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Abstract

The oxygen fugacity (fO,) of the Earth’s upper mantle and its melting products is an important parameter in the geochem-
ical evolution of arc magmas and their connection with the continental crustal construction and growth. Several works have
focused on the fO, of peridotite xenoliths, primitive melts in relatively young arc settings, and mid-ocean ridge basalts
(MORB) but few studies have attempted to examine the early redox history of primitive magmas in mature arcs. Hence,
our understanding of the nature and evolution of fO, during the subduction cycle remains limited. Here, we investigate
the basaltic tephra from the Los Hornitos monogenetic cones in central-southern Chile, which are among the most primitive
materials reported in the Southern Andes (olivine Mg# < 92.5, and Ni < 5000 pg-g~'). These features offer a unique oppor-
tunity to explore the fO, conditions below the Andean arc by studying olivine phenocrysts and their contained crystal and
melt inclusions. We integrated EPMA, LA-ICP-MS, and u-XANES analyses to constrain the redox conditions recorded in
the basaltic tephra by three different and self-reliant methods. First, we determined the fO, based on the olivine-spinel equi-
librium, yielding average values AFMQ + 1.3 £+ 0.4 (15). Second, we constrained the fO, conditions of melt inclusions using
Fe pn-XANES data and the redox dependent olivine-melt vanadium partitioning. After correcting for post-entrapment crys-
tallization and diffusive iron loss, the Fe u-XANES data indicate that the melt inclusions were trapped in average at AFMQ
+2.5 £ 0.5 (1o). Results using the olivine-melt vanadium partitioning oxybarometer in melt inclusions are in agreement with
Fe pu-XANES data, yielding average AFMQ values of +2.6 + 0.3 (1o). In order to test the potential effects of other post-
entrapment modifications of the melt inclusions that could have affected the fO, prior to eruption, we assessed the residence
time of these magmas using Mg-Fe interdiffusion modelling in olivine. The short residence times (<200 days) compared to
vanadium re-equilibration models strongly suggest that the melt inclusions preserve the prevailing fO, conditions during their
entrapment. Correlations between melt inclusions major element composition and their fO, determined by Fe p-XANES, as
well as V/Sc modelling reveal a case of post-melting oxidation of the LHC magmas. We argue that primitive arc magmas
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behave as an open system with respect to fO, during their early geochemical evolution. Our data indicate a complex fO, early
history of primitive melts in the southern Andes and provide a cautionary note on the direct extrapolation of primitive melts

fO, values to that of their mantle source.
© 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Direct samples of the deepest portions of the Earth’s
lithosphere beneath magmatic arcs are provided by either
peridotite xenoliths brought to the surface by rapidly
ascending magmas, or tectonically exposed crustal sections
(Kohistan, Talkeetna, Sierra Nevada, Famatinian arcs)
(e.g., Ducea et al., 2015; Jagoutz and Kelemen, 2015;
Bucholz and Kelemen, 2019). However, the distribution
of these rocks is limited in space and time, hampering our
understanding on the nature of the early stages of magma-
tism. Conversely, olivine-hosted melt inclusions (MIs) con-
stitute a ubiquitous window to investigate deep magmatic
processes. Thus, MIs have received increasing attention
for tracing the early geochemical history of primitive mag-
matic systems (Lowenstern, 1995; Sobolev and Chaussidon,
1996; Shimizu, 1998; Laubier et al., 2007; Kent, 2008;
Manzini et al., 2017; Reinhard et al., 2018; Seager et al.,
2018; Neave et al., 2018; Bouvier et al., 2019; Howarth
and Biittner 2019; Hanyu et al., 2019).

Recently, olivine-hosted MIs have also been used to
explore the oxygen fugacity (fO,) of their mantle source
region, and to evaluate the subsequent post-melting redox
history of magmas during storage, differentiation, and
ascent (e.g., Kelley and Cottrell, 2012; Hartley et al.,
2017; Head et al., 2018). This is of key interest to better
constrain, for instance, the fO, conditions at which magmas
are sourced in the mantle wedge of subduction zones. The
predominant view holds that the mantle source region in
subduction zones is oxidized due to the reaction with oxi-
dizing fluids derived from the dehydrating slab (Brandon
and Draper, 1996; Wood et al., 1990; Parkinson and
Arculus, 1999; Kelley and Cottrell, 2009, 2012; Nekrylov
et al., 2018). An alternative hypothesis proposes that the
fO, of the mantle source region in subduction zones is
undistinguishable from that of mid-ocean ridges, suggesting
that arc basalts inherit their oxidized nature during differen-
tiation on their migration to the surface (Lee et al., 2005,
2010; Dauphas et al., 2009; Mallmann and O’Neill, 2009;
Tang et al.,, 2018). Partial crystallization, assimilation,
and degassing can have either an oxidative or reducing
effect on ascending magmas depending on the nature of
the crystallized or assimilated materials and on the specia-
tion of degassing species (Kelley and Cottrell, 2012;
Moussallam et al., 2014, 2016; Gaillard et al., 2015). Recent
studies of olivine-hosted MIs have traced evidence of pro-
gressive reduction along with differentiation (Kelley and
Cottrell, 2012; Hartley et al., 2017). More recently, Tollan
and Hermann (2019) showed evidence for continued oxida-
tion of hydrous primitive magmas due to reactions with the
surrounding mantle during ascent. This evidence highlights

that both source melting and post-melting redox processes
that control the fO, signature of arc magmas remain enig-
matic and require further investigation.

