid inclusions in
natural samples (e.g., Ulrich et al., 2002; Klemm et al., 2007; Audétat et al., 2008). This
pressure change had little effect on the magnitude of Cu diffusion, as shown by an

experiment performed at constant pressure. The fact that re-equilibrated fluid inclusions in
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all runs preserved their original shapes (Figs. 6.2.1b, c) and do not contain Cs demonstrates

that they did not leak. Details of each experiment and the obtained results are listed in

Table 6.2.2.
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Fig. 6.2.2

Composition of synthetic vapor and brine inclusions before (a; run LL147) and after
(b; run LL149) diffusional re-equilibration in a more neutral fluid at 800 °C and

70 MPa. Error bars express 1o standard deviations.

In one experiment (runs LL147+149) vapor and brine inclusions were synthesized from
an acidic, Cu- and S-bearing fluid (0.7 wt% Cu; 2 wt% S; quench fluid pH <0.3) at 800 °C
and 130 MPa and then re-equilibrated in a less acidic (quench fluid pH = 3) Cu- and S-
bearing fluid at 800 °C and 70 MPa. Sulfur was added in elemental form, Cu was loaded as
CusS, and fO2 was externally buffered at NiNiO during both steps. Fluid inclusion
compositions determined after the first step (Fig. 6.2.2a) reveal that Na, Pb, Rb, and Ag
strongly partitioned into the brine phase, whereas S, B, and As partitioned into the vapor
phase. Copper also partitioned into the brine phase, but slightly less strongly than Na, Pb,
Rb, and Ag (D/7'""=0.31 + 0.05). After re-equilibration (Fig. 6.2.2b) vapor inclusions

contained ~20 times more Cu than before, whereas the Cu content of brine inclusions
increased by about a factor of two. Hence, the same fluid inclusion assemblage that

previously yielded a D}*'"™ of 0.31+0.05 now suggests a D?'"" of 8.3 +4.9. The
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concentrations of Ag and Na increased as well, but not as dramatically as Cu. All other

element concentrations remained constant within analytical uncertainty. Importantly, new

fluid inclusions trapped during the second step in a separate quartz piece contained similar

amounts of Cu as the fluids analyzed after the first step (0.30 + 0.03 and 0.99 + 0.04 wt%

versus 0.20 + 0.07 and 0.86 + 0.02 wt% in vapor and brine, respectively; Table 6.2.2), which

implies that the Cu-gain in the re-equilibrated inclusions was not caused by a gradient in

Cu concentration. Rather, Cu diffusion against a concentration gradient was possible

because the chemical potential inside the re-equilibrated fluid inclusions was lower than in

the outer fluid (see below).
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3- S -
S 3 S 3
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Fig. 6.2.3

Element concentrations in sulfur-free vapor and brine inclusions before (a; run LL141)
and after (b; run LL144) diffusional re-equilibration in a more neutral fluid. Error bars

express 1o standard deviations.

A similar experiment without sulfur in the starting fluid resulted only in a small

increase in D}*'"™ from 0.37 + 0.06 to 0.53 + 0.07 (LL141+144; Fig. 6.2.3), whereas an

experiment with sulfur in the starting fluid but at constant pH led to a decrease in D}'"™

from 0.48 + 0.14 to 0.09 + 0.05 (LL115+122; Fig. 6.2.4). In contrast, an experiment analogous

to the first one (LL147+149) but at constant pressure yielded a large increase in D}%'"™
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from 0.31 +0.05 to 0.71 + 0.53 (LL147+LL150; Table 6.2.2). These results suggest that large
increases in D”'"" values are produced only if (i) an originally acidic fluid is replaced by
a less acidic one, and (ii) the original fluid contains significant amounts of sulfur. The
oxidation state of sulfur also matters, as H2S-dominated experiments (LL147+149 and

LL151+LL152) resulted in larger increases in D/*’"™ than SO:-dominated experiments

(LL171+LL172; Table 6.2.2).

LL115 LL122

a -before b -after

1000000
1000000

100000
100000

conc. vapor [ppm]
10000

10000
conc. vapor [ppm]

1000
%
1000
O
—~

Cu 7
- Rb
A

00

400 1000 10000 100000 1000000 T100 1000 10000 100000 1000000
conc. brine [ppm] conc. brine [ppm]

Fig. 6.2.4
Element concentrations in sulfur-bearing vapor and brine inclusions before (a; run

LL115) and after (b; run LL122) diffusional re-equilibration in a fluid of the same
acidity. Error bars express 1o standard deviations. The D}*'"™ before re-

equilibration represents only a maximum value based on the detection limit in vapor

inclusions.

The fact that major gains in Cu, Na, and Ag in our experiments occurred only when the
surrounding fluid became less acidic suggests that it was ultimately caused by diffusion of
H* out of the fluid inclusions, with Cu*, Na*, and Ag* diffusing back in to maintain charge
balance. The fact that major gains of Cu occurred only if sulfur was present in the original
fluid inclusions can be explained by the following model (Fig. 6.2.5): In contrast to Na,
which stops diffusing once the Na concentration within the inclusion gets significantly
higher than that in the external fluid, Cu continuously combines with sulfur in the
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inclusion to precipitate as sulfide (Fig. 6.2.6), thus maintaining a low chemical potential.
This allows large amounts of Cu to diffuse into the fluid inclusion despite relatively low Cu
concentrations in the outer fluid. The only limiting parameter is the amount of sulfur
present in the inclusion, and because sulfur typically fractionates into the vapor phase
(Tables 6.2.1 and 6.2.2; see also Drummond and Ohmoto, 1985; Suleimenov and Krupp,
1994) vapor inclusions end up gaining more Cu than coexisting brine inclusions (Fig. 6.2.5).

The result is an artificially high D}*’"™ value. It should be noted that absolute H*

concentrations in the fluids were very low during the experiments because HCI is almost

fully associated at these P-T conditions (Frantz and Marshall, 1984).

BEFORE DURING AFTER
EQUILIBRATION

fluid; quench pH=4.0
H

+

e

Cu

VAPOR
0.5wt% S
pH=0.3 fluid; quench pH=4.0
e “+
H Cu
d{l«

BRINE

0.04 wt% S ®
) :
Fig. 6.2.5

Sketch to illustrate the mechanism of Cu diffusion. A gradient in fluid 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 Cu that can be gained
by this process is limited by the amount of sulfur present in the fluid inclusion, sulfur-

rich vapor inclusions can take up more Cu than sulfur-poor brine inclusions.

Thus, the driving force cannot have been a H* concentration gradient, but apparently was a
chemical potential gradient involving a reaction by which H* was continuously generated,

e.g., by the reaction of incoming Cu with sulfur:
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2Cu* +H,S =Cu,S+2H" (4)

In summary, the process can be regarded as a continuous exchange between incoming

Cu* (= Na*, Ag*) ions and leaving H* ions with the goal to lower Gibbs free energy.
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Fig. 6.2.6

(a) LA-ICP-MS signal of a vapor inclusion before re-equilibration; (b) LA-ICP-MS
signal of another vapor inclusion of the same sample after re-equilibration (runs
LL147+LL149). Inclusion sizes were 30 and 35pum, respectively. Before equilibration,
Cu, S, Rb, and Na are mainly dissolved in the liquid phase, as indicated by their
parallel signals produced during the stepwise opening of the inclusion. After re-
equilibration a lot more Cu is present, with the main peak correlating with the sulfur
peak at ~90 seconds. This suggests that most Cu was bond with S in a sulfide daughter

crystal.
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The following evidence suggests that natural, quartz-hosted fluid inclusions from
magmatic-hydrothermal environments likely experienced similar changes. Magmatic-
hydrothermal fluids inevitably evolve from acidic to neutral pH as they cool in the presence
of feldspar, quartz, and mica (Burnham, 1979), and most of them also contain significant
amounts of sulfur (Seo et al., 2009). Copper and sulfur concentrations measured in natural
fluid inclusions are well correlated and never exceed a molar Cu:S ratio of 1:2 (Seo et al.,,

2009). There is also a distinct correlation between measured D;”’”™ and D}*'"™ , with

high values being observed in samples from tin granites (which are reduced), and low
values in samples from porphyry Cu systems (which are oxidized), (Seo et al., 2009). All of

these observations are consistent with the model described above.

6.2.4.3 Eguilibration of a natural sample from the Erongo Granite

The Erongo granite in west-central Namibia is a Jurassic, peraluminous granite of A-type
affinity (Piranjo, 1990). The granite contains abundant miarolitic cavities and locally
greisen-type W-Sn-F-Be mineralization. A quartz crystal from a miarolitic cavity found at
the Davib East Farm contains large, well-preserved fluid inclusions on pseudosecondary
trails starting from a common growth zone (Fig. 6.2.7a). The same growth zone also hosts
small inclusions of potassium feldspar, muscovite and albite (not visible in Fig. 6.2.7a).
Several pseudosecondary trails contain both vapor and brine inclusions, indicating
entrapment from a two-phase fluid.

Microthermometric data of the highest-temperature assemblages reveal salinities of ~4 wt%
NaClequiv in the vapor inclusions and 46-55 wt% NaClequv in the brine inclusions. The latter
homogenize at ~600-650 °C (Table 6.2.3), which suggests entrapment pressures of ~60-
80 MPa. The presence of contemporaneous potassic feldspar and muscovite implies that
these fluids were acidic, which is consistent with the peraluminous nature of the granite
and the development of greisens. LA-ICP-MS analyses of vapor and brine inclusions on

trails A, C, and X yield D}*”'*"values of 10-66 and further imply that the vapor phase

contained 1-4 wt% of sulfur (Table 6.2.3).
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the Erongo granite, showing multiple generations of fluid inclusions occurring on

pseudosecondary trails. Trails A, B, C, and X start from approximately the same

growth zone, suggesting that they formed at a similar time. The enlargement of trail A

shows several vapor inclusions (top), one brine inclusion (right), and two mixed

inclusions (bottom). Composition of natural vapor and brine inclusions before (b) and

after (c) diffusional re-equilibration in an acidic fluid at 650 °C/ 80 MPa. Error bars

express 1o standard deviations.
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Table 6.2.3 Composition of untreated and re-equilibrated fluid inclusions from the Erongo granite

# run Erongo trail A Erongo trail B Erongo trail C
boiling assemblage vapor only boiling assemblage

Salinity 37+04 55+4.9 42+13 6.7 +2.1 46 £ 2.1
[Wt% NaClegu]
Thom [°Cl > 600 not visible ~ 500

vapor brine vapor vapor brine

(n=4) (n=6) (n=13) (n=8) (n=4)
Na [wt%)] 1.2+0.14 10+ 1.1 1.6+ 0.09 30+13 9.0+ 0.52
S [wt%] 44 <0.52 21+13 <20 <6.0
Cu [wt%)] 2.0+ 0.66 0.03+0.03 3.9+0.86 0.64 +0.24 0.06 + 0.02
Mn [wt%] 0.11 £ 0.05 3.9+0.25 0.11 £0.02 0.57 +0.25 2.7+0.30
Fe [wt%)] 0.57 13+1.5 0.65+0.27 22+1.1 12+141
K [wt%] <0.34 9.9+1.9 0.54+0.14 1.6+0.63 6.8+ 0.94
B [wt%] 0.82+0.13 0.08 + 0.08 1.5+ 0.50 0.28 +0.14 0.17 £ 0.09
As [wt%] 1.1+0.38 0.27 £ 0.11 0.82+0.16 0.25+0.07 0.30+0.06
Cs [wt%] 0.05+0.02 1.3+0.07 0.06 + 0.01 0.24 +0.11 1.1+£0.21
Rb [ppm] 260 + 30 7300 + 530 280+ 70 990 + 420 4700 + 810
Ag [ppm] <70 300 50+ 10 <150 <40
Sn [ppm] 180 160 + 10 300 + 180 240 + 200 750 + 550
Pb [ppm] 110 £ 30 4100 + 430 240 £ 180 660 + 260 2500 + 550
Bi [ppm] 60 + 20 320+ 40 50+ 10 90 + 60 330+40
#run Erongo trail X

equilibration of a natural samp(e

BEFORE equilibration AFTER equilibration : NEW i”C':Z:’”ri‘E;Eed duing
[Wt% NaCl,qu] e e T = ome
T, [C] s, G0 P [Mpa]/ T [°C]: 80/650

vapor brine vapor brine : vapor brine

(n=7) (n=6) (n=9) (n=6) | (n=4) (n=7)
Na [wt%)] 0.88 +0.07 9.67+ 0.41 0.50+0.14 9.0+ 0.69 i 3.7+0.62 20
S [wt%] n.a. n.a. n.a. n.a. i <4.0 2.8
Cu [wt%)] 0.82+0.69 0.07 £ 0.01 0.04 + 0.03 0.52+0.02 i 0.57 £ 0.21 3.3+0.42
Mn [wt%] 0.17 £ 0.02 25+0.11 0.17 £ 0.03 25+0.04 i <0.03 0.04 + 0.01
Fe [wt%)] 0.75+0.06 11 £ 0.55 0.79 + 0.11 11 +£0.23 i <0.35 <0.28
K [wt%] 0.42 +0.05 7.7+0.33 <0.59 76+0.18 i <1.01 9.4+0.30
B [wt%] 0.30 £ 0.25 0.22+0.03 0.30+0.26 0.22 +0.01 i <0.03 <0.03
As [wt%] 0.05+0.02 0.20 £ 0.02 0.06 + 0.02 0.21+0.02 i <0.01 <0.01
Cs [wt%] 0.08 + 0.02 1.2+0.05 0.08 + 0.01 1.2+0.02 E 0.20 + 0.06 1.2+0.07
Rb [ppm] 330+ 80 5100 + 260 330 5100 i 1300 + 220 7200 + 370
Ag [ppm] n.a. n.a. n.a. n.a. i n.a. n.a.
Sn [ppm] n.a. n.a. n.a. n.a. i n.a. n.a.
Pb [ppm] 150 + 30 2300 + 60 160 + 330 2300 + 270 i 720 + 90 3700 + 200
ﬂppm] n.a. n.a. n.a. n.a. E n.a. n.a.

Italic numbers mark elements that were used as internal standard; n.a. = not analyzed; * estimated from H,0-NaCl

phase diagram (Bodnar et al., 1985) because inclusions were too small to be measured
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In order to reverse compositional changes that may have occurred in these fluid
inclusions during subsequent cooling, one high-temperature trail containing small vapor
and brine inclusions (trail X) was cut out and re-equilibrated at its original entrapment
conditions (650 °C, 80 MPa) for 22 days (Table 6.2.3). The composition of the outer fluid
was chosen such that its bulk salinity and the amounts of available S and Cu corresponded
to a 75 : 25 mixture of the analyzed vapor and brine inclusions.

The result was a change in the measured D*'"™ from 11+ 9.3 to 0.06 + 0.04, and a
change in D;*'"" from 0.09 +0.01 to 0.06 + 0.02 (Fig. 6.2.7 b+c; Table 6.2.3), i.e., the

reverse of what was observed in our re-equilibration experiments on synthetic fluid

inclusions (e.g., Fig. 6.2.2). The concentrations of all other elements remained unmodified.

6.2.4.4 Diffusion of Cu* at lower temperatures

Both synthetic and natural quartz crystals contain small amounts of Al* replacing Si*. The
resulting charge deficit is compensated by small, single-charged cations that are located
within channels parallel to the quartz c-axis. Ions that easily fit into these channels include
H+, Li*, Na*, Cu*, and Ag* (Kats, 1962; Gotze, 2009). It has been shown that H* can be
exchanged by any of these other ions and vice versa in response to a chemical potential
gradient or an electric field (Verhoogen, 1952; Kats, 1962; Rybach and Laves, 1967; Mortley,
1969; Frischat, 1970; White, 1970; Kronenberg and Kirby 1987). These studies have also
shown that ion diffusion along the c-axis is orders of magnitude faster than along the a or b
axes, and that diffusion rates generally decrease with increasing ionic radius.
Electrodiffusion ("sweeping") is used in the quartz manufacturing industry to replace Li*
and Na* impurities by H*, in order to improve radiation hardness and etching resistance
(Martin, 1988). Published diffusion rates of H* and Na* parallel to the c-axis vary by orders
of magnitude and depend on sample material, the type of ion exchange, and the measuring
method (Kronenberg and Kirby, 1987; Mavrogenes and Bodnar, 1994). However, observed
temperature dependencies are reproducible, with absolute diffusivities increasing by ~2.5
orders of magnitude between 400 °C and 800 °C (Fig. 6.2.8). It needs to be noted that the
solubility of monovalent cations in synthetic quartz is very low (in the order of a few ppm;

Martin, 1988; Poignon et al., 1996), hence the speed of fluid inclusion reequilibration is
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governed by the diffusivity of the diffusing species rather than by their solubility in the
quartz host (Qin et al., 1992).

In view of the lack of available Cu diffusion coefficients we constrained a minimum
value based on the results of our re-equilibration experiments and used this value to
estimate how long it would take to produce similar compositional changes at lower
temperatures. This was done by estimating the flux of Cu through quartz and using Fick's

first law

J:_D*% 5)

which relates the flux / (e.g., mol/m?) to the diffusion coefficient D (m?%s) and the
concentration gradient 6O (e.g., mol/m3) per distance dx (m) in the sample.

The flux of Cu was calculated based on a simple one-dimensional diffusion model
(reflecting the fact that diffusion is mainly parallel to the c-axis), in which the fluid
inclusions were approximated by cubic cavities of 20 um side length located 100 pm below
the quartz surface in c-axis direction. Based on a detection limit of 0.1 ppm Cu determined
by LA-ICP-MS analysis of the overlying quartz we can constrain the concentration gradient
within quartz at <0.0042 mol/m3. For a fluid inclusion of 0.2 g/cm? density gaining 5 wt%
Cu within three days (Table 6.2.2) one can thus calculate a minimum diffusion coefficient
of 2.9%107"" m¥s at 800 °C. This is a minimum value because the majority of Cu may have
diffused earlier, and because Cu concentrations in quartz may in fact be less than 0.1 ppm.
Extrapolation down to lower temperature using a slope similar to those displayed by Nar,
H*, and Li* (Fig. 6.2.8) results in a minimum value of ~1.5%10"> m%/s at 400 °C. Based on
this value it would take a maximum of 80 years for a 20 pm sized fluid inclusion covered by
5 mm quartz to gain 5 wt% Cu at 400 °C, a very short time compared to the typical life span
of magmatic-hydrothermal systems (i.e. several thousand to tens of thousands of years; e.g.,
Von Quadt et al., 2011). Hence, it seems probable that the Cu content of many natural,
quartz-hosted fluid inclusions (in particular that of sulfur-rich vapor inclusions) was

modified since their formation.
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Summary of published diffusion coefficients of Na, Li, and H in quartz for diffusion
parallel to the c-axis. The gray triangle refers to our calculated minimum diffusion
value for Cu at 800 °C, and the dashed gray line shows the expected extrapolation of
this value down to 400 °C. References: Verhoogen (1952), Kats (1962), Frischat (1970),
Kronenberg and Kirby (1987).

