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14 Abstract

15  Micro-analytical determination of copper (Cu) speciation in natural magmatic glasses, equilibrated below
16  the nickel — nickel oxide (NNO) buffer, reveals that two copper species are commonly stabilized in such
17  basaltic melts. X-ray absorption fine structure (XAFS) spectroscopic analysis of basaltic matrix glasses
18  and melt inclusions (MI) from samples of mid-ocean ridge basalt (MORB), and from Nyamuragira, Etna
19  and Kilauea volcanoes shows that Cu complexes as both Cu(I)-sulfide and Cu(I)-oxide species in silicate
20 melts. The proportion of each species correlates with the measured sulfur (S) abundance of the glass. In
21  glasses with S abundances greater than ~1000 ppm, Cu(I)-sulfide species are dominant, whereas in

22 glasses with S abundances between 500 and 1000 ppm, both species are found to coexist. The Cu(I)-oxide
23 species dominate at S concentrations below 500 ppm. In 1 atm S-free experimental glasses of basaltic

24 composition that we analyzed, only Cu(I)-oxide species are detectable, regardless of the oxygen fugacity
25  (fO,), even at relatively high fO, values well above the NNO buffer. Our results demonstrate that XAFS

26  techniques are highly sensitive in measuring Cu speciation in reduced (below NNO) basaltic glasses and
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that both oxide and sulfide complexes can be stabilized. The relative proportion of these two species is
highly dependent on the concentration of S in the melt, and thus the Cu speciation in natural melts

changes as S is lost from the melt by low pressure degassing.

1. Introduction

The solubility of metals in silicate melts can be strongly influenced by intrinsic properties of the
magma such as pressure, temperature, and melt composition. Understanding how such parameters control
metal solubility is important for understanding magma evolution, potential driving mechanisms for core
formation in terrestrial planets (Gaetani and Grove, 1997; Holzheid and Lodders, 2001), the conditions
that lead to the formation of economically important metallogenic ore deposits (Sillitoe, 1997; Sillitoe,
2010), and the links between volcanic degassing and metal emissions to the atmosphere (Edmonds et al.,
2018). For all such phenomena, the partitioning of metals between the melt and metal-bearing minerals,
fluids or vapors is of paramount importance, and partitioning is likely to be dependent on the speciation of
the metals in the melt phase (Ripley and Brophy, 1995; Gaetani and Grove, 1997; Li and Audétat, 2012;
Zajacz et al., 2012; Kiseeva and Wood, 2013).

Understanding the controls on copper (Cu) speciation in silicate melts is particularly important for
modeling Cu partitioning during mantle melting and for understanding mechanisms for Cu mineralization
in ore deposits. Copper is considered a strongly chalcophile element and although it is generally believed
that Cu mineralization in terrestrial magmas is related to the availability of reduced sulfur (S*) in the melt
(Lee et al., 2012; Sun et al., 2013; Zhang et al., 2017), it remains unclear how the speciation of dissolved
Cu changes with changing sulfur abundance and speciation. For example, porphyry Cu deposits are
typically found associated with high fO, magmas where sulfur is generally speciated as sulfate (Jugo,
2009; Sillitoe, 2010; Sun et al., 2013). Yet the chalcophilic nature of Cu in these systems generally
requires either sulfate reduction or introduction of external sulfide to precipitate Cu mineralization.

Similarly, there is still some controversy as to whether residual sulfide must be present or absent during
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mantle melting to explain the Cu concentrations measured in mantle-derived, mafic magmas (Ripley and
Brophy, 1995; Fellows and Canil, 2012; Lee et al., 2012; Kiseeva and Wood, 2013). A better
understanding of the speciation of dissolved Cu in melts with changing S concentration and speciation
would provide valuable insights to help address these questions.

Constraints on Cu speciation in sulfide-saturated silicate melts come largely from experimentally-
determined partition coefficients (Ripley and Brophy, 1995; Gaetani and Grove, 1997; Holzheid and
Lodders, 2001; Ripley et al., 2002). Measured partition coefficients will largely be reflective of how Cu is
speciated in the melt at the defined conditions. But generally, the speciation of Cu in these experiments is
inferred. Although it is not uncommon for formulated equilibrium constant expressions to express the Cu
complexation in silicate melts in terms of oxide components (i.e. CuOg s for Cu'"), this cannot be used to
infer that Cu is necessarily stabilized in basaltic melts as an oxide species (Candela and Holland, 1984;
Jugo et al., 1999; Ripley et al., 2002). Copper oxide (Holzheid and Lodders, 2001; Ripley et al., 2002;
Zajacz et al., 2012; Vigneresse et al., 2014), hydroxide, oxy-sulfide (Ripley et al., 2002), sulfide (Imai et
al., 1993; Sillitoe, 1997; Jugo, 2009; Vigneresse et al., 2014), and chloride (Vigneresse et al., 2014)
species have all been suggested to be potentially stable in terrestrial silicate melts under certain
conditions. Experiments generally show that the oxygen fugacity (fO,) of the melt can exert a strong
control on the measured Cu solubility and partitioning (Gaetani and Grove, 1997; Holzheid and Lodders,
2001; Ripley et al., 2002; Li and Audétat, 2012; Zajacz et al., 2012, 2013). However, many of these same
studies have also observed a correlation between measured Cu solubility and the availability of other
potential ligands in the melt, in particular S and CI. Observed correlations with melt S** concentration
have been hypothesized to potentially indicate that, in addition to oxide complexing, some degree of Cu-S
complexing may also occur at high melt S contents, possibly stabilizing some Cu in the melt as an oxy-
sulfide species (Ripley et al., 2002; Zajacz et al., 2012). The researchers in these studies have
hypothesized that preferential bonding of Cu in the melt to S*" anions relative to O would be expected to
result in weaker dependency of Cu partitioning with magmatic fO, (Peach and Mathez, 1993; Gaetani and

Grove, 1997; Ripley et al., 2002).
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A direct measurement of Cu speciation in magmatic glasses would provide insight into the
compositional parameters controlling Cu solubility in natural systems, particularly in relation to measured
natural S abundances. This is important when one considers that Cu abundances in natural silicate melts
are typically lower than what are utilized in experimental studies. For example, Cu concentrations in mid-
ocean ridge basalts (MORB) average ~ 100 ppm (Prinz, 1967; Sun et al., 2003; Lee et al., 2012), with S
concentrations often exceeding 1000 ppm (Wallace and Carmichael, 1992).

Currently, X-ray absorption fine structure (XAFS) spectroscopy is the only available methodology for
directly measuring Cu speciation in magmatic glasses at natural concentrations (10-100s ppm). XAFS
also provides the only technique available for analyzing metal speciation in melt inclusions (MI), small
samples of melt with typical diameters < 100 pwm, that are entrapped within growing crystals. Melt
inclusion analysis is important for characterizing natural samples with varying S content, as the MI can
trap samples of melt within the phenocryst host at depth before the melt has potentially undergone high
degrees of degassing (Danyushevsky et al., 2002; Métrich and Wallace, 2008). Analysis of the XAFS can
provide information regarding the oxidation state of Cu and the molecular environment around the Cu
ion, including coordination geometry and bond disorder. Thus XAFS analysis of natural magmatic glasses
should provide a quantitative fingerprint of the molecular species present in the melt (i.e. Kelley and
Cottrell, 2009; Head et al., 2011a; Brounce et al., 2015; Moussallam et al., 2016).