Iron (Fe) is the most abundant redox-sensitive element
in magmatic systems and its oxidation state reflects the
fO, of the system. Thus, the measurement of the oxidized
to reduced ratio of Fe, or Fe*'/Fe?" can be related to the
fO, of magmas at a given composition, temperature, and
pressure (Kress and Carmichael, 1991; Condie, 1993;
Hofmann, 1988; O’Connor, 1965; Wilke et al., 2004;
Kelley and Cottrell, 2009). Microscale X-ray absorption
near edge structure (u-XANES) spectroscopy allows deter-
mination of the speciation of Fe in small-sized samples such
as MIs. The Fe**/Fe,, ratio of glasses has been calibrated
for a range of compositions and fO, (e.g., Berry et al., 2003;
Cottrell et al., 2009; Farges et al., 2004; Galoisy et al., 2001;
Giuli et al., 2003, 2011, 2012; Knipping et al., 2015; Wilke
et al., 2004; Fiege et al., 2017), making the use of Fe p-
XANES particularly useful for tracing the early redox pro-
cesses in MIs. However, the premise that olivine-hosted
MIs behave as closed systems after their entrapment (e.g.,
Sobolev, 1996; Cherniak, 2010) has been challenged by sev-
eral studies. Both natural and experimental studies have
shown that the MI-host system is open to, at least, post-
entrapment diffusion of Fe?* and HT. Although H™ diffu-
sion and fO, re-equilibration might occur as independent
processes, Fe*" diffusion in or out of the MI will have a
direct effect on their redox state (Danyushevsky et al.,
2000, 2002; Gaetani et al., 2012; Bucholz et al., 2013;
Hartley et al., 2015). Therefore, recognizing the extent to
which post-entrapment processes affect the fO, of a melt
inclusion assemblage has become crucial before using them
as tracers of deep redox processes. A second approach to
constrain the fO, in olivine-hosted MIs is the redox-
dependent partitioning of the multivalent element vana-
dium (V) between olivine and hydrous basaltic melts
(Gaetani and Grove, 1997; Canil and Fedortchouk, 2001;
Papike et al., 2013; Laubier et al., 2014; Shishkina et al.,
2018). This approach is more robust to post-entrapment
modifications because of the trace abundance of V in melts
and its generally incompatible behavior in olivine
(Shishkina et al., 2018). Therefore, a comparison between
various methods to determine fO,, including mineral equi-
libria (e.g., olivine-spinel equilibrium) and melt inclusion-
based oxybarometers may offer a unique opportunity to
improve our knowledge about the fO, conditions of paren-
tal melts, and also test the effects of post-entrapment mod-
ifications. Such an approach would be particularly relevant
to test in a mature arc setting, where redox data of primitive
melts are scarce and the nature and evolution of fO, during
the subduction cycle remains largely unconstrained.
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In this study, we explore the redox record of the primi-
tive basaltic eruptive products of the Los Hornitos mafic
monogenetic vents from the transitional Southern Volcanic
Zone in the Andes of south-central Chile. These are among
the most primitive materials reported in the Southern
Andes, with olivine Mg# of up to ~93 (e.g., Salas et al.,
2017). We integrate EPMA, LA-ICP-MS, and Fe p-
XANES analyses of olivine and their contained crystal
and MIs to determine their fO, values by using a combina-
tion of three different and independent oxybarometers,
namely olivine-spinel equilibrium, the ratio of oxidized to
reduced iron in Mls, and the olivine-melt V partition coef-
ficient. After a detailed assessment of post-entrapment
modifications of the MIs and olivine Fe-Mg diffusivity
modelling aimed at determining residence times of magmas,
our data indicate that despite their primitive nature, the
redox evolution of the primitive basaltic magmas of Los
Hornitos is more complex than expected. We discuss the
possible source and post-melting redox processes that could
have caused such fO, variations and explore their implica-
tions for the use of primitive basalts to directly trace their
mantle source fO, conditions.

2. GEOLOGICAL BACKGROUND AND SAMPLE
MATERIAL

The Southern Volcanic Zone (SVZ) is a ~1400 km long
arc segment that limits with the flat-slab subduction seg-
ment to the north at ~32°S, and with the subduction of
the Chile Ridge to the south at ~46°S (Appendix 1). The
volcanism of the SVZ is caused by the subduction of the
Nazca Plate (convergence velocity of 7 cm/year) beneath
the South American continent (DeMets et al., 2010). This
segment can be divided into four sub-zones (northern, tran-
sitional, central, and southern) based on the geochemistry
of the erupted volcanic products, although their precise lim-
its remain uncertain (Sellés et al., 2004; Volker et al., 2011).
Within this segment, the volume of primitive basaltic mate-
rial decreases significantly towards the Northern SVZ
because of an increase in the crustal thickness (Tassara
and Echaurren, 2012). However, in the Transitional SVZ
(TSVZ) there are still a few examples of monogenetic erup-
tions containing primitive basalts (Salas et al., 2017).
Among these, the Los Hornitos Cones (LHC) comprise
two small monogenetic vents located ~9 km south of the
Cerro Azul/Quizapu stratovolcano, in the Descabezado
Grande Volcanic Field (DGVF), within the Chilean TSVZ
(35°43'40'S, 70°48'18”"W; Appendix 1). The eruptive prod-
ucts of the LHC are basaltic lava flows and pyroclastic
material. The tephra material is particularly primitive as
evidenced by their olivine Mg# (Mg# =[Mg/(Mg
+ Fe) x 100] in molar proportions) reaching values of up
to ~93 (Salas et al., 2017).

