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ABSTRACT

Analysis of fluid inclusions from porphyry copper deposits (PCD) reveals that
magmatic vapor and/or brine are vital for the removal of copper from arc magmas and its
transport to the site of ore formation. Experiments in melt-vapor-brine systems allow for
investigating the partitioning of copper between silicate melts and volatile phases under
magmatic conditions. The presence of CO; affects both the pressure of vapor saturation
and the composition of exsolving volatile phases. However, PCD are primarily sulfide
ore deposits, and the role of sulfur must also be examined as part of magmatic-
hydrothermal experiments. Therefore, the partitioning of copper in CO, + S-bearing
experiments was examined in an attempt to provide insights into copper partitioning and
the generation of PCD.

I present the results from experiments performed at 800 °C and 100 MPa in CO»-

bearing melt-vapor-brine systems with X/;/, = 0.10 and 0.38. The compositions of vapor
and brine inclusions and run-product glasses were used to determine the compositions of
the magmatic phases. The partitioning of copper between brine and vapor ( D’ +20)
increases from 25(=6) to 100 (+30) for sulfur-free experiments and increases from 11(£3)
to 95(+23) for sulfur-bearing experiments as Xco; is increased from 0.10 to 0.38. The
partitioning of copper between vapor and melt ( D}." +20) decreases from 9.6(+3.3)
(sulfur-free, HCl-bearing), 18(+8) (sulfur-bearing, HCI-free), and 30(%11) (sulfur-
bearing, HCl-bearing) at Xco2 = 0.10, to 2(x0.8)(HClI-free) at Xco, = 0.38, sulfur-free or
sulfur-bearing. These data demonstrate that copper partitioning in sulfur-free, CO,-
bearing systems is controlled by the changes in the salinity of the vapor and brine

corresponding to changes in Xco,. Sulfur-bearing experiments demonstrate that
magmatic vapors are enriched in copper in the presence of sulfur at low Xco,. However,



the enrichment of copper in the magmatic vapor is suppressed for sulfur-bearing systems
at high Xcoo.

The MVPart model presented by Candela and Piccoli (1998) was modified to
incorporate CO; to predict trends in efficiency of removal of copper into exsolving CO,-
bearing magmatic volatile phases. The CO,-MVPart model predicts two to three times
lower efficiency for CO;-rich (Xco2 = 0.38) magmatic volatile phases compared to low-
CO;z (Xco2 <£0.10) systems.
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Chapter 1:Introduction

1.1 Porphyry Copper Deposits

Nearly two thirds of the world’s copper is mined from Porphyry Copper Deposits
(PCD) (Sillitoe, 2010; Sinclair, 2007). In addition, PCD are an important source for a
number of other ore metals (e.g. Mo, Au, Ag) enhancing the economic value of many
deposits. Porphyry copper deposits are characterized by large hydrothermally altered
volcanic and intrusive rock suites, ranging in size from tens to thousands of cubic
kilometers of altered and mineralized rock, producing 10" to 10'* metric tons of ore
(Figure 1)(Sillitoe, 2010; Sinclair, 2007). Copper concentrations in the ore zone of PCD
are on the order of thousands of ppm with particularly enriched regions of some deposits

reaching >1 wt% copper (Sillitoe, 2010; Sinclair, 2007 and references therein).

Figure 1: Sample of copper ore from the Highland Valley Porphyry Copper District,
British Columbia (collected by Phil Candela). Sample is an altered porphyry containing
K-feldspar (Kspar) and quartz veins (Qtz) with copper-iron sulfides, including
chalcopyrite (Cp) and bornite (not-pictured)



Large historic PCD, such as the Bingham Porphyry Copper Deposit in Utah, have
been mined for nearly 100 years. Mining at Bingham Canyon has exposed nearly two
vertical kilometers of the ore zone over an area of four kilometers, and Kennecott Utah
Copper reports that 19 Mt of copper has been produced at the Bingham Canyon mine,
with a net value of ~ $145 billion at January 5", 2012 spot prices, and still produces
~300,000 tons of copper and 400,000 Oz of gold annually ($2.6 billion). The
concentration of copper in the ore zone of PCD ranges from several thousand ppm up to
more than 1 wt%, representing copper anomalies ranging from nearly 200 to more than
400 times the average concentration of copper in the continental crust (~25 ppm :
Rudnick and Gao, 2004). Understanding the wide range of processes that must operate
together to generate a significant copper anomaly requires an understanding of evidence
from the ore zone and causative igneous rock(s). Given that some evidence is destroyed
as the system evolves, experiments are required to provide some constraints on the
intensive and extensive variables required for ore formation.

The prevailing models for the formation of PCD all begin with the emplacement of
shallow, felsic to intermediate, water-rich arc magmas at depths of 5-10 km (Audetat et
al., 2008; Candela and Piccoli, 2005; Halter et al., 2005; John et al., 2010; Pettke et al.,
2010; Sillitoe, 2010; Simon and Ripley, 2011; Sinclair, 2007). These melts are likely
derived from a complex series of processes that begin with the formation of basaltic melts
derived from partial melting in the mantle, and additional melts derived from partial
melting of rocks in the lower crust. These deeper melts are generated by the interaction of

the mantle and lower crust with volatile phases (e.g. H,O > CO; > SO, components)



generated during metamorphic dehydration of subducting oceanic slabs and associated
sediments. The addition of water reduces the solidus of the overlying rocks, and may
result in partial melting in the mantle and/or lower crust, and the buoyant ascent of these
melts into the overlying crust (John et al., 2010; Leeman et al., 1994). The mantle-
derived basalts are emplaced primarily as sills (laterally extensive intrusions, structurally
controlled by the host rock morphology) in the lower crust (~30 km) (Annen et al., 2006;
John et al., 2010; Sillitoe, 2010; Sinclair, 2007). The emplacement of the basalts may also
induce partial melting in the surrounding host rocks, which may mix with the basaltic
melts. The melts formed in the mantle and lower crust can also assimilate wall rocks
throughout ascent and differentiation, incorporating the host rock into the melt. At
shallow levels of emplacement, magmas may also develop cupolas (anomalous domes of
intrusive magma above the average magma chamber roof depth) and dikes, often near
channels of earlier volcanic activity. The intrusion of partially crystallized magma from
these shallow reservoirs along steeply dipping dike swarms results in more rapid
crystallization and a porphyritic texture (large crystals in a fine grained matrix), giving
the porphyry copper deposits their name.

Prior to emplacement, evolving arc magmas may lose water during adiabatic
decompression (“first boiling”) or fracturing of overlying rock. This process may play a
role in the fluxing of volatile phases in evolving arc-magmatic systems. Upon
emplacement at shallow levels, arc magmas will lose heat to cooler host rocks and
crystallize dominantly anhydrous minerals after the temperature drops below the liquidus.
The crystallization of these minerals reduces the melt fraction without removing water,

enriching the remaining melt in water.



If a magma is unable to crystallize significant quantities of water-bearing phases
(e.g. biotite), the remaining melt will become enriched in water as crystallization
proceeds. As the decreasing melt fraction becomes enriched in water prior to complete
crystallization, the melt may become saturated with respect to H;O-CO,-dominant
volatile phase assemblages comprising a supercritical fluid or a low-salinity magmatic
vapor + high-salinity brine (“second boiling”) (Audetat et al., 2008; Candela and Piccoli,
2005; Candela and Piccoli, 1998; John et al., 2010; Sillitoe, 2010; Sinclair, 2007). The
degree of crystallization at volatile phases saturation is a function of the initial and
saturation water concentration as well as the H,O/CO; ratio of the melt. Once the sum of
the vapor pressures of each volatile phase component reaches the total load pressure,
either through decompression or enrichment in volatile components, first or second
boiling will proceed. As the exsolution of volatile phases produces bubbles in the magma
(first or second boiling) the bubbles produced will be buoyant, and may rise and coalesce
in the cupolas and dikes at the top of the chamber.

Direct evidence of the melt-volatile phase equilibria vital to ore metal extraction
is poorly preserved in natural systems and must often be inferred from analysis of fluids
trapped at sub-solidus conditions. However, ore metals (e.g. Cu, Au, Mo, Ag) have been
shown experimentally to partition strongly into magmatic volatile phases (MVPs) relative
to coexisting magmas (Candela and Holland, 1984; Candela and Piccoli, 1995; Candela
and Piccoli, 1998; Frank et al., 2011; Lerchbaumer and Audetat, 2009; Simon et al.,
2005; Simon et al., 2008b; Simon et al., 2006; Williams et al., 1995; Zajacz et al.,
2010b). During the exsolution of volatile phases in natural magma chambers, numerous

intensive parameters (e.g. pressure, temperature, degree of crystallization, fH,O, fCO,)



will influence the efficiency with which these metals are removed from the melt by the
MVPs relative to their initial concentrations in the parental magma. The affinity of these
metals for the MVPs and the ability of the MVPs to separate from the parental magmas
and coalesce along structural anomalies allows for focusing of these enriched “proto-ore
fluids” (Candela et al. 2010) along the steeply dipping dikes and associated fractures.

As magmatic fluids ascend through the upper crust, a variety of processes (e.g.
cooling, decompression, wall rock reactions) can lead to primary precipitation of copper-
bearing minerals, which are dominantly magmatic-derived, “hypogene” sulfides. When
abundant stress fracturing is associated with the porphyritic intrusions, hypogene
mineralization is often confined to a broad matrix or “stockwork™ of fine-grained quartz
veins filling these fractures (Figure 2) (see Sinclair, 2007 for examples). Episodic
magmatic intrusion is commonly associated with porphyry deposit formation, and in
general the earliest porphyritic intrusions are associated with the highest degree of
mineralization and minimal alteration. The stages of ore deposition are often complex
and as an example, the large Bajo de la Alumbrera deposit is defined by seven

independent porphyritic intrusions, each contributing to ore formation (Proffett, 2003).



Porphyry Ore Zone H,0, CO,, SO,, H,S

=] Carbonate Country Rocks Pre-existing Igneous

[ ] Stockwork of Mineralized Veins Rocks

Figure 2: Schematic cross-section of an arc magma chamber with overlying volcanic and
intrusive magma columns (modified from Shinohara, 1994; Sillitoe, 2010; Sinclair,
2007). CO; sourced from deeper mantle-derived melts or reaction/assimilation with
country rocks is also shown. Inset: Porphyry ore zone with a raised, bubble-rich cupola
and overlying dike swarm with associated stockwork of mineralizing ore veins.
Efficiency of removal of copper into exsolving H,O-CO, volatile phases (green arrow)
exerts a strong control on ore grade or the potential for formation of an economic
deposit. The subject of inquiry in this study is the role of CO, in melt-volatile phase
equilibria that ultimately controls the efficiency of removal of copper into the MVPs.

The episodic fluxing of magmatic volatile phases through the overlying rock also
produces a generally consistent alteration sequence throughout the majority of porphyry
copper deposits. The core of PCD ore zones are dominated by a potassic alteration zone,

with significant production of K-feldspar or biotite (+ amphibole, + anhydrite), and



deposition of copper dominantly as chalcopyrite (Cp) and bornite (Bn) (John et al., 2010;
Proffett, 2003; Sillitoe, 2010; Sinclair, 2007). Sodic-calcic alteration zones occasionally
underlie potassic alteration zones. The formation of sodic-calcic alteration is
characterized by albite and magnetite and may result from alteration by sodium-rich
brines formed either from fluid-host rock interactions and/or from primary exsolution of
volatile phases (Sillitoe, 2010; Sinclair, 2007).

Laterally, the potassic zone is often surrounded by a propylitic alteration zone
(e.g. albite, epidote + chlorite), with sulfides grading from bornite to chalcopyrite to
pyrite in potassic zones towards the propylitic zone. Few mineralized veins are observed
in the propylitic zone and few to no copper-rich sulfides are present (Proffett, 2003;
Sillitoe, 2010). These zones are generally inferred to be formed from the mixing of
magmatic fluids, rich in sodium after potassic alteration, and convecting (thermally
driven) meteoric waters (John et al., 2010 - and references therein; Sillitoe, 2010;
Sinclair, 2007). Above the potassic alteration zone is generally a chlorite-sericite zone
characterized by destruction of plagioclase to sericite (mica), magnetite to hematite and
mafic minerals to chlorite. These zones are associated with later, more acidic, volatile
phase fluxing and decreased hydrothermal temperatures (Sillitoe, 2010). The chlorite-
sericite zones grade vertically into purely sericitic or “phyllic” alteration halos, (sericite +
quartz) characterized by complete sericitization of feldspar, with both sericitic zones
often overprinting previous potassic alteration. The broad phyllic zone may also extend
down around the flanks of the potassic core (Sillitoe, 2010; Sinclair, 2007).

In the waning stages of magmatism and fluxing of MVPs in a porphyry copper

deposit, the alteration zones that define the deposit often expand centrally downward,



producing a common “telescoping effect” (John et al., 2010; Sillitoe, 2010; Sinclair,
2007). However, the episodic nature of the fluxing of MVPs often results in complicated
mixing between these zones with alteration overprinting by MVPs derived from the
younger intrusions (Sillitoe, 2010). When copper grades are economic in the chlorite-
sericite zone or phyllic zone, they are usually associated with coatings of chalcopyrite or
bornite (or other high-sulfur copper bearing sulfides) on the pyrite, and likely results from
later recharge of magmas and/or sulfur rich pulses of volatile phase fluxing. (Sillitoe,
2010).

Surrounding the phyllic zone is generally a complex, depleted “lithocap” defined
by argillic alteration. Argillic alteration is typified by the formation of clay minerals (e.g.
kaolinite, pyrophyllite) from primary igneous feldspar, sulfates (alunite) from oxidation
of sulfide, and “vuggy” quartz filling pore spaces in the rock. The lithocap is generally
barren of any mineralized veins, but in some deposits initial copper deposition may have
dispersed copper removed from parental magmas over a large vertical range, into the
shallow zones now occupied by the lithocap. Large-scale dissemination of copper
mineralization hinders the formation copper-rich hypogene ore. However, late, down-
flowing, oxidizing meteoric fluids that generate the lithocap can destroy shallow copper-
rich sulfides by chemical weathering. Destruction of copper-bearing sulfides can
remobilize copper, enriching the lower portions of the shallow intrusions in copper
oxides. This process can produce different, “supergene” varieties of copper deposition
(Sillitoe, 2010; Sinclair, 2007). These supergene-enriched zones are generally associated
with “blankets” of ore minerals in the phyllic alteration zone, and contribute to high ore

grades in some large PCD. The definition of these alteration zones is further complicated



by small-scale alteration of a similar nature around dikes and veins. These alteration
halos are formed during the episodic magmatic and hydrothermal fluxing common to
PCD.

Relatively impermeable host rocks may also improve the focused deposition of
ore minerals from varied episodes of fluxing of magmatic volatile phases in large (e.g.
marble at Grasberg, Sillitoe, 2010) and small (sandstone and limestone at Ridgeway,
Wilson et al., 2003) porphyry copper deposits. Impermeable host rocks can mitigate the
spread of ore fluids, improving high grade ore formation (Sillitoe, 2010). A number of
other processes may affect ore-metal transport by magmatic-derived fluids and ore
deposition in a variety of hydrothermal environments. These processes can lead to the
formation of related skarn and epithermal deposits (Sillitoe, 2010). The common feature
of all of these models for porphyry deposit formation is the hypothesis that the ore fluids
were initially exsolved from, or were in chemical equilibrium with, the associated
intrusive magmas.