6.2.5 Implications for porphyry Cu ore formation

Previous experimental vapor-brine partitioning studies have been conducted mostly at /O
conditions under which HoS is the dominant sulfur species because Cu was expected to form
complexes with reduced sulfur. However, this situation is not realistic for porphyry Cu
systems. Porphyry Cu systems and modern volcanoes that are considered to be present-day
analogues of them (e.g., Mt. Pinatubo, El Chichén) are associated with magmas that record
oxidation states of log/O2 NNO+1.0 to NNO+2.0 (Streck and Dilles, 1998; Audétat and
Pettke, 2006; Stern et al., 2007; Chambefort et al., 2008; Simon and Ripley, 2011), at which
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conditions the dominant sulfur species in fluids is SO2 (Burnham 1997; Binder and Keppler,
2011). The experiments that most closely approximate this situation are our runs LL053-
LLO55 (Table 6.2.1) performed with the mineral buffer assemblage chalcopyrite-bornite-
magnetite-biotite-orthoclase-albite-muscovite-quartz (+ anhydrite), which resulted in

D™’ values ranging from 0.11 + 0.04 to 0.15 = 0.04. Although SO2 was dominant also in

Cu

run LL171 (Table 6.2.1) the D/'"™ value of 0.22 + 0.07 is not very informative in this case

because the experiment was conducted close to the crest of the two-phase field and

therefore resulted in high vapor/brine partition coefficients for all elements. The D}*'"™

values of 0.11 + 0.04 to 0.15 + 0.04 from runs LLO53-LL055 are thus regarded as our most

representative estimate for the partitioning behavior of copper in porphyry Cu systems.

Table 6.2.4 Calculation of vapor/brine mass ratios in porphyry Cu systems

Reported Estimated
salinity vapor Calculatad
bulk fluid pressure salinity brine ot 5‘6005 vapor/brine
Deposit salinity at 500°C at 500°C Reference NaCl . mass ratio
[NaClogu] ~ [MPa]  [NaCluqu] [NaClequn]
Alumbrera (Argentina) 5-10 38 50 1 0.1 4-9
Bingham (USA) 7 42 43 2 0.2 5
Butte (USA) 4 60 40 3 0.8 1"
El Teniente (Chile) 12 32 56 4 0.1 4
Famantina (Argentina) 6-18 40 45 5 0.1 2-7

* salinity estimated based on the H,O-NaCl system (Bodnar et al., 1985); 1 = Ulrich et al., 2002; Heinrich et al.,
2011; 2 = Landtwing et al., 2010; 3 = Rusk et al., 2008; 4 = Klemm et al., 2007; 5 = Pudack et al., 2009.

Based on the volatile content of felsic magmas and experimentally determined fluid—
melt partition coefficients of Cl it has long been proposed that the fluids exsolving from
magma chambers beneath porphyry Cu deposits had a relatively low bulk salinity, on the
order of ~5-10 wt% NaClequiv (e.g., Burnham, 1979; Shinohara and Hedenquist, 1997).
Intermediate-density fluid inclusions recently found at deep levels of several porphyry Cu
systems confirm this prediction. These fluid inclusions, which are samples of single-phase
fluids before they enter the two-phase field, have salinities between 4 and 18 wt% NaClequiv.
(Table 6.2.4). Table 6.2.4 also lists reported salinities of brine inclusions trapped in the two-
phase field at 500 °C (i.e., at the upper temperature limit of ore formation), plus the

corresponding entrapment pressures and salinities of the vapor endmembers estimated
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based on the model H20-NaCl system. From each set of fluid salinities (single-phase input
fluid plus coexisting vapor and brine at 500 °C) vapor/brine mass ratios were calculated by
mass balance. The results suggest that the vapor/brine mass ratio in porphyry Cu systems
was typically in the order of 4 to 9.

Combined with the D}”'*™ values of 0.11 + 0.04 to 0.15 = 0.04 estimated above, these

vapor/brine mass ratios imply that the brines likely carried more Cu than the vapor-phase
fluids. This is in contrast with some recent models of porphyry Cu formation in which the
majority of metals and sulfur present in the deposit are considered to have precipitated from
vapor-type fluids (e.g., Williams-Jones and Heinrich, 2005). On the other hand, it supports
earlier models in which the majority of mineralization was linked to high salinity brines
based on petrographic and microthermometric criteria (e.g. Bodnar 1995; Beane and
Bodnar, 1995). The role of brines becomes even more prominent if one considers that the
vapor phase ascends while the dense brine remains at depth, resulting in low vapor/brine
mass ratios and a greater proportion of Cu transported by brines. In this regard, it is
interesting to note that the zone of mineralization commonly corresponds to the level at
which the single-phase fluids split into two-phase fluids (Redmond et al., 2004; Klemm et
al., 2007; Rusk et al., 2008; Landtwing et al., 2010). Our findings thus suggest that brines
generated at the base of the vapor plume dominate the transport and deposition of Cu at the
porphyry level, whereas rising vapors and their cooled equivalents are responsible for the
formation of epithermal Au deposits at shallower levels (Henley and McNabb, 1978;
Heinrich et al., 2004).
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6.3.1 Abstract

To better understand the factors leading to porphyry Mo mineralization we studied melt
and fluid inclusions in three sub-economically Mo-mineralized granites in well-known Mo
provinces: the Treasure Mountain Dome in the Colorado Mineral Belt (USA), and the
Drammen and Glitrevann granites in the Oslo Rift (Norway). Melt and fluid inclusions
were investigated in samples ranging from coarsely crystallized whole rocks to euhedral
quartz crystals within miarolitic cavities. The major and trace element chemistry of
individual inclusions was determined by laser-ablation ICP-MS. Melt inclusions record a
clear trend of increasing Mo concentrations with increasing degree of melt differentiation
as monitored by Cs, extending from ~5-10 ppm Mo at 5 ppm Cs to ~17-40 ppm Mo at 100
ppm Cs. Coexisting magmatic fluids were single-phase, had a salinity of 4-6 wt% NaClequiv, a
density of 0.6-0.7 g/cm? and contained ~0.5 wt% S and up to 6 mol% CO:. Molybdenum
concentrations in these fluids ranged from ~20 ppm to ~200 ppm Mo, except for some
highly evolved fluids that had lower Mo contents.

Comparison of our data with published fluid and melt inclusion data from porphyry Mo
deposits, porphyry Cu (Mo, Au) deposits, and barren intrusions reveals that most
subduction-related magmas have lower Mo/Cs ratios than within-plate magmas, but that
within these two groups there are no systematic differences between barren and productive
intrusions. This suggests that the mineralization potential was not primarily controlled by

the metal content of the melts and fluids, but rather by other factors such as size of the
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magma chamber and the efficiency of residual melt and fluid extraction from the magma
chamber and their focusing into a small apophysis at its top. Based on our data it can be
calculated that at least several tens of km3 of magma were necessary to form intermediate-
sized Mo deposits, and at least several hundred km? to form giant (>1Mt Mo) deposits. All
three granites investigated in this study would have been large enough to produce at least
an intermediate-sized Mo deposit, but they nevertheless are only sub-economically
mineralized. Their low productivity thus appears to be the result of poor fluid focusing.
Factors promoting a high degree of fluid focusing include: (i) accumulation of major
volumes of fractionated, crystal-poor melts at the top of the magma chamber, (ii) formation
of an apophysis, and (iii) development of convection cells that lead to an efficient

circulation of these fractionated melts through the apophysis.

6.3.2 Introduction

Molybdenum, a sought-after alloying metal due to its high-strength properties and very
high melting point, is principally mined from porphyry-type ore deposits. About half of the
production stems from porphyry Mo deposits, in which this metal is the principal
commodity (i.e. Mo/Cu >1), and the other half from porphyry Cu (Mo, Au) deposits, in
which Mo is recovered as a valuable byproduct (e.g., Carten et al., 1993). This study focuses
on the formation of the former type of deposits, and more specifically on the subclass of
Climax-type deposits, which are associated with highly evolved, rift-related rhyolites, as
opposed to the subclass of low-grade, arc-related deposits that are associated with less
evolved, calc-alkaline magmas (Westra and Keith, 1981; Carten et al., 1993). Up to now, by
far the largest producers of the Climax type were Climax (Colorado, USA), Urad-Henderson
(Colorado, USA), and Questa (New Mexico, USA), which have provided nearly 80% of the
Mo mined from porphyry Mo deposits (Mutschler et al., 1999). Although many porphyry
Mo occurrences have been thoroughly investigated with respect to their geologic setting,
intrusion sequence, petrography, wallrock alteration, and ore distribution, only little data
exists concerning the metal content of the silicate melts and the magmatic-hydrothermal
fluids that were responsible for the transport and deposition of Mo. One of the main reasons

for this paucity of data is the difficulty to find analyzable fluid and melt inclusions, which
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appears to reflect unfavorable formation conditions combined with a high percentage of
subsequent inclusion destruction in this type of ore deposits. So far, larger data sets have
been available only from two occurrences: the porphyry Mo deposit at Questa/New Mexico
(Klemm et al., 2008; only fluid inclusion data), and the porphyry Mo (Nb) deposit at Cave
Peak/Texas (Audétat, 2010; both fluid and melt inclusion data). Additionally, limited melt
inclusion data are available from Pine Grove/Utah (Lowenstern, 1994; Audétat et al., 2011),
and from the Henderson-related Hideaway Park ignimbrite (USGS Denver Inclusion
Analysis Laboratory, online reference 1).

The studies on Cave Peak and Questa returned rather contrasting values for metal contents
in magmatic bulk fluids: At Cave Peak, intermediate-density fluid inclusions coexisting
with highly fractionated melt inclusions contain ~100 ppm Mo and ~600 ppm Cu (i.e.,
Mo/Cu ~0.2), whereas at Questa, pre-mineralization, intermediate-density fluid inclusions
trapped in quartz of a magmatic-hydrothermal breccia contain ~40 ppm Mo and ~3000 ppm
Cu (i.e., Mo/Cu ~0.01). Particularly in the latter case the high Cu concentrations are
unexpected, given the fact that the deposit does not contain any recoverable copper.

To get a better overview of the composition of Mo-mineralizing melts and fluids we
investigated samples from three sub-economically Mo-mineralized intrusions. As was
mentioned above, analyzable fluid and melt inclusions are rather rare in intrusions
associated with economic Mo deposits, hence we focused on small, sub-economic
occurrences that contain well-preserved inclusions, noting that the difference between
economic and sub-economic occurrences does not necessarily lie in the composition of the
melts and fluids, but may be due to other parameters such as the size of the magma chamber
and the degree of fluid focusing. The two main questions addressed in this study are: (i)
What are typical metal concentrations in Mo-mineralizing fluids and melts?, and (ii) What

factors determine the Mo-mineralizing potential of granitic intrusions?

6.3.3 Samples

Samples were collected from granitic intrusions in two areas that are well known for
granite-related Mo mineralization: the Colorado Mineral Belt (USA), and the Oslo Rift
(Norway).
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6.3.3.1 Treasure Mountain Dome (Colorado, USA)

The Treasure Mountain Dome is a large, granitic intrusion in the central part of the
Colorado Mineral Belt, which hosts some of the world’s biggest porphyry Mo deposits
including the famous Climax and Urad-Henderson ore bodies (Figure 6.3.1). The Colorado
Mineral Belt is a NE-trending belt of about 400 km length and 20-60 km width. The belt
hosts numerous Au, Ag, Cu, Mo, Pb, and Zn deposits. Most of these deposits are genetically
associated with monzonitic to granitic intrusions of Laramide (~70-80 Ma to 35-55 Ma) age
(Bookstrom, 1989; Tweto and Sims, 1963), whereas all porphyry Mo deposits are of
Oligocene (23-34 Ma) to Pliocene (5.3-2.6 Ma) age (e.g., White et al., 1981; Wareham and
Rice, 1998). Minor Mo mineralization occurring in pegmatitic segregations or as local
disseminations within the Precambrian basement be related to igneous activity at 1.7., 1.4,
and 1.0 Ga (Lehmann, 1987).

The Colorado Mineral Belt coincides with a large-scale negative Bouguer anomaly (Figure
6.3.1) that reflects primarily Laramide-age intrusions emplaced along a reactivated
Precambrian shear zone. However, local negative Bouguer anomalies are spatially associated
with the porphyry Mo deposits and are interpreted to reflect large leucogranite bodies that
were emplaced in the Oligocene to Pliocene, i.e., more than 10 Ma after subduction-related
magmatism in the Laramide period stopped, but coinciding with the initiation of the Rio
Grande Rift (White et al., 1981; Bookstrom, 1989). A fundamental change in the mode of
magmatism is evident also in the major and trace element chemistry of the magmas.
Laramide-age magmas cover the entire suite from monzonitic to granitic compositions and
show a clearly subduction-related, calcalkaline character, whereas magmas associated with
porphyry Mo mineralization are strongly bimodal (high-silica rhyolites coexisting with
minor lamprophyres; Bookstrom et al., 1988), distinctly potassic, and of A-type (i.e.,
intraplate) affinity (e.g., White et al. 1981; Carten et al., 1993; USGS Denver Inclusion
Analysis Laboratory, online reference 1).

The Treasure Mountain Dome, located about 10 km SE of the town of Marble, has been
dated at an age of 12.4 + 0.6 Ma (Obradovich et al., 1969). It shares many similarities with
the Oligocene (23-34 Ma) Climax-Alma batholith ~90km to the northeast, whose

apophyses produced the Climax and Urad-Henderson deposits (Bookstrom, 1989). Forceful
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Figure 6.3.1

Sketch map of Colorado showing the location of major and minor Mo deposits and
occurrences (Lehmann, 1987) relative to an underlying batholith indicated by
Bouguer anomaly-minima (USGS-data; online reference 4) and the Rio Grande Rift
(dimensions from White et al., 1981). The boundaries of the Colorado Mineral Belt

more or less coincide with the outer limits of the -260 mGal anomaly.

intrusion of granitic magma into Paleozoic sedimentary rocks at Treasure Mountain formed
a dome that measures 15 km in length, 12 km in width, and ~1.4 km in height (Mutschler,
1976). The crest of the intrusion is exposed at an altitude of ~3880 m close to the top of
Treasure Mountain. In this area, molybdenite-bearing veins and disseminations within the
granite and in the overlying Precambrian basement are common. Vein-type mineralization
is represented by small, widely-spaced quartz-sericite-pyrite-fluorite veins containing
minor molybdenite, whereas disseminations are represented by quartz-pyrite-sericite-
orthoclase-fluorite-tourmaline-molybdenite greisens (Mutschler, 1976). Small pegmatitic
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veins and miarolitic cavities filled with quartz, orthoclase, pyrite, and fluorite are also
common.

Four different granite facies have been distinguished by Mutschler (1976): (i) a medium- to
coarse-grained, equigranular to slightly porphyritic facies that occurs only at intermediate
to low elevations (‘Granular facies’), (ii) a porphyritic facies with 60-90 vol% phenocrysts of
quartz and K-feldspar set in a fine-grained matrix, forming an up to 200 m thick sheet above
the granular facies (“Twin Bridges porphyry facies’), (iii) a leucocratic porphyry facies
containing 20-50 vol% phenocrysts of quartz, K-feldspar, and plagioclase set in a very fine-
grained matrix, forming an up to 100 m thick border phase in the apical part of the
intrusion ('Bear Mountain porphyry phase’) and (iv) an even more leucocratic porphyry
phase containing small phenocrysts of quartz, K-feldspar, and albite in an extremely fine-
grained matrix, occurring as dikes intruded into Paleozoic and Mesozoic sediments along
the flanks of the dome (“White Quartz porphyry phase’). Samples were taken from the
granular facies at an elevation of 3580 m (sample 7M/2 coordinates 39° 01'45.2" N,
107° 06' 26.4" W; WGS84 datum), from the leucocratic Bear Mountain porphyry border
phase (in the following simply called ‘border phase’) at an elevation of 3870 m (sample
TM 7 39° 01' 15.7" N, 107° 06' 40.2" W), and from three miarolitic cavities (samples 7/ 5,
TM 10, TM 12) in the vicinity of the latter sample, all hosted by the border phase. The
miarolitic cavities measured 5-15 cm in diameter and were lined with euhedral crystals of

quartz, orthoclase, + fluorite.

6.3.3.2 Drammen granite (Norway)

The Drammen granite is a composite granitic body in the central part of the Oslo Rift
(Figure 6.3.2), which formed during Permo-Carboniferous rifting in northern Europe. The
various occurrences of Mo (and Fe, Mn, Ti, W, Mb, Zn, Pb, Cu, Bi) mineralization in the
Oslo region stem from this rift-related, subalkaline magmatism (Schenwandt and Petersen,
1983). Thus, all Mo occurrences of the Oslo Rift belong to the alkalic type described by
Carten et al. (1993). Although numerous, none of the Mo-mineralizations are regarded as

exploitable (Ihlen, 1986).
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Figure 6.3.2

Sketch map of the Glitrevann and Drammen granites in the central Oslo Rift, showing
the lithologies discussed in this work (modified after Ihlen et al., 1982; Schenwandt
and Petersen 1983; Schenwandt et al., 1986). The ‘Qtz-Fsp (quartz-feldspar)

porphyry/aplitic granite’ phase within the Glitrevann granite corresponds to the
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extent of the aplitic granite (see text for details).

The geologic history of the Oslo region goes back to the Proterozoic, when the basement
rocks formed and subsequently were metamorphosed in the Sveconorwegian orogeny
(1200-900 Ma), (e.g. Berthelsen, 1980; Skjernaa and Pedersen, 1982). Faulting of these

gneisses, metagabbros, metasediments, and migmatites started some 970 Ma ago and
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continued intermittently until post-Permian times (Starmer 1972, 1985 a, b). Today’s Oslo
Rift formed in the period of 305-240 Ma (e.g. Sundvoll and Larsen, 1990). The Oslo graben,
which is the main rift structure exposed on land, extends N-NE with a total length of
400 km. Within this graben, Paleozoic sedimentary and magmatic rocks are preserved,
whereas the areas to the east and west consist of Precambrian metamorphic rocks. Erosion
stripped away parts of the volcanic rocks, exposing underlying intrusive rocks and
structures (Neumann et al., 1992). The earliest magmatic activity in the rift is represented
by syenitic and mafic sills dated at 304-294 Ma (Sundvoll and Larsen, 1982; Sundvoll et al.,
1992). During the main phase of rifting large volumes of "rhomb porphyry" lavas
interlayered with basalts were erupted (Ramberg et al., 1977). Rifting terminated with the
formation of central volcanoes along preexisting fractures and faults, and the magmatic
style changed from basaltic extrusions to intrusion of composite batholiths of intermediate
to granitic compositions at 275-240 Ma (Neumann et al., 1992).