Melt inclusion studies of eruptive products from the
SVZ lavas are scarce and have mostly focused on individual
stratovolcanoes (e.g., Witter et al., 2004; Zajacz and Halter,
2009; Rea et al., 2009; Watt et al., 2013). For example, data
obtained from olivine-hosted MIs were used predominantly
to constrain primitive magma compositions and melt gener-
ation parameters (e.g., Weller and Stern, 2018). Wehrmann

et al. (2014), on the other hand, presented a more regional
study that aimed to determine the along-strike variability of
volatiles in parental melts in the SVZ. These authors
included in their regional analysis melt inclusions data from
the LHC, indicating a strong subduction component. Their
comparative analyses indicated that the olivine-hosted MIs
from the LHC are among the most primitive compositions
of the SVZ and suffered sulfur and chlorine outgassing.
However, it is important to stress that there are no studies
that report fO, determinations in MIs of primitive eruptive
materials in the SVZ, hampering our understanding of pro-
cesses that occur in the mantle source of the parental melts.

In this study, we focus on the basaltic tephra from the
explosive stages of the LHC because olivine-hosted inclu-
sions in this material are less susceptible to recrystallization
than in basaltic lavas (Lloyd et al., 2013; Hartley et al.,
2017). The tephra material is rich in euhedral olivine phe-
nocrysts that contain abundant Cr-spinel and melt inclu-
sions. Olivine grains were hand-picked and inspected
individually for the occurrence of MIs. Detailed petro-
graphic observations revealed that MIs are present in
almost all olivine grains from the LHC. The inclusions
are colorless to light brown, rounded to elongated and vary
in size from 10 to 90 pm (Fig. 1A-C). Except for the small-
est MIs (~5-10 um), they always display a shrinkage bub-
ble and commonly, accidental crystals of Cr-spinel
(crystals arbitrary enclosed during the entrapment of melt
inclusions). These features are characteristic of olivine-
hosted MIs reported in the literature (Cannatelli et al.,
2016, and references therein). The MIs commonly occur
as isolated inclusions, making it difficult to define geneti-
cally linked melt inclusion assemblages (MIA) genetically
related due to the lack of symmetry in olivine. For analysis,
the olivine phenocrysts were mounted in epoxy mounts and
polished individually until MIs were exposed. MIs were
carefully examined and selected to avoid cracks and embay-
ments that could have reset the system after the melt
entrapment. In addition, only MIs completely enclosed
within the host crystal and devoid of any evidence of recrys-
tallization were picked for analysis.

3. ANALYTICAL METHODS

3.1. Electron probe microanalysis (EPMA) and electron
backscatter diffraction (EBSD)

The concentrations of major and minor elements in oli-
vine, Cr-spinel, and MIs were quantitatively characterized
by wavelength-dispersive spectrometry (WDS) using a
CAMECA SX-100 electron microprobe in the Electron
Microbeam Analysis Lab (EMAL) at the University of
Michigan, USA. An acceleration voltage of 20 kV, a beam
current of 10 nA, and a focused (1 pm) beam were used for
olivine and Cr-spinel analyses. Counting times of 20 s on
the peak and 10 s on the background position were used
for all elements. For melt inclusion analysis, an acceleration
voltage of 15kV, a beam current of 5-10 nA, and a beam
size of 5 um was used. A peak counting time of 10 s was
used for all elements when analyzing the MIs, except for
Na and K where 5s was used. Precautions were taken to
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Fig. 1. Plane polarized light images of olivine-hosted MIs from the
LHC basaltic tephra. (A) MIs selected for study are commonly
located in the center of olivine phenocrysts and far from any
fracture and/or embayment, and devoid of any signs of recrystal-
lization. (B) and (C) show typical occurrences of MlIs, along with
tens of Cr-spinel crystals within the same olivine host.

prevent electron beam damage of glass (e.g., alkali and Si
diffusion, and Al burn-in; Morgan and London 2005).
Analyses were spotted away from fractures or defects.
Olivine-MI and olivine-spinel pairs were analyzed between
25 and 30 pm away from other phases, fractures or defects.
Whereas olivine was analyzed twice and averaged when

possible, Cr-spinel were analyzed once in the center of the
crystal as they were just too small to probe different
locations.

Crystallographic orientations of olivine crystals were
determined using electron back-scatter diffraction methods
(EBSD; Prior et al., 1999). These data were used in diffusion
modelling, considering the fact the Fe-Mg diffusivity
depends on the crystallographic orientation of olivine crys-
tals (Dohmen and Chakraborty, 2007; Dohmen et al.,
2007). The EBSD data were obtained using a FEI Quanta
650 field emission scanning electron microscope (FE-
SEM) equipped with a Nordlys EBSD camera at the School
of Earth and Environment, University of Leeds, UK.

3.2. Micro X-ray absorption near edge structure spectroscopy
(L-XANES)

In situ p-XANES analyses at the Fe K-edge were per-
formed at the GSECARS 13-ID-E beamline of the
Advanced Photon Source (APS), Argonne National Labo-
ratory (Illinois, USA). The beamline covers an energy range
of 2.4-28 keV and uses a set of Kirkpatrick-Baez (KB)
focusing mirrors that result in a 2 um X 2 pm (u-XANES)
focused beam, allowing for high spatial resolution. Energy
selection was achieved using a Si (111) channel cut
monochromator. The energy of the first derivative peak
of Fe metal foil was set to the F K-edge energy of
7110.75 eV as determined by Kraft et al. (1996). All spectra
were collected in fluorescence mode from 7062 to 7308 eV
with a counting time per point of 1s and step sizes of
3eV from 7062 to 7107¢eV; 0.1 eV from 7107 to 7137
(pre-edge); 2 eV from 7137 to 7308 eV. We emphasize that
the fluorescence mode was chosen due to the nature of the
samples which did not allow for transmission mode. All p-
XANES data were corrected for detector dead time and
self-absorption. The XANES spectra were processed and
calibrated according to the method described by Fiege
et al. (2017).