The reduction in fH,O associated with the release of magmatic volatile phases
enhances the crystallization of the parental magma. The catastrophic nature of the release
of volatile phases, and common occurrence of episodic magmatism, are often responsible
for episodic exsolution of volatile phases. Dynamic magmatic processes often result in
episodic fluxing of volatile phases consistent with textural and alteration evidence in
PCD (Audetat et al., 2008; Candela and Piccoli, 2005; Halter et al., 2004; John et al.,
2010; Sillitoe, 2010; Sinclair, 2007). Samples of these ore fluids, hypothesized to have
extracted copper from the silicate melt and transported copper to sub-solidus ore zone

conditions, are often trapped as fluid inclusions (Audetat et al., 2008; Heinrich et al.,



2004; Heinrich et al., 1999; Heinrich et al., 1992; Murakami et al., 2010; Pettke et al.,
2010; Redmond et al., 2004; Seo et al., 2009; Sillitoe, 2010; Ulrich et al., 1999).
Analyses of these natural fluid inclusions can provide direct measurements of the major
and trace element composition of ore fluids at various stages of mineralization.

The composition of the evolved ore fluids at sub-solidus conditions is often
determined by the analysis of these primary fluid inclusions, with focus on the largest and
most economically productive deposits (Audetat et al., 1998; Heinrich et al., 2004;
Heinrich et al., 1999; Pettke et al., 2010; Rusk et al., 2008; Rusk et al., 2004; Ulrich et al.,
1999). These fluid inclusions from PCD display a wide range of salinities (1 wt% to > 50
wt%), bulk densities (0.25 to 1.25 g/cc yielding vapor + liquid + salt at room
temperature), vapor bubble compositions (including H,O > CO,> CO + CH4 + N,), and
highly variable concentrations of ore metals (e.g. Cu, Ag, Au, Mo, W ranging from 10' to
10° ppm) and other trace elements. Small “daughter” minerals sometimes form upon
cooling of fluid inclusions to ambient conditions. Analysis of the dissolution
temperatures of these minerals or freezing point of the aqueous portion of inclusions
(referred to as microthermometry) can yield information on the bulk composition of the
inclusions. The development of Laser Ablation Inductively Coupled Plasma Mass
Spectrometry (LA-ICPMS) techniques for analysis of fluid inclusions has also allowed
for accurate characterization of multiple trace elements from a single inclusion down to
concentrations in the 1-10 ppm range.

Significant portions of the recent studies of fluid inclusions in PCD were directed
at characterizing the trace element concentrations of ore metals (e.g. Cu, Au, Mo, Ag).

The partitioning of these trace elements, along with the major element composition (e.g.
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[CI™YP, [STMYF, Na/K/H ratio) of the varied ore fluids, is recorded by the natural fluid
inclusions in the ore zone (Anderson et al., 1989; Audetat et al., 2008; Field et al., 2005;
Halter et al., 2004; Heinrich et al., 2004; Heinrich et al., 1999; Imai, 2000; Pettke et al.,
2010; Redmond et al., 2004; Rusk et al., 2008; Soloviev, 2011; Ulrich et al., 1999). One
goal of characterizing the compositions of ore fluids is to identify the properties of the
hydrothermal assemblage that might control the metal budget and deposition mechanisms
required to form an economic deposit. However, identifying the causative ore fluids from
a particular deposit can be difficult.

Variability in the composition of ore fluids trapped as fluid inclusions (e.g.
salinity, homogenization temperature, daughter minerals) is indicative of the complexity
of sources and transport processes involved in the formation of PCD. Audetat et al.
(2008) note that a single quartz crystal from the Yankee Lode deposit (porphyry tin
deposit similar to PCD) recorded multiple episodes of fluxing of MVPs over a wide P-T
range (600 to 200 °C and 90 to 30 MPa). Several of these studies of large porphyry
copper deposits include mapping of fluid inclusion types. These maps connect the various
episodes of fluxing of MVPs to variations in the composition of the magmatic volatile
phases and the ore grade throughout the deposits. The summary of many of these large
deposits and other barren intrusions presented by Audetat et al. (2008) demonstrates that
the absolute copper concentration of the high temperature, sub-solidus, fluids trapped in
fluid inclusions is a good predictor of formation of economic deposits and ore grade. Yet,
the analysis of fluid inclusions from ore deposits generally only provides a record of

fluids trapped at sub-solidus conditions.
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The initial composition of proto-ore fluids during the exsolution of volatile
phases, is not often recorded by natural fluid inclusions due to few phases present at
magmatic conditions capable of trapping and maintaining recoverable fluid inclusions.
Nonetheless, significant evidence exists for a magmatic source for ore fluids. Hydrogen
isotopes in the fluids, trapped as fluid inclusions, and oxygen isotopes of hypogene
alteration minerals are both consistent with a magmatic source for ore fluids in PCD
(Dilles et al., 1992; Harris et al., 2005; Sillitoe, 2010). Homogenization temperatures of
fluid inclusions imply trapping conditions near magmatic temperatures for some fluid
inclusion assemblages, and allows for some degree of extrapolation to melt-volatile phase
equilibrium conditions (Azbej et al., 2007; Bodnar, 1995; Halter et al., 2005; Hedenquist
and Lowenstern, 1994; Heinrich et al., 2004; Heinrich et al., 1999; Roedder, 1971; Rusk
et al., 2008; Rusk et al., 2004).

Audetat et al. (2008) summarizes evidence for high temperature magmatic fluids
trapped as fluid inclusions in 4 barren and 13 mineralized magmatic-hydrothermal
intrusions. In most of the intrusions they argue for exsolution of a low-salinity, single-
phase fluid from the magma with later phase separation to coexisting vapors and brines
occurring at sub-solidus temperatures. However, in several of the deposits, notably major
PCD (Santa Rita, Bajo de la Alumbrera, and Grasberg), there is evidence for a two-phase
volatile assemblage (low-salinity magmatic vapor and high-salinity magmatic brine) at or
near magmatic conditions (Audetat et al., 2008; and references therin). This observation
is consistent with exsolution of coexisting vapor and brine directly from the silicate melt
in some PCD, noting the high mass fraction of vapor relative to brine at magmatic or sub-

solidus conditions. Early experimental modeling of hydrothermal ore metal stability
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confirms that certain transport paths, combined with wall rock interactions, can allow for
transport of the majority of the ore metal budgets of magmatic derived fluids from >600
°C down to 250 °C, lending support for a magmatic origin for porphyry ore metals
(Holland, 1965).

The partitioning of copper among the magmatic phases is affected by the
composition of those phases, and the copper partitioning behavior will control the
removal of copper from the magma. Variations in the efficiency of ore metal removal
into MVPs are hypothesized to be vital in controlling the copper concentration of ore
fluids and ultimately, the formation of porphyry copper deposits (Audetat et al., 2008;
Candela and Piccoli, 1998). As a result, experiments designed to investigate melt-volatile
phase equilibria or trace element solubility at magmatic conditions have been developed

over several decades to fill in this gap in the observable data from natural systems.

1.2 Magmatic-Hydrothermal Experiments

The limited sampling of natural magmatic fluids in PCD highlights the
importance of experiments in identifying the parameters of melt-volatile phase equilibria
that control the removal of copper and other ore metals by exsolving MVPs. Early
thermodynamic models of porphyry deposit formation were focused on identifying the
conditions and reactions that control ore metal transport. These models are required to
explain the transport of ore metals, such as copper, by volatile phases from magmatic
conditions, through high-temperature sub-solidus conditions, to depositional conditions
of 200 to 400 °C (Holland, 1965). These early models, along with studies of natural fluid
inclusions, provided confirmation that the intrusive magmas associated with porphyry

copper deposits were the likely source for ore-fluids and ore metals. Once sufficient
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evidence existed for a magmatic source for natural ore fluids, experiments were
conducted that were designed to characterize the composition of silicate melts in
equilibrium with H,O-dominated volatile phases at super-solidus and super-liquidus
conditions. The dominant complexing ligand in those arc magmatic volatile phases is
hypothesized to be chlorine (Holland, 1972; Roedder, 1971). Accordingly, the NaCl-H,O
system is commonly used in magmatic hydrothermal experiments as a simplified proxy
for the more complex mixtures of chloride components in natural magmatic fluids.
Candela and Holland (1984) conducted experiments containing a magmatic
assemblage comprising a felsic silicate melt and supercritical H;O-NaCI-KCl fluid in
platinum capsules. Quenched glasses formed from the silicate melt were characterized by
electron microprobe (major elements) and ion microprobe (copper and molybdenum)
analyses. The liquid formed from the supercritical fluid was extracted by using a syringe,
diluted to a known volume, and was analyzed for copper and molybdenum using atomic
absorption spectrophotometry. The study concluded that the partitioning of copper
between the supercritical fluid and the silicate melt was correlated strongly with salinity,
whereas the molybdenum concentration remained invariant. However, the possibility of
coexisting magmatic vapor and brine required development of more complex copper
partitioning experiments. Williams et al. (1995) used a similar design for copper
partitioning experiments involving sampling condensate fluids along with mass balance
calculations based on theoretical models for the NaCl-H,O vapor-brine solvus presented
by Bodnar et. al. (1985). They concluded that the partitioning of copper among coexisting
vapor, brine and silicate melt was also strongly controlled by the salinity of the two

magmatic volatile phases.
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The advent of LA-ICPMS analysis techniques allowed for development of new
methods for characterizing magmatic volatile phases from experiments by trapping
synthetic fluid inclusions. Studies by Simon et al. (2005; 2008b; 2007; 2006) report
values for the melt-volatile phase partition coefficients for copper, silver, gold, and
arsenic by trapping samples of magmatic fluids and synthetic fluid inclusions and
conducting quantitative analyses on their major and trace element concentration using
LA-ICPMS. Several of these studies, along with more recent work on melt-volatile phase
equilibria and copper solubility in magmatic fluids, not only characterized the role of
chlorine in copper partitioning, but sulfur complexing as well (Frank et al., 2011; Zajacz
etal., 2011).

The progress in experiment design has allowed for more accurate characterization
of fluid compositions and identification of copper-bearing chlorine and sulfur complexes.
These complexes likely control copper concentrations in volatile phases at magmatic
conditions (Zajacz et al., 2011) and sub-solidus conditions prior to ore deposition
(Pokrovski et al., 2008; Pokrovski et al., 2009a; Pokrovski et al., 2009b). However, the
role of CO; (the second most abundant volatile phase component in arc magmas; Jarrard,
2003; Lowenstern, 2001) in copper partitioning among melt-volatile phase assemblages
in natural systems has remained poorly constrained. The fCO, influences the salinity of
coexisting magmatic volatile phases (Duan et al., 1995) and the timing of the exsolution
of volatile phases from arc magmas (Botcharnikov et al., 2005; Lowenstern, 2001). Thus,

significant changes to melt-volatile phase equilibria are expected with increasing mole

fractions of CO, in the vapor + brine ( X%, simplified to Xcoz). Further experimentation
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that includes CO; as a system component is required to progress towards more complete

applicability of experimental data to the genesis of porphyry copper deposits.

1.3 Project Design

1.3.1 Investigation of the Effect of CO; on Copper Partitioning

The primary goal of this project is to evaluate the impact of CO,, the second most
abundant volatile phase component in arc magmas (Lowenstern, 2001), on the potential
for the formation of porphyry copper deposits. The role of CO; in melt-volatile phase
assemblages has remained relatively unconstrained in previous hydrothermal
experiments, especially with respect to the behavior of copper partitioning at magmatic
conditions. The prevailing models for copper partitioning address the importance of
sulfur in at least copper transport, but little attention has been paid to CO,. This project
has been designed to evaluate the effect of CO,, and any combined effect of CO, and
sulfur, on copper partitioning. The complexity of melt-volatile phase equilibria,
hypothesized to control copper removal from the silicate melt, required evaluating the
effect of CO, without the presence of sulfur. The independent influence of CO; could
then be separated from the results of experiments with CO, and sulfur as system
components.

The experiments presented in this study examine copper partitioning in CO,-
bearing melt-vapor-brine assemblages. The experiments were performed in noble metal
capsules at 800 °C and 100 MPa. Magmatic volatile phases were trapped as synthetic
fluid inclusions and analyzed along with quench glasses formed from the silicate melt. A
fundamental effect of the addition of CO, to the NaCl-H,O system is a change in the

salinities of vapor and brine that define the two-phase vapor + brine stability field. With
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increasing Xcoz in the bulk volatile phase assemblage, the salinity of the vapor (brine-
saturated) decreases and the salinity of the brine (vapor-saturated) increases (Figure 3).
As discussed, CO,-free magmatic-hydrothermal copper partitioning experiments
ubiquitously include chlorides as components of the volatile phases, and many directly
evaluate the contribution of chloride complexation to copper removal from the silicate
melt (Candela and Holland, 1984; Candela and Piccoli, 1995; Frank et al., 2011;
Lerchbaumer and Audetat, 2009; Simon et al., 2006; Zajacz et al., 2011).

The series of sulfur-free experiments presented in Chapter 2 were designed to
investigate how CO, would affect copper partitioning given only chloride complexation
of copper in the magmatic volatile phases. It was not hypothesized that CO, would act as
a ligand for copper at magmatic conditions (Lowenstern, 2001) and should not directly
contribute to copper complexation. However, I hypothesized that the strong influence of
CO; on vapor and brine salinity should affect the concentration of chlorine-complexed
copper in each magmatic volatile phase. By conducting experiments at low Xco, and high
Xcoz (Figure 3), I first confirmed the magnitude of the change in salinity predicted by
theoretical models for coexisting vapor and brine in the NaCl-H,O-CO; system at

magmatic conditions.
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Figure 3: Schematic H,O-CO,-NaCl ternary shown in mol % at 800 °C and 100 MPa
generated using the model presented in Duan et al. (1995). Green lines and dots
represent the bulk volatile phase compositions of CO,-bearing experiments presented in
this study. Initial compositions fall within the two-phase field and were chosen to
examine the range of compositions relevant to porphyry copper deposits.

The primary experimental challenges encountered in CO,-bearing experiments lie
in successful quantitative addition of CO; to the melt-vapor-brine assemblage and
characterization of CO,-rich, low-salinity magmatic vapor. Methods were developed for
the addition of CO, using oxalic acid di-hydrate and evaluating its effect on experiment
equilibrium (discussed in chapter 2). Methods are also discussed for the measurement of
vapor inclusion salinity via Raman spectroscopic determination of fluid inclusion
pressure, and measurement of the melting temperature of H,O-CO; clathrate.