This study presents direct measurement of Cu speciation by XAFS in magmatic glasses that have
equilibrated below the nickel — nickel oxide (NNO) redox buffer. Results are presented from several
volcanic systems, but we primarily focus on samples collected from the 2008-2018 summit eruptions at
Halema‘uma‘u and along the East Rift Zone of Kilauea Volcano, Hawai’i (Thornber et al., 2015). This
suite of samples provides a unique opportunity to systematically evaluate how changes in Cu speciation
potentially correlate with magmatic S content in natural melts, given the large observed changes in S
concentrations in olivine-hosted MI from this system over 10 years of near continuous eruption, while

major element chemistry has remained relatively constant (Thornber et al., 2015; Neal et al., 2018).
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2. Methods

2.1 Samples and Preparation

Natural samples analyzed include magmatic and volcanic glasses collected at the Kilauea summit
vent, Halema‘uma‘u, and from the East Rift Zone (ERZ) between 2008 and 2018 (Poland et al., 2008;
Thornber et al., 2015). Samples were provided by the United States Geological Survey (USGS) Hawaiian
Volcano Observatory (HVO) and primarily consist of hand-picked grain mounts extracted from
specimens of tephra and lava that have been single-side polished for analysis. A list of the Kilauea
samples analyzed is presented in Table 1, along with their eruption (and sampling) date. The Kilauea
tephra samples tend to be ~ 2 vol% olivine-phyric basalts with phenocrysts that regularly contain glassy
MI. A set of Kilauea 2018 samples analyzed are from highly vesicular golden pumice erupted during
early high fountaining periods at “fissure 8 of the May — August, 2018 lower ERZ fissure eruption (Neal
et al., 2018). All the MI studied here are enclosed within olivine phenocrysts, and many grains preserve
attached matrix glass at the phenocryst margins, which was also analyzed when available. Some
additional Kilauea samples were also prepared as doubly polished grain mounts that completely intersect
the MI on both surfaces to reduce potential contributions to the analysis from phenocryst and matrix glass
material that may underlie the inclusion.

Also analyzed were Smithsonian basaltic glass standards VG-2 (NMNH 111240-52, Juan de Fuca
Ridge) and A-99 (NMNH 113498-1, collected from Kilauea summit in 1965). These were both prepared
as singly-polished, epoxy-mounted sections. A sample of matrix glass in lapilli erupted from Mt. Etna,
Sicily in 2015 was provided for analysis from the Instituto Nazionale di Geofisica e Vulcanologia (Pisa,
Italy) collection as a standard thin section. Analysis of olivine-hosted MI (alkaline basalt) from
Nyamuragira volcano in D.R. Congo is also presented, prepared as a singly-polished grain mount (see
Head et al., 2011; Head et al., 2018 for sample details). Additionally, a sample of pillow-rim basaltic
glass dredged from the East Pacific Rise (sample location between ~ 9°46'N and 9°57'N, Fornari et al.

2012) was analyzed. This was prepared as a 30 um polished thin section on nominally Cu-free quartz
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glass, sectioned perpendicular to the glassy outer margin of the pillow (Marescotti et al., 2000). This
sample is described in detail in Lanzirotti et al. (2018).

Cu K-edge XAFS spectra were also collected from experimental glasses equilibrated under varying
fOs conditions for comparison to spectra collected in natural samples. These cover a redox range relative
to the NNO buffer from NNO-4.2 to NNO+4.7 and were synthesized from natural basaltic starting
materials at 1 atm pressure. Sulfur and chlorine contents were not controlled in these experiments, so we
assume that these volatile elements were largely degassed during synthesis. This includes glasses from the
Smithsonian NMNH 117393 standard suite (Cottrell et al., 2009), which were synthesized from powdered
MORB as a starting material, and from a suite of glasses summarized in Dufresne et al. (2009), which
were synthesized from a sample of olivine tholeiite from a 1921 flow from Kilauea (Holloway and
Burnham, 1972) as the starting material.

A suite of Cu-bearing crystalline compounds was also analyzed to provide reference spectra for
comparison to XAFS measured in the natural samples. These compounds were prepared as powdered

samples on tape and were measured in a transmission-mode geometry.

2.2 Analytical Methods

Microscale XAFS analyses were performed at the GSECARS X-ray microprobe beamline (13-ID-E)
at the Advanced Photon Source (APS), Argonne National Laboratory (Argonne, IL USA). The
GSECARS 13-ID-E beamline utilizes a 3.6 cm period undulator X-ray source that provides X radiation
from 2.3 to 28 keV. Monochromatic radiation is provided by a cryogenically-cooled double-crystal
monochromator that sits upstream of two horizontally deflecting mirrors with variable mirror coatings
that focus the monochromatic beam to a secondary source aperture (SSA). The monochromator has fixed
offset and utilizes a state-of-the-art, air-bearing turntable for highly stable rotations throughout the range
of selectable energies. The system incorporates both Si(111) and Si(311) crystals, which are translated
into the beam as needed. The Si(111) crystal set was used for these experiments. Incident flux was kept to

~1.0e'"" photons/second for these experiments. Beam focusing to the sample is provided by a set of 240
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mm long, highly polished, silicon mirrors (Rh-coated) in a Kirkpatrick-Baez (KB) geometry. Focused
spot size for this instrument is ~ 2 pm in the horizontal by ~ 1 pm in the vertical (FWHM), but for most
of the XAFS analyses presented here the beam was purposely defocused to ~ 10 um to reduce flux
density on the sample. Measured spectra were normalized to incident intensity (Ip) measured in a helium-
filled, 200 mm-long ion chamber just upstream of the KB mirror optics.

All u-XAFS spectra in glasses were collected in fluorescence mode using a four-element, silicon-
drift-diode detector array (Vortex-ME4, Hitachi High-Technologies Science America, Inc.) with pulse-
processing provided by an Xspress 3 digital X-ray processor system (Quantum Detectors). All the
fluorescence-mode XAFS data collected were corrected for detector dead time. For all samples, a
minimum of three spatially distinct XAFS analyses were collected to evaluate reproducibility. In virtually
all cases, repeat spectra were indistinguishable to better than 5% reproducibility in edge-step normalized
intensity throughout the entire energy range measured. Cu K-edge XAFS was also collected for Cu-
bearing crystalline model compounds to serve as reference, standard spectra, measured in transmission
mode using ion chambers.