The largest of these granitic bodies is the Drammen granite, a complex of polyphase
intrusions of biotite-granites and porphyries dated at 270-278 Ma by Rb-Sr chronology
(Sundvoll and Larsen, 1990). Ihlen et al. (1982) subdivided the granitic rocks of the
intrusion into eight textural facies, which all grade into each other. Because molybdenite
mineralization is confined to the ‘medium- to fine-grained, partly porphyritic granite’ and
the ‘quartz-feldspar porphyries with aplitic to microcrystalline groundmass’ as defined by
Ihlen et al. (1982), only these two lithologies will be discussed in further detail. The first
facies (herein called ‘medium- to fine-grained granite’) comprises an area of 60-70 km? on
both sides of the Drammen fjord in the central part of the complex (Figure 6.3.2). The
average grain size of this rock is 1-3 mm, with some samples displaying a porphyritic
texture. High contents of quartz and plagioclase, plus the appearance of muscovite and fresh
or slightly chloritized biotite are typical features. The second facies (herein called ‘quartz-
feldspar porphyry’) occurs at the western edge of the medium- to fine-grained granite
(Figure 6.3.2). This facies contains 2-4 mm sized phenocrysts of quartz, alkali-feldspar, and
plagioclase embedded in a reddish, microcrystalline groundmass (Ihlen et al., 1982).
Mineralization occurs as (i) quartz-fluorite-molybdenite-veins and disseminations of

molybdenite + wolframite within the surrounding granite, and (ii) as contact-metasomatic
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deposits of Fe-Cu-Zn-Pb-Bi + Mo within surrounding metasedimentary and metavolcanic
rocks (e.g. Bugge, 1963; Ihlen and Vokes, 1978 a; Ihlen et al., 1982).

The samples described in this study were collected from the medium- to fine-grained
granite on the eastern shore of the Drammenfjord, a few hundred meters east of
Grimsrudbukta (~59° 41' 06" N, 10° 25' 58" E). Sample Dra 2is a miarolitic cavity of ~10 cm
size that was hosted by a local segregation of aplite, whereas samples Dra 6 and Dra 20 are
similar-sized miarolitic cavities that were hosted by medium-grained granite. All cavities

contained euhedral crystals of smoky quartz, orthoclase, albite, and white mica.

6.3.3.3 Glitrevann granite (Norway,)

The Glitrevann caldera is the northernmost one of a prominent N-S trending array of
calderas west of the Drammen granite (Figure 6.3.2), featuring porphyry-style molybdenum
mineralization in subvolcanic rocks (Geyti and Schenwandt, 1979). The Glitrevann caldera
cuts the Finnemarka granite and is in turn cut by the Drammen granite. Thus, the age of the
Drammen granite marks the upper limit for caldera formation (Schenwandt and Petersen,
1983). The Glitrevann complex consists of a central granitic stock surrounded by a syenitic
ring complex and Permian lavas (Oftedahl 1953). An overview of the evolution of the
structure is given by Schenwandt and Petersen (1983): It started with the eruption of
rhyolitic dome complexes and ignimbrites associated with basaltic volcanism. Eruption of
voluminous ash flows in the southern sector then caused collapse and formation of the
semi-circular Glitrevann caldera. Within this central caldera, meso-and mega breccias, as
well as rhyolitic ash flows are preserved. The northern part of the caldera was flooded
simultaneously by rhomb porphyry flows, basaltic lava, and ash tuffs. The final events were
the eruption of the Bordvika ignimbrite, intrusion of syenitic ring dikes, and the
emplacement of a central, composite granite stock which caused uplift of the caldera.

The central granitic stock can be subdivided into three types: medium-grained granite,
porphyritic granite, and aplitic granite (Jensen, 1985), with the latter hosting the majority
of mineralization (Schenwandt and Petersen, 1983). Based on crosscutting relationships and
trace element abundances it is clear that aplitic granite is the youngest phase (Jensen, 1985).

The aplitic granite occupies ca. 20% of the outcrop area and is made up of a fine-grained
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intergrowth of quartz and alkali feldspar containing few feldspar-, quartz-, and biotite
phenocrysts. Due to its compositional similarity with the ‘quartz-feldspar porphyry’ these
two lithologies are not distinguished in Figure 6.3.2.

Molybdenum-mineralization within the granitic stock is manifold (Schenwandt, 1986) and
occurs: (i) as disseminations in pervasively sericite-altered host rocks, (ii) in the aplite
granite in open fractures together with quartz and pyrite, (iii) in quartz-alkali feldspar
pegmatites, and (iv) in miarolitic cavities together with pyrite, quartz, and alkali feldspar. In
the central part of the caldera, where the Bordvika ignimbrite covers the aplitic zone in the
form of a massive, impermeable cap rock, the mineralization forms a stockwork of quartz-
molybdenite veins enveloped by sericitic alteration (Geyti and Schenwandt, 1979).

Samples were taken from two miarolitic cavities hosted by aplitic granite on the southern
shore of Lake Sandungen (59°51° 06" N, 10° 02’ 29” E). The cavities measured 5-10 cm in

diameter and were lined with quartz and orthoclase.

6.3.4 Methods

Doubly-polished thick sections of 0.1-1.0 mm thickness were prepared from both whole
rocks and euhedral quartz crystals from miarolitic cavities. The latter were preferentially
cut parallel to the c-axis of the crystal. Basic investigation of the samples was performed by
optical microscopy using reflected and transmitted light, and appropriate fluid-, melt-, and
solid inclusions were selected based on petrographic time relationships, inclusion size, and
state of preservation. Since one of the main goals of this study was to characterize the
composition of magmatic bulk fluids we focused our search on early, intermediate-density
fluid inclusions rather than on later vapor and brine inclusions. Selected fluid-, melt-, and

solid inclusions were analyzed by the following methods:

6.3.4.1 Microthermometry

Microthermometry was performed on a Linkam THSMG 600 heating-cooling stage that was
calibrated to an uncertainty of +0.1°C at -56.6°C and 0.0°C and to + 1°C at 374°C. Fluid
salinity and homogenization temperature were determined for each inclusion unless this

was not possible due to small size. Most fluid inclusions contained enough CO:2 to form
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clathrates, but not enough to saturate in CO: liquid, in which case the accurate
determination of fluid salinities is difficult. For these fluid inclusions we used the software
“ICE” (Bakker, 1997) to calculate salinities based on the melting points of ice and clathrate,
the volume fraction of liquid, and Peng and Robinson’s (1976) equation of state for the
system (H20)-CO2-CHs-N2-C2He. This approach resulted in NaClequiv values that were almost
50% lower than those calculated from ice melting temperatures and suggests CO2
concentrations ranging from 2.0-7.9 mol% CO:. In fluid inclusions that did not form
clathrates upon freezing, NaClequiv salinities were determined based on ice melting
temperatures using the equations in Bodnar and Vityk (1994). Fluid isochores were
constructed based on homogenization temperatures and recalculated NaClequv values using
the formulas in Bodnar and Vityk (1994) and neglecting any influence of CO, as the study
of Schmidt and Bodnar (2000) showed that addition of 4 mol% CO: to an aqueous fluid with
a density of ~0.7 g/cm® (Thewr ;1 ~350°C) and a salinity of 6 wt% NaCl results in only a

small shift of the corresponding isochore.

6.3.4.2 Raman spectroscopy

Raman spectra were taken of solid inclusions as well as of the liquid and gaseous portions of
fluid inclusions with a Horiba LabRAM HR 800 spectrometer connected to a Coherent
Innova 90C argon ion laser situated at the Bayerisches Geoinstitut, using an exposure time
of 20 seconds and 2 accumulations. The resulting spectra obtained from fluid inclusion were
checked for the presence of H20, HS, SO2, HSO+, and CO2 bands (Burke, 2001) without
quantifying absolute abundances. Spectra of solid inclusions and mineral phases were
compared with spectra currently available from databases such as the RRUFF Project
(online reference 2) and the online service from the Geofluids Laboratory at the University

of Siena (online reference 3).

6.3.4.3 Laser ablation-inductively coupled-mass spectrometry

LA-ICP-MS measurements were performed at the Bayerisches Geoinstitut with a 193 nm
ArF Excimer laser (Geolas M system; Coherent; USA) attached to a quadrupole mass

spectrometer (Elan DRC-e; Perkin Elmer; Canada). The sample chamber was flushed with
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He gas at a rate of 0.4 1/min, to which 5 ml/min H> gas was added on the way to the ICP-MS
(Guillong and Heinrich, 2007). Elements were measured on isotopes ’Li, !'B, 2Na, Mg,
ZAl 32§, 3Cl, ¥K, “2Ca, #Ti, >*Mn, >’Fe, %Cu, %Zn, "As, ®Rb, #Sr, Y, ©Zr, Nb, *Mo, 7Ag,
18Sn, 133Cs, 4°Ce, 181Ta, 184W, 208Pb, 209Bj, 22Th and 2#U, using dwell times of 10-50 ms per
isotope. The ICP-MS system was tuned to a thorium oxide rate of ~0.05% and a rate of
doubly charged calcium ions of ~0.1% according to measurements on NIST SRM 610 glass.
External standardization for Cl and S was based on the afghanite standard described in Seo
et al. (2011), and for all other elements based on NIST SRM 610 glass using the values given
in Spandler et al. (2011). Element concentration ratios measured in fluid and melt
inclusions were then turned into absolute values by using the concentration of either Na or
Al as internal standard. For fluid inclusions we used Na from the microthermometrically (or
via ICE program) determined NaClequiv value and applied the empirical correction formula of
Heinrich et al. (2003) to account for the effect of other major cations. For melt inclusions
we used Al concentrations of compositionally similar whole rock analyses reported in the
literature. Combined analytical uncertainties are estimated at 10-20% (Heinrich et al,,

2003), except for elements close to the detection limit.

6.3.4.4 Re-equilibration experiments

One fluid inclusion trail of Drammen sample Dra 6B was first characterized by
microthermometry, Raman spectroscopy, and LA-ICP-MS and then cut out of the quartz
wafer. The resulting quartz column was loaded together with fluid and buffer minerals
(muscovite, orthoclase, albite, and topaz to produce an acidic pH; plus chalcopyrite to buffer
the Cu content) into a quartz capsule that itself was welded into a gold capsule
(Lerchbaumer and Audétat, 2012a). A small piece of etched quartz from Brazil was added as
well to trap the loaded fluid, which major-element composition was similar to that of the
already existing fluid inclusions in the quartz column. The experiment was run at 650°C and
140 MPa for 22 days. After cooling, the capsule was opened and the pH of the quench fluid
was measured with indicator paper. Subsequently, both the re-equilibrated Drammen
sample and the small quartz piece containing newly formed fluid inclusions were polished

and prepared for analysis. In the re-equilibrated Drammen sample only fluid inclusions
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<60 pm in size and <~50 um depth below the surface were analyzed. The results were then
compared with the results obtained from fluid inclusions analyzed before re-equilibration.
Similar re-equilibration experiments on both natural and synthetic fluid inclusions are

described in Lerchbaumer and Audétat (2012b).

6.3.5 Results

An overview of the information obtained from melt and fluid inclusions, including fluid
salinity, sulfur content, concentrations of Mo, Cu, and Cs, and estimated formation
conditions is given in Table 6.3.1. The full data set is presented in Tables 6.3.2, 6.3.3, and
6.3.4.

6.3.5.1 Treasure Mountain Dome

A total of 25 melt inclusions were analyzed from quartz phenocrysts in the leucocratic
border phase (sample 7/ /), from quartz grains in the granular facies (sample 7/ 2), and
from quartz crystals in miarolitic cavities in the border phase (samples 7M 10, TM 12)
(Table 6.3.2). As internal standard for the calculation of absolute element values from LA-
ICP-MS element ratios we took the average Al-concentration of three similarly evolved
granites at Climax, Henderson, and Urad (~12.2 wt% Al:Os; Bookstrom, 1981; Mutschler et
al., 1981; White et al., 1981). With increasing degree of crystallization and fractionation,
incompatible elements like Cs, Rb, W, and Mo get enriched in the residual melt, whereas
compatible elements like Mg, Fe, Ti, Ca, and Sr get depleted. Plots of the concentrations of
Ti, Mo, W, and Rb against Cs (which is the element that behaved most incompatibly) are
shown in Figure 6.3.3. Titanium concentrations decrease regularly from melt inclusions
analyzed in the leucocratic border phase, over those analyzed in the granular facies, to those
analyzed in miarolitic quartz, whereas the concentrations of Rb, Mo, and W follow the
opposite trend. In a closed system the observed increase from ~5 ppm to ~90 ppm Cs in the
residual melt requires a degree of crystallization of at least 90%. Thus, the melt inclusions
analyzed in miarolitic quartz represent the very last melt fractions in an almost completely
crystallized granite. The fact that the melt inclusions analyzed in the leucocratic border

phase are less fractionated than those analyzed in the granular facies is somewhat
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unexpected because the higher SiO: content (Mutschler, 1976) and leucocratic appearance
of the former rock suggests a higher degree of fractionation. However, the melt inclusions
analyzed in the granular zone were hosted by relatively small quartz grains that may have
crystallized after magma intrusion, for which reason they may be younger and thus more
evolved than the ones analyzed in the phenocrysts in the leucocratic border phase. In either
way, the analyses provide important insight into the behavior of ore metals and other trace
elements during the crystallization of this granite. Molybdenum concentrations in the
residual silicate melt increased from ~5 ppm at ~5 ppm Cs to ~35 ppm at ~90 ppm Cs, and
W concentrations increased from ~2ppm to 20 ppm within the same crystallization
interval, implying that both Mo and W behaved strongly incompatibly. Interestingly, the
quartz phenocrysts in the border phase contain inclusions of molybdenite that were trapped
at approximately the same time as the analyzed melt inclusions (Audétat et al., 2011),
whereas no molybdenite inclusions were found in the three thick sections prepared from
the granular facies. Together with the incompatible behavior of Mo noted above, this
suggests that the intruding magma originally was molybdenite-saturated, but then became
molybdenite-undersaturated with increasing degree of crystallization.

A cross-section through a euhedral quartz crystal from miarolitic cavity 7 12is shown in
Figure 6.3.4. The crystal contains melt inclusions and intermediate-density (0.6-0.7 g/cm3)
fluid inclusions in its basal zone, vapor and brine inclusions (late-trapped brines
approaching the composition of salt melts) in pseudosecondary trails in the next,
comparatively clear growth zone, abundant solid inclusions of K-feldspar, muscovite, albite,
fluorite, anhydrite, and pyrite in the overlying dark growth zone, and high-density aqueous
inclusions (+ very low-density vapor inclusions) and solid inclusions of epidote, rutile, and
chlorite in later growth zones. The intermediate-density fluid inclusions in the base of the
crystal have salinities of 5+ 1.3 wt% NaClequv. Homogenization temperatures were not
determined for these inclusions because their number was very limited and we did not
want to risk their decrepitation before they could be analyzed by LA-ICP-MS. Quartz
crystals from miarolitic cavity 7/ 10 do not contain melt inclusions, but apart from that
record a very similar fluid evolution. The succession from intermediate-density fluid

inclusions with salinities of 5-10 wt% NaClequiv and relatively low homogenization tempera-
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A-D Compositional evolution of silicate melts in the Treasure Mountain Dome, as

recorded by quartz-hosted melt inclusions. Cesium is used in the abscissa because it is

one of the most incompatible elements in granitic magmas and thus is an ideal

indicator of melt fractionation.

tures (300-550°C), over immiscible vapor and brine inclusions with increasingly disparate

salinities and higher homogenization temperatures (>550°C), to low-salinity aqueous fluid

with densities 20.8-0.9 g/cm? is typical for quartz crystals from miarolitic cavity-bearing

granites in general and reflects the evolution of originally single-phase, magmatic fluids as

they enter the two-phase field upon decompression and cooling, and finally get
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diluted/superseded by invading meteoric water (e.g., Audétat and Pettke, 2003; Audétat et
al., 2008). Since our main goal is to characterize the composition of the magmatic bulk fluid,

only data from the intermediate-density fluid inclusions are presented here.

10 ym

G
4

50 um 3 50 pm |
N O solidinclusions @ zones with intermediate density fluid inclusions /\ salt melts  #N growth zone
E A zone with melt inclusions ..., trails of vapor + brine inclusions, partly coexisting high density aqueous inclusions
Figure 6.3.4

A Photograph of a thick-section through a quartz crystal from miarolitic cavity in the
Treasure Mountain Dome (sample 7A/12A), cut parallel to the c-axis of the crystal. B
Sketch of the same sample showing petrographic relationships between different types
of melt, fluid, and solid inclusions (Ab = albite, Anh = anhydrite, Fl = fluorite, Fsp =
feldspar (both plagioclase and K-feldspar), Ms=muscovite, Py = pyrite). C-G
Photomicrographs of melt inclusions (C), early, intermediate-density fluid inclusions
(D), coexisting vapor and brine inclusions (E), salt melts (F), and late, high-density

aqueous inclusions (G), with their corresponding location indicated in the sketch map.

The compositions of 22 intermediate-density fluid inclusions analyzed in quartz from three
different miarolitic cavities (7M 5, TM 10, TM 12) are listed in Table 6.3.3. Of those, only
the inclusions from cavity 7M 12 coexist with melt inclusions and thus are certain to

represent magmatic fluids, whereas the inclusions analyzed from the other two samples
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may have formed at subsolidus conditions. Distinctly higher concentrations of Al in
inclusions from the former sample (indicating a higher amount of dissolved silicates)
support this interpretation.

Because we did not determine the homogenization temperatures of intermediate-density
fluid inclusions in sample 7/ 12 we are unable to reconstruct entrapment conditions based
on the intersection of fluid isochores with the granite solidus (e.g., Audétat and Pettke,
2003). However, an upper pressure limit of ~100 MPa (at 700°C) is indicated by the
occurrence of andalusite in metamorphosed shales at the contact of the leucocratic border
phase to the overlying sediments, whereas a value of 100 MPa was estimated for contact-
metamorphosed limestone at the base of the Treasure Mountain (Everett and Hoisch, 2008).
Molybdenum concentrations are low (2-5 ppm) in the intermediate-density fluid inclusions
analyzed from samples 7M 5 and 7M 10, but high (50-150 ppm) in the ones from sample
TM 12, suggesting that most Mo precipitated from the magmatic-hydrothermal fluid at
near-magmatic conditions. In contrast, the concentrations of most other elements remained
constant within a factor of ~2-3. A notable exception is Cu, which varies by a factor of 6 to
60 in all three samples. CO2 and S concentrations vary from 2.5 to 7.9 mol% and <0.13 to
1.3 wt%, respectively, with 80% of the latter values ranging between 0.3 and 0.7 wt%.
Raman spectra reveal that S occurs mostly as SOs? in the liquid portion of the fluid
inclusions at ambient conditions.