The copper partitioning data obtained from these experiments can then be

evaluated for systematic variability as a function of the X0z of the bulk volatile phase.
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These data are then compared to existing CO,-free data from experiments and natural
systems. In addition to interpretation of the static copper partitioning data, the effect of
CO; on copper removal from a complex and evolving arc magma is also considered.
Candela and Piccoli (1998) presented a model (MVPart) designed to predict the
efficiency of removal of copper into NaCl-H,O volatile phases during second boiling at
varied magmatic conditions (pressure, temperature) and initial CI/H,O ratios in the melt.
The reduced solubility of CO; in silicate melts, compared with H,O, results in a strong
influence of CO; on the evolving composition of magmatic volatile phases and the timing
of the exsolution of volatile phases compared to CO»-free systems (Botcharnikov et al.,
2005; Lowenstern, 2001; Newman and Lowenstern, 2002). A modified version of the
MVPart model has been formulated in order to incorporate the results of my CO,-bearing
melt-vapor-brine copper partitioning data for the limited conditions of 800 °C and 100
MPa (described in Chapter 2). This allows for an evaluation of secondary influences of
CO; on the exsolution of volatile phases, as well as more complex influences of a
variable vapor-brine solvus on copper removal from the silicate melt. Thus, the effect of
CO; alone on the potential for the formation of PCD will be defined by the change in
coexisting vapor-brine salinities, corresponding changes in static copper partitioning data,

and model predictions for the efficiency of removal of copper into CO,-bearing MVPs.

1.3.2  The Combined Effect of CO, and Sulfur on Copper Partitioning

Porphyry copper deposits are characterized by the presence of sulfide minerals as
the dominant source of copper in the ore. Fluid inclusions that trap samples of ore fluid
usually have high sulfur concentrations, and commonly sulfide daughter minerals are

present (Audetat et al., 2008; Heinrich, 2005; Heinrich et al., 1999; Rusk et al., 2008;
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Sillitoe, 2010; Simon and Ripley, 2011). Prior to accurate techniques for measurement of
the sulfur concentration in fluid inclusions, several studies noted that the concentrations
of other complexing ligands (e.g. chlorine) are insufficient to balance the solute load (Na,
K, Fe, Ca, Cu, Au, etc.) of the vapor-rich fluid inclusions (Audetat et al., 2011; Heinrich
et al., 2004). The ubiquity of sulfur in porphyry copper deposits, and its apparent role in
copper transport and deposition, has led to a focus on the importance of sulfur in studies
of deposits and magmatic-hydrothermal experiments (Audetat et al., 2008; Candela and
Piccoli, 2005; Halter et al., 2005; Heinrich, 2005; Heinrich et al., 2004; Sillitoe, 2010;
Simon and Ripley, 2011; Zajacz et al., 2011). In particular, experiments performed
approaching magmatic conditions demonstrate that, over a wide range of conditions (800
°C to 1000 °C and 100 MPa to 150 MPa), the presence of sulfur increases the equilibrium
concentration of copper in magmatic vapor relative to sulfur-free compositions (Frank et
al., 2011; Simon et al., 2006; Zajacz et al., 2011). However, as discussed in the previous
section, existing magmatic-hydrothermal experiments do not constrain the effect of CO,
as a system component.

The experiments presented in Chapter 3 build upon the effect of CO, on chlorine
complexed copper partitioning by adding sulfur (sourced from pyrrhotite) as a phase
component of the magmatic phase assemblage. The pyrrhotite-saturated experiments
provide direct measurement of the change in copper partitioning with the addition of
sulfur, compared to sulfur-free experiments, as a function of Xco,. Again, synthetic fluid
inclusions were used to trap samples of the magmatic volatile phases. The addition of
sulfur as a system component required several additional considerations in experiment

design. Several adjustments were made to the capsule characteristic (e.g. length, starting
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material mass, alloy) to ensure equilibrium at the time of trapping fluid inclusions and are
discussed in detail in Section 3.2.2.

Vapor inclusions trapped as part of the pyrrhotite-saturated experiments
contained H,S in addition to CO,. Characterization of CO,-H,S-bearing vapor inclusion
salinity required developing a model for the complex mixed clathrate formed upon
cooling. The mixed clathrate model and Raman Spectroscopic techniques (outlined in
Chapter 3) are vital for accurate characterization of inclusion salinity and vapor inclusion
copper concentrations. The results of the CO,-MVPart model were then adjusted
qualitatively based on the copper partition coefficients calculated for the melt-vapor-brine
assemblages of the pyrrhotite-saturated experiments. The model results presented here
provide constraints for how CO; adjusts the bulk properties of exsolving magmatic
volatile phases. In addition, copper removal from the melt into sulfur-bearing MVPs is
affected by changes in the stability of hypothesized chloride and bisulfide (HS")

complexes in the exsolving magmatic vapor with increasing Xcoo.

1.3.3  Experimental Variables

The primary independent variables examined throughout the experiments
presented in this study are the Xco, of the bulk magmatic volatile phase, and the presence
or absence of sulfur as a component of the silicate melt and volatile phases. However,
several other changes were made to the experiment design to ensure capsule integrity,
and to examine the role of melt composition on copper partitioning behavior. Variation in
melt composition can affect intensive variables such as fHCI in the magmatic vapor. The

effect of melt composition and the fHCI on copper partitioning is examined by using
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either natural Bishop Tuff or synthetic haplogranite minimum melt glass (GR1) to
generate the silicate melt at run conditions.

The capsule material was also changed from Pt to a CugAugy alloy synthesized
using a technique developed by Zajacz et al. (2011). Two methods for trapping fluid
inclusions are also presented using either pre-fractured quartz or in-situ fractured quartz.
The development of consistent experimental methods for using in-situ fractured quartz
help ensure that the synthetic fluid inclusions trap equilibrated fluids. The CO,-bearing,
sulfur-free experiments presented in Chapter 2 are labeled as the Cu300 series (Xcoz2 =
0.10) and the Cu500 series (Xco2 = 0.38). The pyrrhotite-saturated (sulfur-bearing)
experiments presented in Chapter 3 are labeled as Cu400 series (Xco2 = 0.10) and Cu600
series (Xco2 = 0.38). The selection of starting glass, quartz fracture method, capsule
material and presence or absence of magnetite and pyrrhotite are shown for each

experiment in Table 1.
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EXP 10%CO, 38%CO, [PreFrac In-Situ|B-Tuff GR1|Mt Po
NUMBER SULFUR-FREE EXPERIMENTS

Cu320 X X X X
Cu321 X X X X
Cu326 X X X X
Cu351 X X X | X
Cu330 X X X X
Cu332 X X X X
Cu500 X X X

Cu502 X X X

Cu503 X X X | X
Cu504 X X X | X
Cu505 X X X X | X

SULFUR-BEARING EXPERIMENTS

Cu4d02 X X X | X X
Cudo04 X X X X | X X
Cud05 X X X X | X X
Cu410 X X X X X X
Cu4dll X X X X X X
Cu601 X X X X | X X
Cu606 X X X X | X X
Cu607 X X X X | X X

— Platinum Capsule
— CugzAu,, Capsule

Table 1: Attributes of CO,-bearing melt-vapor-brine experiments. The use of pre-
fractured quartz (PreFrac), in-situ fractured quartz (In-Situ) and either Bishop Tuff (B-
Tuff) or synthetic granite minimum melt glass (GR1) is listed for each experiment. The
presence of magnetite and pyrrhotite for the duration of an experimental run is also
noted. Capsule material is also noted for either Pt (grey) or CugAuyy (yellow)
experiments.
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Chapter 2: The Effect of CO, on Magmatic Volatile Phase Salinity and

Cu Partitioning

2.1 Introduction

The role of CO; in the formation of magmatic-hydrothermal deposits in arc
environments has received little attention, despite the fact that CO, is an abundant
component of fluxing of magmatic volatile phases in arc magma systems. This chapter
focuses on a series of experiments designed to examine the role of CO, as a component
of synthetic magmatic-hydrothermal assemblages also to and evaluate changes to
chloride-dependent copper partitioning in a manner similar to previous experimental
work on CO,-free systems. I will first discuss previous work on CO,-free, melt, volatile
phase copper partitioning experiments and relevant natural analogs. I will also discuss the
current state of knowledge on the role played by CO; in the formation of porphyry copper
deposits and in magmatic arcs, in general. I will compare my results for the partitioning
of copper among melt, vapor and brine with results from these CO,-free experiments. [
will also present a model for the efficiency of removal of copper from melts into CO,-
bearing MVPs and the implications of the model results on the formation of porphyry

copper deposits.

2.1.1 Copper Partitioning in Porphyry Copper Deposits and Experiments

Measurement of homogenization temperatures in natural fluid inclusions provides
strong support for the interpretation of a magmatic source for ore fluids in porphyry
copper deposits. However, as discussed in the previous chapter, the trapping conditions

of these inclusions are generally sub-solidus and significant adjustment to magmatic
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volatile phase compositions is expected prior to ore deposition. Experimental work
allows for the examination of melt-volatile phase equilibria with controlled variation of
the magmatic volatile phase components to address the impact of MVP compositions on
ore formation. The characterization of copper partitioning between magmatic phases at
equilibrium, and models for the efficiency of removal of copper into exsolving volatile
phases, can provide constraints on the magmatic conditions and compositions that are
likely to result in the formation of porphyry copper deposits.

Experimental melt-vapor-brine partitioning studies have, to date, produced data
indicating copper partitioning favors the brine phase relative to the coexisting vapor
(Candela and Piccoli, 1995; Frank et al., 2011; Lerchbaumer and Audetat, 2009; Simon et
al., 2006; Ulrich and Mavrogenes, 2008; Williams et al., 1995). Experimental efforts
have identified aspects of magmatic volatile phase chemistry that affect melt-volatile
phase copper partitioning, but many aspects of variability in magmatic volatile phases
remain unconstrained. In addition, data from natural systems are quite varied in the bulk
and trace element compositions of ore fluids, and produce complex and often conflicting
results, requiring continued experimental research.

The silicic arc magmas emplaced at shallow depths (~ 5 to 10 km) associated with
porphyry copper deposits are ultimately derived from deeper basaltic and andesitic melts.
Fractional crystallization of the mantle or crustal melts can take place before or after
ascent of these melts, generating andesitic magmas (~60% crystallization). The silicic
magmas associated with porphyry copper deposits are produced, in part, by further
magma differentiation at shallow levels (~ 90% crystallization from initial lower crustal

melts and/or partial melting of intermediate rocks) (Annen et al., 2006). The mantle
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derived basaltic melts that intrude into the lower crust are hypothesized to have H,O
concentrations ranging from 2 to 6 wt% (Annen et al., 2006; and references therin).
Residual melts formed from crystallization of the mixed mantle and crustal melts stored
in the lower crust can have dissolved H,O concentrations over short residence times up to
15 wt% (Annen et al., 2006). This is in contrast to the generally dry rocks inferred to be
present in the lower crust. Annen et al. (2006) discuss, in detail, arguments for the
generation of deep, super-liquidus, andesitic melts, which may rise nearly adiabatically
through the crust. The super-liquidus state of these melts can allow for resorption of
crystals entrained with the magma during ascent (Annen et al., 2006). Upon ascent, these
melts may rise from ~30 km to ~15 km before reaching the volatile phase saturation
pressure for a particular batch of melt. The first boiling of andesitic or primary basaltic
melts will then result in fluxing of H,O (and possibly CO,) though any overlying magma
chambers. Upon emplacement at shallow levels (5 to 10 km), these magmas will lose heat
and crystallize nearly isobarically and may become saturated with respect to a second
volatile phase assemblage (second boiling).

The volatile phases exsolved from crystallizing silicic magmas during first and
second boiling are dominated by H,O and CO,. However, dehydration of the subducting
slab also introduces chlorine and sulfur to arc magmas along with H,O and CO,. Fluid
and melt inclusions from PCD, barren intrusions and volcanic emissions, along with
models for the evolution of arc magmas, are consistent with CI/H,O ratios of shallow
felsic magmas that are initially influenced by the salinity seawater (CI/H,O ~ 0.02).
However, subducting slabs may also be enriched in chlorine relative to seawater, and/or

may exsolve fluid preferentially enriched in chlorine relative to water. As a result,
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progressive fluid generation from the subducting slabs may release volatile phases with
variable CI/H,O ratios.

Candela and Piccoli (2005) summarize data from volcanic arcs and model CI/H,O
ratios suggesting that subducting slabs may initially generate fluids with high CI/H,O
ratios (up to 0.1), five times that of seawater (0.02), for some arc environments. As the
distance from the arc front increases, the CI/H,O ratio decreases. As a result, the CI/H,O
ratios of arc magmas generated in the mantle and lower crust will be variable, and will
depend on the chlorine enrichment of the slab, dynamics of fluid generation (e.g. slab
angle, temperature, distance from the subduction front) and any crustal-derived chlorine
or water component of the melts. The relatively low CI/H,O ratios (< 0.1) common for
arc magmas generally leads to initial saturation with respect to a low-salinity vapor or
supercritical fluid (Audetat et al., 2008; Candela and Piccoli, 2005; Heinrich et al., 2004;
Jarrard, 2003; Lowenstern, 2000; Sillitoe, 2010; Sinclair, 2007). Chlorine can be modeled

as a perfectly incompatible element in crystals relative to melt, and a moderately
incompatible element in felsic melts relative to volatile phases ( D" ~ 5) for felsic

magmas at shallow (~5km) emplacement depths (Candela and Piccoli, 1998). The
CI/H;O0 ratio of the melt will therefore determine the salinity of the exsolved supercritical
fluid, vapor, or the proportion of coexisting vapor and brine.

If brine saturation occurs at shallow magmatic conditions (< 130 MPa), evolving
volatile phases will generally enter the two-phase field from the vapor limb and the
vapor/brine mass ratio will remain high (Audetat et al., 2008; Bodnar, 1995; Candela and
Piccoli, 1998; Sillitoe, 2010). Thermodynamics requires that at a given pressure and

temperature, upon reaching vapor + brine saturation, the chlorine concentration of a melt
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and both volatile phases becomes fixed, independent of the proportion of vapor and brine
(Candela and Piccoli, 1998; Shinohara, 1994). The low variance required by the phase
rule permits changing the phase proportion of a coexisting H,O-NaCl vapor-brine pair to
investigate partitioning behavior in a synthetic MVP assemblage without any effect on
the CI content of the melt.

The analysis of a quenched mixture of vapor and brine phases was used by
Williams et al. (1995) to characterize copper partitioning between a melt and a magmatic
vapor + brine assemblage at magmatic conditions (800 °C and 100MPa, and 850 °C and
50 MPa). Comparison of these data with the higher pressure experiments (140 MPa)

presented by Candela and Holland (1984) suggest that a maximum exists for the apparent

K(MVP)/m

Cu-Na exchange constant (K, v,

) between the aqueous volatile phases and the silicate

melt at a pressure of 100 MPa. Williams et al. (1995) suggested that the maximum is a
result of competition between changes in the density of the brine-saturated vapor and

changes in melt polymerization. A decrease in melt polymerization, due to higher
solubility of water in the melt with increasing pressure, causes K. v." to decrease at
pressures above 100 MPa. In contrast, the lower vapor density at pressures below 100
MPa reduces solute-solvent effects in the vapor, resulting in a decrease of K" with
decreasing pressure (Bodnar et al., 1985; Churakov and Gottschalk, 2003; Williams et al.,
1995). The potential maximum of K7™ also roughly correlates with observations of a

maximum salinity for exsolved magmatic fluids at a pressure of ~130 MPa (Audetat et

al., 2008). Nernst-type partition coefficients for brine-melt and brine-vapor of D))" =

700 and D}/ =120 ( D}/"=0.008), respectively, were reported in Williams et al. (1995)
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by modeling the proportion of vapor and brine using vapor and brine salinities estimated
based on the data presented by Bodnar (1985).