XAFS spectra were collected with the monochromator scanning energy continuously, with measured
intensities binned over given energy intervals. The incident energy was scanned from 8§929-8969 eV
using 2 eV energy bins, 8969-9009 eV in 0.1 eV bins, and from 9009-9160 eV in 1 eV bins at a scan rate
of 3 seconds per energy bin. A zero valent Cu metal foil standard provided an absorption edge energy of
8980.48 eV, in agreement with refined absorption edge energies measured by (Kraft et al., 1996).

Measuring high-quality Cu K-edge XAFS in basaltic glasses using an energy dispersive spectrometer
(EDS) proves challenging due to the relatively low Cu abundance (~ 100 ppm) compared to the much
higher concentration of other elements that can overlap with the Cu Ko emission. The EDS used here
provides a fluorescence energy resolution of ~ 150 eV. The most notable overlap is from Fe, which is
present at concentrations of ~ 10 wt% and typically dominates the measured fluorescence signal. We were

able to improve detection of the Cu Ko emission line through addition of 100 pm of aluminum to act as a
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low energy filter between the sample and detector. The aluminum filtering preferentially lowers the
intensity of the Fe emission lines compared to the higher energy Cu fluorescence. Coupled with
optimization of the detector solid angle, this allowed us to increase the net counts for Cu Ka by a factor
of 3.5. Repeat measurements of Cu spectra were used to evaluate potential changes in Cu speciation with
time that may indicate beam induced changes in speciation with irradiation. For these particular samples
no clear evidence for beam induced changes in Cu valence are observed, although it is worth pointing out
we have observed changes in Fe, S and V valence in the natural samples when high flux densities are used
during analysis (> 2.5 x 10'° photons/s/pum?).

The diameter and thickness of the analyzed MI varies between ~ 25 and 300 um. Analytical points
within MI were chosen following microfocused X-ray fluorescence (u-XRF) compositional mapping of
the inclusion in an effort to minimize any potential spectral contribution from the surrounding host
mineral, from any potential micro-inclusions that were not visible optically, and to target the thickest
parts of MI for analysis. The estimated 1/e attenuation length for Cu Ka X-rays in basaltic glass is ~ 60
um, so some host olivine might be within the analytical excitation volume. However, analysis of the
phenocryst hosts shows that Cu concentrations in the surrounding olivine are significantly lower than that
measured in the glass, so that the contribution to the measured XAFS spectra is negligible. We also note
that XAFS spectra collected on samples with doubly intersected MI are consistent with those measured
from contemporaneous samples prepared as singly-polished grain mounts, further indicating insignificant
Cu Ka signal contributions from any accidentally analyzed olivine hosts in single-sided polished MI.

The Larch XAFS analysis software package (Newville, 2013) was used for spectral processing and
for linear combination fitting (LCF) of the Cu XAFS to quantify the relative proportion of Cu species in
the glasses analyzed (Table 1). This two-component fitting was done in the normalized u(E) space over
an energy range of 8970 to 9015 eV using edge-normalized Cu K-edge spectra measured in CuS standard
and experimental 1 atm Kilauea tholeiitic basalt (NNO+4.7) as the predictor components. These were

chosen on the basis of their similarity to end-member spectra measured in the natural glasses. The Larch
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LCF provides the proportions of each Cu species in the fit, the uncertainties in these proportions, and a
calculated R-factor (Ravel and Newville, 2005). The calculated R-factors (Table 1) are a measure of
residuals (R) between the fitted and measured spectra, with better fits indicated by lower R-factors.
Estimated S and Cu abundances (Table 1) were calculated based on measured X-ray fluorescence
intensities for the natural glasses. Intensities were measured using synchrotron p—XRF analysis at 13-ID-
E and elemental abundances calculated using linear regression calibration of external standards, generally
following the methodology described in Sutton et al. (2002) and Lanzirotti et al. (2010). Calibration
curves for these abundance estimates are based on analyses of various standard glasses, described below.
All were prepared as singly-polished, epoxy mounted samples with thicknesses greater than two 1/¢
absorption lengths at the Cu K-edge energy. For S, the calibration is based on linear regression of
measured S Ko emission intensities, using background subtracted Gaussian peakfit of energy dispersive
spectra (triplicate analysis, 60 sec real time, deadtime corrected) measured using a 4 keV incident beam
energy with sample and detector in a helium environment. Lower limit of detection (LLD) for S under
these filtering conditions is calculated to be ~ 30 ppm. Calibration standards were Smithsonian glass
standards NMNH 111240-52 and NMNH 113498-1, using the S abundances reported by LeVoyer on the
Smithsonian Mineral Collection data sheet for these standards. The approach for the Cu calibration is
similar, but using the energy filtering conditions described above for XAFS spectra and an incident beam
energy 9.5 keV. LLD for Cu under these filtering conditions is calculated to be ~ 5 ppm, however the
LLD is quite sensitive to elevated backgrounds in samples with high amounts of Ni due to spectral
overlaps in the energy dispersive spectra. Calibration standards were Smithsonian standard NMNH
111240-52 (using abundance reported in Jenner and O’Neill, 2012) and USGS standard glasses GSC-1G,
GSD-1G, GSE-1G, and BCR-2G (using abundances reported in Jochum et al., 2005). For estimating Cu
abundance in the MI, a thickness correction is required, given that the 1/e attenuation length for Cu Ka
X-rays is assumed to be ~ 60 um (based on calculated attenuation for Cu K-radiation in basaltic glass),

while MI thicknesses were 25-300 um. A correction was thus applied based on an estimated inclusion
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thickness for each MI (based on optical measurements and XRF mapping) and predicted Cu Ka
fluorescence yield in basaltic glass, calculated using the NRLXRF program (Criss et al., 1978), following
the general methodologies described in Lanzirotti et al. (2008). However, given that the majority of the
grain mounts analyzed have only one side of the crystal wafer polished, making an accurate thickness
measurement can be difficult. For calculating S abundances in MI, the 1/e attenuation length for S Ko X-
rays is assumed to be ~ 5 pm (based on calculated attenuation for S K-radiation in basaltic glass) so it was
assumed that no thickness correction was required given that all MI were estimated to be thicker than 10
um. Calculated S concentrations for Kilauea glasses are consistent with those reported by Thornber et al.
(2015) and measurement uncertainties (random error) are estimated to be ~ 13% (1o) taking into account
regression uncertainties, stated abundance uncertainties for the standards, reproducibility of replicate
analyses (for both standards and unknowns), and uncertainties in fitting emission intensities in measured
EDS spectra (summation in quadrature). Measurement uncertainties for Cu abundance calculations over
the standardized concentration range are estimated to be ~ 15% (1), with uncertainties calculated in a
similar manner as with S, but also including reasonable uncertainties in estimated inclusion thickness,
which will impact calculated abundances given analysis depths at 9.5 keV.