3.3. Laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS)

The concentration of trace elements (La, Ce, Nd, Sm,
Eu, Gd, Dy, Ho, Er, Yb, Lu, Rb, Ba, Th, U, Sr, Zr, Hf,
Ti, Ni, and V) in olivine and MIs were obtained by laser
ablation inductively coupled plasma mass spectrometry
(LA-ICP-MYS), using a ArF excimer laser 193 nm (Photon
Machines Analyte G2) coupled to a quadrupole ICP-MS
(ThermoFisher Scientific iCAPQ) at the Mass Spectrometry
Laboratory of the Andean Geothermal Center of Excel-
lence (CEGA), Universidad de Chile, Santiago. The count-
ing time for one analysis was typically 180 s (60 s on gas
blank to establish background and 120 s for data collec-
tion), unless limited by the small volume of material for
the case of the MIs. The diameter of the laser beam was
12-40 pm, the frequency 7 Hz, and 4 J/cm? of laser fluence.
A maximum of 15 unknowns were bracketed by the mea-
surement of two external standards: the NIST SRM 610
(primary) and the USGS BHVO2G (secondary). The sec-
ondary standard was repetitively analyzed and treated as
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an unknown, yielding both precision and the accuracy bet-
ter than 10% for the analytical session. The data reduction
was carried out using the Iolite software (Woodhead et al.,
2007; Paton et al., 2011); Si or Al contents—determined by
EMPA — were used as internal standards. Detection limits
and standard errors for each element are presented in
Appendix 2.

3.4. Oxygen fugacity determination

We assessed the fO, values of the basaltic tephra mate-
rial from LHC by using three different and independent
methods. The first one involves the olivine-spinel equilib-
rium, which is one of the most common approaches to esti-
mate the redox state of upper mantle and basaltic rocks.
The foundation of this oxybarometer relies on the presence
of both Fe?" and Fe*" in spinel (Irvine, 1965), and several
models have been developed (O’Neill and Wall, 1987;
Mattioli and Wood, 1988; Ballhaus et al., 1991). We used
the model of Ballhaus et al. (1991) (and its associated erra-
tum; Ballhaus et al., 1994), based on the olivine-
orthopyroxene-spinel equilibrium, to constrain the fO, of
the melts that produced the tephra material from LHC.
This model is also applicable to orthopyroxene-
undersaturated systems, at the risk of increasing the uncer-
tainty in up to ~0.2 log units, as long as X% <0.15
(Ballhaus et al., 1991). Temperature was calculated using
the Fe-Mg spinel-olivine equilibrium thermometer
(Ballhaus et al., 1991), and pressure was assumed to be 1
GPa, resembling crustal pressures estimated for the TSVC
(Tassara and Echaurren, 2012). Variations of 1 GPa in
pressure would result in ~0.23 log units difference in fO,.
The second oxybarometer takes into account the oxidation
state of Fe (Fe?" vs. Fe> ") in the Mls to determine fO,. The
Fe*"/Fe,,, ratios of the studied MIs were obtained using Fe
pn-XANES following the procedure of Fiege et al. (2017),
and the fO, values were translated to log units with respect
to the FMQ buffer using Eq. 7 of Kress and Carmichael
(1991), at 1200 °C and 1 GPa. The third approach involves
olivine-melt redox dependent vanadium (V) partitioning.
Vanadium can be present as +2, +3, +4, and +5, although
valences +3 and +4 prevail in natural magmatic systems
(Borisov et al., 1987; Sutton et al., 2005). In Fe-Mg silicates,
V*#* is more incompatible compared to V>*. Therefore, ris-
ing O, will increase the V**/V>* ratio of the melt, modify-
ing the partition coefficient of V between the silicates and
the melt. We used the calibration of Shishkina et al.
(2018) to determine the fO, in the MIs based on their V
content measured using LA-ICP-MS. This method is based
on the fO,-dependent partitioning of V between olivine and
melt D°//""") and was calibrated at temperatures between
1025 and 1150 °C, and pressures between from 0.1 to 0.3
GPa (Shishkina et al., 2018).

4. RESULTS
4.1. Olivine composition

Olivine was the only significant phenocryst recovered
from the tephra material at LHC. The olivine phenocrysts

are colorless to greenish-colored, euhedral to subhedral,
and vary in size from ~150 to 1500 um (Fig. 1A and B).
Excluding a few smaller crystals (<200 pm), olivine phe-
nocrysts always host tens of pm-sized Cr-spinel mineral
inclusions. The composition of the olivine cores hosting
the Cr-spinel inclusions vary from 46.6 to 52.5 wt% MgO
(Mg# from 87.6 to 92.5, with an average value of 91.1;
Appendix 2). Selected in-situ trace element data of olivine
obtained by LA-ICP-MS are presented in Appendix 2.
Nickel concentrations range from 1360 to 5190 pg-g~"
and correlate positively with Mg# values. The most primi-
tive olivine crystals have Ni contents slightly higher than
those expected from simple melting of a peridotite source
at a given Mg# (Herzberg, 2011), although they follow a
typically low Ni fractionation trend (Appendix 2). The
CaO concentration was determined by EPMA due to
“0Ca interference with *°Ar during LA-ICP-MS analysis,
and is slightly lower (1100-1700 pg.g~") than expected for
olivine crystallized from peridotite-derived melts (0.2-0.3
wt.%, 1o) (Sobolev et al., 2007; Gavrilenko et al., 2016).
The Fe/Mn ratios range between 41.8 and 58.9 (Appendix
2) and are also consistently lower than olivine derived from
peridotite melts (Sobolev et al., 2007). The Cr content (148—
590 pg-g~") correlates positively with Ni (R* = 0.64) and Al
(R?= 0.5). The Al concentration of olivine (72-202 pggh)
correlates positively with Ni (R?=0.47) and negatively
with Mn (R* = 0.33) (Appendix 2).