The development of fluid inclusion analysis techniques has allowed for great
improvements in the characterization of multiple elements in samples of magmatic and
high temperature sub-solidus fluids. Fluid inclusion analyses can reveal a wide variety of
information regarding the partitioning of ore metals in porphyry ore systems. Fluid
inclusions can sample the magmatic-derived fluids (primary inclusions) involved in ore
deposition, providing insight into the composition of those fluids. Some inclusion
analysis techniques used in previous studies include Raman spectroscopy, used for gas
species analysis, and Proton Induced X-Ray Emission (PIXE) for compositional analysis
of fluid inclusions. Unfortunately, PIXE requires accurate measurement of the 3d
geometry of inclusions, which are difficult to obtain (Gunther et al., 1998; Heinrich et al.,
1992). The development of techniques for analysis of fluid inclusions by Laser Ablation
Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) allows for quantification
of fluid inclusion composition via simultaneous analysis of major elements (e.g Na, K)
along with low concentration trace elements (e.g. Cu). Work by Gunther et al. (1998)
demonstrates that LA-ICPMS allows for linear instrument response over 9 orders of
magnitude in the concentrations for most elements of interest in the formation of
porphyry copper deposits. The application of LA-ICPMS analytical techniques to the
study of deposits and experiments has allowed for accurate quantitative measurement of
the composition of magmatic hydrothermal fluids. The data from these studies have
helped elucidate the partitioning behavior of copper among magmatic and hydrothermal

phase assemblages from a wide variety of PCD and synthetic systems.
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Some porphyry deposits (Bingham Cave Peak; Audetat et al. 2008) have vapor-
brine fluid inclusion assemblages that show higher concentrations of copper in brine
inclusions relative to vapor inclusions. This may indicate brine dominated copper
transport from the magmatic regime to ore deposition, consistent with salinity dependent
copper complexation. Yet, several deposits contain vapor-brine boiling assemblages
(vapor and brine fluid inclusions from the same generation of quartz precipitation,
implying coexisting phases) that have vapors enriched in copper relative to salinity-
dependent copper partitioning. Grasberg, Bajo de Alumbrera (Ulrich et al., 1999),
Yankee Load (Audetat et al., 1998), El Teniente and Santa Rita (Audetat et al., 2008), all
have vapor inclusions with greater copper concentrations than the coexisting brine ( D}’
values < 1). In addition, several deposits with brines enriched in copper relative to the

coexisting vapor (D.’ values > 1), such as Bingham Canyon (Redmond et al., 2004), are

still consistent with copper partitioning that includes vapor-enrichment in copper relative
to the critical vapor-brine salinity ratio.

Vapor inclusions enriched in copper relative to coexisting brine inclusions are
often offered as evidence for vapor dominated copper transport from magmatic
conditions to ore deposition. The expectation that copper is partitioning between vapor
and brine only as Cu-Cl complexes should lead to brine dominance, rather than often
observed vapor dominant copper partitioning behavior. Additional ligands (H,S-Chapter
3) may account for some of the variability in apparent partitioning of copper between
vapor and brine. However, changes to volatile phase compositions during transport from
magmatic conditions to ore deposition will alter ore fluids trapped as fluid inclusions

from their initial magmatic compositions. As discussed, this requires that the observation
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of vapor dominated copper partitioning, observed in some coexisting vapor and brine
inclusions, remain a measure of fluid compositions at sub-solidus condition or at the time
of ore deposition. Direct evidence of metal partitioning at magmatic conditions is most
readily derived from magmatic-hydrothermal experiments. Comparison of natural
inclusions to magmatic conditions must include either complete characterization of the
processes that occur during fluid ascent, or must be made based on mass balance
considerations. Nonetheless, the high mass fraction of vapor relative to brine
demonstrates the importance of vapor transport from the magma to the sites of ore
deposition for many ore deposits (Audetat et al., 2008; Sillitoe, 2010).

The conditions under which fluids are trapped in natural fluid inclusions differ
significantly from the magmatic conditions during exsolution of magmatic volatile
phases. Experiments at magmatic conditions can investigate the melt-volatile phase
equilibria that control the efficiency of removal of copper into exsolving MVPs. Yet this
means that the fluids generated in melt-vapor-brine experiments are the product of
magmatic melt-volatile phase equilibria, and at best, are representative of proto-ore fluids
as they exsolve from a magma and extract ore metals. The processes of fluid ascent,
decompression, cooling, mixing and reaction necessarily changes the properties of
magmatic volatile phases. In order to characterize the magmatic volatile phases that
control ore metal extraction from the magma and transport in the hydrothermal regime,
more detailed experiments are required.

Experimental melt-vapor-brine data from LA-ICPMS analysis of fluid inclusions
reported by Simon et al. (2006) indicate that copper partitions strongly into high-salinity

magmatic brines relative to coexisting low-salinity vapors (D" = 3.7 at 800 °C and
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140MPa) for S-free, CO,-free experiments. Sulfur-bearing experiments at similar
conditions are consistent with an increase in the copper concentration of the magmatic
vapor, but the brine remains enriched in copper relative to the vapor ( D.." decreases but
remains > 1) (Frank et al., 2011; Simon et al., 2006). The data reported by Simon et al.

(2006) are also consistent with a maximum in the Cu-Na exchange K ELTM at 100 MPa.

This is consistent with Williams et al. (1995) and Candela and Holland (1984) given that
changes to the vapor salinity were hypothesized to control Cu-Na exchange in the
aqueous mixture analyzed. Some experimental data at sub-solidus conditions of 600 to
700 °C (Lerchbaumer and Audetat, 2009) and at hydrothermal conditions ranging from
350 to 450 °C (Pokrovski et al., 2005) also indicate that copper partitions strongly into
high-salinity brines compared to low-salinity vapors in the system NaCIl-H,O. This is in
contrast to some studies discussed previously that characterize apparent copper
partitioning into vapors relative to coexisting brines at sub-solidus conditions in porphyry
deposits. A small number of experimental studies have produced boiling assemblages
(coexisting vapor and brine) at lower temperatures and pressures (500 to 650 °C and 35 to
50 MPa) that are consistent with vapor dominated copper partitioning (Nagaseki and
Hayashi, 2008; Nagaseki et al., 2006). These experiments produced a small number of
sulfur-bearing vapor and brine fluid inclusion assemblages in which the copper
concentration of the vapor inclusions was greater than that of the brine inclusions. The
vapor-dominated behavior in these studies is confined to sulfur-rich fluid compositions
that may mimic ore fluids at conditions of ore deposition. However, it remains unclear
what properties of the vapor and brine change from magmatic conditions to produce this

different partitioning behavior. In addition, the budget of copper budget available for
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transport from magmatic conditions to those of ore deposition must rely on the efficiency
of removal of copper from the melt during exsolution of magmatic vapor and brine.

The results of recent experiments have also illuminated the need for diligence
when evaluating copper, and other univalent cations, in natural settings that may have
experienced multiple hydrothermal fluxing events; two examples are detailed below.
Experimental work presented by Zajacz et al. (2009) identified the possibility of diffusive
re-equilibration of fluid inclusions with respect to univalent cations, resetting the
concentration of trapped fluid inclusions to that of later generations of magmatic fluids.
Other researchers evaluating the alteration of previously trapped fluid inclusions from
natural deposits have also begun to report experimental results that confirm the
possibility for re-equilibration of vapor inclusions (Lerchbuamer and Audetat, 2011).
These results may appear to be in conflict with the results presented for fluid inclusion
analyses from ore zones in a number of porphyry copper deposits, but experiments at
magmatic conditions are most useful in developing models for metal extraction by proto-
ore fluids and are not directly comparable to natural fluids at sub-solidus conditions. The
data from magmatic experiments should be used to fill gaps in our understanding of melt-
volatile phase equilibria based on evidence recorded in natural systems.

The static copper partition coefficients reported for melt-vapor-brine assemblages
consistently demonstrate a strong correlation between MVP salinity and copper
concentration. However, initial chlorine concentration and CI/H,O ratios of silicate melts
will exert a strong control on the efficiency of removal of copper into exsolving volatile
phases during second boiling. The general efficiency of removal of copper into an MVP

is usually defined by the concentration of copper in the accumulated magmatic volatile
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0
melt

phase ([Cul,,,, ), compared to the initial concentration in the silicate melt ([Cu],, ), as

shown in Equation (1) below.

E = [Cu]l(l)/IVP (1)
[Cu]melt

The salinity of the exsolving vapor is determined by the melt/vapor partition coefficient

for chlorine, and the CI/H,O ratio of the melt. Copper is generally compatible in bulk
felsic igneous minerals ( D" ~ 2)(Candela and Piccoli, 1998), and loss of copper from

the melt to small fractions (< 1wt%) of sulfide minerals (e.g. pyrrhotite) slowly depletes
the melt in copper during crystallization prior to volatile phase saturation (Jugo et al.,
1999; Mengason et al., 2010; Simon et al., 2008a). After volatile phase saturation, copper

becomes incompatible ( D" ~ 0.2), partitioning strongly into the exsolving MVP(s) if

sulfides no longer crystallize from the magma (Candela and Piccoli, 1998; Jugo et al.,
1999; Simon and Ripley, 2011). In order to account for the evolution of exsolving MVPs,
models for magma crystallization and volatile phase exsolution have supplemented
copper partitioning experiments. These models investigate the role of various parameters
related to melt-volatile phase equilibria in determining the potential for ore deposit
formation.

Given the indications that MVP salinity has a strong influence on copper
partitioning, Candela and Piccoli (1998) presented a model for evaluating the efficiency
of removal of copper into magmatic volatile phases (MVPs) exsolved during second
boiling. The model involves a felsic magma, water under-saturated, cooling and/or

crystalizing before volatile phase saturation. Trace elements, including copper, are
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partitioned between crystals and melt, reducing the efficiency of removal of copper from
the melt into MVP(s) proportional to the fraction of the melt crystallized.

At some point in the crystallization of the melt, determined by the ratio of the
water concentration in the melt relative to the water concentration at saturation, the melt
saturates with respect to a vapor phase. Heat flow into cooler host rocks progressively
crystallizes small fractions of melt, and for each aliquot of crystallization a known mass
of vapor, or vapor + brine bubbles are formed. The buoyant bubbles of vapor and/or brine
extract major elements and copper from the coexisting melts according to their chloride-
dependent MVP/melt partition coefficients. Under certain conditions in natural systems
these bubbles accumulate in the cupolas and dikes near the roof of a magma chamber.
The budget of ore metals in the accumulated MVP bubbles is controlled by the integrated
efficiency of removal of copper by successive aliquots of vapor and brine exsolved from
the melt. Thus, the sum of the masses of each aliquot of magmatic vapor or brine
represents an estimate of the total efficiency of removal of copper into the MVP(s) (E)
during second boiling.

The MVPart model allows for varying the pressure, temperature, and initial water
and chlorine concentrations of the melt to explore the variation in the efficiency of
removal of copper from the melt into MVPs predicted for the range of conditions
observed in natural arc magmas during exsolution of volatile phases. In addition to
characterization of the partitioning of copper for melt-volatile phase equilibria in CO»-
beraring experiments, I also present a modified version of the MVPart model. The CO,-

MVPart model will incorporate the experimental data on the NaCI-H,O-CO, system and
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copper partitioning data presented in this study. I then present modified predictions for

the efficiency of removal of copper from the melt into MVPs as a function of Xcoo.

2.1.2 CO;in Arcs and Porphyry Copper Deposits

One important aspect in the formation of porphyry copper deposits, and other
magmatic hydrothermal deposits, has not been included experimental work; the effect of
the presence of CO, as the second most abundant magmatic volatile phase component in
arc magmas remains poorly constrained in experimental partitioning studies (Anderson et
al., 1989; Botcharnikov et al., 2005; de Leeuw et al., 2007; Fischer, 2008; Jarrard, 2003;
Liu et al., 2005; Lowenstern, 1994; Lowenstern, 2001; Sano and Williams, 1996;
Wallace, 2005). Volcanic emissions in active arcs range from nearly CO,-free to close to
100% CO;. This CO; can be derived from the mantle as part of the fluxing of volatile
phases that generates arc magmas or via reaction and/or assimilation of carbon-bearing
country rocks. Isotopic data suggest that the CO; flux from mantle depth is dominantly
sourced from slab sediments (90%) with a small mantle input (10%) (de Leeuw et al.,
2007). Models of slab fluxes presented by Jarrard (2003) indicate that the H,O/CO; ratio
of most slab derived volatile phases ranges from 5 to 10 (10 mol% to 20 mol% CO5). As
the magmas generated by the addition of slab derived fluxes of volatile phases ascend,
they decompress, crystallize, change composition and may saturate with respect to
volatile phases at various stages of ascent. Deeper mafic magmas can initially saturate
with respect to a volatile phase with an H,O/CO; ratio as low as 0.05 (~95 mol% CO,)
(Botcharnikov et al., 2005; Lowenstern, 2001). These volatile phases may ascend into,
and mingle with, overlying, more evolved magmas (Botcharnikov et al., 2005;

Lowenstern, 2001). Titrating CO, rich volatile phases through the overlying felsic
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magmas can influence volatile phase compositions during exsolution and may impact the
efficiency of removal of copper from the melt. Variability in the Xco, of the MVPs is
controlled by a variety of subduction characteristics including slab age, angle and rate of
subduction, sediment composition, etc. (Jarrard, 2003) If CO; affects metal partitioning,
then aspects of a particular slab which can influence the H,O/CO; ratio and total mass of
CO; evolved will affect the efficiency of removal of copper from the magma into volatile
phases.

Whereas dissolved, mantle-derived CO; is controlled by the composition and P-T
conditions of the silicate magma, the assimilation of carbon-bearing country rocks can
not only add CO; to magmas, but can also affect magma composition; specifically melt
composition or the relative oxidation of the magma (fO,). The assimilation of reduced
organic carbon by rising magma will generate both CO, (Equation 2)
2C + 2H,0 = CO, +CH4 2)
and CHy4 via reaction with H,O. The CH,4 generated can then reduce iron-oxide and other
magmatic system components (Equation 3).

CH4 + Fe203 (melty = 2FeO (mery + H2O + CO, 3)

Magma oxygen fugacity has been shown to be a master variable for numerous
magma evolution and metal partitioning processes. Changes in iron speciation, sulfur
speciation and the stability of Fe-Cu-Au -bearing sulfides, associated with changes in
fO,, can exert a strong control on copper partitioning and efficiencies of removal of
copper by the MVPs (Candela and Holland, 1984; Candela and Piccoli, 1995; Candela

and Piccoli, 2005; Holland, 1965; Whitney, 1984).
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Organic-rich shale units are generally more aluminum rich than arc magmas, and
assimilation of shale host rocks into the silicate melt may induce crystallization and
slightly increase the Al,O3 concentration of the melt in addition to affecting melt fO, and
adding CO,. A felsic magma comprising a melt saturated with feldspar, biotite and
hornblende must further crystallize to raise the temperature (generating latent heat) and
dissolve any shale host rock assimilated. The higher Al,O3/(Na,O+K,0+CaO) ratio of
the shale may also result in decomposition of hornblende to generate biotite. In contrast,
the assimilation of limestone by the same melt would add dominantly CaO in addition to
CO,. This would result in decomposition of biotite to produce hornblende. However, the
thermal cost (heating the country rock and dissolution in the melt) of assimilation of any
host rocks equivalent to even 10% of the mass of the melt will usually result in nearly
complete crystallization of a felsic magma.