3. Results

3.1 Copper XAFS Measured in Model Compounds

Figure 1a displays Cu K-edge XAFS spectra collected for Cu-bearing crystalline compounds and
aqueous solutions, which we hypothesize to be potentially similar to the chemical species found in silicate
melts. The absorption edge energy of the XAFS spectra (generally defined as the energy of half-intensity
on the initial rising edge of a spectrum) is diagnostic of Cu valence (Kau et al., 1987). Spectra for Cu'"
species display a rising edge position that is at least 2 eV lower in energy than what is seen for Cu*"
species. Spectra for crystalline Cu(I)-oxide (Cu,0O; cuprite) show a sharp, low-energy pre-edge peak
which typically displays an intensity approximately half that of the main absorption peak. Spectra for

crystalline Cu(I)-sulfides, although broadly similar, show distinct differences in the near-edge that relate
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to the coordination of Cu (Pattrick et al., 1997). Chalcocite (Cu,S) displays a smooth absorption edge
between 8982-8983 eV that is assigned to the Cu 1s — 4p electronic transition (Kau et al., 1987), with the
broad absorption edge believed to largely reflect the distorted triangular coordination of Cu in the lattice
(Pattrick et al., 1997). Chalcopyrite (CuFeS;), by contrast, displays a small pre-edge peak structure and
sharper edge that is indicative of tetrahedrally coordinated Cu. The XAFS spectrum for CuS (covellite) is
intermediate to these two spectra, characterized by a rising absorption edge and distinct shoulder that is
slightly higher in energy than is found in Cu,S, but lacking the pre-edge peak structure and sharper
absorption edge observed in chalcopyrite (Pattrick et al., 1997). Although it may seem intuitive to assign
a formal 2- oxidation state to S and 2+ to Cu in covellite, based on the stoichiometry, studies have shown
that CuS lacks Cu** (d9) ions and is better described as a pyrite-type structure where Cu'* and S'" undergo
pairing (Goh et al., 2006; Vegelius et al., 2012). It has been suggested the Cu K-edge XAFS observed in
covellite is consistent with having a significant proportion of Cu in disordered, trigonal coordination
(Pattrick et al., 1997). Crystalline Cu(Il) species display spectra that are distinctive from that observed in
Cu(I)-oxide and —sulfide species, with edge positions at much higher energy and a maximum in their
absorption edge spectra near 8997 eV.

Aqueous Cu species that are also potentially relevant for comparison have been analyzed using XAFS
by several researchers (Fulton et al., 2000a; Fulton et al., 2000b; Brugger et al., 2007; Etschmann et al.,
2010), generally as aqueous Cu solutions analyzed within pressure cells. Species analyzed include linear
Cu(I) complexes (Fulton et al., 2000a; Fulton et al., 2000b) and Cu(II) complexes in a distorted octahedral
symmetry. The linear Cu(I) complexes include, for example, linear dichloro Cu'" species such as
[CuCl,] (Fulton et al., 2000a), linear Cu-Cl species such as CuCl(aq) (Fulton et al., 2000a; Brugger et
al., 2007) and linear S—-Cu—S or O—Cu-S species such as Cu(HS), , Cu(HS)H,S° or Cu(HS)(H,0)"
complexes (Etschmann et al., 2010). The Cu K-edge XAFS spectra for aqueous linear Cu complexes
(LCC) such as these have a very characteristic spectrum that displays a strong, rising resonance peak at ~
8983 - 8984 eV (spectra labeled Structure L, and L, in Fig. 1 a, from Fulton et al., 2000a,b). Spectral

differences are noted between different aqueous LCC species measured in these studies, primarily
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reflected by very small shifts in the energy and intensity of the first resonance peak, but these tend to be
small and difficult to quantify broadly using conventional XAFS techniques. Overall, these spectra are
broadly similar and distinct from the spectra for Cu(I) species measured in simple oxides, such as Cu,O
(cuprite), which display a somewhat similar spectrum but with a first primary peak that is of notably
lower intensity and clearly shifted to lower energies (Fig. 1a). These complexes are also distinct from
octahedrally coordinated aqueous Cu(Il) species, which have XAFS spectra shifted to much higher energy
with an absorption maximum (white line) near 9000 eV (spectra labeled Structure O in Fig. 1 a, from
Fulton et al., 2000a,b), similar to what is measured in crystalline Cu(Il) compounds such as CuSO, and
CuO.

It is worth noting that many of these observations are based largely on analysis of crystalline
reference compounds and that, in glasses, increased lattice disorder is to be expected. Increased structural
disorder surrounding the Cu atom is likely to result in subtle broadening of observed spectral features in
what otherwise would be equivalent species. However, any significant changes that occur in the
speciation of Cu within natural glasses should be readily discernable using XAFS and a robust first order
characterization of the likely species present can be accomplished through comparison of spectra
measured in natural glasses to those measured in crystalline and aqueous Cu-bearing standards. Although
it is to be expected that the XAFS measured for Cu-bearing aqueous solutions and silicate glasses will be
less structured than that measured in crystalline Cu compounds, due to decreased ordering of the former,
differences in overall peak intensities and energy positions tend to be small.

3.2 Copper Speciation measured in 1 Atmosphere Experimental Basaltic Glasses

Cu K-edge XAFS spectra were measured in experimental glasses synthesized from Kilauea basalt
(Kilauea tholeiite, Dufresne et al., 2009) and MORB (NMNH 118279, Cottrell et al., 2009) at various fO»
values from NNO-4.2 to NNO+4.7. The experimental melts degassed during synthesis of these glasses,
leading to S- and Cl-poor compositions. Four representative Cu-K-edge XAFS spectra from these glasses
are presented in Fig. 2, showing spectra from glasses synthesized at fO,’s between NNO-3.3 and

NNO+4.7 in each of the two compositional suites. The Cu XAFS measured in these glasses have
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absorption edges consistent with the presence of Cu'* species, across ~ 9 log units of fO,. All absorption
edges are ~2 eV lower than what is measured for Cu®* species, with no divalent Cu being detectable. The
measured spectra are indistinguishable from each other and similar to standard spectra measured for
aqueous Cu'' linear complexes (LCC). Given that S and Cl were extensively degassed during the
synthesis of these 1 atm experimental glasses, it is most likely that the XAFS reflects the presence of Cu-
O ligands, possibly in a linear geometry. However, the XAFS spectral differences between Cu-O, Cu-Cl
and Cu-S LCC species are subtle and challenging to distinguish using conventional XAFS analysis
(Fulton et al., 2000a; Fulton et al., 2000b; Brugger et al., 2007; Etschmann et al., 2010). Nonetheless, the
similarity in the measured Cu XAFS spectra for these experimental glasses equilibrated under grossly

different redox conditions suggests that Cu readily complexes as a Cu-O species in S-poor basaltic melts.

3.3 Copper Speciation in Natural Volcanic Glasses

When comparing the Cu K-edge XAFS of natural basaltic glasses, a clear difference in speciation is
observed that appears to directly correlate with dissolved S concentration. The spectra shown in Fig. 1b
present an initial, comparative survey of natural glasses sampled from five different volcanic systems
where melts equilibrated nominally at fO, < NNO. At these relatively reduced fO, conditions, S in the
melts will be predominately present as sulfide species (Wallace and Carmichael, 1994; Jugo, 2009).