4.2. Cr-spinel composition

Cr-spinel inclusions occur as reddish to dark-brown
euhedral crystals, ranging in size from 3 to 10 pm, com-
monly forming clusters of up to 10 crystals within olivine
(Fig. 1B and C). Although the spinel inclusions are small,
the low SiO, content measured (<0.15 wt.%) suggests that
there is no significant secondary fluorescence affecting the
spinel measurements (details in Appendix 3). Twenty-one
Cr-spinel inclusions were analyzed in different olivine crys-
tals, as well as the respective olivine hosts (Appendix 3).
The Cr-spinel inclusions show a narrow compositional
range with Cr# varying from 63.5 to 74.1 (Cr# = [Cr/(Cr
+ Al) x 100] in molar proportions). These Cr# values are
similar to Cr-spinels with the highest Cr# reported in the
literature, underscoring their highly primitive nature (e.g.,
Kamchatka picrobasalts, Cr# = 60-80, Portnyagin et al.,
2005; Nekrylov et al., 2018). The Mg# of the Cr-spinel
inclusions varies from 40.4 to 60.3 mol.%, even within the
narrow range of Mg# content of the host olivine (Appendix
3). The Cr# of the spinel correlates negatively with its Fe>*
contents (R> = 0.56; Fe*" calculated based on perfect stoi-
chiometry and charge balance). There is no clear correla-
tion between the Mg# of the Cr-spinel inclusions and the
Mg# of their olivine hosts.

4.3. Melt inclusion composition

The major and minor element concentrations of the
olivine-hosted MIs (normalized to a water free basis) can
be found in Appendix 2. The measured MgO concentration
range from 4.5 to 9.8 wt.%, and the SiO, concentrations
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vary from 46.4 and 54.9 wt.%. The FeO, and K,O con-
tents are 5.2-9.6 wt.% and 0.4-1.2 wt.%, respectively.
Major elements concentration versus the MgO content
show no correlation for FeO,, (R>= 0.04); ALLO; and
TiO,, on the other hand, show a weak positive correlation
with decreasing MgO (R? of 0.12 and 0.15, respectively).
CaO decreases with increasing FeO,, (R>= 0.32) and
increases with increasing Al,O; (R? = 0.51), whereas alkalis
also show a weakly positive correspondence with increasing
AlO; (R? = 0.14). The non-normalized total oxide wt.% of
the analyzed MIs range from 94 to 99.78, likely due to the
presence of significant amounts of water (Wehrmann et al.,
2014; Salas et al., 2017). Sulfur concentrations are widely
variable, ranging from ~550 to ~3740 pg.g™!, and Cl varies
between 770 and 2278 pg-g~' (average lo: 30 and
25 pg-g~ !, respectively), as commonly reported in arc mag-
mas (Wallace 2005; Straub and Layne 2003). Chlorine con-
centrations show a weak positive correlation with sulfur
(R? =0.32). Post-entrapment modifications and the recal-
culated composition of the MIs are addressed and discussed
in Section 4.5.

The trace element composition of the MIs is presented in
Appendix 2 and their primitive upper mantle (PUM) nor-
malized patterns (McDonough and Sun, 1995) are dis-
played in Fig. 2. All analyzed inclusions show similar
trace element contents and distribution patterns are typical

chimica Acta 273 (2020) 291-312

of arc magmas. They have relatively flat PUM-normalized
patterns, particularly for the least incompatible elements,
with concentrations lower than the average N-MORB
(Fig. 2). The most notorious aspects of the trace element
composition are the strongly positive Sr and Pb anomalies,
and negative Nb anomalies (Fig. 2), similar to those
reported for primitive arc basalts (Schmidt and Jagoutz,
2017). An enrichment in large-ion lithophile elements
(LILE, Ba, and Sr) is observed, and shows a good corre-
spondence with K contents. The La/Yb ratios are relatively
low and vary between 2.5 and 6.5, whereas the Rb/Yb
ratios can be as high as 17.2 (Fig. 2).

When compared to the global composition of primitive
arc magmas, the major and trace element signature of the
olivine-hosted MIs studied here resembles those of primi-
tive calc-alkaline basalts from intra-oceanic arcs such as
from New Zealand, Aleutians, and the Solomon Islands
(Sorbadere et al., 2011; Schmidt and Jagoutz, 2017).