Mafic and andesitic melts deeper in arc systems also assimilate host rocks during
ascent and emplacement. The thermal cost of assimilation still remains, and may
contribute to crystallization and differential of the arc magmas. Thus, assimilation of host
rocks, and associated addition of CO,, is limited by the excess heat of magmas
(maintaining magmas at supra-solidus conditions). However, thermal dehydration and de-
carbonation of host rocks may add CO; to shallow melts without significant incorporation
of the host into the melt. These reactions can proceed with considerably lower heat flow
out of the magma than complete assimilation. Addition of CO, via this form of contact
metamorphism can occur throughout magmatic intrusion in arc systems.

The CO; concentration of arc magmas can increase from initial slab

concentrations (10 mol% to 20 mol%) via enrichment of melts during differentiation
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and/or interaction with host rocks. As a result, evolved magmas may initially saturate
with respect to a volatile phase with high CO, concentrations. Measurements of CO; in
melt inclusions from the Bishop Tuff suggest that the Bishop magma would have been in
equilibrium with a vapor phase containing as much as 45 mol% CO; (Xc02,=0.45)
(Anderson et al., 1989). However, where CO, data are available for porphyry deposits the
indication is that ore-fluids fall at the low end of the range seen in arc systems in general;
between 0 mol% to 10 mol % (Table 1) (Audetat et al., 2008; Lowenstern, 2001;

Redmond et al., 2004; Rusk et al., 2008).

Deposit/Experiment Deposit Type Dgfv CO, Reference

Porphyry (in V-rich FI)

Bajo de la Alumbrera Cu-Au 0.25 - Ulrich et al. (1999)
Grasberg Cu-Au 0.25-1 Low Bakker et al. (2003)
Santa Rita Cu-Mo-Au 0.251 < 5mol% Audetat et al. (2008)
Bingham Cu-Mo 2 Low Redmond et al. (2004)
El Teniente Cu-(Mo) 0.9 - Audetat et al. (2008)
Butte Cu-Mo-Au - 5 mol% Rusk et al. (2004)
Pine Grove Mo-(Cu) - Low Lowenstern (2001)
Yankee Lode Sn-(Cu) 0.1 Low Audetat et al. (1998)
Epithermal

Tambo Au - up to 3 mol% Deyell et al. (2005)
Ohaaki Au-Ag - 8-14 mol% Simmons et al. (2008)
Jinchang Au - CO,;-rich Zhang et al. (2008)
Experimental (800°C) Element MPa

Condensed Fluid (MVB) Cu 120 100 N Williams et al. (1995)
Variable fS, FI (MVB) Cu 7t017 100 N Frank et al. (2011)
Fluid Inclusions (MVB) Cu 3.7+1.3 140 N Simon et al. (2006)
Sulfur-Bearing FI (MVB)  Cu 1.4 +0.3 140 N Simon et al. (2006)

Table 2: Copper partitioning behavior and CO; concentration of natural and
experimental magmatic-hydrothermal systems. Natural deposits shown contain vapor
inclusions with copper concentrations equal to or greater than brines, and often
containing CO,. Epithermal systems are observed with low, moderate and high
concentrations of CO,. Experiments do not commonly reproduce vapor dominant copper
partitioning and do not contain CQO,. (MI) = melt inclusions; (-) = CO; concentration
uncharacterized

Both high-salinity brines and low-salinity vapors have been trapped, at elevated
temperature and pressure, in inclusions found in porphyry and related ore deposits. If the

presence or absence of CO; does not play a role in ore genesis, then the same range of
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CO; concentrations in fluid inclusions from deposits should be the same as that
extrapolated for MVPs in equilibrium with arc magmas in general. However, several
alternative explanations for this discrepancy must also be addressed. The mixing of
magmatic fluids with other H>O-rich fluids prior to trapping inclusions could dilute the
concentration of CO, in the proto-ore fluids. However, even CO,-free non-magmatic
fluids would only dilute the Xco, of the mixed fluid proportionally to the degree of
contamination. Hydrogen isotopic analyses of the fluid inclusions from natural deposits
and oxygen isotopic analyses of alteration minerals are consistent with, at minimum, a
dominantly magmatic source for the trapped fluids (Dilles et al., 1992; Harris et al., 2005;
Sillitoe, 2010). Given the limited range of CO; in PCD, the minimal dilution of magmatic
CO; by fluid mixing is not a viable mechanism for explaining the discrepancy in Xcop.
Another hypothesis might be that the fluids depositing copper in PCD are derived
from a different stage of magmatism or exsolution of volatile phases. This argument
requires that the CO,-rich fluids that do or do not extract ore metals do not contribute to
ore-deposition or are not sampled by fluid inclusions. The possibility of changes to metal
partitioning or ore deposition as a function of Xco, supports the need to investigate the
effects of CO; on deposit formation. However, a complete account of the effects of CO,
on fluid transport of metals in PCD will not be possible based solely on the results of the
experiments described in this chapter. Nonetheless, the small range of X0, observed for
natural deposits is an indication that CO,-rich fluids play a negative role in the formation
of porphyry deposits. In order to address this discrepancy, and the effect CO, may have
on melt-volatile phase equilibria and copper partitioning, I present a series of experiments

that evaluate copper partitioning in synthetic CO,-bearing melt-vapor-brine assemblages.
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The experiments reported in this study provide direct experimental measurements of
copper partitioning between coexisting vapors, brines, and silicate melts at variable Xco
in the MVPs. Understanding NaCl-H,O-CO; phase relationships is vital to understanding
exsolution of CO,-bearing volatile phases by arc magmas. The salinity data reported for
the CO,-bearing fluid inclusions from this study (determined by microthermometry) also
provide experimental support for the model presented by Duan et al. (1995) for NaCl-
H,0-CO; at 800 °C and 100 MPa.

The experiments include an aqueous NaCl-KCl-FeCl,-HCl magmatic volatile
phase similar to that used in other experiments (Candela and Holland, 1984; Simon et al.,
2006; Williams et al., 1995) as a proxy for the complex chloride component of volatile
phases exsolved from magmas in arc systems. In order to quantify the composition of the
MVPs, I present several variations on trapping synthetic fluid inclusions in quartz by pre-
fracturing (Simon et al., 2006), or in-situ fracturing (Sterner and Bodnar, 1991) the quartz
cores and trapping vapor and brine fluid inclusions. LA-ICPMS analyses of quenched
glasses and fluid inclusions were then used to generate partition coefficients and
equilibrium constants for copper partitioning at magmatic conditions. The sulfur-free
copper partitioning data reported in this chapter are consistent with a decrease in the
equilibrium efficiency of removal of copper into the vapor correlated with a decrease of
the brine-saturated vapor salinity with increasing Xco2. The impact of this shift in copper
partitioning can be extrapolated to conditions of dynamic exsolution of volatile phases
using the CO,-MVPart model presented in this chapter.

The common deposition of copper as sulfide in porphyry deposits also points to

copper-sulfur complexes as another potentially important component to MVP-melt
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partitioning behavior. Accordingly, the role of sulfur (including possible interactions with
CQOy) is at the forefront of ore deposit research (Alletti et al., 2009; Frank et al., 2011;
Jugo et al., 1999; Lerchbaumer and Audetat, 2009; Mengason et al., 2010; Mengason et
al., 2008; Pokrovski et al., 2008; Pokrovski and Dubrovinsky, 2011; Pokrovski et al.,
2009b; Simon et al., 2007; Simon et al., 2006; Zajacz et al., 2010a; Zajacz et al., 2011).
The combined effect of variable Xco> on sulfur-bearing and chlorine-bearing copper
complexes was investigated by the CO,-bearing and sulfur-bearing experiments

discussed in Chapter 3.

2.2 Experimental Methods

2.2.1 Starting Materials

Experiments with CO,-bearing MVPs were run in Pt capsules or in CusAuo,
capsules (OD/ID : 5.0/4.9 mm, 1.75 to 2.5 cm length). The CusAuos capsules were
fabricated using a technique presented by Zajacz et al. (2011). In that procedure, gold
tubes were electroplated with a known mass of copper on the external surface of the tube.
After cleaning the excess electroplating solution from the tube, along with any salts that
may have formed, the tube was dried and prepared for alloying. Fused silica tubes with
ID = 6 to 7 mm and wall thickness 0.5 mm were then sealed at one end and the copper
plated gold tubes were placed inside the silica tube. The silica tube was then sealed under
vacuum. The proto-capsule was then heated to ~850 °C for one day to begin the alloying
process and prevent any eutectic melting at the Cu/Au interface. The temperature was
then raised to 930 °C for 3 days to allow for a homogeneous alloy to form over the length
of the capsule before cooling to room temperature. Each proto-capsule was then

inspected for signs of contamination or copper oxidation.
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Prior to running the experiments, the capsule material was cleaned and anealed at
temperatures > 1200 °C for Pt and > 900 °C for CugAugs. The welding of Pt and CugAugg
capsules was performed in a bath of cold CO; vapor (formed from sublimation of dry ice)
to mitigate capsule oxidation due to heat generated by the carbon arc welder. At the
pressure and temperature conditions of the experiments (800 °C and 100 MPa) felsic
silicate melts were generated from either powdered Bishop Tuff or powdered Corning
Glass, a 100 MPa haplogranite minimum melt (GR1). The Bishop Tuff was formed from
ash fall deposits mixed with varying amounts of associated ignimbrites (clasts of
dominantly biotite, plagioclase, quartz, and sanidine as well as small amounts of apatite
and magnetite) occasionally visible as grains within crushed samples (Hildreth and
Wilson, 2007; Wilson and Hildreth, 1997). To determine the composition of the hydrous
starting melt, Bishop Tuff was melted in a separate experiment at the same run conditions
and in the presence of excess H,O (See Table 3). The hydrous starting melt was allowed
to form a glass upon cooling. The hydrated melt generated from the powdered Bishop

Tuff was peraluminous, with an ASI = 1.21 calculated according to Equation (4)

ASI = [ALO,] 4)
[Na,0 + K,0 +CaO]

presented by Shand (1949).

The ASI or “Aluminum Saturation Index” compares the aluminum and alkali
components of the melt, and provides a comparison to feldspar stoichiometry. The
powdered Corning Glass (haplogranite) has a composition close to the 100 MPa water-
saturated granite minimum melt (Table 3). The use of a haplogranite melt was
particularly important for CO,-bearing experiments (Xco2 = 0.38) as it allowed for
maintaining a low degree of crystallization (crystals are dominantly alkali feldspar and
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plagioclase) and thus, minimal change to melt composition compared to low-CO,
experiments. In contrast, experiments attempted at high Xco, with Bishop Tuff magmas
were almost entirely crystalline by the end of the run. This would make measurements of
the glass composition, and melt-volatile phase copper partitioning data, difficult of
obtain. The absence of iron in the synthetic haplogranite glass required the addition of

magnetite in order to ensure accurate comparison of MVPs at low and high Xco;.

Bishop Tuff (Wt%) GR1 (Starting Glass-wt%)
Na,O 2.7% Na.O 3.7%
MgO 0.02% MgO 0.1%
Al O3 14.1% Al;Os 1.1%
SiO; 72.4% SiO, 75.2%
K20 6.6% K20 4.4%
CaO 0.03% CaOo 0.17%
TiO, 0.08% TiO, 0.03%
MnO F <0.01% MnO 0.01%
FeO 0.03% FeO 0.04%

ASI 1.2 ASI 0.99

Table 3: Starting glass compositions for hydrated Bishop Tuff and GR1. Analyses of
glass formed from Bishop Tuff melt performed using EPMA methods described in section
(3.4). Composition of Corning starting glass (GR1), was determined by Frank et al.
(2001) using XRF. ASI values are shown for comparison to run product glasses.

Natural magnetite collected from Essex City, New York was added to some
experiments, to ensure sufficient iron was available for maintaining magnetite-saturated
conditions regardless of whether magnetite is created or destroyed during the run. The
natural magnetite contains small impurities of titanium (0.3 wt%), manganese (0.08 wt%)
and less than 100 ppm vanadium and cobalt (Mengason, 2007). Acid tests conducted on
crusted samples of magnetite were consistent with little to no carbonate contamination.
Thus, no effect on the major element composition or Xco, of the magmatic phases is
expected due to the addition of magnetite. Oxalic acid dihydrate (99.5% oxalic acid,
purchased from Alfa Aesar) was used to generate CO; in all experiments. Other

experiments have utilized silver oxalate to add CO, to noble metal capsules (Sterner and
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Bodnar, 1991). However, Kruger and Diamond (2001) reported evidence that silver
oxalate may react with NaCl-bearing solutions and may change homogenization behavior
of fluid inclusions synthesized in experiments utilizing silver oxalate. Copper oxalate
could be used in its place, but it remains unclear if the same reaction problem exists for
other salts of oxalic acid. Regardless, the high concentration of CO, required for the
experiments in this project prevents the use of these CO, sources because the
concentration of silver or copper in the experiments would become > 10 wt% for high-
CO; runs. High silver or copper concentrations will change the bulk chemistry of the
vapor and brine, adding undesired variance between low-CO; and high-CO; experiments.
The use of oxalic acid allows for precise control of the concentration of CO, while
mitigating undesired reactions and variable concentrations of silver or copper at the start
of an experiment.

Natural, inclusion-free Brazilian quartz was cored to create 4 mm diameter
cylinders for trapping fluid inclusions. Water was used to lubricate during cutting. Cores
were cleaned in ethanol and dried in an oven for 12-24 hours to ensure that no additional
water or contaminants were added to the experimental charge. Starting solutions were

created by using oven dried NaCl, KCl, standardized 1M HCl, and anhydrous CuCl,.

2.2.2 Experiment Design

Experiments with Xco, = 0.10 and 0.38 (the maximum value possible given the
experiment design) were conducted to evaluate the effect of CO, on copper partitioning
within the Xco, range observed in natural arc systems. Experiments were run in noble
metal capsules inside René alloy vessels at magmatic conditions for five days. The René

vessels, used in combination with noble metal capsules that are permeable to H; at
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temperatures in excess of 500 °C (Chou, 1987), buffer the oxygen fugacity of the
experiments to near Ni-NiO. At elevated run temperatures (800 °C), the vessel material
allows for control of the oxygen fugacity via H, diffusion across the walls of the Pt or
CuAu capsule, and the resulting equilibrium with the internal aqueous solution and
external water pressure medium. The final oxygen fugacities of the CO,-bearing
experiments are log fO, = NNO and log fO, = NNO — 0.2 for experiments at Xco, =
0.10 and 0.38, respectively (Appendix II).