The Cu XAFS presented in Fig. 1b are separated into two groups based on observed spectroscopic
differences. The group shown at the bottom of Fig. 1b are XAFS spectra collected from East Pacific Rise
(described in Lanzirotti et al., 2018) and Juan de Fuca Ridge (NMNH VG-2, Jarosewich, 2002) MORB
glasses and from olivine-hosted MI from Nyamuragira volcano (Head et al., 2011b; Head et al., 2018).
The measured Cu XAFS for any individual sample is highly reproducible. As an example, Fig. 3 (right)
shows 11 microfocused spectra (labeled “EPR pillow basalt”) measured from the East Pacific Rise
sample, collected at varying increments through the glassy zone of a sectioned pillow basalt, extending ~
5.5 mm inwards from the quenched outer surface. To minimize the potential contribution of microlites to

the measured XAFS spectra, the analytical points were chosen on the basis of XRF compositional



330  mapping. Within analytical uncertainty, these 11 spectra are indistinguishable across the rapidly cooled
331  margin to the more slowly cooled interior glassy regions. This illustrates the homogeneity in Cu

332 speciation that is observed in volcanic glasses and also shows that quench rates have no measurable

333 impact on the coordination geometry and oxidation state of Cu. These Cu XAFS, measured in MORB and
334  alkaline basalt glasses with S concentrations >1000 ppm, are well-matched by spectra measured in

335  crystalline CuS (covellite) standards, with a rising absorption edge at ~ 1 ¢V higher energy than what is
336  found in other Cu(I) species (Fig. 1a). Spectral features observed in the CuS model compound are subtly
337  sharper than what is observed in the basaltic glasses, but this is consistent with the more ordered

338  crystalline structure surrounding the Cu atoms in the model compound as compared to the glasses. This
339  leads us to conclude that in these glasses Cu is complexed predominantly as a Cu(I) sulfide species,

340  similar to what is observed in other covalently-bonded copper sulfides.

341 The second group of Cu XAFS, shown at the top of Fig. 1b, were measured in basaltic matrix glasses
342 where S concentrations are less than 500 ppm. In contrast to what is observed in high-S glasses, these
343 yield XAFS spectra that are most similar to spectra measured for aqueous linear Cu(I) complexes (LCC)
344  and essentially indistinguishable from the spectra measured in 1 atm experimental glasses, where S

345  abundances were low and presumably almost entirely lost to degassing. These low-S natural samples

346  include fresh basaltic glass collected from the 1965 Makaopuhi Lava Lake at Kilauea, Hawai’i (NMNH
347  A-99, Jarosewich, 2002), matrix glasses sampled from a 2014 active lava flow at Kilauea (described in
348  Lanzirotti et al., 2018), and matrix glass in a sample of lapilli from a 2015 eruption at Mt. Etna, Italy

349  (Pompilio et al., 2017). The low S content in all these glasses is most likely due to degassing of S during
350  melt decompression and eruption. Similar to what is observed in the 1 atm experimental glasses, we

351  hypothesize that the Cu speciation in these natural low-S glasses most likely reflects the presence of Cu'’-
352 O ligands.

353 To better understand this observed transition from oxygen- to sulfur-bound Cu species in natural

354  systems, Cu speciation was also measured in MI and matrix glasses in samples collected from the 2008-

355 2018 Kilauea summit eruptions at Halema‘uma‘u in Hawai’i (Thornber et al., 2015; Neal et al., 2018).



356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

Olivine-hosted melt inclusions (n=71) and surrounding matrix glass (n=18) from materials erupted during
2008-2018 were analyzed for Cu K-edge XAFS as well as for S and Cu abundance. This sequence of
samples provides a unique opportunity to systematically evaluate how changes in Cu speciation correlate
with magmatic S content. Thornber et al. (2015) showed that olivine-hosted MI sampled at Kilauea
summit between 2008 and 2014 present a broad range in S concentration from <450 ppm to >1000 ppm.
The observed variations in S abundance tend to be fairly systematic, with the highest S concentrations
generally occurring in the earliest erupted MI from this sequence. Kilauea’s 2018 fissure eruption in the
lower ERZ marks a major change in volcanic activity, and MI in tephra from this eruption have a wide
range of S contents (~ 600—1100 ppm S), departing from the previous general temporal trend of
decreasing S. It should be noted that whereas Kilauea lava compositions are consistent with equilibration
at fO, <NNO (Carmichael and Ghiorso, 1990), studies have shown that progressive S degassing of these
melts does impact the melt oxidation state to a small degree, particularly reflected by reduction of iron
(Moussallam et al., 2016; Helz et al., 2017).

Calculated S concentrations at sulfide saturation (SCSS calculated using Fortin et al., 2015 and
Smythe et al., 2017 models, assuming 1160°C and ANNO-1) for the 2008-2013 suite of Kilauea glasses
(Thornber et al., 2015) average between ~ 1350-1500 ppm S, which is consistent with previously
calculated SCSS abundances for Kilauea tholeiite (Wallace and Anderson Jr., 1998). Sulfur
concentrations in Kilauea MI range from ~ 50-1360 ppm S, thus, the majority of the MI glasses analyzed
here from Kilauea preserve melt S contents that are below sulfide saturation.

Kilauea MI with measured S abundances >1000 ppm yield Cu XAFS spectra similar to spectra
measured for CuS (Fig. 4a) and similar to what is measured in other high-S magmatic glasses (i.e. MORB
and Nyamuragira alkaline basaltic glasses). The Kilauea matrix glasses (Fig. 4a,b,c) and MI (Fig. 4c) with
S abundances <500 ppm yield Cu XAFS spectra (Fig. 4) that are similar to what has been measured in 1
atm experimental glasses, most likely indicating the dominance of linearly complexed Cu(I)-oxide
species. This is, again, consistent with what is observed for other low-S volcanic glasses analyzed and

shown in Fig. 1b. Kilauea MI with intermediate S abundances, between 500-1000 ppm, yield spectra
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consistent with the presence of both Cu species (Fig. 4b). These intermediate-type spectra can be
quantitatively reproduced using a two-component linear mixing model (Fig. 5, Table 1) of end-member
Cu(I)-sulfide (using covellite CuS spectra) and Cu(I)-oxide (using 1 atm experimental Kilauea tholeiite
glass) species. The linear combination fit (LCF) modeling shows that the degree of mixing between
Cu(I)-sulfide and Cu(I)-oxide species is highly correlated with measured S abundance in the glass (Fig.
6), particularly between 500-1000 ppm S, whereas no discernable correlation is observed between Cu
speciation and dissolved Cu concentration in the glasses (Fig. 7). Although the lowest fraction of either
end-member species calculated in the LCF modeling is ~ 5% (Table 1), overall the modeling suggests that
~ 20% of the minor species persists at the highest and lower S abundances measured (Fig. 6). This
interpretation does assume that the Cu(I)-oxide and Cu(I)-sulfide end-members chosen for modeling are
well-representative of species found in the natural samples. For example, it is noted that the spectrum for
the CuS model compound appear slightly more ordered than the spectra measured in these glasses.
However, the R-factors for the LCF fitting are all smaller than 0.008, suggesting that these two

components model the observed spectra very well, with uncertainties of only a few percent.