4.4. Iron 1-XANES analysis of melt inclusions

Iron p-XANES spectra were collected on a total of 45
melt inclusions from among 32 olivine host crystals. Based
on the shape of the post-edge region of the acquired spec-
tra, a total of ten spectra that were clearly devoid of olivine
host contamination were used to calculate the Fe*t/Fe,,
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ratio of the melt inclusion (Fig. 3). Although the Fe*"/Fe,,
ratio can be slightly affected by melt composition and tem-
perature (Kress and Carmichael 1991; Moretti, 2005), Fiege
et al. (2017) have recently provided empirical calibrations
for basaltic glasses that allow for the accurate determina-
tion of fO, from the Fe’'/Fe,., data obtained at the GSE-
CARS 13-ID-E beamline of the Advanced Photon Source
(APS). The calculated centroid energy of the pre-edge
(Fig. 3) has been shown to be a function of the Fe’>" and
Fe*" relative contributions, where the weighted centroid
changes gradually from Fe*'- to Fe’'-dominated with
increasing oxidation state of felsic to basaltic melts (e.g.,
Berry et al., 2003; Cottrell et al., 2009; Fiege et al., 2017).
We used the recently described methods of Fiege et al.
(2017) to fit and calibrate the measured spectra. The Fityk
software (Wojdyr 2010) was used to fit the background
spectra through a combination of exponentially modified
Gaussian and linear functions and, subsequently, adding
Gaussian functions to fit the background-corrected pre-
edge peak. Fityk provides the intensity peak and area of
each Gaussian, which were used to calculate the centroid
energy position. We used the basaltic glass data of Fiege
et al. (2017) as check standards for the data processing
and calculation of the Fe*'/Fe,, ratios, leading to identical
results within error. The measured Fe*'/Fe,, ratios of the
studied MIs range from 0.37 to 0.49 (average 0.437
4+ 0.05, 1o) (Appendix 2). We acknowledge that the high
fluxes used in the 13-ID-E GSCARS beamline at the APS
might result in oxidation during beam irradiation and

spectra acquisition (Cottrell et al., 2018). Recommended
precautions to avoid this effect include defocusing the beam
spot and/or attenuating the beam. However, whereas these
corrections result in lower photon fluxes potentially pre-
venting beam damage, defocusing the beam (increasing spot
size) resulted in significant contamination of the spectra
with surrounding olivine host (Fig. 3; upper spectrum),
making it impossible to acquire Mls data at the recom-
mended photon flux values (<3 x 10 photons/s/pm?). Still,
attenuation of the photon flux was possible through the use
of an aluminum foil. A rough estimation of the photon flux
density used during the analyses reported in this study is
~5 x 10° photons/s/um?. Despite these potential inconve-
niences, it is important to note that our Fe p-XANES
results are in excellent agreement with the olivine-melt
vanadium partitioning data, indicating that our data were
not (or were minimally) affected beyond error (see Sec-
tion 3.6 for details). The effects of post-entrapment modifi-
cations on the Fe*'/Fe,, ratios of the MIs are discussed
below.

4.5. Post-entrapment modification of melt inclusions

The assumption that MIs behave as closed systems after
their entrapment in a crystal host renders its potential to
trace the composition of near-primary melts in volcanic sys-
tems (Sobolev, 1996; Cherniak, 2010). However, several
studies have highlighted that post-entrapment processes
can significantly modify the original composition of the

Post-edge features depicting olivine host contamination of the spectra

Pre-edge

Normalized absorption

= Tiear +ENE

- = o
- - = a0

Background substracted

Gaussian Fe**

Gaussian Fe*

|
mno

]
714

7o

FARES

7112
Energy (eV)

| |

maz
li_n[en;wI {eV)

7100 7150 7200
Energy (eV)

7250
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melt (e.g., Gurenko et al, 1991; Sovolev and
Danyushevsky, 1994; Danyushevsky et al., 2000, 2002). In
the particular case of olivine-hosted MIs, post-entrapment
crystallization (PEC) is a near ubiquitous process altering
the composition of the originally trapped melt (Hartley
et al., 2017). During cooling of the melt inclusion-olivine
system, olivine can crystallize at expense of the melt in
the inclusion and form a rim along the inclusion wall, low-
ering the Mg# of the theoretical olivine in equilibrium with
the remaining melt, and resulting in disequilibrium with the
olivine host (Fig. 4). In addition to PEC, post-entrapment
modifications reported in olivine hosted MIs include both
hydration and dehydration (Portnyagin et al., 2008; Chen
et al., 2011; Gaetani et al., 2012; Hartley et al., 2015), loss
of volatiles such as CO, (Anderson and Brown, 1993;
Mironov and Portnyagin, 2011; Bucholz et al., 2013), as
well as diffusive loss of SiO, (Portnyagin et al., 2019) and
Fe*" (Danyushevsky et al., 2000, 2002). In turn, the Mg#
gradient within the newly formed rim of olivine after PEC
can trigger or enhance Fe?" loss (Danyushevsky et al.,
2000, 2002). This process involves diffusive loss of Fe from
the inclusion and gain of Mg, leading to a decrease in the
total Fe content (Danyushevsky et al., 2000) (Fig. 4). Given
the highly incompatible behavior of Fe** in olivine, both
PEC and Fe" loss will increase the Fe’'/Fey, ratio of
the inclusion, significantly altering the original fO, of the
trapped melt. Thus, assessing the extent to which this pro-
cess occurred is fundamental before addressing the valence
of Fe in olivine-hosted MIs.

The MIs studied here are clearly in disequilibrium with
their olivine host, as the Mg# of the olivine in equilibrium
with the melt is significantly lower than our measured val-
ues for the host (Appendix 2). Fig. SA and 5B shows that

gol- Fe™lossincreases | AL :
. equilibrium olivine Mg# A
o e Apparent
= gol.  PEClowers b PEC
‘]C" equilibrium olivine Mg# v s Pt
= ' tEﬂ % ul A
O ss|- PORal &
E S
S e 2
2 4 S
79 871~ ,0‘\050 s 4
=4 ‘>\\\ s = [
3 Ptk t t
o 86} o ' '

W Case A CaseB
\\-‘{\% 7
bl I | | | I
86 87 88 89 90

Host Olivine Mg#

Fig. 4. Comparison of the Mg# of olivine in equilibrium with the
melt inclusion (see BSE image in Fig. 5A) against the Mg# of the
olivine host. The diagram shows the different effects of post-
entrapment crystallization (PEC) and post-entrapment Fe?" loss
on the Mg# of olivine. PEC will reduce the Mg# of equilibrium
olivine, plotting below the equilibrium (K4 = 0.3; dashed line). In
contrast, Fe>" loss will lead to increase the Mg# of equilibrium
olivine. Case A illustrates the scenario where significant Fe*" loss
occurred after PEC, resulting in a melt inclusion in equilibrium
with its olivine host yet with lower FeO content than the original
trapped melt. Case B shows the case where the melt inclusion
underwent significant PEC followed by little Fe*" loss, resulting in
a Fe/Mg disequilibrium where Fe-loss could remain unnoticed.