Fluid/melt partition coefficients calculated from the averages of five melt inclusions and six
coexisting fluid inclusions in sample 7/ 12 are presented in Figure 6.3.5. Generally, the
partition coefficients agree well with those determined on coexisting fluid and melt
inclusions from other granites. The highest values are observed for Pb, Zn, and potentially
Cu (notice the large uncertainty associated with the latter element), while Ce and Al display
the least preference for the fluid phase. At the estimated entrapment pressure of ~100 MPa
the solubility of H20 in the silicate melt is ~4 wt% (e.g. Holtz et al., 2001), which requires a
fluid/melt partition coefficient >25 to result in depletion of the corresponding element in
the residual silicate melt during open-system, fluid-saturated magma crystallization
(assuming 100% incompatibility of this element with respect to the crystallizing solids). The

fluid/melt partition coefficient of Mo (2.4 + 1.8) is significantly below this threshold value,
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implying that the Mo concentration in the residual melt should have increased with
increasing degree of crystallization (unless significant amounts of Mo were incorporated
into the crystallizing minerals). This prediction is in agreement with the compositional
evolution shown in Figure 6.3.3B. In contrast, Cu concentrations in the melt inclusions
show only a slight (if any) increase with increasing degree of fractionation (2-11 ppm in
TM 7,1-15 ppm in 7M 2, and 3-30 ppm in 7M 10and TM 12), which is compatible with its
high fluid/melt partition coefficient (Dmoid/melt = 37 4 + 60.3).
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Figure 6.3.5

Fluid/melt partition coefficient determined on coexisting fluid and melt inclusions in
the Treasure Mountain Dome compared to similar data obtained from the Mo-deposit
at Cave Peak (Texas; Audétat, 2010), the Stronghold granite (Arizona; Audétat et al.,
2008), and four other granites (Zajacz et al., 2008): Mount Malosa (Malawi), Baveno
(Italy), Rito del Medio (New Mexico) and Ehrenfriedersdorf (Germany). In cases
where element concentrations in the fluid or in the melt were below the detection
limit, corresponding maximum partition coefficients are indicated by truncated error

bars. Error bars express 1o standard deviations.
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6.3.5.2 Drammen granite

A total of 20 melt inclusions were analyzed from the Drammen granite. Six of them were
analyzed in two euhedral quartz crystals from miarolitic cavity Nr. 6 (samples Dra 64 and
Dra 6B) and the remaining 14 inclusions along a 2 cm long transect through the border of
another cavity (sample Dra2). This transect extends from fine-grained aplite over a
pegmatitic contact zone into a euhedral quartz crystal. As internal standard for LA-ICP-MS
analyses we used the average AlOs3 content of two whole-rock analyses of quartz-feldspar
porphyry reported in Ihlen et al. (1982). A comparison of our melt inclusion data with
whole-rock analyses reported from various textural facies of the Drammen granite is shown
in Figure 6.3.6. The melt inclusion data nicely continue the trends displayed by the whole-
rock data, suggesting that they are part of the same magma evolution. Although Cs clearly
was less compatible than Rb also in this granite (Table 6.3.2; Cs increases by two orders of
magnitude as Rb doubles), we plotted everything against Rb to be able to include the
whole-rock data from the literature. Molybdenum and W concentrations generally increase
with increasing degree of melt fractionation (from <10 ppm Mo and <5 ppm W at <500 ppm
Rb, to ~30 ppm Mo and ~30 ppm W at ~1200 ppm Rb), except for a few extremely evolved
melt inclusions analyzed in miarolitic quartz, which are strongly depleted in Mo. The three
anomalously high Mo concentrations in the whole-rock data of ‘medium- to fine-grained
granite’ and ‘quartz-feldspar porphyry’ (Figure 6.3.6D) probably reflect minor hydrothermal
mineralization. Along the transect through the border of miarolitic cavity Dra 2, Rb, Cs,
and W concentrations continuously increase from melt inclusions analyzed in the aplite to
those analyzed in euhedral quartz crystals, whereas Mo concentrations first increase and
then dramatically decrease in the most evolved melts analyzed. The latter reflects either
efficient Mo-extraction by fluids, or incorporation of Mo in crystallizing solids. The
presence of molybdenite inclusions in the euhedral quartz crystals points to the second
explanation and suggests that at the very last stages of magma solidification perturbations in
P, T, £S2, and/or fO2 led to wholesale molybdenite precipitation.

The fluid evolution recorded in the miarolitic cavities of the Drammen granite is principally
the same as the one in the Treasure Mountain Dome, starting with intermediate-density

(0.6-0.7 g/cm3), partly CO2-bearing fluid inclusions with salinities of 4.4-6.3 wt% NaClequiv

158



Manuscripts

(corresponding to the TypeA-II inclusions described in Olsen and Griffin, 1984), then
passing through a stage in which the fluid was two-phase, and finally reaching a state where
aqueous, high-density fluid inclusions were trapped. However, in the samples of the
Drammen Granite the proportion of intermediate-density fluid inclusions to subsequent
vapor and brine inclusions is much larger, and the immiscibility gap recorded by vapor and
brine inclusions is much smaller. Brines with salinities greater than ~35 wt% NaClequv are
conspicuously absent in our samples. This suggests that the Drammen granite solidified at
significantly higher pressure than the Treasure Mountain Dome, which is in accord with
conditions of ~680°C /140 MPa reconstructed from the intersection of intermediate-
density fluid inclusion isochores (~5.7 wt% NaClequiv, Thioe ~425°C) with the granite solidus,
and with pressure estimates of 130-150 MPa reported by Olsen and Griffin (1984) and
Larsen et al. (2009). CO2 concentrations in these intermediate-density fluid inclusions were
mostly too low to result in clathrate formation upon cooling (implying that CO:
concentrations were below 1.6 mol%; Hedenquist and Henley, 1985), but in some
inclusions of sample Dra 6 clathrates were observed, which melting temperatures indicate
CO2 concentrations up to 2.4 mol%. Sulfur concentrations measured by LA-ICP-MS range
from 0.2 to 0.5 wt% (Table 6.3.1).

Solid inclusions identified within quartz crystals from miarolitic cavities include topaz,
muscovite, albite, K-feldspar, and molybdenite on early growth zones, and tourmaline,
epidote, chlorite, hematite, and galena on later growth zones.

Molybdenum concentrations in intermediate-density fluid inclusions range from 3 to
270 ppm, with the majority of values measured in Al-rich (i.e., high-temperature)
inclusions clustering around 30-40 ppm Mo (Table 6.3.3). Copper concentrations show a
large scatter, ranging from 8 ppm to 3500 ppm without any apparent relationship to other
elements. Although roughly contemporaneous, none of the analyzed fluid and melt
inclusions were unambiguously coexisting, for which reason we did not calculate fluid/melt
partition coefficients. However, average Mo concentrations in melt and fluid inclusions of
sample Dra 6 (20 ppm vs. 30-40 ppm, respectively) imply a Dwmotdmelt yalue of about 2,
which is similar to the value of 2.4 + 1.8 determined in the Treasure Mountain Dome. This

Duwofluid/mele yalue is far below the threshold value that would be required for a net depletion
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of Mo in the residual silicate melt during fluid-saturated crystallization of the Drammen

granite (~20; corresponding to a water solubility of ~5.0 wt% at 150 MPa / 700°C).
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Figure 6.3.6

Compositional evolution of melt inclusions (black squares) and whole rocks (open
symbols and crosses) of the Drammen granite. Whole rock data are from Ihlen et al.
(1982) and Tronnes and Brandon (1992). In this case we use Rb as an indicator of melt
fractionation because there are no Cs data available for the whole rocks. Titanium and
Sr decrease with increasing degree of melt fractionation, whereas W and Mo

generally increase, except for some extremely evolved melts trapped in miarolitic

quartz that were strongly depleted in Mo.
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Table 6.3.2 LA-ICP-MS data of melt inclusions with reference samples

Na" Mg Al* K Ca Ti Mn Fe Cu Zn As Li B Rb
sample [wt%] [wt%] [wt%] [wt%] [wt%] ([wt%] ([wt%] [wt%] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm]

Climax # 215 0.36 6.30 4.15 0.50 0.01 0.02 0.89 - - - - - -
Henderson ? 2.30 0.45 6.51 5.31 0.64 0.01 0.05 0.61 - - - - - -
Urad ® 2.37 0.07 6.51 4.23 0.54 0.11 0.03 1.10 - - - - - -
Treasure mountain granite, leucocratic border zone
TM 7B, MI 3 0.35 0.02 6.44 2.78 0.28 0.15 0.06 0.40 5 110 n.a. n.a. n.a. 380
TM 7A, MI 1 0.22 0.01 6.44 2.74 0.24 0.08 0.06 0.34 11 &3 n.a. n.a. n.a. 420
TM7C, MI 4 0.21 0.02 6.44 2.74 0.33 0.04 0.07 0.47 ) 55 n.a. n.a. n.a. 430
TM 7E, MI 5 0.21 0.02 6.44 2.77 0.30 0.11 0.06 0.41 7 44 n.a. n.a. n.a. 320
Treasure mountain, granular zone
T™M 2, MI 2 0.21 0.02 6.44 3.04 (0.81) 0.07 0.05 0.42 12 30 2 47 450
T™M 2, MI 7 0.22 0.01 6.44 276  (2.03) 0.07 0.07 0.37 7) 23 2 59 21 630
T™M 2, MI 8 356 0.01 6.44 235 (0.51) 0.05 0.06 0.31 1 a2 3 1) 25 440
T™ 2, MI 1 0.25 0.01 6.44 283 (2.03) 0.06 0.09 0.30 2 28 4 53 24 720
TM 2, MI 5 0.26 0.01 6.44 268 (0.65) 0.04 0.08 0.36 2) 38 5 37 26 700
T™M 2, MI 4 0.25 0.01 6.44 279 (6.51) 0.05 0.09 0.26 (19) 31 5 17) 24 890
T™M 2, MI 3 0.19 0.00 6.44 264 (256) 0.01 0.07 0.11 6 20 8 25 67 1100
T™M 2, MI 9 0.21 0.01 6.44 266 (3.64) 0.05 0.09 0.24 15 24 3 23 31 830
Treasure mountain, miarolitic quartz
TM 10A1, MI 5 0.09 0.01 6.44 1.92 (3.66) 0.04 0.15 0.34 4 83 1 62 16 790
TM 10A2, MI 2 0.21 n.a. 6.44 283 (425) na. 0.09 0.35 (6) 30 7 n.a. 44 840
TM 10A1, MI 2 0.16 0.01 6.44 218 (1.61) 0.04 0.10 0.36 4) 36 7 80 44 770
TM 10A1, MI 7 0.27 0.01 6.44 244 (11.91) (0.01) 0.09 0.25 (36) 42 (20) (41) (77) 1100
TM 10A1, Mi e1 0.24 0.01 6.44 232 0.17 0.04 0.09 0.33 (5) 31 8 56 47 850
TM 10A1, MI 1 0.19 0.01 6.44 206 (2.83) 0.03 0.09 0.32 22 2 8 66 52 820
TM 10A2, MI 1 0.27 n.a. 6.44 269 (219) na. 0.08 0.30 4) 30 6 n.a. 39 980
TM 10A1, MI 3 0.25 n.a. 6.44 3.00 (5.15) na. 0.08 0.29 9) 30 8 n.a. 41 1400
™ 12A1, MI 1 0.21 n.a. 6.44 2.99 n.a. n.a. 0.10 0.20 (17) 18 10 n.a. 55 1200
TM 12A1, MI 2 0.21 n.a. 6.44 3.10 n.a. n.a. 0.10 0.13 30 (51) 10 n.a. 51 1100
TM 12A1, MI 3 0.17 0.01 6.44 242 (1.31) 0.03 0.12 0.28 3 48 8 33 47 980
T™ 12A1, MI 4 0.15 0.01 6.44 218 (1.69) 0.04 0.11 0.29 (5) 30 6 26 42 860
T™M 12A1, MI 5 0.16 0.01 6.44 233 (1.16) 0.03 0.11 0.27 3) 23 10 36 54 980
Drammen 14° 2.93 - 6.69 3.50 0.21 0.09 0.09 0.50 - - - 14 - 430
Drammen 60° 2.66 0.04 6.54 3.64 0.26 0.11 0.11 0.63 - - - 9 » 330
Dra 6A, Ml 1 0.17 0.01 6.62 225 (0.67) 0.03 0.08 0.36 2) 29 25 130 120 950
Dra 6B, Ml e1 0.20 0.01 6.62 3.20 0.05 0.03 0.07 0.31 3) 25 46 530 190 970
Dra 6B, Ml 4 0.15 0.01 6.62 287 (2.73) 0.03 0.10 0.37 8) 26 30 660 130 990
Dra 6A, MI 2 0.20 0.01 6.62 265 (1.44) 0.03 0.09 0.44 4) 36 29 360 140 1100
Dra 6A, MI 4 0.18 (0.02) 6.62 273 (16.23) 0.03 0.09 0.30 (39) 46 22 230 120 1200
Dra 6B, MI 3 0.17 0.00 6.62 322 (2.63) 0.02 0.02 0.09 8) 8 42 500 200 1400
section through Drammen granite, pegmatitic zone and miarolitic quartz
Dra 2 MI 1 granite 0.21 0.02 6.62 3.16  (1.07) 0.03 0.07 0.48 2) 26 6 140 16 730
Dra 2 MI 2 granite 0.21 0.02 6.62 296 (344 0.04 0.07 0.47 (10) 30 (5) 130 (22) 810
Dra 2 MI 3 granite 0.20 0.01 6.62 2.66 (0.95) 0.04 0.08 0.34 3) 28 7 110 39 890
Dra 2 MI 4 granite 0.28 0.01 6.62 297 (1.32 0.03 0.08 0.48 4) 41 20 160 110 820
Dra 2 MI 5 granite 0.29 0.01 6.62 3.08 (1.07) 0.04 0.09 0.42 3) 34 34 190 170 1100
Dra 2 MI 6 granite 0.19 0.01 6.62 279 (1.24 0.02 0.08 0.14 4) 22 60 66 320 1200

)
)
)
)
)
Dra2Mi1,pegm.z. 028 001 662 284 (1.83) 003 008 035 (5) 30 23 140 140 960
Dra2Mi2,pegm.z. 026 001 662 281 (0.79) 002 009 028 (2) 28 35 120 160 1200

)

)

)

)

)

)

Dra 2B, Mi 2, Qtz 0.08 0.01 6.62 237 (1.45) 0.02 0.07 0.18 4) 19 55 390 180 1400
Dra 2B, Mi 3, Qtz 0.13 0.01 6.62 267 (1.90) 0.02 0.07 0.18 (5) 19 47 400 250 1500
Dra 2B, Mi 1, Qtz 0.19 0.01 6.62 244 (4N 0.02 0.07 0.12 (10) 1 60 200 220 1600
Dra2 Ml 1, Qtz 0.16 0.01 6.62 237 (3.13) 0.02 0.07 0.14 (10) 13 62 170 210 1400
Dra 2 Ml 2, Qtz 0.16 0.01 6.62 255 (4.05) 0.02 0.07 0.16 (12) 15 65 300 270 1500
Dra 2 MI 3, Qtz 0.13 0.01 6.62 257 (0.60) 0.02 0.08 0.16 0 13 72 370 260 1600
Glitrevann 3 ¢ 3.34 - 6.51 3.89 0.21 0.15 0.05 0.86 - = - - - 200
Glitrevann 5 ¢ 3.26 o 6.40 3.76 0.26 0.10 0.02 0.79 - - - - - 240
Glt 2, MI 2 3.62 0.03 6.46 285 (5.76) 0.07 0.06 0.58 (19) 97 42 33 160 260
Glt2, MI 3 0.17 0.02 6.46 2.83 (242) 0.08 0.05 0.49 (5) 35 10 12 52 420
Glt 3, MI 3 0.25 0.02 6.46 274 (1.59) 0.07 0.05 0.48 4) 33 16 10 68 550
Glt 3, MI 9 0.22 0.01 6.46 278 (4.95) 0.05 0.05 0.42 (14) 36 39 21 220 550

# Na-values can be regarded too low due to post-entrapment loss of Na by diffusion (Frischat, 1970) * Al-values used for internal standardization
are average concentrations from samples from analyses cited here: ® Mutschler et al., 1981; b Bookstrom, 1981; © lhlen et al., 1982; d Jensen, 1985.
n.a. = not analyzed; values in parentheses resemble detection limits;.
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Table 6.3.2 Cont.

Sr Y Zr Nb Mo Ag Sn Cs Ba Ce Ta w Pb Bi Th U
[ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm]

12 21 110 37 5 n.a (10) 4 4 56 3 2) 24 n.a. 28 7
1 32 78 55 7 n.a (11) 5 4 62 3 3) 22 n.a. 35 10
0 120 120 110 3 n.a 1 5 (1) 46 5 3 23 n.a. 47 19
1 26 96 41 6 n.a 6) 6 3 66 3 (2) 25 n.a. 34 9
5 23 100 64 9 1 4 2 13 72 5 4 27 1 63 21
2 30 90 110 13 (1) (20) 16 2 50 6 5 14 0) 31 17
4 24 83 100 9 0) 5 17 15 54 8 6 26 1 41 24
2 40 65 120 4 (1) 6 18 6 27 8 6 17 1 38 33
2 28 75 120 15 0) 8 29 2 49 8 7 30 1 35 28
3 34 85 140 15 (3) (54) 49 (6) 46 1 7 24 1 33 35
3 3 72 20 17 (1) (24) 54 4) 10 2 7 20 2 17 11
3 26 71 86 9 (1) (38) 67 23 56 7 5 15 (1) 40 21
0 44 81 140 21 (2) (35) 29 (7) 62 17 24 23 1 28 29
n.a. n.a. n.a. n.a. 32 (2) (38) 53 69 29 28 1
0 43 52 140 31 (1) 8 64 (3) 44 23 25 26 1 19 26
3) 39 62 120 24 (6) (99) 66 (20) 64 12 20 25 2) 24 24
0) 38 77 140 34 (1) 9 75 (3) 65 21 26 28 1 28 30
(1) 37 69 130 30 (1) (22) 76 (5) 78 20 25 26 1 32 25
n.a. n.a. n.a. n.a. 31 (1) (24) 77 n.a. 65 n.a. 27 24 1 n.a. n.a.
n.a. n.a. n.a. n.a. 33 2) (53) 90 n.a. 60 n.a. 23 29 1 n.a. n.a.
n.a. n.a. n.a. n.a. 31 n.a. (80) 79 n.a. 85 n.a. 18 24 1 n.a. n.a.
n.a. n.a. n.a. n.a. 37 n.a. (67) 91 n.a. 20 n.a. 15 22 (1) n.a. n.a.
0 27 78 110 31 (1) 9 96 (3) 85 18 17 28 2 26 21
0) 32 86 120 26 (1) 9 98 (3) 70 12 15 20 1 35 28
0) 25 81 120 43 0) 10 130 2) 66 15 21 26 2 25 25
26 18 139 - 6 - 4 - - - - 10 - - - -
32 12 110 - 27 - 4 - - - - 1 - - - -
0 22 92 180 14 0) 9 92 (1) 51 26 16 20 2 21 15
0 3 80 190 26 (1) 12 190 (2) 31 35 23 21 4 19 15
0 20 71 190 21 (2) 14 93 (5) 53 33 17 15 1 21 12
0 38 250 200 17 (1) 13 100 (2) 46 17 16 22 2 43 33
(5) 35 220 180 18 (6) (150) 100 (19) 48 17 1 21 (7) 34 25
1 9 70 190 24 (1) 9 160 (3) 44 35 23 20 5 22 16
1 14 95 110 1 0 8 10 2 62 7 9 24 1 43 29
0 0 140 120 14 (1) (21) 10 (4) 21 9 9 8 (1) 58 33
1 17 100 100 12 0) 8 31 1 61 8 9 13 2 43 26
0 18 120 110 14 (1) 9 53 (2) 57 5 9 8 1 46 30
0 38 140 250 31 (1) 14 73 (2) 66 26 27 20 3 45 13
1 10 28 92 32 (1) 10 240 1 33 74 31 12 8 12 14
0) 30 140 170 17 (1) 12 97 (2) 62 16 15 25 2 44 36
0 27 120 200 19 0) 14 130 (1) 67 18 18 21 3 35 29
0 14 57 96 29 (1) 13 270 (2) 68 18 30 1 12 20 12
0 1 66 93 24 (1) 12 340 (3) 53 21 30 9 10 17 13
1 5 42 59 5 (2) (35) 430 (7) 29 16 44 1 4 18 20
(1) 6 24 52 6 (2) (26) 840 (4) 29 17 38 1 4 10 16
(1) 7 28 58 7 (2) (33) 1000 (4) 34 20 43 12 4 13 19
0) 6 34 60 6 0 8 1100 (1) 32 22 44 14 4 13 22
23 & = 150 & = 8 A 44 8 5 = 8 = = 8
12 = - 130 - - - - 11 - = - - o -
2 16 110 70 1 (3) (44) 39 4 65 4 6 22 1 35 10
1 12 120 76 1 (1) (19) 20 3) 48 5 4 10 0 34 13
1 54 120 190 13 (1) 8 45 2 54 14 7 13 1 53 31
1 29 15 130 12 (2) (41) 65 2 27 20 10 13 1 10 13
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Table 6.3.3 LA-ICP-MS data of fluid inclusions