4. Discussion

The results of this study indicate that, in natural basaltic melts equilibrated at fO,’s below NNO, two
distinct Cu species are observed as chemical components in the melt. Both species are shown to coexist in
the natural systems studied, with the relative proportions largely controlled by the availability of S. In
basaltic systems with S concentrations > 1000 ppm, Cu(I)-sulfide species dominate, identified by XAFS
spectra that are consistent with what is observed in largely covalently-bonded CuS model compounds. By
contrast, in basaltic systems with S concentrations <500 ppm, linear Cu(I) species appear to dominate.
The similarity between XAFS spectra measured in low-S natural glasses and in S-free experimental
glasses suggests it is likely these are linearly-complexed Cu(I)-oxide species. At intermediate S
concentrations, the spectra can be well-modeled as mixtures of these two distinct Cu(I)-oxide and -sulfide

species, with no clear evidence of the stabilization of an intermediate Cu-oxysulfide species. It is possible



407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

that some of the Cu atoms in the linear complexes measured are bound to ligands other than O (i.e., S or
Cl). However, XAFS measurements of Cu(I)-S and Cu(I)-Cl linear complexes in hydrothermal
experiments (Fulton et al., 2000a; Fulton et al., 2000b; Brugger et al., 2007; Etschmann et al., 2010) show
that such compounds are likely to yield XAFS spectra that would be difficult to distinguish
spectroscopically from linearly complexed Cu(I)-O species. In contrast, the XAFS spectra measured in
high-S glasses are distinct from what we interpret to be Cu(I)-oxide spectra and, again, consistent with the
presence of a largely covalently-bonded Cu(I)-sulfide. The LCF modeling conducted as part of this study
also suggests that both species persist throughout the range of S abundances measured in the natural
glasses studied here. Thus, even in strongly degassed melts where S concentrations are typically less than
500 ppm, as much as 20% of Cu may continue to be complexed as Cu-S ligands. In our Kilauea data,
there is no apparent loss of Cu from the melt during the strong degassing of S that occurs at low pressure.
This may reflect the fact that Cu can readily complex with oxygen as the availability of S ligands in the
melt decreases. This could in turn help to explain why Cu fluxes in volcanic gases from low-fO, basaltic
volcanoes such as Kilauea are relatively low (e.g., Edmonds et al., 2018).

Based on the XAFS results, the relationship between dissolved Cu species in the melt can be

described by the following equilibrium:

1 1
CuOys +7 5" = Cusfls +7 05" (M

where CuO(’% represents the presence of Cu(I)-oxide linear complexes in the melt phase and CuS{s
represents the presence Cu(I)-sulfide complexes. Such an equilibrium illustrates how the Cu
complexation in the melt phases is dependent on both fO, and /S, and hence the dissolved S content in the
melt. Although a number of experimental studies using sulfide-saturated basaltic melt compositions have
shown that fO, can exert a strong control on Cu solubility and partitioning (Peach and Mathez, 1993;
Gaetani and Grove, 1997; Holzheid and Lodders, 2001; Ripley et al., 2002; Zajacz et al., 2012), many of
these studies have also noted an apparent weaker correlation between Cu solubility and melt S*

concentration (Ripley and Brophy, 1995; Ripley et al., 2002; Zajacz et al., 2012). This has led to
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speculations that some degree of Cu-S complexing occurs in basaltic melts when S contents are elevated.
The results presented here are consistent with these hypotheses.

The dominance of CuS{s species at high melt S contents is also useful for constraining possible
heterogeneous equilibria that describe the transfer of Cu and S between the melt phase and precipitating
sulfides at sulfide saturation conditions. For example, in the presence of an iron sulfide phase,

hypothetical reactions such as:

1 . 2
CuS{s + FeSP° + ZS}” = CuFeSy*® @

where po is pyrrhotite and iss is intermediate solid solution, would be more accurately descriptive based
on the observed speciation. This reaction does not explicitly depend on fO, and thus could explain the
experimental observation that Cu partitioning into intermediate solid solution is less strongly affected by
fO, than would be expected if Cu complexing with O in the silicate melt was the dominant solution
mechanism for Cu (Ripley and Brophy, 1995; Ripley et al., 2002). It is worth noting that the majority of
tholeiitic magmas equilibrated at fO,’s < NNO will be expected to contain on the order of 800-1000 ppm
dissolved sulfur (unless or until they are affected by near-surface degassing) at <~22% partial melting of
the source (Ding and Dasgupta, 2017). These are conditions relevant broadly to mantle-derived melts.
Given that the results presented here show that Cu-O complexes only occur, or are only significant, when
S degassing has largely removed S from the melt, it should be expected that melts at depth will have Cu
strongly complexed with S. Therefore, melts at depth are likely to have Cu strongly complexed with S,
with Cu-O complexes only likely to be present in significant amounts when S degassing has removed S
from the melt.

Additional planned studies will also seek to understand how Cu speciation changes in melts
equilibrated at fO,’s > NNO, where sulfate begins to be the dominant S species in the liquid (Jugo, 2009;
Beermann et al., 2011). At these redox conditions, the sulfur solubility of the melt increases significantly
as the dominant sulfur species changes from S* to S®" with increasing fO». These are redox conditions

particularly relevant to arc magmatic systems, where the majority of porphyry copper deposits form. It
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has been hypothesized that the significantly higher sulfur solubility of these oxidized systems (Carroll and
Rutherford, 1985; Jugo, 2009) may promote Cu enrichment in the evolving silicate melt. Although the
results of this study would suggest that Cu-S species should be favored in the presence of high magmatic
S, this likely requires the availability of S* ions in the silicate liquid. Previous studies have hypothesized
that Cu mineralization in such melts should primarily be controlled by the availability of reduced sulfur,
S*, given that Cu ore minerals are largely sulfides. Reduction of sulfate in oxidized magmas has been
suggested as a mechanism for promoting deposition, possibly due to ferrous iron oxidation during
magnetite and hematite crystallization (Sun et al., 2013; Zhang et al., 2017). The speciation of dissolved
Cu in the melt prior to sulfate reduction remains unclear, however. In the presence of S®" it may be more
favorable for Cu to complex as either oxide or sulfate species, and our XAFS results show that Cu-oxide
species can be stabilized. It is interesting to note that in experiments in which Cu activity was fixed by
equilibrium with a AuCu metal alloy capsule, Cu solubilities show a strong increase at fO,’s > NNO

(Zajacz et al., 2012), which may indicate that further changes in Cu speciation occur as fO, increases.