When osmotic H, equilibrium has been established between the capsule contents
and the external pressure fluid, the fO, inside the capsule will still not match the vessel
fugacity because of the difference between the fH,O inside and outside the capsule. The
equivalence of fH; between two reservoirs of different fH>O, yields different oxygen

fugacities by virtue of the equilibrium constant, as shown in Equation (5) below.

x _H.TIf0)] (5)
" [fH,0]

The value of the equilibrium constant (K, = 4.4x10™"") was calculated by SUPCRT92 for
800 °C (Johnson et al., 1992). On average, an internal capsule fO, ~ 0.1 to 0.4 log units
below that of the vessel is expected for the compositional range in my CO,-bearing
experiments. This intrinsic fO, of the René vessels used in our experiments has been
measured to NNO + 0.1 to 0.2 log units via CoPd alloy-CoO sensor, and consideration of
the equilibria described by Chou (1987) and Taylor et al. (1992) (Appendix I).

During the initial increase of pressure and temperature, oxalic acid decomposes,
ultimately yielding CO,, H,O (from hydrate) and H, gas. The decomposition produces
COy, rather than CO or CHa, given that the decomposition proceeds quickly at
temperatures above 400 °C (Higgins et al., 1997). The CO, generated has a volume less
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that the internal capsule volume at experimental conditions. Other experiments confirm
that upon decomposition, silver oxalate (salt of oxalic acid) (Schmidt and Bodnar, 2000;
Sterner and Bodnar, 1991) and oxalic acid (Azbej et al., 2007; Fall et al., 2011) can be
used to accurately generate the desired quantity of CO,. The formation of H, gas requires
more careful consideration as it causes temporary disequilibrium between the experiment
and the intrinsic vessel fO,.

Oxalic acid decomposition is accompanied by the generation of H,. The increase
in the fH; lowers the initial fO, of the experiments (< NNO -3 log units) (Appendix II).
Using the method described by Chou (1987), I calculated the time required for the system
to reach equilibrium. This requires removal of H, from an experiment capsule by
diffusion. Numerically, this was accomplished by recursively calculating the internal
hydrogen fugacity using estimates of the volatile phase proportions, and simplified
fugacity calculations. The activity coefficient for H, at experimental conditions and a
low proportion of H, as a MVP component, varies ~ 5%. Assuming one value for the
activity coefficient of the H, component of the MVP simplified the calculation, resulting
is a slight underestimate of the initial fH, and slight overestimate of time required for
equilibration. Based on this model, experiments performed in CusAug, capsules required
~ 4 to 40 hours to reach equilibrium with respect to H,. Experiments performed in Pt
capsules required only 0.5 to 5 hours for fH, equilibration (See Appendix II for details).

The starting aqueous solution for the experiments was also varied as changes were
made to the Xco,. As discussed, the oxalic acid used to generate CO; in the experiments
is hydrated. Thus, changing the amount of oxalic acid added to the experiment changes

the amount of chloride-free water added as well. The chemistry of the starting aqueous
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solution must be adjusted accordingly to account for the water added along with CO,

from the oxalic acid hydrate. This also ensures that a CI/H,O ratio similar to that of vapor

+ brine mixtures exsolved from felsic magmatic systems (CI/H,O ~ 0.06) was maintained

in all experiments. The starting solution in all experiments was an equal mixture of NaCl

(1.75M) and KCI (1.75M) with roughly 0.1M HCI. Additionally, all the solutions
contained ~5000 ppm copper added as CuCl,.

The starting ratios of water, carbon dioxide and salts were designed to generate
coexisting vapor and brine phases at the experiment conditions (800 °C, 100 MPa). A
ternary plot for the NaCl-H,O-CO; system generated by using software based on the
model presented by Duan et al. (1995), shows the two-phase field of interest in the CO,-
bearing MVP experiments (Figure 4). The NaCl component of the ternary system was
used as a proxy for the NaCI-KCI-HCl+CaCl,+FeCl, MVP chloride component of the
experiments, and for the more complex chloride components in natural systems. The

formation of a two-phase field with the addition of chlorides to the H,O-CO, binary is a

colligative property, and the “salinity” of the coexisting phases is controlled by the effect

of the number of particles present. The presence of divalent cations (Ca®" and Fe*") will
yield 3 particles instead of 2 and the low concentration of these species can be treated as

1.5 NaClq to ensure accurate estimation of the appropriate phase relations.
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\d Brine

H,O 40 60 CO,
Mol % CO,
Figure 4: Schematic H0-CO,-NaCl ternary shown in mole % for 800 °C and 100 MPa
generated using the model presented in Duan et al. 1995. Green lines and dots represent
the compositions of the bulk MVP and the individual vapor and brine components.
Initial compositions within the two-phase field will exsolve coexisting vapor and brine.

An inclusion-free natural quartz core was added to each charge to allow for
trapping of synthetic vapor and brine fluid inclusions at run conditions. Early
experiments utilized pre-fractured quartz cores (fractured prior to the start of the run),
employing a method similar to that described by Simon (2007). An in-situ fracturing
technique (fractured during the run at magmatic conditions) described in Sterner and
Bodnar (1991) was used for later experiments. This technique requires that an un-
fractured quartz core is placed inside the capsule. After allowing for equilibration of the
run at high temperature, the vessel is then inverted and the capsule falls the cold end of

the vessel. This results in a drop in the temperature surrounding the capsule from 800 °C
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to ~ 400-450 °C. The drop in temperature shock fractures the quartz core and the vessel is
then quickly inverted again, returning the capsule to the hot end with little time for
formation of any low temperatures phases. This technique ensures equilibration between
volatile phases, silicate melt, and capsule at the desired oxygen fugacity prior to trapping
inclusions (see Discussion section for details). In all in-situ fractured experiments, the
quartz was fractured on day three of the experiment to ensure fO, equilibration prior to
fracturing while still leaving two days for inclusion formation. A schematic diagram of
the experiment design is shown in Figure 5.

Once a capsule was prepared and welded, it was loaded into a René 41 alloy cold
seal pressure vessel. The vessel was inclined at an angle of ~12° from horizontal, cold
end down, to minimize convection (Figure 5). At shallower angles, horizontal convection
of the pressure fluid results in larger thermal gradients across the capsule. At steeper
angles the capsule may easily fall to the cold end of the vessel. Internal thermocouples
were used to record thermal gradients of approximately 4°C across the length of a sample

capsule and record temperatures within 1 to 2 °C to an external thermocouple.

50



SG=Start Glass Q=Quartz core Mt-Magnetite
Ox=0xalic Acid Ag=Aqueous Solution
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Starting Materials During Experiment: 800°C & 100 MPa After Quench

Figure 5: Schematic diagrams showing the Pt capsule phase assemblage throughout an
experiment. The angle 0 shows the vessel angle above horizontal during the experiment.
Arrows indicate the equilibration of the melt-vapor-brine assemblage during 3 to 5 days
at conditions shown. Red and blue dots shown inside quartz core after quench represent
vapor and brine fluid inclusions.

After the vessel is fitted with a thermocouple and placed in the furnace an initial
pressurization is performed. Generally, the system is pressurized to ~20 to 50 MPa to
test the vessel seal, force aqueous solution into the fractured quartz inside the capsule and
prevent capsule rupturing during vigorous oxalic decomposition (Schmidt and Bodnar,
2000). The temperature and pressure are then raised to 800 °C and 100 MPa over ~ 30
minutes. Once a stable temperature was obtained, a constant pressure and temperature (+
2 °C) was maintained for five days, except during in-situ fracturing, to ensure
equilibration. A small drop in pressure and temperature occurs during fracturing.
However, the temperature and pressure were never allowed to drop more than 10% from
their equilibrium values ensuring that the capsule returns to 800 °C and 100 MPa within
10 minutes of fracturing. After five days the vessel was removed from the furnace, and
compressed air was blown across the vessel until the vessel reached room temperature,
which takes roughly 1 to 2 minutes. After the whole vessel-assembly was cooled the

remaining system pressure was released and the capsule was extracted.
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2.2.3  Run Products

In order to compare the composition of the magmatic phases and associated
copper partitioning, the composition of the silicate melt and magmatic vapor and brine
were determined from run products which preserve the magmatic phase compositions
down to ambient P-T conditions. The silicate melt composition was preserved from 800
°C down to the ambient conditions through rapid cooling down to temperatures below
~500 °C in less than 1 minute (5 °C/sec), producing homogeneous glass from the small
mass (15 to 30 mg) of silicate melt. Water speciation experiments presented by Nowak
and Behrens (1995) demonstrate that similar hydrous (4.14 wt%) metaluminous (ASI =
0.98) haplogranite melts at similar conditions (800 °C and 1500 MPa), and slower
cooling rates (5 °C/min), had glass transition temperatures of ~ 600 °C. Other rapid
quench experiments (5 °C/sec) presented by Deubener et al. (2003) are consistent with
somewhat lower glass transition temperatures of ~ 500 °C for hydrous granitic melts at
the 800 °C and 100 MPa and 4 wt% water, and with minimal water loss from the melt.
The lower glass transition temperature has been assumed to be valid to ensure that
quench time was not underestimated.

Testing of compressed air quench methods to cool the René vessels at the end of a
run confirms that the experimental capsules consistently reached the glass transition
temperature in ~1 minute. The short cooling time helps to ensure that the composition of
the silicate melt is well preserved by the run product glass, and that trace elements (e.g.
copper) are not lost during protracted dehydration of the melt. Care was also taken to
maintain pseudo-isobaric conditions upon cooling until the glass transition temperature

was reached. This minimizes inclusion formation due to the exsolution of bubbles of
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vapor and brine expected during decompression. Decreasing the number and size of fluid
inclusions formed upon quench resulted in large regions of inclusion-poor glass (>20
um), which were selected for analysis, and improves retention of as much of the H,O +
CO; dissolved in the melt as possible.

Samples of the vapor and brine were trapped as synthetic fluid inclusions during
“healing” of the fractures in the quartz cores at high temperature during the run. The use
of synthetic fluid inclusions allowed for trapping the homogeneous magmatic volatile
phases. Any mineral precipitation that occurred during quench from a single aliquot of a
MVP occurred entirely within the volume of the inclusions. Given that an inclusion has
“healed” completely closed, analysis of the entire inclusion volume, including these
precipitated phases, provides a complete picture of the composition of the trapped MVP.
Quartz cores were sectioned parallel to fluid inclusion trails and doubly polished until
inclusions were 10-40 um beneath the surface of the quartz.

Within the quartz-hosted fluid inclusion assemblages, inclusions were chosen that
were associated with large regions of similar inclusions to minimize analysis of
inclusions formed from a mixture of vapor + brine. Only inclusions > 10 pm and < 60
um were selected for analysis to ensure a strong sample signal and to minimize the
chances of decrepitation (exploding during ablation) or incomplete inclusion capture (see
Section 2.3.5 for details). As discussed in detail in Section 2.3, the salinity of quartz-
hosted fluid inclusions was first characterized to confirm a low degree of two-phase
mixing, and to use as an internal standard for LA-ICPMS. The LA-ICPMS analysis of the

fluid inclusions allowed for simultaneous quantification of major and trace element
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concentrations, which were then averaged to yield the composition of the magmatic

vapor and brine for a given experiment.

2.2.4 Demonstration of Equilibrium

Bishop Tuff or synthetic haplogranite melt cool from 800 °C through their
assumed glass transition temperature (~ 500 °C) (Deubener et al., 2003) in ~1 minute
during quench. Significant diffusive re-equilibration of copper in the melt during quench
would result in spatially variable copper concentrations in the run product glass, which
would prevent accurate estimation of the melt copper concentrations. However, trace
elements such as chlorine, and copper have characteristic diffusion distances (Lg) of, at
most, Sum to 20pum over this time interval (Zhang et al., 2010). The L4 is defined by the

diffusion coefficient (Kg4) and time (t) according to Equation (6) below.
L,=2JK, (6)

Given that the glass bead formed upon quench is on the order of 1 mm in maximum
dimension, the [Cu]merr should be homogeneous across the sample. Small heterogeneities
may exist near the edges of the grains or near large inclusions. However, any gradients in
copper or chlorine will occur over smaller distances than the analytical volume of the
glass analyses. To confirm this hypothesis, the copper concentration throughout the run
product glass was examined for heterogeneity.

Early experiments utilizing pre-fractured quartz cores were susceptible to some
disequilibrium if the concentration of copper in the MVPs was variable throughout the
experiment. Some fluid inclusions may represent early MVPs whereas the glass formed
from the silicate melt was in equilibrium with the final MVP composition. As discussed,

the use of in-situ quartz fracturing helps ensure that fluid inclusions sample equilibrated
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fluids and prevents transient disequilibrium features from affecting the apparent
equilibrium between the MVPs and silicate melt. The pre-fractured quartz cores from our
experiments usually sampled fluids close to equilibrium, but significantly more scatter
and somewhat elevated MVP copper concentrations are observed in the data from pre-
fractured experiments.

In addition, glass-hosted brine inclusions have been analyzed from a subset of the
CO,-bearing experiments in order to compare their composition to the quartz-hosted
brine inclusions used to characterize MVP compositions. Glass-hosted brine inclusions
were formed upon quench, trapping the brine inside the glass formed from the final
silicate melt. Consistency between the composition of glass-hosted and quartz-hosted
brines confirms that the quartz-hosted brine-vapor assemblages also represent
equilibrium compositions. The composition of the run product glass was also measured
close (<50 um) to Cu-rich brine inclusions during their ablation to make a host
correction. These glass analyses were then compared to analyses from the inclusion-poor
glass used to quantify the composition of the silicate melt to check for any exchange of
copper between melt and large fluid inclusions. Thus, equilibrium was assessed based on
two factors; homogeneity of the copper concentration of the silicate melt, and consistency
between the copper concentration of quartz-hosted and glass-hosted inclusions.
Consistency in glass and fluid inclusion compositions confirm that partition coefficients
and equilibrium constants calculated from these analyses represent equilibrium magmatic

conditions.
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2.3 Analytical Techniques

2.3.1 Fluid Inclusion Microthermometry

Fluid inclusion microthermometry is the determination of the major element
chemistry of fluid inclusions by observations of phase changes that occur during the
heating or freezing of inclusions. The goal of microthermometry conducted on the
synthetic fluid inclusions from this study was to determine the salinity of the inclusions,
or more accurately the NaCl concentration. The sodium concentration was then used as
an internal standard for LAICPMS analyses. The salinities of both vapor and brine fluid
inclusions from CO,-bearing experiments were measured using microthermometry. The
technique for analyzing each type of inclusion is detailed below.

The quartz core containing vapor and brine inclusions was mounted in Crystal
Bond and cut into 400-1000 um thick slices. The slices were doubly polished yielding the
inclusion trails of interest sub-parallel to the polished surface at depths between 10-40
um. Petrographic observation of fluid inclusion assemblages was used to discriminate
brine-dominant or vapor-dominant zones of an inclusion assemblage. Inclusions were
discriminated via consistency in precipitated salt content or vapor-bubble volume in brine
and vapor inclusions, respectively. Inclusions that show significant deviation from the
norms for each experiment were identified as mixed inclusions (vapor + brine) and were
usually observed at or near a vapor-brine interface within the healed fracture(s).
Inclusions identified as mixed inclusions were avoided for analysis, though
microthermometric measurements were also used to identify some mixed inclusions

missed by visual observations. Inclusions that deviate from the 2¢ standard deviation of

56



the remaining vapor or brine inclusions from a single experiment were also labeled as
mixed inclusions and not analyzed by LA-ICPMS.