Tmyce Tmciarh NaClgquiv.* Coz# Na Al S Cl K Ca
sample [-°C] [°C] [wt% ] [mol%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%]

Treasure mountain, miarolitic quartz

TM 5A, Fl 1b 10 4.1 8.2 5.2 2.52 0.14 0.38 5.58 0.87  (13.1)
TM 5A, Fl 4 5 -0.9 5.0 25 1.51 0.08 (0.60) 4.57 0.41 (12.9)
TM 5A, FI 3 6.5 5.6 5.1 54 1.63 0.25 0.42 3.06 0.53 (14.7)
TM 5A, FI 7 5.3 6.0 4.0 5.0 1.23 (0.03) 0.52 3.99 0.55 (19.0)
TM 5A, Fl 1a 10.3 34 8.8 4.9 2.49 0.06 (0.35) 4.85 0.81 (8.8)
TM 5B, Fl 4 34 2.9 2.6 3.2 0.65 0.002 (0.13) 1.73 0.32 (2.4)
TM 5B, FI 5 4.1 n.v. 3.2 4.1 1.01 0.05 1.28 2.22 0.28 (8.2)
TM 5B, FI1 7 5.8 4.7 4.9 4.4 1.42 0.08 0.71 2.85 0.53 (9.7)
TM 5B, Fl 2b 3.7 3.5 2.9 34 0.89 0.06 0.27 2.46 0.35 (18.1)
TM 5B, FI 1 6.4 n.v. 53 4.7 1.57 (0.02) 0.39 4.77 0.69 (5.0)
TM 5B, Fl 2a 10.0 n.v. 7.6 5.7 1.86 0.08 0.23 5.60 1.03  (21.3)
TM 10AA1, trail B, FI 1 9.9 5.5 71 6.1 1.93 0.35 (2.62) 9.28 0.89 (37.6)
TM 10AA1, trail B, FI 2 10.3 45 8.1 5.5 2.20 (0.10) (5.79) 7.99 1.11 (97.4)
TM 10A1, Fl 2 7.8 8.0 4.9 7.9 1.38 (0.03) 0.49 4.99 0.54 (14.8)
TM 10A1, Fl e1 n.v. n.v. 71 5.2 1.98 0.16 0.61 4.03 1.48 (8.5)
TM 10A2, FI 1 5.5 5.2 4.5 4.6 1.07 0.19 (1.67) (6.06) 0.64 (35.3)
TM 12A1,FI 3 4.4 3.0 3.8 34 0.43 5.30 n.a. na. 227 n.a.
TM 12A1, FI 6 n.v. n.v. 4.1 4.3 113 0.16 n.a. n.a. 0.71 n.a.
TM 12A1, FI 1 8.1 0.5 8.3 3.3 1.98 0.53 n.a. n.a. 1.52 n.a.
TM 12A1, FI 5 n.v. 5.0 4.1 4.3 0.75 2.05 n.a. n.a. 1.61 n.a.
TM 12A1, Fl 2b 4.5 n.v. 3.6 4.2 1.15 0.84 n.a. n.a. (0.74) n.a.
TM 12A2, FI 7 9.6 n.v. 7.0 6.0 1.76 1.22 n.a. n.a. 1.51 n.a.
Drammen granite, miarolitic quartz

Dra 2B, trail F, FI 1 6.4 - 9.7 <16" 3.2 (0.02) (0.89) 8.25 0.81 (15.7)
Dra 2B, Fl 1 5.7 - 8.8 <16" 2.7 0.51 (1.47) 5.57 1.08 (21.7)
Dra 2B, Fl 2 6.3 - 9.6 <167 3.2 024 (1.49) 8.19 1.00 (25.6)
Dra 2B, trail F, Fl 4 6.4 - 9.7 <16 T 3.2 (0.03) (2.50) 7.04 0.88  (34.9)
Dra 2B, Fl 4 5.8 - 9.0 <16 T 3.0 (0.05) (2.59) 6.99 (0.93) (42.3)
Dra 2B, trail F, FI 3 6.6 - 10.0 <16 T 2.9 (0.03) 0.51 6.95 1.27  (36.1)
Dra 6A, trail B, FI15 5.5 -1.8 5.8 24 1.4 023 (1.30) 7.13 152 (24.2)
Dra 6A, trail B, FI 3 5.5 -1.8 5.8 24 1.8 0.20 (0.67) 6.69 0.80 (13.8)
Dra 6A, trail B, Fl 2 5.5 -1.8 5.8 24 1.7 0.41 (2.03) 757 0.98 (41.0)
Dra 6B, Fl 4 6.5 - 9.9 <16" 25 0.50 (2.78) 13.82 233 (17.9)
Dra 6B, trail A, FI 5 5.4 -1.8 5.7 24 1.5 0.19 (0.44) 3.91 1.22 (7.3)
Dra 6B, trail A, FI 3 5.4 -1.8 5.6 24 1.9 049 (217) 7.65 (0.59) (28.1)
Dra 6B, trail A, FI 6 5.4 -1.8 5.7 24 1.7 0.11 0.30 3.83 1.12 (3.0)
Dra 6B, trail A, FI 7 5.4 -1.8 5.7 24 1.6 0.15 0.20 5.36 1.38 (7.1)
Dra 20, FI 1 6.6 - 10.0 <16" 3.2 (0.02) (1.09) 11.09 0.72  (15.9)
Dra 20, FI 2 8.3 - 121 <16" 2.6 0.54 (1.70) 10.37 1.57  (28.6)
Glitrevann granite, miarolitic quartz

Glt 2B, FI 5 6.3 1.5 6.2 3.3 1.8 (0.07) (1.87) 5.15 0.77  (39.2)
Glt 2B, Fl 4 6.2 n.v. 6.1 3.2 2.0 (0.03) (0.68) 6.18 0.61 (16.3)
Glt 2B, FI 2 71 -1.0 7.5 2.7 2.0 0.07 0.66 4.73 0.87  (16.8)
Glt 2B, FI 8 n.v. n.v. 6.9 3.1 22 0.07 (1.45) 6.98 0.71 (33.1)
GIt 3A, Fl 2 n.v. n.v. 7.0 3.1 24 0.08 0.53 3.76 0.70 (4.9)
GIt 3A,Fl 4 5.5 2.4 5.1 3.5 1.2 0.03 (0.57) 3.09 0.51 (10.7)
Glt 3A, Fl1 14 n.v. n.v. 7.0 3.1 23 0.03  (0.23) 4.19 0.70 (4.7)
Glt 3A, Fl 6 7.6 0.9 7.6 3.3 2.6 0.11 (0.25) 5.25 0.81 (6.0)
GIt 3A, FI1 9.6 0.5 9.6 3.5 3.2 0.03 (0.58) 6.45 1.03  (14.3)
GIt 3A,FI 3 10.5 -6.4 12.5 2.1 4.4 0.02 (0.19) 8.11 1.20 (4.6)

* Salinity was corrected for clathrates using the software "ICE" (Bakker, 1997); for inclusions, where no ice-melting and/or
clathrate-melting could be observed, the average of the sample was used to calculate absolute LA-ICP-MS values. In the

Drammen-samples clathrate-melting occured before ice melting, thus no correction was necessary; *calculated from clathrate

melting point using the software ICE (Bakker, 1997); Tminimum concentration of CO, neccessary to form clathrates (in the
simple H,0-CO, system; Hedenquist and Henley, 1985); n.v. = not visible; n.a. = not analyzed; values in parentheses represent
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Table 6.3.3 Cont.

Mn Fe B Cu Zn As Rb Mo Ag Sn Cs Ce w Pb Bi
[wt%] [wt%] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm] [ppm]

018 066 160 12 610 27 160 @ @ (110) 87 7 (13) 160 7
041 028 79 (29) 530 12 120 1 6) (110) 90 4 (14) 130 @)
027 013 260 100 600 36 130 2 (9 (130) 100 (5) 9 150 7
019 014 250 100 560 40 130 3 (9) (150) 130 @ 28 190 7
078 072 46  (18) 1100 9 240 2 (3) (73) 160 7 8 330 9
029 026 (17) 2 380 3 87 1 1y (1) 45 2 6 110 3
013 015 160 76 310 22 60 1 (5) (67) 46 2 @) 92 4
030 036 240 120 550 26 110 1 (5) (74) 49 1 (10) 170 5
019 008 130 43 210 15 53 2 (9) (150) 59 5 5 78 (5)
026 028 (150) (34) 740 13 150 6 (7)) (72) 87 3 (1) 210 7
088 076 (120) 6 1200 11 270 (3) (10) (170) 160 6 (13) 320 10
047 074 260 (87) 900 26 220 7 (17) (340) 26 8 23 160 8
049 077 300 (160) 960 46 200 5  (48) (940) 26 (15) 22 190 10
035 038 190 116 680 23 260 5 (7) (120) 51 2 13 130 6
034 020 220 (20) 750 18 730 5 (5) (82) 64 @) 6 120 5
033 066 210 41 810 39 320 6 (17) (340) 73 6) 18 210 6
016 030 (36) 110 340 (24) 1100 47 na (100) 60 12  (10) 100 3
019 026 (66) 310 630 (21) 580 88 na  (98) 76 6 14 210 3
063 090 45 33 1000 6 950 160 na 22 80 14 45 310 5
017 035 (260) (88) 350  (60) 1100 47 na. (290) 8 20  (30) 77 (5)
022 033 (220) 1900 620 (62) 870 55 na. (360) 170 (8) (23) 200 )
039 056 (160) (62) 1100  (48) 1500 150  n.a. (240) 160 8 29 350 4
048 045 990 34 780 200 800 4 (13) (160) 520 @) 50 160 24
036 033 780 8 550 140 450 31  (12) (230) 700 1 57 100 15
025 011 1300 17 820 350 340 6) (15) (260) 750 6) (25) 230 2
042 036 1100 2300 760 200 430 3 7 (430) 900 @ 33 150 18
016 076 870 33 1400 210 1000 65  (27) (480) 950 4 72 280 24
065 066 1300 3500 1300 290 760 6 11 (360) 970 @ 49 190 23
019 039 540 1500 570 76 930 28  (14) (230) 58  (10) 43 120 10
018 026 480 410 420 77 540 26 (7) (140) 130 @) 48 120 9

0.09 0.28 630 390 20 220 910 48 (21) (420) 280 (1) 130 96 12
0.41 0.77 700 2600 940 130 1600 46 (43) (320) 250 9) 79 240 20

024 045 450 1800 520 80 390 23 2 (80) 180 1 53 120 9
030 049 580 530 330 140 380 20  (30) (290) 200 @ (299 120 10
007 024 490 1600 530 88 430 26 1 17 210 1 10 120 8
007 018 430 910 740 98 580 26 1 9 220 1 42 130 9
0.38 060 1300 58 1100 260 160 150 (8) (160) 240 @ 81 130 21
068 129 1100 90 740 390 270 270  (12) (250) 360 4 110 200 36

031 039 280 17 820 36 95 (8) (21) (320) 22 (10) (28) 73 @

=

019 016 230 21 730 36 61 (@) (12) (150) 26 @) (17) 100 2
019 130 270 22 550 42 96 5 (5) (130) 28 16 7 100 4
044 016 260 180 990 35 130 (1) (18) (300) 76 14  (36) 170 @)
010 (0.04) 99  (10) 450 33 110 1 3) (49 35 1 @) 190 ™)
044 099 150 17 1300 71 46 8 @) (86) 36 () (13) 200 @)
013 027 290 5 1100 21 140 1 (@ @7 52 1y (5 210 3
011 017 280  (14) 1300 48 89 4 1 @45 77 (1) (6) 230 @)
045 008 340  (36) 1800 54 140 @ (7 (110) 98 @) (14) 310 3)
0.15 (0.03) 440 (9) 2400 79 150 1) 2 (38) 130 1)y (5 410 ™)
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6.3.5.3 Glitrevann granite

Due to the limited number of suitable samples found in this granite we can provide only
preliminary data. Four melt inclusions were analyzed in quartz grains of the aplitic granite
surrounding the two miarolitic cavities G/t2 and Glt3. As internal standard for the
quantification of the LA-ICP-MS measurements we used the average Al content of whole-
rock analyses of this facies reported in Jensen (1985). The least evolved melt inclusion
(GIt 2, MI2) is compositionally similar to the most evolved whole-rock composition
reported by Jensen (1985), whereas the other three melt inclusions record slightly higher
degrees of fractionation (Table 6.3.2). Molybdenum concentrations are reproducible at
12 + 1 ppm.

Euhedral quartz crystals from the miarolitic cavities contain a high proportion of coexisting
vapor and brine inclusions, with late-stage brine inclusions reaching salinities of up to
80 wt% NaClequiv. Intermediate-density fluid inclusions are rare and restricted to the base of
the crystals, whereas aqueous, high-density fluid inclusions occur mostly in the upper
portion of the crystals. Solid inclusions comprise muscovite, feldspar, gypsum, monazite,
rutile, and molybdenite along early growth zones, and muscovite, feldspar, rutile, monazite,
and tourmaline along later growth zones. No melt inclusions were found. Intermediate-
density fluid inclusions have densities of 0.6-0.7 g/cm?3, salinities of 6.7-8.1 wt% NaClequiv
and contain between 2.1 and 3.5 mol% CO:2 as revealed by melting temperatures of ice and
clathrates. LA-ICP-MS analyses of 10 such fluid inclusions reveal S concentrations in the
order of ~0.5 wt% and rather low Mo concentrations of ~5 ppm (Table 6.3.3). The fact that
none of these inclusions contains more than 1100 ppm Al suggests that they probably do
not represent magmatic fluids but were trapped at subsolidus conditions (most likely
between 600 and 700°C). Therefore, they are comparable to the Mo-poor intermediate-

density fluid inclusions measured in samples 7/ 5and 7/ 10 of Treasure Mountain.

6.3.5.4 Re-equilibration of fluid inclusions from the Drammen granite

Recent experimental re-equilibration studies on both natural and synthetic fluid inclusions
(e.g. Mavrogenes and Bodnar, 1994; Li et al., 2009; Zajacz et al., 2009; Lerchbaumer and

Audétat, 2012b) revealed that the Cu (as well as Na, H, Ag) content of quartz-hosted fluid
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inclusions can easily be modified by diffusion after fluid entrapment. This process seems to
be particularly efficient when S-bearing, acidic fluid inclusions are re-equilibrated in a
more neutral fluid (Lerchbaumer and Audétat, 2012b). In this case H* diffuses out of the
acidic fluid inclusions through the host quartz into the surrounding, less acidic fluid. To
maintain charge balance, small, single-charged ions like Cu*, Na*, and Ag* diffuse from the
outer fluid into the fluid inclusions. Whereas the diffusion of Na* stops once its
concentration within the fluid inclusion becomes significantly higher than in the outer
fluid, incoming Cu* combines with the S present within the fluid inclusion to precipitate as
Cu-sulfide. Copper concentrations in fluid inclusions can increase by more than one order

of magnitude in this manner (Lerchbaumer and Audétat, 2012b).
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Figure 6.3.7

Element concentrations in fluid inclusions on trail A of sample Dra 6B from the
Drammen granite, before and after re-equilibration at 650°C, 140 MPa. Error bars
express 1o standard deviations. Notice the significant changes in Na, Rb and Cs
concentrations, whereas all other element concentrations stayed the same within

analytical uncertainty.
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Table 6.3.4 LA-ICP-MS data of fluid inclusions before and
after equilibration (sample Dra 6B, trail A)
Dra 6B, trail A

_ B 6.3 wt% NaCl, 3.2 wt% KCI, 0.6 wt% S,
fluid composition 4 1101/kg.. ion HCI, 620 ppm Rb, 340 ppm Cs

mineral buffers Ccp, Mo, Ab, Ms, Or, Toz
P [MPa] /T [°C] 650/ 140
t [days] / pH* 22/<0.3
BEFORE AFTER newly formed
equilibration equilibration inclusions
(n=4) (n=5) (n=5)

[S\::tl‘i'/:i::(aCIQquiv] 57+0.2 55+0.1 12.8+ 1.0
Na [wt%] 1.64+0.17 0.49 £0.09 217 +0.14
Al [wt%] 0.23+£0.17 0.15+0.08 0.36 £ 0.40
S [wt%] 0.25+£0.07 <0.39 <5.10
Cl [wt%] 519+£1.79 4.60 £0.44 <250
K [wt%)] 1.24 £0.13 1.39+£0.33 1.32
Ca [wt%] <297 <5.90 n.a.
Mn [wt%] 0.17£0.12 0.16 £ 0.07 0.006
Fe [wt%] 0.34£0.15 0.31+£0.13 0.97 +0.18
B [ppm] 490 + 69 380 + 100 <1300
Cu [ppm] 1200 + 600 770 + 190 5600 + 410
Zn [ppm] 530 + 170 400 + 120 <1900
As [ppm] 100 + 30 70 + 20 <340
Rb [ppm] 450 + 90 1100 £ 380 560 + 40
Mo [ppm] 24+3 21+6 10
Ag [ppm] 2+1 1+£04 <46
Sn [ppm] 13+6 <290 <6000
Cs [ppm] 200+ 18 420 + 190 340
Ce [ppm] 1.03 £ 0.08 1.3+0.21 <18
W [ppm] 35+22 3812 <90
Pb [ppm] 120+ 4 120 <400
Bi [ppm] 9+1 7+2 <38

*quench pH measured after the run; italic numbers mark elements that
were used as interal standard; Ab = albite, Ccp = chalcopyrite,

Mo = molybdenite, Ms = muscovite, Or = orthoclase, Toz = topaz; n.a. =
not analyzed. Element concentrations without standard deviation are
based on only one measurement. Errors are within 1o standard deviation.