5. Conclusions

This study presents Cu K-edge XAFS measurements from natural magmatic glasses, as a means of
evaluating Cu speciation in sulfide-dominated basaltic magmas equilibrated below the nickel — nickel
oxide (NNO) redox buffer. Results from several volcanic systems, including spectra measured from
MORB glasses and MI and matrix glasses from Mt. Etna, Nyamuragira, and Kilauea volcanoes, are
consistent in showing that both Cu(I)-sulfide species and linearly complexed Cu(I)-oxide species are
stabilized in natural systems. In some cases, both species are found to coexist, with the proportions being
highly correlated with measured S abundance in the glasses. Spectra measured in olivine-hosted melt
inclusions from recent Kilauea volcanics show that Cu in these glasses is strongly complexed as Cu(I)-
sulfide when S concentrations exceed 1000 ppm. Below 1000 ppm S, oxygen complexing begins to be
observed and dominates at S concentrations below 500 ppm, although Cu remains complexed to both O-

and S-ligands at the lowest S abundances measured. How these observed changes in Cu speciation impact
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metal solubility remain unclear and will require further study. However, it is clear that both oxide and
sulfide complexing of Cu in silicate melts should be expected and that changes in S content of the melt,
for example through volatile degassing or incorporation of externally derived sulfur to the magma, can
lead to direct changes in the stabilized Cu species. Insomuch as species complexing is important for
partitioning behavior in magmas, the results presented here suggest that the partitioning behavior of Cu
into sulfide melts, solids (Cu-sulfide), and fluids (vapor phase and Cu-chloride brines) may be
significantly different depending on the S content of the melt. These observations, therefore, provide
guidance for the design of future experimental work on Cu-partitioning behavior, where the sulfur content

of the melt needs to be a carefully controlled parameter in order to constrain and stabilize Cu-speciation..
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Figure Captions

Figure 1: (a) Cu K-edge XAFS spectra collected for various Cu-bearing standard materials,

intensities offset vertically for clarity. Spectra labeled Structure L, Ly, and O are for aqueous
Cu species from Fulton et al. (2000a,b), energy shifted so the calibration is consistent with
what is used in this study. The L, and L, Cu(I) complexes (top two curves respectively) have
a linear geometry with a strong spectral maximum at ~ 8983.5 eV (designated by a dashed
vertical line marked LCC). Structure O complexes (bottom most curve) are Cu(II) species
with an octahedral symmetry exhibiting a spectral maximum just below 9000 eV (dashed
vertical line marked Type O). Spectra for CuS, Cu,S, CuFeS,, CuO, and Cu,O crystalline
compounds are also shown (all labeled accordingly). The first maximum in the CuS spectrum
lies at ~ 8987 eV (dashed vertical line marked CusS). Cu,O has a pre-edge peak similar to that
observed in LCC, but at lower energy and intensity. (b) Cu K-edge XAFS spectra collected
for natural magmatic glasses including (bottom) matrix glasses from MORB Juan de Fuca
Ridge, MORB East Pacific Rise and Nyamuragira alkaline basalt and (top) matrix glasses
from 1965 Kilauea summit eruption, 2014 Kilauea lava flow and in lapilli from a 2015
eruption at Mt. Etna. The two groups are offset vertically for clarity and labeled, respectively,

High-S glasses and Low-S glasses.

Figure 2: Cu K-edge XAFS spectra measured in experimental glasses synthesized from Kilauea

basalt (Dufresne et al. 2009) and MORB (NMNH 118279, Cottrell et al. 2009) starting
materials at various fO, from NNO-0.68 to NNO+4.7. These glass synthesis experiments
were all conducted in S-free atmosphere and all preserve what appear to be predominantly
LCC species, independent of fO,. The energies of spectral maxima for LCC and CuS

standards are indicated by vertical dashed lines (see Fig. 1a).

Figure 3: Plane-light photomicrograph (left) and Cu K-edge XAFS spectra (right) from a sample of

pillow basalt glass dredged from the East Pacific Rise. A 1 mm scale bar is shown in the

lower left corner of the photomicrograph and the points selected for XAFS analysis are
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annotated in yellow, extending ~ 5.5 mm into the pillow from its quenched surface (left side
of the sample). Normalized Cu XAFS spectra for each analysis point are shown, and are
indistinguishable throughout the pillow margin. Comparison spectra for CuS and
experimental 1 atm Kilauea tholeiitic basalt (NNO+4.7) offset vertically. The energies of
spectral maxima for LCC and CusS standards are indicated by vertical dashed lines (see Fig.

la).

Figure 4: Selected Cu K-edge XAFS spectra collected from Kilauea summit MI (shown in blue) and

matrix glasses (shown in red) erupted March 27, 2008 (top), September 17, 2009 (middle)
and January 17, 2011 (bottom). Annotations on each figure show how many analyses are
presented (designated n=) and measured S abundances for each glass. Uniformly, spectra
collected in glasses with the highest measured S are most similar to spectra measured in
crystalline CuS, while spectra from low S MI and matrix glasses are similar to that measured
in aqueous LCC species, which we interpret as indicating the dominance of Cu'*-O in these
glasses. Spectra from the 2009 MI, which have intermediate S content, appear consistent with
a two-component mixture of these two species. The energies of spectral maxima for LCC and

CusS standards are indicated by vertical dashed lines (see Fig. 1a).

Figure 5: Examples of linear combination fits (LCF) of Kilauea glass spectra used to determine the

relative percentage of Cu(I)-oxide and -sulfide species in each analysis. Examples are shown
for analyzed olivine-hosted MI erupted in 2008 (bottom) and 2014 (top). Measured edge-step
normalized Cu XAFS spectra are shown as solid red curves and the predicted fit, using CuS
model compound and experimental 1 atm Kilauea tholeiitic (representing the Cu'*-O
component) as the predictor components, are shown as dashed blue curves. Also plotted are

the weighted component spectra for the fit and the residual.

Figure 6: Plot of measured S abundance vs calculated % Cu'*-O for analyzed Kilauea glasses. The %

Cu-oxide is calculated assuming a mixture of Cu'*-O and Cu'*-S on the basis of linear

combination fitting of the measured Cu XAFS spectra, using spectra from CuS standard and
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experimental 1 atm Kilauea tholeiitic basalt as the predictor components. Matrix glasses are
shown as triangles while MI are shown as open circles. Color-coding of the symbols indicates
the date of eruption by year. Matrix glasses and MI with S abundances <500 ppm have
spectra most consistent with what is measured for degassed, 1 atm experimental glasses while
MI with S concentrations exceeding 1000 ppm are most similar to Cu XAFS spectra
measured in CuS. MI with intermediate S concentrations appear consistent with a two-
component mixture of these two species.

Figure 7: Plot of measured Cu vs S abundance for analyzed Kilauea glasses. Symbol designations
are the same as described for Fig. 6. Copper abundance is relatively uniform compared to the

nearly two order-of-magnitude variation in S abundance.