Inclusions that are obviously “necked” or interconnected were not used as they
also usually represent mixed or uncertain compositions. Small groups of vapor and brine
inclusions were observed during heating and cooling cycles using the USGS
microthermometry stage. Nitrogen gas was heated (via a heating coil) or cooled (via a
liquid N; bath) and then flowed through the chambers to heat or cool the sample chip.
The sample was held in place by a thermocouple, which was also used to monitor the
temperature during the analysis, and was standardized to the freezing point of distilled
water at 0 °C and 0.1 MPa. Measurements made on a USGS stage with the thermocouple

tip within 1 mm of the inclusions have temperature uncertainties of < 0.2 °C.

2.3.2  Brine Inclusions

The brine inclusions from my experiments were identified at room temperature by
the presence of two or more crystalline phases, a vapor bubble, and aqueous solution
filling the remainder of the inclusion (Figure 6 A). The dominant crystalline phases are
halite (NaCl) and sylvite (KCI) crystals that precipitated from the brine upon quench.

Inclusions used range in size (diameter) from 30 microns down to ~10 microns.

{ Aq.
A B

Figure 6: Photomicrographs of brine (A) and vapor (B) inclusions from experiment
Cu#320. Phases identified are: (H) Halite, (S) Sylvite, (Aq.) Aqueous Solution, and (V)
Vapor (CO; dominant)
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Once an inclusion (or several proximal inclusions) is selected, a voltage is applied to the
heating coil while 30 cfs (cubic feet per second) of N, flows across the coil into the stage.
As the temperature rises, the sylvite begins to dissolve into the aqueous solution first,
followed by the halite. The dissolution temperature of the two crystalline phases is then
used to calculate both the Na/K ratio of the inclusion as well as its bulk salinity using the

Fortran program SALTY outlined in Bodnar et al. (1989) (Figure 7).

Phase Equilibrium for H,O-NaCl-KCl-Vapor-saturated Brine Inclusions

NaCl KClI

Figure 7: Polybaric phase diagram in wt% (presented in Bodnar 2003) demonstrating the
composition of a vapor-saturated aqueous solution in equilibrium with halite, sylvite or
both at a given temperature. The composition of a given inclusion can be determined by
following the equilibrium path of the system upon heating until both sylvite and halite
dissolve (Example path shown as the dashed line above - Calculation uses FORTRAN
program SALTY).
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2.3.3  Vapor Inclusions

The vapor inclusion microthermometry is significantly more complicated than
that of brine inclusions. Vapor inclusions were identified at room temperature by a large
vapor bubble (~80% of the inclusion volume) and condensed aqueous liquid (Figure 6 B).
The inclusions used were similar in size to the brine inclusions. Freezing of inclusions to
-100 °C resulted in the formation of three or more new phases. The phases of interest are
clathrate, ice, and a solid CO,-rich phase formed by the vapor bubble. The clathrate is a
solid phase composed of a mixture of CO, and H,O. The ice phase is HyO-ice with a
small amount of the NaCl and KCl incorporated. Upon heating the vapor inclusions, the
CO,-rich phase disappears first at ~ -56 °C. Second, the ice will melt to form aqueous
liquid at temperatures from -6 to -1 °C. Lastly, the clathrate melts at ~ +4 to +10 °C and
was the most difficult to observe.

The hydration of CO, produces structure I clathrates with the formula 6X-2Y-
46H,0 where “X” is a gas “cage” made of 24 water molecules and “Y” is a cage made
from 20 water molecules (Diamond, 1994; Sloan and Koh, 2008). The more simplified
formula is 8H,O+(CO,, H,S), and thus the nucleation of clathrate removes salt-free water
equal to eight times the quantity of gas enclathrated. This will artificially enrich the
remaining water in salt, resulting in erroneously high salinities calculated using ice
melting temperatures. Only clathrate melting temperatures provide an accurate measure
of the vapor inclusion salinities for vapor inclusions that nucleate clathrate upon cooling.

clath

To determine clathrate melting temperatures (Ty, ) the inclusions were heated

slowly to a predetermined temperature (e.g. +1 °C) and then the heating coil was turned
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off and cold air quickly re-cools the inclusions. If clathrate was still present in the
inclusion, crystal growth was observed at the vapor-liquid interface. The inclusion was
then heated to 0.1-0.5 °C higher than before (1.1-1.5 °C) and then rapidly cooled. The
melting point has been reached when no clathrate grows immediately upon cooling.
Clathrate is very slow to melt or nucleate upon heating or cooling and cyclical heating is
necessary to ensure accurate determination of Tp,™".

Often, the observation of the freezing point depression of both clathrate and ice
are used along with a volume estimate of the vapor bubble to determine the composition
of vapor inclusions in CO,-bearing vapor inclusions. Several computer programs
outlined by Bakker and Brown (2003) use the phase change and volume observations to
evaluate the composition of the inclusions yielding mole proportions of H,O, CO,, Na, K,
and Cl. However, this method results in very large uncertainties and imprecision in the
low fluid inclusion pressure (Pgy) range of interest. Other accurate methods for salinity
determination exist, but rely upon the observation of both CO, vapor and CO; liquid
during heating/freezing experiments (Bakker and Diamond, 2000). In order to
characterize vapor inclusions containing CO, vapor only at room temperature, the salinity

clath )nd an accurate

of CO,-bearing vapor inclusions was determined using only the Ty,
direct measurement of CO; density, or pressure of the inclusion, when only one CO,
phase was observable. The clathrate stability field is depressed to lower temperatures by
the addition of increasing concentrations of chlorides (Bakker and Brown, 2003;
Diamond, 2003; Fall et al., 2011; Sloan and Koh, 2008). As with water, the freezing point

depression of clathrate is a colligative property, and the mixture of NaCl, KCIl, HCI, and

minimal CaCl, and FeCl, in vapor inclusions from CO;-bearing experiments will behave

60



almost identically to pure NaCl. Only CaCl, and FeCl, produce three solvated particles
rather than two, increasing the effect of these chlorides by 50%, which can be accounted
for when calculating total salinity. Accurate modeling of the clathrate stability boundary

clath to

(Sun and Duan 2006) allows for determination of the salinity required for the Ty,
intersect the CO, isochore for the inclusion at the clathrate stability boundary.

Previous studies have shown that Raman spectroscopy can be used to determine
the density of CO,-bearing inclusions (Kawakami et al., 2003) albeit at higher pressures
in metamorphic environments. Work by Fall et al. (2011) utilized a custom pressure cell
to investigate CO, Raman peak splitting in the region from 1-10 MPa in 0.5 MPa
increments and fit an empirical 3 order polynomial to the data, shown below in
Equation (7).

pCO, =-0.03031- A’ +9.432x10° - A> ~977.9- A +33780 O

The density of the inclusion (pCO,) can then be converted to a pressure using NIST
empirical equation of state calculations for CO, (Lemmon et al., 2012). By identifying
the density of the inclusion, the CO, isochore can be then used to find the fluid inclusion

clath \fore detailed information on Raman CO, measurements is

pressure (Pgr) at Tpy
available in Appendix V.

Raman analyses were conducted at Virginia Tech using a JY Horiba LabRam HR
(800 mm) spectrometer and a 514.53 nm Laser Physics 100S-514 Ar" Laser with
assistance of technician Charles Farley. Raman spectroscopy was first used to
characterize the carbon species present in vapor inclusions, specifically ruling out the

formation of CO or CH4 during the decomposition of oxalic acid. Values of Pr; were

calculated by application of the model presented by Fall et al. (2011) to the peak splitting
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measured Raman analyses of run product vapor-rich inclusions from the CO,-bearing
experiments of this study. Pressure measurements match both the observed phase
assemblage (CO, vapor only), as well as simplistic isochoric quench calculations.
Isochoric quench calculations for vapor-rich inclusions model the phase transformations
of sealed inclusions from 800 °C and 100 MPa trapping conditions to 25 °C using NIST
empirical EOS calculations (Lemmon et al., 2012). Condensation of the H,O-rich
component of an inclusion will results in a corresponding pressure drop in the dominantly
CO; vapor phase, which was estimated by incorporating the Xco, and estimates of
salinity.

The Raman density calculation model (Fall et al., 2011) cites a + 0.2 MPa
analytical uncertainty cited, which is combined with the variance observed between three
measurements of the same inclusion to obtain the uncertainty for the pressure of a given
inclusion assemblage (variance between inclusions was less than the instrument
uncertainty). The pressure calculated using the Raman CO, density calculation (Pgy), and
T must intersect on the salinity dependent clathrate stability boundary. The model of
the salinity dependence of clathrate stability presented by Duan and Sun (2006) was then
used to find the salinity at which the clathrate stability boundary passes through the

intersection of Pg; and Tp™" for a vapor-rich inclusion (Figure 8).
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Low-Temperature Phase Diagram for NaCl/H,0/CO,
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Figure 8: Clathrate stability diagram for low-pressure H,0O-CO,; clathrates, modified from
(Diamond, 2003). Clathrate is stable to higher temperatures than ice for the composition
of all CO2-bearing experiments of this study. The isochore for low X o, fluid inclusions
(lower) falls in the liquid water (H,0") + vapor carbon dioxide (CO,") field, and
intersects the clathrate stability boundary in a point defined by the clathrate melting
temperature (blue dashed lines) and the fluid inclusion pressure at that temperature (red
dashed lines). The isochore for high Xco; fluid inclusions (upper) intersects the CO,
boiling curve (orange) at temperatures above clathrate stability. Once immiscible liquid
CO; forms in the inclusion the isochore will follow the boiling curve and clathrate will
form from the liquid-liquid-vapor H,0-CO; mixture. The clathrate melting temperature
(determined by microthermometry) and pressure of the fluid inclusion (determined by
Raman) are input into the model for clathrate stability (Duan and Sun, 2006) to calculate
inclusion salinity. The dashed green boundary lines show the decrease in the melting
temperature of clathrate with increasing salinity.

2.3.4 EPMA Analysis of Run Product Glasses

The major element chemistry of run product glasses from sulfur-free, CO,-
bearing experiments was determined using a JEOL 8900 Superprobe Elecron Probe
Microanalyzer (EPMA). The glasses were mounted in 1”” epoxy mounts, polished, and
mapped for inclusion free zones and large brine inclusions. The degree of crystallization
was also estimated using transmitted and reflected light microscopy. Regions of silicate

glasses observed (transmitted light microscopy) to have minimal fluid inclusions near the
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surface were chosen for EPMA spots to minimize contamination by incorporation of fluid
inclusions in the analytical volume. A qualitative assessment was also made of the degree
of heterogeneity and crystallization present in the glass by assessing the average
composition of the glass across the sample surface using backscatter electron imaging
(BSE).

Quantitative Wavelength Dispersion Spectroscopy (WDS) was used to
characterization the major element composition (Na,O, K,0, Ca0O, FeO, Al,0O3, SiO,) and
trace element composition (Cl) of each run product glass sample. External standards for
glass analyses included Yellowstone rhyolite (Na,O, K,0O, Al,O3, SiO;), hornblende
(FeO, Ca0), and scapolite (Cl). Several spots (~10-30 um diameter) within one or more
glass sample from each experiment were selected, and an accelerating voltage of 15 kV,
and a beam current of ~ 5 nA were used for major element analysis of all glasses. A low
beam current was necessary to minimize the diffusion of Na away from the analysis spot
and ensure an accurate glass analysis. The use of a larger beam diameter also promotes
analysis of a representative glass volume. Between 8 and 20 glass analyses were collected
for each experiment, discarding some analyses for low totals (< 90%) and element ratios
consistent with erroneous analysis of feldspar or quartz. Totals for major element glass
analyses fall slightly below 100% owing to 2 to 4 wt% water content. WDS analyses
were also used to calculate values of melt ASI and as and were used as an additional

standard for LA-ICPMS analyses of melt copper concentrations.

2.3.5 LA-ICPMS Analysis of Fluid Inclusions
Quantification of the composition of fluid inclusions was achieved by LA-ICPMS

analyses allowing for simultaneous, quantitative analysis of most elements present in the
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inclusions (Na, K, Fe, Si, Al, Cu, = Au, + Ca). The use of LA-ICPMS on fluid inclusions
was rigorously described by Gunther et al. (1998) and has since undergone numerous
improvements. Quadropole mass spectrometers allow for limits of detection (LOD) in the
ppm range for most “trace” elements analyzed along with major elements (Heinrich et al.,
2003; Mutchler et al., 2008). Assuming complete inclusion signal capture, Heinrich et al.
(2003) demonstrated that 10 to 15 sampling cycles for each element are necessary for
fluid inclusion LA-ICPMS to avoid systematic errors. Complete signal capture requires
that all the phases present in an inclusion are completely sampled and are included in the
sample signal integration. This is especially important for inclusions containing
precipitates (halite, sylvite, etc.) to ensure accurate element ratios and bulk chemistry.
Additionally, the use of a He carrier gas maximizes the fraction of material reaching the
plasma by maximizing aerosol formation in the low-density gas and minimizing
deposition outside the ablation crater which can also distort element abundances.
LA-ICPMS analyses were conducted at the Virginia Tech Fluids Research Group
facility using an Agilent 7500ce ICPMS and a GeoLas 193nm eximer laser with the
assistance of technician Luca Fedele. The LA-ICPMS analysis requires that all inclusions
are ~ 20 to 50 um below the surface of the quartz, which maximizes the signal intensity
and minimizes explosive fracturing (decrepitation) of the quartz due to laser heating of
the inclusions. Each analysis session started and ended with the collection of two NIST
610 glass standard analyses to use as an external standard and to correct for instrument
drift. During each fluid inclusion analysis session, several other sets of standard analyses
were also collected to monitor for changes in element ratios due to high concentrations of

certain elements in the inclusions. An inclusion and appropriate beam diameter were
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selected to insure complete ablation based on the size and depth of each inclusion. A
background signal was collected for 60 seconds (He carrier gas flow only) prior to firing
the laser. The laser is focused on the sample surface, centered above the inclusion, and
ablation begins with a 10-16 um laser spot to prevent cracking or decrepitation. The laser
spot is stepped up in size until reaching the desired diameter before ablating the inclusion
at depth. Once the signal for all elements drops to nearly background levels the ablation
is stopped and the signal captured.

Run product glass analyses were also conducted using the LA-ICPMS facility at
Virginia Tech. Analyses of glass required the selection of regions of that appeared to
have minimal inclusion density. A 24 pm laser spot was used for all glass analysis along
with lower laser power (~7 J/cm”) owing to the better laser coupling characteristics of the
glass compared to quartz. Approximately 50% of the glass analyses were discarded
because they contained large signal spikes due to ablating large glass-hosted fluid
inclusions.

AMS (Analysis Management System) is software developed at Virginia Tech for the
reduction of data collected by LA-ICPMS with specific considerations for analysis of
fluid inclusions. The software is based on similar methodology to that laid out in
Gunther et al. (1998) and Heinrich et al. (2003). NIST 610 glass analyses are used as an
external standard for each element along with sodium concentrations in both NIST610

and the fluid inclusion as an internal standard according to Equation (8).

FI STD FI ySTD
Ci — Ci . Ii INa

FI ~ ,~STD yFI ySTD
CNa CNa I Nal i

(8)
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The Na concentration is obtained from the inclusion salinity (NaCl wt%) through
microthermometry and/or iterative calculation based on the characterization of bulk
salinity according to Equation (9).