In view of these results the question arises whether the Cu contents of the natural fluid
inclusions discussed above are reliable. Two lines of evidence indicate that this may not be
the case: (i) in all three occurrences, acidic and S-bearing fluids were trapped at magmatic

conditions and were later replaced by less acidic fluids, and (ii) Cu concentrations measured
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within well-defined fluid inclusion populations are far less reproducible than the
concentrations of other elements. To test whether Cu has been gained we re-equilibrated a
fluid inclusion trail of sample Dra 6B (trailA) in an acidic surrounding fluid at its estimated
entrapment conditions of ~650°C and ~140 MPa for 22 days. The fluid contained 6.3 wt%
NaCl, 3.2 wt% KCl, 0.6 wt% S, 620 ppm Rb, 340 ppm Cs, and 0.4 mol/kgsoiuion HCl. Copper
and Mo were added in excess amounts (i.e., more than what can be dissolved during the
run) in the form of chalcopyrite and molybdenite, respectively, whereas albite, muscovite,
orthoclase, and topaz were added to buffer the pH at a low value. The latter was confirmed
by the low pH (<0.3) measured in the quench solution after the experiment. A similar re-
equilibration experiment performed on coexisting vapor and brine inclusions in a natural
quartz sample from the Erongo granite (Namibia) is described in Lerchbaumer and Audétat
(2012). Details regarding the composition of fluid inclusions on trail A (Dra 6B) before and
after re-equilibration are given in Table 6.3.4, together with the composition of fluid
inclusions that trapped the outer fluid during re-equilibration. Comparison of element
concentrations in fluid inclusions on trail A before and after equilibration (Figure 6.3.7)
reveals that within analytical uncertainty, only the concentrations of Na, Rb, and Cs
changed significantly. Sodium concentrations decreased by a about a factor of three,
whereas Rb and Cs concentrations increased by about a factor of two. Copper
concentrations decreased from 1200+ 600 to 770 + 190 ppm and became much better
reproducible, suggesting that some of the fluid inclusions may have experienced
postentrapmental Cu gain. However, compared to the experiments described in
Lerchbaumer and Audétat (2012) the degree of Cu diffusion in the present sample was
small. This is probably a consequence of the fact that the fluid inclusions on trail A
contained much less sulfur (~0.3 wt% S) than those re-equilibrated by Lerchbaumer and
Audétat (2012; 1-2 wt% S). Since other fluid inclusions analyzed from Treasure Mountain,
Drammen and Glitrevann have similar S-contents as those of Dra 6B-trailA (Table 6.3.1) we
believe that the measured Cu concentrations are more or less representative (probably
within a factor of two) of the original Cu concentrations in the trapped fluids. The same
applies for Bingham, whereas for Questa, Cave Peak, Butte, and El Teniente predictions are

difficult to make because no S concentration data are available.
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In principle, also the Cu content of the melt inclusions could have been affected by post-
entrapmental diffusion (Kamenetsky and Danyushevsky, 2005; Zajacz et al., 2009).
However, the values are very low (mostly <10 ppm) and fairly reproducible, for which

reason we consider them to be real.

6.3.6 Comparison with other intrusions

6.3.6.1 Molybdenum concentrations in silicate melts

The Mo-mineralizing potential of granitic intrusions depends on many factors, including
(e.g., Keith et al.,, 1993): (i) the metal content of the silicate melt from which the
mineralizing fluids exsolved, (ii) the metal content of these fluids (which may not simply
reflect the metal content of the melt if fluid—melt partition coefficients are highly variable),
(iii) the degree of fluid (and/or melt) focusing, (iv) the size and shape of the magma
chamber, (v) the abundance of volatiles in the magma, and (vi) the efficiency of Mo
precipitation from the magmatic-hydrothermal fluids. The following is an attempt to
compare the first four of these variables among economically Mo-mineralized intrusions,
sub-economically Mo-mineralized intrusions, barren intrusions, and porphyry Cu-Mo
mineralized intrusions. Due to the limited amount of available data the results have to be
regarded preliminary.

Molybdenum concentrations in silicate melts from various mineralized and barren
intrusions are shown in Figure 6.3.8. Because whole-rocks dot not reliably record original
metal contents of melts and magmas (e.g., Keith et al., 1993, White et al., 1981) we
exclusively rely on melt inclusion data for this purpose. As an index of the degree of melt
fractionation we use Cs, which is one of the most incompatible trace elements in magmas
and can easily be analyzed by LA-ICP-MS because it is a heavy, monoisotopic element free
of interferences. In most magmas, Cs behaves about twice as incompatibly as Rb (e.g., Table
6.3.2 and references in Table 6.3.6). Taylor (1964) estimated the Cs and Rb contents of
average granite at 5 ppm and 150 ppm, respectively.

For further discussion the data is divided into subduction-related and within-plate magmas.
Climax-type porphyry Mo deposits are associated with within-plate magmas, whereas

porphyry Cu (+ Mo, Au) deposits are associated with subduction-related magmas (e.g.,
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Carten et al., 1993; Sillitoe, 2010; Richards, 2011). For a given Cs content, within-plate
magmas (Treasure Mountain, Drammen, Glitrevann, Bear Canyon, Cave Peak, Pine Grove,
Hideaway Park, Rito del Medio) generally contain more Mo than subduction-related
magmas (Santa Rita, Alumbrera/Farallén Negro, Mt. Pinatubo, Taupo Volcanic Zone, Toba
Tuff, Lassen Volcano, Tombstone, Novarupta, Caetano Tuff), (Figure 6.3.8). Exceptions are
found in some melts analyzed from the subduction-related Farallén Negro Complex, which
are similarly enriched as average within-plate magmas, some melts analyzed from Cave
Peak, and those analyzed from Pine Grove, which have a distinct within-plate trace
element signature (Audétat et al., 2011) but very low Mo/Cs ratios. The latter two samples,
however, show evidence for magmatic molybdenite saturation (Audétat et al., 2011), which
means that the Mo content of the bulk magma could have been much higher than the Mo
concentrations recorded in the melt inclusions. The tectonic settings of the Stronghold
granite and the Cafada Pinabete pluton are not clear. It is interesting to note that with the
exception of the molybdenite-saturated melts mentioned above, the trends of the melts
from within-plate settings project back to the average composition of oceanic island basalts
(OIB), whereas the melts from subduction-related settings lie on or below a trend
originating from the average composition of primitive arc basalts (Alumbrera/Farallén
Negro being an exception).

Looking at the data from within-plate magmas only, there seems to be no systematic
difference between economically Mo-mineralized granites (Cave Peak, Pine Grove,
Hideaway Park rhyolite), sub-economically Mo-mineralized granites (Treasure Mountain,
Drammen granite, Glitrevann granite, Bear Canyon pluton) and the barren Rito del Medio
Pluton. Except for Pine Grove, all samples define trends that pass through ~10 ppm Mo at
~10 ppm Cs and have a slope of 0.5 or smaller in a corresponding log-log diagram (meaning
that Mo is distinctly more compatible than Cs). This suggests that economic porphyry Mo
deposits formed from melts that were not fundamentally different from melts occurring in
other intrusions in within-plate settings. However, what appears to have varied are the size
of the magma chamber and the efficiencies of residual melt extraction and fluid focusing
(see below).

Melt inclusions analyzed from subduction-related intrusions have generally lower Mo
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contents than similarly evolved melts analyzed from within-plate settings, except for the

data from the Farallén Negro Complex. For example, at a Cs concentration of 10 ppm

(~320 ppm Rb), Mo concentrations in subduction-related melts are about 2-5 ppm, whereas

in within-plate melts they are about 7-16

ppm (Figure 6.3.8). In some subduction-related

magmas (Alumbrera/Farallén Negro, Santa Rita) the slopes of the fractionation trends are

similar to the ones observed in within-plate magmas, whereas in other subduction-related

magmas (Toba Tuff, Taupo Volcanic Zone,

Mo behaved as incompatibly as Cs.
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< Figure 6.3.8

Molybdenum versus Cs-concentrations of melt inclusions from Mo- and Cu
mineralized granites and porphyries, sorted according to their economic relevance, and
tectonic setting. Notice the generally lower Mo/Cs-ratios of subduction-related melts
compared to melts from within-plate settings. Sources of data: Cave Peak: Audétat
(2010); Pine Grove: Audétat et al. (2011); Hideaway Park rhyolite: pers. comm. with
Celestine Mercer (2012); Treasure Mountain, Drammen, Glitrevann: this study; Bear
Canyon: Audétat et al. (2011); Stronghold Granite: Audétat et al. (2008); Caiiada
Pinabete: Audétat et al. (2011); Rito del Medio: Audétat et al. (2008); Farallon Negro:
Halter et al. (2004); Lassen Volcanics, Caetano Tuff, Novarupta, Toba Tuff, Taupo
Volcanic Zone, Tombstone: Audétat et al. (2011); Santa Rita: Audétat et al. (2004,
2011); Mt. Pinatubo: Borisova et al. (2008); average oceanic island basalt: Sun and
McDonough (1989); average primitive arc basalts: Bali et al. (2012, submitted); average
granite: Taylor (1964).

6.3.6.2 Metal concentrations in magmatic fluids

Molybdenum concentrations in fluid inclusions that are representative of (near-)magmatic,
single-phase fluids are compiled in Figure 6.3.9. In the case of Santa Rita, where no such
fluid inclusions have been identified, we used the composition of vapor inclusions trapped
at ~720°C near the crest of the immiscibility field. Although the data are much more
scattered than in Figure 6.3.8, the general trends appear to be the same. At any given Cs
content, maximum Mo concentrations in porphyry Mo-related fluids (Cave Peak, Questa)
are similar to those observed in fluids from sub-economically mineralized (Treasure
Mountain, Drammen granite) and barren (Rito del Medio pluton) intrusions in within-plate
settings, but are higher than porphyry Cu (Mo)-related fluids (El Teniente, Butte, Santa
Rita), except for Bingham. However, most fluid inclusions analyzed from Mo-mineralized
granites have higher Cs and Mo contents (>40 ppm Cs; >20 ppm Mo) than those analyzed
from porphyry Cu(Mo) deposits (<10 ppm Cs; <20 ppm Mo; see also Table 6.3.5), which
reflects the more evolved character of melts in the former occurrences. Exceptions are the
fluids at Bingham (Landtwing et al., 2010) and the low-Cs fluid population identified at
Questa (Klemm et al., 2007). A different trend is displayed by Cu: average fluids in Mo-
mineralized granites contained 600-2100 ppm Cu, whereas average fluids in porphyry Cu

(Mo)-mineralized intrusions contained 3500-6200 ppm Cu. Mo/Cu ratios in the fluids of
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Mo-mineralized granites were thus significantly higher than in those associated with
porphyry Cu (Mo) deposits (Table 6.3.5; Bingham again being an exception). A possible
explanation for this phenomenon may be the higher fractionated nature of the source
magma in Mo-mineralized granites, which tends to be more depleted in compatible
elements like Cu. However, even in fluids from porphyry Mo deposits absolute
concentrations of base metals (600-1200 ppm Cu, 300-1400 ppm Zn, 200-400 ppm Pb) were
many times higher than the concentration of Mo, which raises the question where all these
base metals went because ores are nearly free of base metals. A potential explanation is that
Mo precipitation was highly selective, and that other metals including Cu precipitated at
structurally higher levels. This interpretation is supported by the occurrence of both
disseminated and vein-hosted Cu-, Pb-, and Zn mineralization above the porphyry Mo
deposits at Redwell Basin and Mt. Emmons (Sharp, 1978; Thomas and Galey, 1982), a
change from Mo-dominated deposits in more deeply exposed areas to Cu-Au-Pb-Ag-Zn
deposits in less uplifted portions along the southern margin of the Questa Caldera (Clark
and Read, 1972; Jones, 1990), and by the fact that both the Climax and Urad orebodies were
already partly eroded, but it is at odds with the lack of base metal mineralization in the
~1.3 km and ~1.1 km sections preserved above the ore bodies at Henderson and Pine Grove,
respectively. In their study on Questa, Klemm et al. (2008) proposed that the lack of base
metal mineralization is due to a low concentration of reduced sulfur in the input fluid or in
the mineralizing brine after boiling off a S-rich vapor phase. Similarly, Seo et al. (2012)
concluded from a recent study on Bingham that selective precipitation of Mo vs. Cu + Fe
was controlled by redox potential and fluid acidity. It needs to be noted that the pressure
and temperature ranges of Mo precipitation recorded by fluid inclusions in the breccia
bodies at Questa (Klemm et al., 2008; 420-360°C / ~20 MPa) and Cave Peak (Audétat, 2010;
450-550°C / ~50 MPa), and that of Mo precipitation in the stockwork at Bingham (Seo et
al., 2012; 580°C / 71 MPa) are significantly lower than what has been observed in the
samples examined in this study and what can be inferred from the distribution of Mo at
other locations. Samples investigated in this study show a large decrease in the Mo content
from the earliest, clearly magmatic fluids to slightly later, but still >600°C (based on the

salinity of subsequent brines) intermediate-density fluids. Evidence for Mo precipitation at
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Figure 6.3.9

Molybdenum versus Cs-concentrations in fluid inclusions from Mo- and Cu

mineralized granites and porphyries, sorted according to their economic relevance,

and tectonic setting. Sources of data: Cave Peak: Audétat (2010); Questa: Klemm et al.

(2008); Treasure Mountain, Drammen: this study; Stronghold Granite, Rito del
Medio: Audétat et al. (2008), Zajacz et al. (2008); Bingham: Landtwing et al. (2010); El
Teniente: Klemm et al. (2007); Butte: Rusk et al. (2008); Santa Rita: Audétat et al.

(2004, 2011); Baveno: Zajacz et al. (2008).

near-magmatic temperatures in porphyry Mo deposits include: (i) the fact that ore shells

typically straddle the parental intrusions, (ii) the presence of molybdenum-bearing vein

dikes showing a continuum between magmatic and hydrothermal textures (White et al,,
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1981), and (iii) the presence of primary molybdenite in unidirectional solidification textures
(Carten et al., 1988; Sinclair, 2007). More work is needed to constrain the conditions of Mo
precipitation and their relationship to the conditions of base metal precipitation.

Overall, the range of Mo concentrations measured in single-phase, pre-mineralization fluids
from barren and productive intrusions is relatively small (~1.6 orders of magnitude; Figure
6.3.9), suggesting that the Mo-mineralization potential was to a larger extent controlled by

other factors.

6.3.6.3 Size, depth, and structure of magma chambers

These parameters are difficult to quantify because porphyry Mo mineralization typically
forms within and around small apophyses well above the main magma chamber, hence the
latter is usually not exposed. Nevertheless, first-order estimates of the magma volumes and
theoretically available amounts of Mo in the magma systems mentioned above are provided
in Table 6.3.6. For each mineralized system a minimum magma volume has been calculated
from the estimated Mo content of an "average melt", a minimum extraction efficiency of
50%, and the total amount of Mo present in the orebody/orebodies. The Mo content of the
"average melt" was estimated as follows: first, the least fractionated melt or rock associated
with mineralization was identified based on its Cs and/or Rb content, and then the
corresponding Mo concentration was estimated based on the Cs-Mo trends shown in Fig.
6.3.8. Of course, this definition of the "average melt" composition is associated with
considerable uncertainty, but without having access to the large intrusions underlying
porphyry-type ore deposits it is all we can do. The results suggest that giant Mo deposits
(here defined as >1 megatonne (Mt) Mo) required magma volumes of at least 100 km?3,
whereas medium-sized (here defined as 0.1-1.0 Mt Mo) deposits required magma volumes
of at least several tens of km3. Similar results have been obtained in earlier studies: Wallace
et al. (1968) calculated that 100-125 km3 of magma were necessary to form the Climax
orebodies, and Keith et al. (1993) argued that =150 km?® were necessary to form the

Henderson deposit.
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For both mineralized and barren intrusions, an independent estimate on the amount of
potentially available Mo may be obtained from the geologically constrained intrusion
volume, its average composition, and the estimated Mo content of melts at this degree of
melt fractionation. Three points have to be noted here: (1) as "intrusion volume" we define
the maximum rock volume that could have been partially molten at the time of (potential)
Mo mineralization (i.e., in large, composite batholiths like the Drammen Granite, in which
several intrusive phases crosscut each other, only the latest phases associated with Mo
mineralization are considered), (2) in the absence of any constraints on the intrusion
thickness we assume a minimum thickness of one-fourth of the lowest exposed dimension
(i.e., for a granite exposed over an area of 4 x 6 km we assume a minimum thickness of 1
km), and (3) the total amount of Mo in the magma (last but two column in Table 6.3.6) is
without considering the efficiency of extraction, i.e., at an extraction efficiency of 50% the
amount of Mo ending up in a hypothetical deposit would be only half of the amount listed
in this column.

A comparison between the calculated minimum magma volumes for economic Mo deposits
(last column in Table 6.3.6) and the minimum magma volumes associated with sub-
economic and barren intrusions (fifth column in Table 6.3.6) reveals that magma volumes of
the Rito del Medio pluton, the Cafiada Pinabete pluton, the Bear Canyon pluton, and
Schieffelin granite (Tombstone) may have been simply too small to produce economic
mineralization. The magma volumes of the Stronghold granite, the Treasure Mountain
Dome, the Drammen granite, and the Glitrevann granite, on the other hand, would have
been large enough to produce at least a medium-sized Mo deposit. In these intrusions,
factors other than magma chamber size appear to have prevented economic mineralization.
An obvious candidate is the degree of fluid/melt focusing, which itself may depend on (i)
the depth of intrusion, (ii) the shape of the magma chamber, (iii) the presence/absence of
vent structures, and (iv) the mode of magma crystallization. The mode of magma
crystallization and the presence/absence of vent structures may be controlled by the
frequency and magnitude of magma chamber recharge/reactivation by ascending mafic
magmas (Bachmann et al., 2007, Walker et al., 2007). For example, a granitic magma that

intrudes at 2-5 km depth and evolves as an essentially closed system may never form
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economic Mo mineralization because it reaches relatively quickly a mushy state, which
prevents residual melts to accumulate in the upper parts of the magma chamber. In
contrast, in a magma chamber that is periodically re-heated by underplating mafic magmas,
residual melts are able to rise and pool under the roof to form a crystal-poor rhyolitic cap
(Bachmann et al., 2007, Walker et al., 2007). From this cap, dissolved volatiles can be
discharged into a confined volume of rock, particularly if an apophysis has developed near
the top of the magma chamber. Possibly, this process is aided by a runaway effect: Once
fractionated melts have gathered under the roof, further fractionation and spatial
segregation is promoted due to their reduced viscosity. Shinohara et al. (1995) convincingly
demonstrated that once fluid saturation is attained, differences in the density of bubble-
bearing vs. undegassed magma can result in efficient magma convection and upward
transport of fluids. Importantly, this mechanism works only if the density difference
between bubble-bearing and undegassed magma is relatively large, which may be true only
at relatively shallow depths. Furthermore, efficient bubble separation at the top of the
magma chamber may require the presence of structures through which the volatiles can
escape.