Table 1

Table 1: Kilauea glasses: sample information and calculated ppm S, ppm Cu, and % linear Cu complex

MI % LCF
Sampling  Diameter S Cu Cu'"-  R-Factor
Sample ID Date® (um) (ppm)° (ppm)° oxide! (%o0)°
KS08-11-MI1 3/19/2008 65 1364 119 16 5.2
KS08-11-MX1 3/19/2008 NA 214 131 81 2.4
KS08-108-MI1 8/1/2008 125 1321 116 26 8.0
KS08-108-MI2 8/1/2008 120 1344 ND 29 3.8
KS08-108-MX1 8/1/2008 NA 341 132 75 8.0
KS08-110-MI1 8/27/2008 150 922 88 59 3.8
KS08-110-MX1 8/27/2008 NA 318 116 82 1.0
KS08-112-MI1 9/2/2008 50 746 133 44 8.0
KS08-112-12-MI1 9/2/2008 50 1276 138 13 6.6
KS08-112-13-MI1 9/2/2008 90 1092 ND 4 5.2
KS08-112-16-MI1 9/2/2008 50 1135 ND 13 6.6
KS08-112-17-MI1 9/2/2008 45 863 ND 31 3.8
KS08-112-MX1 9/2/2008 NA 307 107 81 2.4
KS08-118-MI1 10/14/2008 90 723 141 63 6.6
KS08-118-MX1 10/14/2008 NA 396 70 76 3.8
KS09-152-MI1 9/17/2009 45 831 ND 51 8.0
KS09-152-MX1 9/17/2009 NA 519 ND 69 5.2
KS09-152H-2-MI1 9/17/2009 72 617 ND 62 5.2
KS09-152H-3-MI1 9/17/2009 64 1132 120 45 6.6
KS09-152H-4-MI1 9/17/2009 58 1113 ND 18 6.6
KS09-152H-5-MI1 9/17/2009 50 913 109 43 6.6
KS09-152H-6-MI1 9/17/2009 50 776 136 54 8.0
KS11-205-M1 1/17/2011 60 360 ND 74 2.4
KS11-205-MX1 1/17/2011 NA 436 85 78 3.8
KS13-262-MI1 6/4/2013 60 67 130 83 1.0
KS13-262-MX1 6/4/2013 NA 276 112 83 1.0
KS13-265-MI1 7/8/2013 30 603 ND 78 2.4
KS13-265-MI2 7/8/2013 35 376 180 80 5.2
KS13-265-MX1 7/8/2013 NA 256 118 84 1.0
KS13-266-MI1 8/9/2013 45 471 139 72 6.6
KS13-266-MI12 8/9/2013 25 67 91 68 9.4
KS13-266-MI3 8/9/2013 30 49 128 79 1.1
KS13-266-MI4 8/9/2013 35 283 105 75 6.6
KS13-266-MI5 8/9/2013 40 79 167 72 6.6
KS13-266-M16 8/9/2013 45 61 162 80 1.0
KS13-266-M17 8/9/2013 30 405 88 68 1.1
KS13-266-MI8 8/9/2013 30 135 71 84 2.4
KS13-266-MX 1 8/9/2013 NA 459 150 84 1.0
KS14-271-MI1 1/10/2014 55 374 85 76 2.4

KS14-271-MI2 1/10/2014 30 116 172 74 2.4



KS14-271-MI3 1/10/2014 45 37 128 77 3.8

KS14-271-MI14 1/10/2014 47 442 ND 78 3.8
KS14-271-MI5 1/10/2014 50 538 117 86 3.8
KS14-271-MI6 1/10/2014 85 553 107 79 1.0
KS14-271-M17 1/10/2014 25 49 183 77 2.4
KS14-271-MI8 1/10/2014 25 <30%* ND 73 8.0
KS14-276-MI1 3/18/2014 25 173 109 68 9.4
KS14-276-M12 3/18/2014 45 532 116 75 2.4
KS14-276-MI3 3/18/2014 35 90 92 80 2.4
KS14-278-MI1 4/8/2014 35 <30%* 84 78 5.2
KS14-278-MI12 4/8/2014 50 396 121 81 1.0
KS14-278-MI3 4/8/2014 50 463 113 73 8.0
KS14-278-MI4 4/8/2014 55 472 73 76 5.2
KS14-278-MI5 4/8/2014 50 <30%* 155 81 1.0
KS14-278-M16 4/8/2014 50 400 ND 79 9.4
KS14-278-MX1 4/8/2014 NA 190 114 81 1.0
KS14-279-MI1 4/22/2014 40 47 189 81 1.0
KS14-279-MI12 4/22/2014 35 347 199 81 1.0
KS14-279-MX 1 4/22/2014 NA 304 102 82 2.4
KS15-314-MI2 4/28/2015 100 528 109 92 6.6
KS15-314-MX1 4/28/2015 NA 236 116 79 1.0
KS15-318-MI1 5/20/2015 63 172 ND 78 1.0
KE61-3142-MI1 ? 120 319 ND 78 5.2
KE61-3142-MI2 ? 90 346 ND 79 2.4
KS16-377-MI1 8/8/2016 50 391 ND 76 5.2
KS16-377-MI2 8/8/2016 50 301 ND 72 5.2
KS16-377-MX1 8/8/2016 NA 197 ND 73 6.6
KE62-3293S 1 G02-MI1 5/30/2018 110 925 85 62 6.6
KE62-3293S 1 G04-MI1 5/30/2018 100 1110 143 25 6.6
KE62-3293S 1 G04-MC2 5/30/2018 250 610 121 75 3.8
KE62-3293S 1 G04-MC3 5/30/2018 300 730 144 69 52
KE62-3293S 1 GO05-MI1 5/30/2018 90 850 113 59 8.0
KE62-3293S 1 G06-MI1 5/30/2018 80 750 146 61 6.6
KE62-3293S 1 G06-MI2 5/30/2018 70 750 124 62 6.6
KE62-3293S 1 G06-MI3 5/30/2018 40 680 90 66 52
KE62-3293S 1 G06-MX1 5/30/2018 NA 350 157 79 2.4
KE62-3293S 1 G07-MX1 5/30/2018 NA 130 67 78 1.0

MI: melt inclusion, MX: matrix glass, ND: not determined, NA: not applicable, LCC: linear Cu complex.
* S concentration below detection so set to the lower limit of detection (LLD) concentration of 30 ppm.
*Sampling dates provided by HVO and generally are contemporaneous to the date of the eruptive event.

® Relative measurement uncertainty estimated at 13% (1o).

¢ Relative measurement uncertainty estimated at 15% (1o).

4 Calculated % Cu'*-oxide in glasses assuming binary mixing of Cu'*-oxide and Cu'*-sulfide species.
Percentage based on linear component fitting (LCF) of spectral end-members.

¢ Calculated residuals (R-Factor) between the fitted and measured spectra of the LCF. Better fits indicated
by lower R-Factors.
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