PEC was certainly in part responsible of this disequilib-
rium. However, correcting for PEC alone does not neces-
sarily result in the composition of the originally trapped
melt. For example, as explained by Laubier et al. (2012),
if an inclusion is trapped at ~1300°C and cools to
~1200 °C, PEC will take place. If the system is kept at
~1200 °C for enough time or the system is subject to slow
cooling, the Mg# gradient between the melt inclusion and
the olivine host will promote further diffusion of Fe out
of the inclusion (Danyushevsky et al., 2000). The overall
result of the combined processes could result in a melt
inclusion with lower FeO concentration, but still in equilib-
rium with the host (Fig. 4). If olivine continues to grow
within the inclusion, then the Mg# of the olivine in equilib-
rium will decrease. Correcting for PEC using reverse crys-
tallization would thus result in the composition of the
low-FeO inclusion in equilibrium with the host, but not
that of the originally trapped melt. To identify this effect,
we contrasted the size of the MIs to their FeO content.
Smaller MIs re-equilibrate with their host faster than bigger
melt inclusions (e.g., Qin et al., 1992). Fig. 5C compares the
size and FeO content of MlIs, depicting that smaller MIs
have lower FeO contents (R?> = 0.41). The latter, coupled
with the generally lower FeO in MIs compared to the whole
rock data (Fig. 5C), is strong evidence that Fe-loss occurred
in addition to PEC in the suite of studied melt inclusions.
The lower FeO content of the inclusions caused by Fe**
loss has two main effects on its composition: (1) it will
increase the relative concentration of all other major ele-
ments in the melt inclusion and (2) it will significantly
increase its Fe*"/Fe,, ratio. Whereas (1) is not of great rel-
evance for the purposes of this study, (2) is critical and
needs revision. Laubier et al. (2012) corrected the diffusive
Fe?" loss of olivine-hosted MIs based on correlations
between trace elements and FeO contents. However, our
trace element data do not show a similar trend, precluding
the use of this method. In addition, modelling fractional
crystallization of olivine and spinel using our most primi-
tive compositions shows that the expected FeO variation
under the range of MgO compositions of the MIs studied
here would be close to 0.31 wt.% at the highest. This vari-
ation is lower than the analytical error (1o) for FeO
obtained from the microprobe data (average: 0.36 wt.%).
Therefore, we adopted the method used by Danyushevsky
et al. (2000), which consist of a correction based on elimi-
nating any FeO variations that may have been originally
present (i.e., defining a constant FeO content for the inclu-
sions). To perform the PEC and Fe-loss correction we used
the Petrolog3 software (Danyushevsky and Plechov, 2011).
We used the olivine equilibrium model of Ford et al. (1983)
at AFMQ + 2 and 1 GPa, and Fe*" was assumed to be per-
fectly incompatible within olivine. A total FeO content of
7.62 wt.% of the melt inclusions was used, as defined by
the average of whole rock data for the same volcanic prod-
ucts (Salas et al., 2017). Results show that the studied MIs
have undergone variable PEC, ranging from 0.3 to 16.48 %
by weight. In particular, for the MIs having their Fe*"/Fe,,
measured by u-XANES we recalculated the original com-
position of the melt inclusions using both closed and open
system behavior of melt inclusions with respect to fO,. All
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the corrected data are presented in Appendix 2. We discuss
the effects of this correction on the original Fe*'/Fe,,
ratios in the next section.

4.6. Redox state constraints

The determination of fO, of the LHC basaltic tephra
material using the olivine-spinel equilibrium model of
Ballhaus et al. (1991) yields AFMQ values between +0.8
and +1.9 (mean +1.3+0.4, 1o) (Table 1, Appendix 3).
The uncertainties in the AFMQ values were calculated as
the propagated error from the calculations of each of the
variables involved in the equation, including the EPMA
data, the stoichiometric Fe®' content estimated for Cr-
spinel, the equilibrium temperature, plus the SiO, activity
of the system (Fig. 7). In light of recent studies emphasizing
the importance of using standard reference materials for the
Fe*t/Fe, ratio of spinel (Davis et al., 2017), we notice that
the calculation of the Fe*™ content of the Cr-spinel based
on pure stoichiometry and charge balance is not as precise
as it could be. Davis et al. (2017) demonstrated that uncor-
rected measurements of spinel can have Fe*'/Fey, values

off by 0.03 from those measured via Mdossbauer spec-
troscopy. To account for this issue, we have added to the
propagated uncertainty a £ 0.03 error in the calculated
Fe3t/Fe,, ratio of the Cr-spinel studied here, which trans-
lates into an additional uncertainty of +AFMQ between
0.25 and 0.5, even when considering the error that changes
in the Fe*"/Fe,, ratio of the Cr-spinel impart on the in cal-
culated equilibrium temperature. Furthermore, although
Ballhaus et al. (1991) noted that their oxybarometer gave
reasonable results for orthopyroxene undersaturated rocks,
deviations from the enstatite-forsterite-silica buffer of 0.1
log units in the silica activity translates into a 0.3 log units
error in fO,. Therefore, we calculated the silica activity of
the LHC system based on both whole-rock data (Salas
etal., 2017) and averaged melt inclusions composition using
the MELTS supplemental calculator. Fig. 6 shows that the
data falls close to the enstatite-forsterite-silica Buffer with
differences AEn-Fo values up to 0.03. Accordingly, an
additional error in the fO, estimations of 0.1 log units
was added to the calculated uncertainty. The calculated
propagated uncertainty for each Cr-spinel-olivine pair vary
between 0.35 and 0.81 log units, being largest when the
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Table 1

Summary of data used in the estimation of fO, based on the olivine-spinel equilibrium.