In terms of intrusion depth, the Drammen granite (4.8-5.6 km) and the Stronghold granite
(5.6-6.7 km) appear to have been emplaced at deeper levels than most porphyry Mo-
forming intrusions (2-5 km). In the Drammen granite the occurrence of quartz-topaz
greisens in the microcrystalline quartz-feldspar porphyry near Roysje (Ihlen et al., 1982)
and the fact that this rock type is confined to topographically high levels (Tronnes and
Brandon, 1992) suggest that the roof was not far. However, in the case of the Stronghold
granite the top of the magma chamber could easily have been situated 1-2 km above the
present level of erosion, whereas In both cases it is principally possible that economic Mo
mineralization was present at structurally higher levels that have already been eroded.
Given the uncertainties outlined above it may be best to focus on the barely unroofed
Treasure Mountain and Glitrevann granites, which were large enough and were emplaced
at the right depth to produce economic Mo mineralization, but nevertheless are only sub-
economically mineralized. Why were these intrusions not more productive? Although we

don't know the ultimate answer we like to stress a few points: (i) First, the Treasure
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Mountain and Glitrevann granites do not seem to have developed the apophyses that are so
characteristic of porphyry Mo-forming intrusions. Also, vent structures, radial dikes, and
breccia bodies, which are indicative of forceful ascent of magma and/or fluid, are
conspicuously absent in these granites. Instead, miarolitic cavities are common, which
testify to a low degree of fluid focusing. Based on the outcrop situation it is evident that the
roofs of the Treasure Mountain and Glitrevann granites were rather flat. These
characteristics are probably related, i.e., the flat roofs may have inhibited apophysis
formation and venting, and thus led to poor fluid focusing. (ii) Second, the intrusion
histories at Treasure Mountain and Glitrevann are comparatively simple, recording only
one (or maximum two) intrusion events, whereas numerous intrusion events are
characteristic for porphyry Mo deposits (at least eleven at Henderson, Carten et al., 1988;
five at Climax, White et al., 1981, five at Pine Grove, Keith et al., 1986; and at least three at
Cave Peak, Sharp, 1978). Age determinations on separate intrusive phases have shown that
magmatic activity lasted for at least 5.5 m.y. (possibly up to 12-15 m.y.) at Climax, and for at
least 5m.y. at Urad-Henderson (White et al., 1981). Such extended life times require
repeated re-activation of the magma chamber by melts ascending from depth (Bachmann et
al., 2007; Walker et al., 2007) iii) Third, most magmas associated with Climax-type
porphyry Mo mineralization show evidence for interaction with mafic alkaline magmas,
both in the presence of lamprophyric dikes and mafic enclaves in the felsic intrusions, and
in anomalously high Ni and Cr concentrations in the felsic magmas (Bookstrom et al., 1988;
Wallace, 1995). Such evidence is mostly missing for the Treasure Mountain and Glitrevann
granites. Interaction between mafic and felsic magmas may indirectly be linked to the
degree of focusing of residual melts and associated fluids. Bachmann et al. (2007) proposed
that magma chambers that are periodically re-heated by underplating mafic magmas have a
higher chance to develop a cap of fractionated, crystal-poor magma than magma chambers
that are not re-heated. This crystal-poor cap (see also Miller and Mittlefehldt, 1984, and
Walker et al.,, 2007) may be essential for the formation of economic porphyry Mo
mineralization because the convection model of Shinohara et al. (1995) requires relatively
large volumes of crystal-poor magmas at or near aqueous fluid saturation. Magma

convection may additionally be facilitated by the high fluorine content of these melts (up to
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5 wt%, e.g., White et al., 1981; Wallace, 1995), which adds to the reduction in melt
viscosity caused by H20 (e.g., Baker and Vaillancourt, 1995). How often and in what
quantities mafic melts had to arrive in order for crystal-poor caps to develop, and how
important these melts were with regard to providing metals and sulfur (e.g., Keith et al,,
1986; Bookstrom et al., 1988; Carten et al., 1993; Audétat, 2010) is not clear at this stage, but
helpful information may be obtained by detailed isotopic studies (Bookstrom et al., 1988;
Davidson et al., 2007), trace element systematics (e.g., Cr, Ni concentrations in the felsic
members; Bookstrom et al., 1988; Keith et al., 1997), and the study of melt inclusions (e.g.,

Saito et al., 2003, Roberge et al., 2009) and zoned phenocrysts (e.g., Wark et al., 2007).

6.3.7 Summary and conclusions

Our melt and fluid inclusion study on the sub-economically Mo-mineralized granites at
Treasure Mountain, Drammen, and Glitrevann has led to the following observations: (1)
Molybdenum concentrations in the silicate melt generally increased with increasing degree
of fractionation: in the Treasure Mountain Dome from ~5ppm Mo at ~5ppm Cs to
~35 ppm Mo at ~90 ppm Cs, and in the Drammen granite from ~10 ppm Mo at ~10 ppm Cs
to ~30 ppm Mo at ~300 ppm Cs. (2) Magmatic fluids were single-phase, had densities
between 0.6 and 0.7 g/cm?® and were of relatively low salinity (~4-6 wt% NaClequv). At
temperatures <600°C these fluids split into a highly saline brine and a coexisting, low-
density vapor phase. The single-phase, magmatic fluids contained considerable amounts of S
(~0.5wt% S) and CO2 (~3-6 mol%). (3) Molybdenum concentrations in these magmatic
bulk fluids correlate with Cs concentrations, reflecting the compositional evolution of the
silicate melts from which they exsolved. Molybdenum concentrations range from ~50 ppm
to ~160 ppm in the Treasure Mountain Dome, and from ~30 ppm to ~270 ppm in the
Drammen granite. (4) Copper concentrations are poorly reproducible and range from a few
tens of ppm to several thousand ppm Cu. The large spread is probably a result of post-
entrapment diffusion of Cu, but an attempt to reverse these changes resulted in only a
relatively small (by a factor of two) decrease in the Cu content of re-equilibrated fluid
inclusions. In any case, Mo precipitation was highly selective, as the base metal content of

the fluids was up to ten times higher but there are essentially no base metals in the ore.
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Comparison of our melt and fluid inclusion data with previous data obtained from barren
intrusions, porphyry Mo-mineralized intrusions, and porphyry Cu (Mo)-mineralized
intrusions reveals the following trends: (1) Melts and fluids in subduction-related intrusions
were generally less fractionated and had a lower Mo content at a given Cs concentration
than melts and fluids analyzed from intrusions in within-plate settings. The latter is in
agreement with the lower Mo/Cs ratio of primitive arc magmas relative to oceanic island
basalts and suggests that the molybdenum in both subduction-related and within-plate
magmas is mantle-derived. (2) Fluids and melts in barren and sub-economically mineralized
intrusions from within-plate settings lie on the same fractionation trends as those analyzed
from economic porphyry Mo-deposits.

This shows that the fluids and melts that were present at high degrees of crystallinity in
barren intrusions were not fundamentally different from those that formed giant porphyry
Mo deposits. The difference must have been either the magma volumes or the degree of
focusing of fractionated melts and thereof exsolved fluids. Based on the available data it can
be calculated that at least several tens of km® magma were required to form intermediate to
large deposits, and at least several hundred km? of magma to form giant deposits. Hence,
some of the barren intrusions may have been simply too small to produce major Mo
mineralization. However, other intrusions including the Treasure Mountain Dome, the
Drammen and Glitrevann granites would have had the required size. In these intrusions the
lack of economic mineralization seems to be the result of poor focusing of residual melts
and fluids. Apophyses, vent structures, and breccia bodies are conspicuously absent in these
intrusions. Instead, miarolitic cavities are present, testifying to a dispersed state of the
fluids. There is little doubt that the presence of apophyses with overlying areas of highly
fractured rocks are a critical requirement for focused fluid flow. Furthermore, the enormous
amounts of Mo present in some deposits (>1 Mt Mo) associated with small (<0.5 km?)
apophyses require that magma was very efficiently circulated through these apophyses
(Shinohara et al., 1995). Which factors ultimately lead to the accumulation of large volumes
of fractionated melts in the upper parts of magma chambers, and how these factors are

related to the tectonic framework is less clear. Potential factors include the intrinsic
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properties of the intruding magmas, the rate and depth of magma intrusion, and the degree

of interaction with mafic magmas.
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6.4.1 Abstract

Three sets of equilibration experiments (Set 1 to Set 3) were performed in cold-seal pressure
vessels to investigate the compositional modification of quartz-hosted fluid inclusions after
entrapment. Each set of experiment consisted of two stages. In a pre-run, fluid inclusions
containing 5-10 wt% NaCl and selected trace elements were synthesized at 700 °C / 140-
200 MPa. These samples were then loaded into new capsules together with Cu-bearing
solutions and some mineral buffers, and re-equilibrated at 600-800 °C and 70-140 MPa for
6-8 days. LA-ICP-MS analysis of individual fluid inclusions reveals that in re-equilibration
experiments in which the outer fluid was composed of KCl (+FeCl2) up to 83 % of the
original Na content of pre-existing fluid inclusions were lost, and up to 5660 ppm Cu were
gained. Other elements with larger ionic radii (i.e., K, Fe, Ba, Sr) were not exchanged,
demonstrating that the inclusions remained physically intact and that Na and Cu were
transported through quartz by diffusion. The observed Na loss from pre-existing fluid
inclusions correlates positively with Cu gain, with about 1 Cu atom being gained per 10 Na
atoms lost. Thus, Na and Cu (plus probably H) were exchanged by interdiffusion.
Remarkably, this processes resulted in up to 10 times higher Cu concentrations in re-
equilibrated inclusions than were present in the outer fluid, i.e., Cu diffused "uphill". Large
variations of Cu concentrations relative to the concentration of other elements are common
also in natural fluid inclusion assemblages. However, no evidence for a correlation between

Cu content and Na content was found so far, suggesting that Cu diffusion in natural samples
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may be dominated by processes other than Na-Cu interdiffusion.

6.4.2 Introduction

Fluid inclusions play an important role in understanding a large number of geological
processes. Most of fluid inclusions studies are based on the assumptions that both the bulk
volume and the chemical composition of the fluid inclusions remained constant since their
formation. However, systematic studies on synthetic and natural fluid inclusions
demonstrate that these two assumptions are not always fulfilled (e.g., Pecher, 1981; Gratier
& Jenatton, 1984; Sterner & Bodnar, 1989; Hall & Bodnar, 1990; Bakker & Jansen, 1991;
Hall & Sterner, 1993, 1995; Morgan et al., 1993; Mavrogenes & Bodnar, 1994; Sterner et al.,
1995; Barker, 1995; Audétat & Giinther, 1999; Ridley & Hagemann, 1999). Most of these
studies demonstrate that water can be lost or gained from fluid inclusions due to pressure
and/or water concentration gradients between the fluid inclusions and the surrounding
environment. Hall & Sterner (1993) performed re-equilibration experiments during which
synthetic fluid inclusions were subjected to large overpressure (Pin - Pcont = 150-400 MPa),
finding that preferential water loss resulted in a salinity increase by up to 22 wt% salt.
Sterner et al. (1995) performed re-equilibration experiments at Pin=Pcont using external
fluids that were compositionally different from the ones trapped in the fluid inclusions.
Their results demonstrate that water diffuses towards the reservoir with lower pmo.
Diffusional loss of hydrogen has been invoked to explain the failure of chalcopyrite
daughter crystals in natural brine inclusions to dissolve during heating experiments. After
being equilibrated at high hydrogen pressure in a pressure vessel, the same inclusions show
easy dissolution of the chalcopyrite daughter crystals during heating (Mavrogenes &
Bodnar, 1994). Hydrogen diffusion has also been invoked to explain the gas composition of
fluid inclusions in granulite facies rocks (e.g., Hall & Bodnar, 1990).

Similar to fluid inclusions, melt inclusions also experience postentrapmental
modifications (Qin et al., 1992; Danyushevsky et al., 2000; Massare et al., 2002; Severs et al.,
2007; Portnyagin et al., 2008). Recent experimental studies (Kamenetsky & Danyushevsky,
2005; Zajacz et al., 2008, 2009) revealed dramatic changes in the Na, Li, Cu and Ag content
of quartz-hosted fluid and melt inclusions. Here, we confirm the findings of Zajacz et al.

194



Manuscripts

(2009) regarding compositional change of quartz hosted fluid inclusions and provide further

insights into the mechanisms responsible for these chemical modifications.

6.4.3 Experimental and analytical methods

Three sets of experiments were performed (Set 1, Set 2 and Set 3), each of which can be
divided into a pre-run and a re-equilibration experiment (Table 6.4.1). In the pre-run, large,
primary fluid inclusions were synthesized at 700 °C / 140 MPa (Set 1, Set 3) and 700 °C /
200 MPa (Set 2). In the re-equilibration experiment, the quartz pieces recovered from the
pre-run were equilibrated in new solutions at 600 °C / 70 MPa (Set 1), 800 °C / 120 MPa
(Set 2) and 700 °C / 140 MPa (Set 3).

Table 6.4.1 Overview of run conditions and compositions of starting solutions

Pre-run Re-equilibration
Set 1 Conditions 700 °C / 140 MPa 600 °C / 70 MPa
: : 463 ppm Rb; 464 ppm Cs 4 wt% KCI; 6 wt%FeCl,
Starting solution &' 101" NaClI (19 670 ppm Na) FiiFieEa] Bl
Run time 5 days 8 days
Set 2 Conditions 700 °C /200 MPa 800 °C / 120 MPa
: . 958 ppm Rb; 963 ppm Cs; 944 ppm Sr; 20 wt% NaCl; 3 wt% S
Starting solution 44 om Mn: 9.45 wt% NaCl (37 160 ppm Na)  metallic Cu
Run time 5 days 8 days
Set 3 Conditions 700 °C / 140 MPa 700 °C / 140 MPa
: . 501 ppm Rb; 499 ppm Cs; 5 wt% NaCl 5 wt% KCI; 496 ppm S
Signing seluugn (19 670 ppm Na) 50 ppm Cu; 410 ppm Ba
Run time 5 days 6 days
* see text

Primary fluid inclusions of the pre-runs were synthesized by the etched plate

technique described in Duc-Tin et al. (2007) and Li & Audétat (2009). In this method,
oriented quartz pieces measuring 3 x 3 x 6 mm were cut from inclusion-free, natural quartz
in such a way that their longest dimension was parallel to the c-axis of the quartz crystal.
By using a rough blade for the cutting and subsequently treating the quartz pieces for one
hour in concentrated hydrofluoric acid, a rough surface consisting of deep, narrow etch

channels was produced. Two such etched quartz pieces were loaded together with 0.05 g
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silica glass and 100 pl of an aqueous solution containing 5-10 wt% NaCl and 500-1000 ppm
Rb, Cs, Sr and/or Mn (for exact concentrations, see Table 6.4.1) into platinum (Set 1) or gold
(Set 2, Set 3) capsules of 4.0 cm length, 5.0 mm outer diameter and 4.6 mm inner diameter,
which then were sealed by arc welding. The capsules were left in an oven at 150 °C for 24
hours to check for weight loss, which was not the case. Subsequently, the capsules were
loaded into rapid quench pressure vessels of the design described in Matthews et al. (2003),
using water as the pressure medium. Experimental run conditions were reached by first
raising the pressure and then heating isobarically to the desired temperature. Overall
uncertainties in the recorded pressures and temperatures are about 3 MPa and 10 °C,
respectively. The samples were held at these P-T conditions for five days, and then the
pressure vessels were removed from the furnaces and allowed to cool to room temperature
within about 30 minutes. During cooling, the pressure inside the vessel followed an
isochoric path defined by the volume of the vessel plus that of the pressure line. This
experimental procedure resulted in a large number of fluid inclusions measuring 20-40 pm
in diameter, with some reaching sizes over 60 pm.

In the re-equilibration experiments, the quartz pieces recovered from the pre-runs
were loaded together with silica glass, sources for metals and anions (~0.001 g chalcopyrite-
bornite-andalusite-orthoclase-biotite-magnetite in Set 1; 3 wt% S plus excess metallic Cu in
Set2; 100 ppm Cu in Set 3) and aqueous solutions containing 4 wt% KCl + 6 wt% FeCl: (Set
1), 20 wt% NaCl (Set 2), or 5 wt% KCl (Set 3) into gold or platinum capsules of similar size
as in the pre-runs. The samples were put into the same pressure vessels as in the pre-runs
and heated isobarically to 600 °C / 70 MPa (Set 1), 800 °C / 120 MPa (Set 2) or 700 °C /
140 MPa (Set 3), and kept at these conditions for 6-8 days. Whereas the re-equilibration
conditions of Set 3 were the same as in the corresponding pre-run, those of the other two
sets were situated along isochores of lower fluid density. As a consequence, primary fluid
inclusions should have reached overpressures of 14 MPa in Setl and 155 MPa in Set 2
during re-equilibration. These values are calculated from the pressure difference between
the imposed external pressure and the pressure along the pre-run fluid isochore at the given
re-equilibration temperature.

In order to have an independent control on the composition of the external fluid during the
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re-equilibration experiments we trapped some of this fluid in the form of secondary fluid
inclusions. This was achieved by opening primary inclusions of the pre-run either
mechanically before the start of the re-equilibration experiment (Set 1, Set 3), or during the
re-equilibration experiment by in-situ cracking (Set 2; corresponding to the method
described in Li & Audétat, 2009).

Quartz pieces recovered from the re-equilibration experiments were gently polished to
obtain a flat sample surface. Microthermometric measurements of fluid salinities and fluid
densities were performed using a Linkam THMSG 600 heating—freezing stage that was
calibrated to an uncertainty of ~0.1 °C between -56 °C and 0 °C, and to ~0.5 °C at 374 °C.
Individual fluid inclusions were analyzed by Laser-ablation inductively-coupled-plasma
mass-spectroscopy (LA-ICP-MS) at the Bayerisches Geoinstitut, using a Geolas M 193 nm
ArF Excimer laser (Coherent / Lambda Physik) attached to an Elan DRC-e quadrupole mass
spectrometer (Perkin Elmer Instruments). The laser was operated at a frequency of 10 Hz
and output energy of 80 mJ, which resulted in an energy density of ~10 J/cm? at the sample
surface. The sample chamber was flushed with helium gas at a rate of 11/min. Measured
isotopes were 2Na, Mg, ZAl, #Si, 3K, ©2Ca, ¥Ti, Mn, Fe, Cu, ¥Rb, #Sr, 133Cs, and "Au,
using 10 ms dwell time per isotope. NIST SRM 610 glass was used as external standard and
the concentrations of Cs or Rb in the starting solutions as internal standard for the fluid
inclusions (see discussion). Great care was taken to open the inclusions in a controlled
manner, such that no daughter crystals were lost during analysis. Overall uncertainties are
about 10-20% relative for elements well above the detection limit, but may be higher for
elements close to the detection limit (Heinrich et al., 2003). More details about the
instrument and the quantification procedure can be found in Giinther et al. (1998) and

Heinrich et al. (2003).

6.4.4 Results

Primary fluid inclusions recovered after the re-equilibration experiments looked optically
the same as before the re-equilibration, except that they contained a small, opaque daughter

crystal. There is no evidence that these inclusions leaked, as they do not contain any of the

197



Manuscripts

elements that were present in the external fluid, except for Cu which was gained through
diffusion (see below). Also, they are not surrounded by cracks or halos of secondary

inclusions.
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Figure 6.4.1
Typical LA-ICP-MS signals of two primary fluid inclusions. A from Setl, B from Set2.
Note that no K but strong Cu, Na, and Cs signals are detected in A; in B, the Cu signal

is very small compared to the Cu signal in A.