NaCl, (wt%) = C;\Zcz + CIIEICI + CCF‘:CIZ + CII::CIZ ®)

Data from microthermometry is used calculate inclusion salinity and NaCl concentration
for use as the internal standard according to Equation (9). The NaCl concentration is
determined by subtracting the contribution of KCI. A correction is then made for the
contribution of FeCl, and any CacCl, present based upon element ratios determined by
LAICPMS. The background is selected from ablation of the quartz host and the “peak” is
selected to include all of the signal contributions from ablation of all phases in the
inclusion.

The combined sample set from each inclusion trail is then averaged to produce a
single representative composition for a fluid inclusion assemblage (FIA). Inclusions may
be rejected based on quartz fracturing, overall signal strength (no signal above 3o of the
background for major elements), and other mechanical failures during ablation. A small
number of brine inclusions were discarded based on deviation in the NaCl/KCl ratio,
measured by LA-ICPMS, from the 2c uncertainty of the ratio among the other inclusions.
Microthermometric halite and sylvite dissolution temperatures allow for determining the
ratio independent of the LAICPMS analyses. The ratio determined via microthermometry
(1 £0.2) matches the measured ratio for the bulk of the brine inclusions, excluding a
small number with a ratio very different from the microthermometric ratio. These
deviations indicate a non-homogeneous inclusion or incomplete signal capture during
ablation and thus, an unrepresentative composition. This likely results from the failed
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ablation of either the halite or sylvite daughter minerals in the inclusion. The 10
deviation in the NaCl concentration from microthermometry is then applied to each
element to account for small variability and imprecision in salinity estimation between

inclusions.

2.3.6 LA-ICPMS Analysis of Run Product Glasses and Glass-Hosted Brines

Run product glass analyses were also conducted using the LA-ICPMS facility at
Virginia Tech. Analyses of glass required the selection of regions that had a low
inclusion density. A 24-90 um diameter laser spot was used for all glass analysis along
with lower laser power (~7 J/cm®) owing to the better laser coupling characteristics of the
glass compared to quartz. Spots were chosen using transmitted light microscopy to
minimize the number of fluid inclusions included in the analytical volume. Spots were
also chosen at or near the same locations as those chosen for EPMA analysis. Raw data
were produced using a routine of summing all signals to a 100% oxide composition using
AMS software. This composition was corrected for an estimate of glass water
concentration and then the Na,O from the LAICPMS was compared the Na,O
concentration from EPMA analyses. The concentration of all major elements determined
by ICPMS was within 10% of the same element in the EMPA analyses. The LAICPMS
analysis of the run-product glass was only used to determine the concentration of copper
in the melt, and the deviation in the concentration of copper in a single run-product glass
sample was always greater than the deviation in major element concentrations.

Glass-hosted brine fluid inclusion analyses were conducted by selecting large (>
30 um) fluid inclusions at depths of 20 to 60 um below the surface, with proportions of

daughter chloride minerals similar to that observed in quartz-hosted brine inclusions. A
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background glass analysis was collected while ablating down to the fluid inclusions, and
again after complete inclusion ablation. Glass-hosted brine signals were reduced using
the same method described for quartz-hosted brines with the addition of a correction
factor for the contribution of the host glass signal. The composition of the glass
surrounding the glass-hosted brine inclusions was first characterized by reducing the
portion of the sample signal obtained prior to ablation of the brine inclusions, using the
same methods described for other glass analyses. This glass compositions and ICPMS
signals were then used to subtract the contribution of the glass from the signal derived
from ablation of the fluid inclusion for each element. The final signal was then reduced
using the same methods described for quartz-hosted brine inclusions. The glass analyses
collected before and after the inclusion signal, as well as glass analyses collected away
from inclusions, were used for host corrections, for a sub-set of glass-hosted brine
analyses. No deviation in glass composition was observed within analytical uncertainty
when comparing either host correction method. The data reduction including host

correction is also completed using AMS software (Mutchler et al., 2008).

2.4 Results

2.4.1 Silicate Melt Composition: Major Elements

Major element compositions and ASI for quench glasses were determined by
EMPA analysis, and are listed in Table 4. The ASI for each run product glass is
calculated using the formula shown in Equation (4). The ASI of starting melt
compositions is 0.99 and 1.2 for haplogranite (GR1) and Bishop Tuff starting materials,
respectively. The change in ASI reported for quenched glasses compared to starting

material compositions is due to equilibration between the silicate melt and the initial fluid
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composition via HCl, NaCl and KCl exchange. The ASI of the melts also gives an
indication of the concentration of HCI in the MVPs. This relationship, discussed by
Williams et al. (1997), indicates that an increase in the ASI of the silicate melt is
correlated with a decrease in the (Na+K)/H ratio of the MVPs with HCI partitioning

strongly into the magmatic vapor relative to brine.

Na,0 K20 Ca0 FeO Al,05 Sio, a Total

Melt Composition | i0(20) | wtwe(20) | wt%(20) | wt%(20) | wto(20) | wte(20) | ppm(20) | wite (20) | AST
Cu320[ 2.7 (0.3) | 6.4 (0.2) | 0.03 (0.02)| 0.03 (0.05) | 12.4 (0.6) | 73 (0.8) ND () | 94.7 (L4 [ 1.1
pre- | cus21| 2.4(0.2)| 7(0.7) | 0.02(0.01)| 0.02(0.04) | 12.1 (0.9) | 72.7 (1) ND(-) | 94.2(14) | 1.0

Fractured | cu326] 2.3 (0.3) | 7.1 (1.1) | 0.01 (0.02)| 0.03 (0.05) | 12.1(0.9) | 72.7 (1.3) ND (-) 943 (1.1) | 1.0
cu3si| 2.2(0.4)| 5.2(0.6)| ND(-) | 2.14(0.47)| 9.6 (1.1) | 73.3 (1.5)| 2800(380)| 92.6(1) | 1.0

Tn-Situ | Cu330] 2.7 (0.2) | 6.4 (0.7) | 0.02 (0.02)| 0.02 (0.05) | 11.8 (0.8) | 73.6 (1.3) | 2000 (500)| 94.8 (1.2) | 1.0
Fractured | cu332] 2.7 (0.2) | 6.4 (0.5) | 0.02 (0.03)| 0.01(0.02) | 11.7(0.5) | 73 (1) | 2200 (840)| 94.1(1.2) | 1.0

High CO, | Cu500| 2.9 (0.7) | 6 (0.8) NA (-) ND (-)° | 10.7 (1.9)| 74 (2.9) | 1700 (370)| 93.8 (1.8) | 0.9
Fe-Poor | cus02] 2.2 (0.5) | 5.7 (0.8) NA (-) ND (-)° 8.9 (0.6) | 74.5(1.8) | 3100 (420)| 94.5(2.9) | 0.9

High CO; | Cu503| 2.4 (0.2) | 6.4 (1.3) NA (-) 2.5 (0.3)° | 10.3 (1.5) | 73.7 (1.9) | '2500 (390)| 94.8(1) | 0.9
Magnetite | Cu504| 2.8 (0.5) | 6.4 (0.6) NA (-) 2.6 (0.6)° | 10.6 (1.8) | 72.2 (2.3) | 3200 (460)| 94.9 (0.8) | 0.9
satd | cus05] 2.4 (0.2) | 5.9(0.3) NA (-) 1.6 (0.8)° | 9.7(0.7) | 75.1(1) | 2400 (410)| 95(.2) | 0.9

Table 4: EPMA analyses of run product glasses from CO,-bearing MVP experiments.
Low-CO; experiments were all run with Bishop Tuff melt (except for Cu351-GR1) and
have ASI~1, indicating a metaluminous melt. GR1 melt contains no appreciable Ca and
no other Ca source exists in the experiments. High-CO, experiments using GR1 produced
synthetic magmas with high crystallinity (~50%). A higher FeO solubility in peralkaline
melts is observed for high-CO, magnetite-saturated runs.

The lower starting ASI of the synthetic haplogranite yields a lower final melt ASI
and higher (Na+K)/H for runs (Cu#330, Cu#332, Cu#351). The decrease in the ASI of
the Bishop Tuff runs (#320, #321, #326) does not lower the final ASI enough to match
GR1 runs, however, the lower (Na+K)/H of these runs will not affect the total salinity of
the magmatic vapor and brine. Some adjustment must be made to the cation ratios, when
using the sodium concentration as an internal standard for fluid inclusion analysis, due to
HCI making up a significant portion of the vapor salinity. Thus, (Na+K)/H ratios for the
vapor inclusions, calculated using equations presented by Williams et al. (1997) based on
melt ASI, are used to adjust the sodium concentration used as an internal standard for

reducing the LA-ICPMS data.
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The melt ASI for the Bishop Tuff experiments falls between 1.0 and 1.1
corresponding to log (Na+K)/H = +0.4 to -0.3, resulting in a significant vapor HCI
concentration ( >1.5 wt%) for experiments with an ASI of 1.01 or higher. HCI
concentrations in the brine are small (< 10 mol% for all run-product melt compositions)
but brine salinity is corrected in a similar manner before using brine sodium
concentration as an internal standard. High-CO, experiments (Cu#500 through Cu#504)
required the use of the haplogranite (100 MPa minimum melt) starting glass to ensure a
stable melt at lower fH>O. Equilibrium between the melt and MVPs of the high-CO,
experiments (Xco,=0.38) resulted in a shift in the ASI of the melt towards slightly
peralkaline compositions, rather than the metaluminous to peraluminous melt
compositions observed in low-CO, (Xco2 = 0.10) experiments. Rough estimates of the
degree of crystallization of the synthetic magmatic assemblage are consistent with the
change in X0, across all experiments (<10% crystals to ~50% crystals in going from

Xco2 =0.10 to 0.38). The concentration of copper in the run product glass ranges from

~10 to 40 ppm (Section 2.4.2) and are too low for accurate quantification by EMPA. As a

result, LA-ICPMS analyses were used to quantify the copper concentration of quenched

glasses.

2.4.2  Silicate Melt Composition: Copper

LA-ICPMS analyses of run product glasses were used to quantify the copper

concentrations of the silicate melts at magmatic conditions. Copper concentrations for all

experiments range from 10 to 60 ppm (Table 5). Low-CO,, sulfur-free experiments

(Cu320 through Cu332) generally have copper concentrations at the low end of the range

(10 to 15 ppm Cu) with the exception of Cu351 (CugAugs capsule), which has am
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elevated melt copper concentration (~30 ppm). Melts from high-CO, experiments with
the same proportion of starting materials (Cu503 through Cu505) are more enriched in
copper (50 to 60 ppm Cu) than melts from low-CO, experiments. Cu505 was run with
higher but proportional masses of initial starting materials than other CO, experiments.
As a result, more copper was lost from the capsule and the melt has a lower final melt
copper concentration (10 to 20 ppm; Table 5). In addition, I compare the copper
concentration from glass analyses away from fluid inclusions to glass analyses collected
during ablation of large glass-hosted brine inclusions.

The large size of the fluid inclusions in the glass indicates that they are likely
“bubbles” of MVP mixtures present in the silicate melt during the experiment, and not
quench phenomena. There is often significant overlap in the glass analyses, but the data
are consistent with a slightly higher copper concentration in the glass near the large fluid
inclusions. These data suggest a slight heterogeneity in the synthetic melt, indicating
copper enrichment of the melt may occur near these large volatile phase bubbles.
However, the difference may simply be due to increased incorporation of sub-micron
inclusions (often observed near larger inclusions) in the analytical volume. Variation of
the host composition between these glass analyses did not affect the signal reduction of
the associated glass-hosted brine inclusions. Given that the difference in copper
concentration between the two types of glass analyses is quite small, and usually overlaps
within uncertainty, this heterogeneity will not affect any extrapolation to magmatic melt-

volatile phase equilibria.
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LA-ICPMS Glass Analyses: Copper

Run N Type Cu (+20) ASI
3 Cu320 6 Glass 12 (4) 1.1
5 Cu320 - FI-Glass NA
‘g Cu326 7 Glass 15 (4) 1.0
. Cu326 6  FI-Glass 18 (6)
o Cu351 5 Glass 30 (8) 1.0
o Cu351 7  FI-Glass 32 (9)
ER: Cu330 5 Glass 13 (2) 1.0
n 3 Cu330 - FI-Glass NA
£ 8 Cu332 6 Glass 12 (8) 1.0
[ Cu332 6 FI-Glass 14 (10)
Cu503 5 Glass 48 (23) 0.9
) :“_:’ | Cuso03 FI-Glass NA
OQop Cu504 6 Glass 53 (11) 0.9
59 % Cu504 5  FI-Glass 55 (8)
T=on| cus05 16  Glass 11 (4) 0.9
Cu505 6  FI-Glass 16 (3)

Table 5: Copper concentrations of CO,-bearing run product glasses. Analyses away from
fluid inclusions (Glass) and collected during glass-hosted brine analyses (FI-Glass) are
shown (x20). Melt ASI shown at right for reference. NA=Not Analyzed

2.4.3  Vapor-Brine Salinity and Vapor Inclusion Pressure Determination

Microthermometric measurements of halite and sylvite dissolution temperatures
(~300-350 °C for sylvite and ~420-480 °C for halite) for brine inclusions yielded average
calculated salinities of 69 to 71 wt% NaCl.q and 78 to 80 wt% NaCl,q for the experiments
at Xco2 = 0.10 and 0.38, respectively. Raman Spectroscopic measurements of vapor
inclusions from experiments with Xco, = 0.10 and 0.38 yielded Fermi-diad splitting
values (A) of ~ 102.8 and 103.3 cm™, respectively. Using Equation (4) (Fall et al., 2011)
and a CO, equation of state (Lemmon et al., 2012) these A values were correlated to
pressures at Tp,"™" of 2.6 MPa and 5 MPa, respectively. The Tn™" and inclusion pressure
were input into the model presented by Sun and Duan (2006) to calculate the salinity of
clath

vapor-rich inclusions. Vapor inclusions from the experiments at Xco, = 0.10 have Ty,

values between 4 and 5 °C, yielding salinities between 3.5 and 4 wt% NaCl, adjusting
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for HCI. Experiments at Xco, = 0.38 have Tp,®*"

values between 9 and 9.5 °C yielding a
salinity of ~1 wt% NaCle,. Often clathrate melting was difficult to observe for vapor

inclusions in experiments at Xco2 = 0.38. For these inclusions, ice melting temperatures

of -1°C to -2 °C were used to confirm a ~1 wt% salinity. Vapor inclusions occasionally

lath 0 - - :
have Ty, temperatures several "C below the ranges listed above. These inclusions were

not analyzed because they likely represent significant brine contamination of the high
temperature vapor. The difficulty in evaluating vapor salinity in the CO,-bearing
experiments is the dominant source of uncertainty in quantifying the partitioning of

copper between the high temperature vapor and brine.

2.4.4  Fluid Inclusion Compositions

The sodium, iron and copper concentrations of the fluid inclusion assemblages
analyzed from each experiment are shown below in Table 6, along with number of
inclusions analyzed, average salinity, fracture method and Xco2. Each experiment
includes both vapor and brine inclusions from at least two separate fluid inclusion

assemblages from different parts of the quartz