Ice melting temperatures (Tmice) and liquid—vapor homogenization temperatures (Thtor)
of re-equilibrated fluid inclusions reveal the following apparent changes in fluid salinity
(expressed as NaClequiv) and fluid density (calculated from NaClequiv and Thee): Inclusions of

Set 1 show a salinity of 5.3 + 0.2 wt% NaClequv and a density of 0.63 + 0.01 g/cm3 (compared
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to 5.0 wt% NaCl and 0.50 g/cm?® during the pre-run), those of Set 2 a salinity of
10.0 + 0.5 wt% NaClequv and a density of 0.57 + 0.01 g/cm? (compared to 9.45 wt% NaCl and
0.61 g/cm? during the pre-run), and those of Set 3 a salinity of 5.7 + 0.1 wt% NaClequv and a
density of 0.57 + 0.02 g/cm3 (compared to 5.0 wt% NaCl and 0.50 g/cm3 during the pre-run).
Between 12 and 18 re-equilibrated fluid inclusions and 9-15 secondary fluid inclusion of
each set were analyzed by LA-ICP-MS. Typical signals are shown in Figure 6.4.1, and
calculated compositions are listed in Table 6.4.2. Re-equilibrated fluid inclusions of Set 1
contain only Na, Rb, Cs and Cu, but no detectable K and Fe despite the fact that the latter
two elements were major components in the external fluid (Table 6.4.1 and Figure 6.4.1).
The lowest detection limit of 410 ppm K means that if there was any contamination by
external fluid it must have been less than 2 % by weight. Based on 464 ppm Cs or 463 ppm
Rb as internal standard a Na content of 3300 - 18440 ppm is calculated for these inclusions,
which is 6-83 % lower than the 5.0 wt% NaCl present in the solution of the pre-run. On the
other hand, they now contain 120 — 5660 ppm Cu, which element was not contained in the
solution of the pre-run.

Re-equilibrated fluid inclusions analyzed from Set 2 contain 3-12 % higher Na
concentrations than their original content of 9.5 wt% NaCl. Since the external fluid in this
experiment contained 20 wt% NaCl, the observed increase in Na is not surprising. The
amount of gained Cu is much lower than in Set 1 fluid inclusions, varying from 72 to
140 ppm.

In Set 3, in which fluid inclusions containing 5 wt% NaCl were reequilibrated in an
external fluid containing 5 wt% KCI and ~20 ppm Cu at the same P-T-conditions as in the

pre-run, 28-83 % of the Na were lost and 20-200 ppm Cu were gained.
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Table 6.4.2 LA-ICP-MS analyses of primary fluid inclusions

. 5 3 Na-loss Na-lossv
Size (um) Na (ppm) Fe’ (ppm) K’ (ppm) Cu(ppm) Rb (ppm) Sr(ppm) Cs (ppm)

(ppm) (%)
Set1 35 18440 <4220 <3280 120 480 n.a 464* 1230 6

30 16050 <5300 <3290 170 440 n.a 464* 3620 18
30 13710 <2600 <1980 770 400 n.a 464* 5960 30
30 16990 <1860 <1620 220 470 n.a 464* 2680 14
20 9190 <8940 <8920 2320 480 n.a 464~ 10480 53
25 15330 <1900 <1530 670 470 n.a 464~ 4340 22
30 15900 <790 <590 410 470 n.a 464~ 3770 19
40 10470 <600 <500 2300 480 n.a 464> 9200 47
45 15490 <580 <410 1120 470 n.a 464~ 4180 21
40 16570 <2260 <1470 1340 460 n.a 464* 3100 16
45 12930 <3320 <2510 590 580 n.a 464* 6740 34
23 3460 <14790 <13230 5660 463* <70 480 16210 82
25 3300 <5600 <5720 4890 463* <30 450 16370 83
30 3710 <9900 <9340 3380 463* <50 440 15960 81
20 4370 <19360 <10730 5470 463" <40 470 15300 78
30 6230 <11570 <10150 2330 463" <40 440 13440 68
25 11300 <10400 <8730 1320 463" <30 450 8370 43

. Na-loss Na-lossv
Size (1m) Na(ppm) Fe' (ppm) K'(ppm) Cu(ppm) Rb (ppm) Sr(ppm) Cs (ppm)

(ppm) (%)

Set2 25 41000 n.a n.a 93 859* 900 830 3840 10
30 40390 n.a n.a 100 859* 880 780 3230 9
35 39100 n.a n.a 140 859* 900 840 1940 5
32 38230 n.a n.a 86 859* 870 860 1070 3
25 39770 n.a n.a 85 859* 910 840 2610 7
20 41640 n.a n.a 94 859* 930 870 4480 12
45 40940 n.a n.a 72 859* 920 850 3780 10
30 38180 n.a n.a 66 859* 880 830 1020 3
23 40980 n.a n.a 97 859* 920 840 3820 10
22 38780 n.a n.a 91 859* 920 840 1620 4
40 41070 n.a n.a 74 859* 950 880 3910 1
25 39910 n.a n.a 90 859* 1000 840 2750 7

. & + Na-loss Na-loss¥
Size (um) Na(ppm) Fe” (ppm) K’ (ppm) Cu(ppm) Rb (ppm) Sr(ppm) Cs (ppm)

(ppm) (%)

Set3 45 10440 n.a <3460 88 501* <9 467 9230 47
45 3590 n.a <3120 96 501* <8 460 16080 82
45 3310 n.a <1780 115 501* <7 459 16360 83
35 4160 n.a <4650 104 501* <17 457 15510 79
45 4150 n.a <4360 204 501* <22 485 15520 79
30 4070 n.a <4880 86 501* <17 539 15600 79
40 9150 n.a <3810 44 501* <13 446 10520 54
40 7830 n.a <6340 55 501* <22 452 11840 60
40 7900 n.a <5250 153 501* <14 435 11770 60
80 9810 n.a <1650 98 501* <6 461 9860 50
80 14200 n.a <950 22 501* <3 501 5470 28
50 6730 n.a <2480 69 501* <10 495 12940 66
30 12270 n.a <3550 39 501* <13 466 7400 38
25 8950 n.a <9460 140 501* <33 537 10720 55
20 9180 n.a <10840 84 501* <42 490 10490 53
30 8610 n.a <2880 61 501* <11 442 11060 56
30 4610 n.a <14430 142 501* <24 492 15060 77

* Below detection limit; * internal standard; v relative to the original Na concentration of 19670 ppm (Set 1,
Set 3) amd 37160 ppm (Set 2).
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6.4.5 Discussion

6.4.5.1 Accuracy of LA-ICP-MS quantification

In order to transform the element concentration ratios determined by LA-ICP-MS into
absolute concentrations, the absolute concentration of one element in each fluid inclusion
has to be known. For this reason, known amounts of Rb and Cs have been added to the
solutions used in the pre-runs. Due to the large ionic radius of these elements they are
unlikely to have diffused through quartz in significant amounts at our experimental
conditions (e.g., Zajacz, 2009). However, they could have been incorporated into
precipitating mineral phases during the pre-run, or their concentrations could have
changed as a result of gains or losses of water, sodium or other major fluid components.
Fluid inclusions analyzed after the pre-runs of Set 2 and Set 3 contain Rb/Cs/Na-rations that
are slightly different from those in the starting solutions, suggesting that ~10 % of Rb and
Cs were lost during the pre-run of Set 2 (Li & Audétat, 2009) and ~10 % Cs were lost during
the pre-run of Set 3. Although this situation certainly is not perfect we like to point out that
an uncertainty of 10 % is negligible compared to the up to 10-fold changes in element
concentrations observed during re-equilibration.

In view of the large amounts of Na lost from fluid inclusions during the re-
equilibration in Set 1 and Set 3 (up to 81 % Na lost in Set 1; up to 83 % lost in Set 3) and the
observed changes in fluid density we need to discuss the possibility that the concentrations
of Rb and Cs changed indirectly due to gains or losses of major elements. As shown above,
fluid densities in these two sets increased relative to the starting density by 0.07-0.13 %,
which means that 0.07-0.13 % of mass would have been gained if the volume of the
inclusion stayed constant. Replacing the lost Na* by H* (see below) has no significant effect
on fluid density. Thus, if the increase in fluid density were due to the gain of mass (most
likely H20), then the fluid salinity and the concentrations of Rb and Cs should have
decreased by 0.07-0.13 % relative. However, apparent fluid salinities in re-equilibrated fluid
inclusions in Set 1 and Set 3 are slightly higher than after the pre-run. The shift to higher
apparent fluid salinities can be explained by a replacement of Na* ions by H* ions (see
below), as the ice melting temperature of a 0.9 molal HCI solution (Tmice = -3.7 °C; Marion,

2002; corresponding to 6.0 wt% NaClequiv) is slightly higher than that of a 0.9 molal
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(5.0 wt%) NaCl solution (Tmice = -3.0 °C). The replacement of 30-80% Na* by H* results in
apparent fluid salinities of 5.3-5.8 wt% NaClequiv, which is in agreement with the observed
values. If there were an additional gain of 0.07-0.13 % H:O the apparent fluid salinities
should be all below 5.2 wt% NaClequiv, Which is not the case. Thus, our preferred
interpretation of the microthermometric data of Set 1 and Set 3 is that the mass of fluid
contained in the inclusions stayed approximately constant, but that the inclusion volume
slightly decreased during the exchange of Na* by H*.

In Set 2 the apparent fluid salinity, the fluid density and the Na/X concentration ratios
all changed by less than 10 %, so there is no reason to assume that absolute element
concentrations changed by more than this value.

Taken together with the apparent loss of 10 % Cs (+Rb) during the pre-runs and
uncertainties associated with the external standardization, overall uncertainties in

calculated absolute element concentrations are considered to be + 10-20 % relative.

6.4.5.2 Cu, Na diftfusion in primary fluid inclusions

Experimental studies (Verhoogen, 1952; Kats, 1962; Rybach & Laves, 1967; Frischat, 1970)
have shown that small, single-charged ions such as H, Li*, Na*, Cu*, and Ag* have very high
diffusion coefficients in quartz and can be mobilized due to concentration gradients
(Rybach & Laves, 1967) as well as electric fields (Verhoogen, 1952; Kats, 1962). Recent
experimental studies on quartz-hosted silicate melt inclusions and fluid inclusions
(Kamenetsky & Danyushevsky, 2005; Zajacz et al., 2009) confirm rapid diffusion of H*, Li*,
Na*, Cu*, and Ag' under hydrothermal and magmatic conditions. Kamenetsky &
Danyushevsky (2005) performed heating experiments with quartz-hosted melt inclusions
from the Taupo rhyolites in a muffle furnace and analyzed both unheated and heated
inclusions by LA-ICP-MS. Re-heated melt inclusions were found to contain systematically
higher Cu and Ag contents than unheated ones, with Cu contents having risen from
276 ppm to 396 ppm and Ag contents from < 1ppm to 97 ppm. Similar experiments
performed by Zajacz et al. (2009) in cold seal pressure vessels showed that Li, Na, Cu and Ag
concentrations in silicate melt inclusions can be increased by more than two orders of

magnitude if homogenized in a Li, Na, Cu, and Ag-rich environment, and can be depleted
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in these elements by up to two orders of magnitude if homogenized in a metal-free

environment. A similar behavior was observed with re-equilibrated fluid inclusions. In one

experiment in which natural fluid inclusions containing 7 + 4 ppm Cu were equilibrated in

an external fluid containing 5 wt% CuCl, they subsequently were found to contain

2000 + 400 ppm Cu.
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regression of the data (ppm converted into p-moles/g) gives slopes of about 0.115 and

0.0028, respectively, which means that another cation (e.g., H*) is needed to satisfy the

charge balance in the inclusions.
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In our experiments, fluid inclusions equilibrated in an external fluid containing zero NaCl,
lost 6-83 % of their original Na content in Set 1, and 28-83 % of their original Na content in
Set 3.At the same time, 120-5660 ppm Cu were gained in Set 1 (which external fluid
contained excess Cu in form of copper iron sulfides), and 20-200 ppm Cu in Set 3 (which
external fluid contained a small amount of dissolved CuCl). Remarkably, the amount of Cu
gained in re-equilibrated inclusions is often higher than the Cu concentration in the
external fluid. In Set 3 the external fluid contained 19 + 6 ppm dissolved Cu (some Cu was
lost to the Pt-capsule; Table 6.4.1), whereas re-equilibrated fluid inclusions contained up to
204 ppm Cu (average: 94 ppm Cu). The same qualitative behavior can be observed in Set 1,
although things are complicated by the fact that the external fluid was in the two-phase
field. Copper contents of re-equilibrated fluid inclusions range from 120 ppm to 5660 ppm.
In contrast, the vapor phase of the external fluid (which made up 97 vol% of the bulk fluid)
contained only 200 ppm to 600 ppm Cu. No brine inclusions were found in this experiment,
but a later experiment performed under identical conditions produced brine inclusion
containing 3000 ppm to 3500 ppm Cu and vapor inclusions containing 200 ppm to
1000 ppm Cu. Thus, even if the 3000 ppm to 3500 ppm Cu in the brine is taken as reference,
there must have been uphill Cu diffusion to explain the highest Cu contents observed in re-
equilibrated inclusions. The large variation in diffusional gains/losses of Na and Cu in
different inclusions from the same experiment may be related to the different depths and
volumes of the analyzed fluid inclusions (Hall & Sterner, 1993). If the amounts of Cu gained
during Set 1 and Set 3 are plotted against the amounts of Na that were lost (Figure 6.4.2), a
positive correlation is evident, with a linear regression slope of ~0.1 (Set 1) and ~0.003 (Set
3) on a molecular basis. Thus, the processes

of Na-loss and Cu-gain were coupled to each other. However, the slopes of the linear
regressions suggest that maximal 10 % of the lost Na* ions were replaced by Cu* ions,
implying that the inclusions would have become negatively charged if no other positively
charged ions were gained to satisfy the charge balance. The most likely source of other
positively charged ions is H*, which was available in the external fluid and can easily diffuse
through quartz (Kats, 1962). Sodium would thus have been exchanged by Cu* and H*, with

the latter recombining with left behind CI- to form HCI. This interpretation is supported by
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the microthermometric data discussed above. In this scenario, the driving force for H* and
Cu diffusion is electrochemical potential, and the uphill Cu diffusion could be the result of
a change in pH, which in turn controls Cu solubility. In Set 2, in which fluid inclusions
containing 10 wt% NaCl were equilibrated in an external fluid containing about 20 wt%
NaCl, primary fluid inclusions gained both Na (3-12 % relative) and Cu (72-140 ppm). In
this case, the amount of gained Cu is much lower than that amount of Cu dissolved in the
external fluid (300 ppm to 600 ppm Cu in the vapor; 1500 ppm to 4000 ppm Cu in the
brine), and no correlation exists between Na-gain and Cu-gain (Figure 6.4.3). Thus, in

contrast to Set 1 and Set 3, Cu diffusion in this set was simply driven by a concentration

gradient rather than by interdiffusion.
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Na-gain versus Cu-gain in primary fluid inclusions of Set 2. Notice that there is no

correlation between the two elements (ppm converted into p-moles/g).

6.4.6 Implications

Our experiments confirm recent results of Kamenetsky & Danyushevsky (2005) and Zajacz
et al. (2009), which demonstrate that the concentration of Na and Cu (and that of other

small, single-charged cations such as Li and Ag) in fluid inclusions can easily be modified by
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diffusional processes. Our results additionally demonstrate that the diffusion of trace
elements can be linked to the diffusion of major elements into the opposite direction. LA-
ICP-MS analyses of natural fluid inclusion assemblages (i.e., populations of fluid inclusion
that were trapped at the same time) commonly show a larger variation in Cu concentrations
than other elements of similar or higher abundance (e.g., Glinther et al., 1998; Ulrich et al,,
2002; Landtwing et al., 2005; Klemm et al., 2007, 2008). For example, of 19 major, minor
and trace elements analyzed in 39 brine inclusions along a pseudosecondary trail in quartz
from the Mole Granite (Australia), all concentrations were reproducible within < 21%
standard deviation except for Cu (721 % stdev), Ag (25 % stdev), Mg (151 % stdev; at
detection limit) and Ce (25 % stdev; at detection limit) (Giinther et al., 1998). Although part
of this large variation could be explained by co-entrapment of Cu-rich vapor (as the
analyzed brine inclusions were trapped in the two-phase field and Cu fractionates into the
vapor phase), it cannot explain a more than 10-fold enrichment of Cu without significant
impact on fluid salinity. To increase the Cu content from 100 ppm Cu in a 50 wt% NaClequiv
brine inclusion to 1000 ppm Cu by addition of 3 wt% NaClequiv vapor containing 3000 ppm
of Cu (estimated from Audétat et al., 2000) 33 % vapor (by weight) would have to be
admixed to 67 % brine, which would result in a fluid salinity of 35 wt% NaClequiv in the
mixed inclusion. However, microthermometric measurements demonstrate that fluid
salinities of brine inclusions with high Cu concentrations are the same as neighboring brine
inclusions with low Cu concentrations. Similarly large variations in Cu concentrations
relative to that of other elements well above the detection limit are observed also in
populations of supercritical fluids, where co-entrapment of a Cu-rich vapor phase is not
possible. Another explanation for anomalously high Cu concentrations in natural fluid
inclusions is accidental entrapment of Cu-bearing solids, which may not be detectable in
other elements if the Cu-content of the solid is high (such as in intermediate solid solutions,
for example). Finally, Cu contents can vary if Cu-bearing daughter crystals are lost during
analysis. While some inclusions indeed may have lost some Cu by this process the most
anomalous Cu values are higher than the majority of the inclusions rather than too low,
requiring another explanation. Although we cannot rule out that accidental entrapment of

Cu-rich solids lead to variable Cu contents in certain natural fluid inclusion assemblages we
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believe that Cu-diffusion due to concentration gradients and/or electrochemical potentials
is more common considering the long re-equilibration times available in nature. However,
Na—Cu interdiffusion of the type observed in our experimental Set 1 and Set 3 does not
seem to be widespread in nature, as measured Na/X-concentration ratios (with X
representing any other major or minor cation except for Cu* and maybe Li* and Ag)
typically are rather constant and in agreement with solubility constraints from fluid-rock

equilibria.

6.4.7 Conclusions

1) Given large enough concentration gradients or electrochemical potentials, large
amounts of Cu and Na can diffuse into or out of fluid inclusions at 600-800 °C within a
few days.

2) The positive correlation between Na loss and Cu gain observed in fluid inclusions
equilibrated in Na-free external fluids suggests a direct link between the two
phenomena. Since the number of lost Na* ions is about 10 times higher than the number
of gained Cu* ions we propose that Cu-diffusion was accompanied by large amounts of
H+ diffusion to satisfy the charge balance.

3) The amount of Cu gained in some re-equilibrated inclusions was higher than the
amount of Cu present in the surrounding fluid, which could be due to a coupling with
H* via fluid pH.

4) Reproducibilities of element concentrations in natural fluid inclusion assemblages
suggest that diffusional gain or loss of Cu may be a common phenomenon also in nature,

but so far no evidence for interdiffusion with Na was found.
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