Crystal # MgO SiO, ALO; FeO MnO NiO Cr,0; CaO TiO, Total T (K) AFMQ* 20¢°
Sp-17 12.31  0.10 13.82 2416 037 0.09 4599 003 041 9731 1405 1.66 0.35
Ol-17 47.60 41.13  0.001 11.86  0.16 0.17  0.04 0.15 0.00 101.13

Sp-26 14.16 0.11 13.64 16.71  0.33 0.19 52.82 0.02 0.23 98.24 1415 0.79 0.81
01-26 49.47 4142 0.02 9.13 0.14 032 0.04 0.15  bdl 100.72

Sp-32 14.21 0.11 13.61 16.79  0.34 0.19  52.88 0.01 0.24 98.43 1420 0.83 0.80
01-32 49.54 4147 0.01 9.12 0.15 033 0.04 0.15  bdl 100.85

Sp-54 14.81  0.09 1474 1843 0.32 020 48.15 001 037 97.16 1439 1.80 0.45
Ol-54 50.62 4044 0.04 8.44 0.14 0.39  0.06 0.15  bdl 100.31

Sp-27 14.32  0.11 13.56 16.81 0.34 0.20  52.50 0.02 0.24 98.12 1435 0.93 0.73
01-27 49.39 4149 0.02 9.01 0.14 034 0.04 0.15  bdl 100.59

Sp-47 14.21 0.10 13.56 18.02  0.34 0.19  50.41 0.01 0.30 97.18 1381 1.55 0.55
01-47 50.48 41.16 0.01 8.32 0.13 0.41  0.08 0.13  0.00  100.75

Sp-54 14.81  0.09 15.59 18.67 0.33 0.21  47.17 0.02 0.39 97.30 1411 1.89 0.45
Ol-54 51.03 4093 0.03 8.47 0.11 039 0.07 0.15 0.02 101.22

Sp-14 1420 0.12 13.50 16.81 0.32 0.19 52.24 0.02  0.26 97.69 1420 0.94 0.74
Ol-14 4930 4147 0.02 8.91 0.13 034  0.04 0.16  bdl 100.39

Average Std. Dev. (Sp)  0.13 0.02 0.14 0.22 0.02 0.02  0.20 0.01  0.02

Average Std. Dev. (Ol)  0.24 0.30 0.04 0.16 0.02 0.02  0.05 0.02  0.02

* Calculated based on Ballhaus et al. (1991) at 1 GPa.

% The uncertainty represents the errors on the microprobe data, stoichiometric determination of ferric iron in spinel, equilibrium

temperature, and silica activity of the system.
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Fig. 6. Silica activity of the LHC basalts compared to the
Enstatite-Forsterite buffer at 1 GPa at variable temperatures. The
Enstatite-Forsterite buffer was calculated using the MELTS sup-
plemental calculator, which uses thermodynamic data from
Berman (1998). Temperatures correspond to the whole-rock
liquidus calculated using rhyolite-MELTS (Gualda et al., 2012).

Cr-spinel composition has low ferric iron concentrations, as
noticed by Davis et al. (2017) (Table 1; Appendix 3). These
data show that the primitive melts from LHC are up to ~2
AFMQ units more oxidized that mid-ocean ridge basalts
(MORBs), which usually record AFMQ values between
—0.1 and +0.3 (Cottrell and Kelley, 2011; O’Neill et al.,
2018; Zhang et al., 2018). The slightly oxidizing conditions
recorded in LHC are characteristic of typical arc magmas.,
i.e., AFMQ between +1 and +2 (Richards, 2015).

The calculated fO, of the MIs determined using Fe p-
XANES and EPMA data corrected for both PEC and
Fe-loss depends on whether a closed or open system-
conditions were used for fO, during the correction. In the
open system scenario, both Fe?™ and Fe" diffuse in and
out of the melt inclusion and thus the Fe**/Fe,, ratio mea-
sured by p-XANES remains constant. On the other hand,
in a closed system scenario, only Fe?" can be modified from
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Fig. 7. Major element variations of the studied suite of olivine-
hosted MIs. The composition of the bulk volcanic products of the
LHC from Salas et al. (2017) is shown for comparison, along with
calculated liquid lines of descent at 1 GPa using Petrolog 3
software. The major element covariations are consistent with
olivine fractionation, depicting the primitive nature of the inclu-
sions. Bulk rock compositions are consistent with further fraction-
ation of clinopyroxene =+ plagioclase.

the composition of the melt inclusion, and therefore the
Fe*"/Fe ratio measured by pu-XANES increases propor-
tionally to the amount of Fe lost during post-entrapment
re-equilibration. Hence, the fO, values calculated from
the corrected composition of the MIs considering an open
system behavior are higher than those resulting from a
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closed system correction. We calculated the differences for
both scenarios and the results are shown in Appendix 2.
However, given the highly incompatible behavior of Fe**
in olivine, we consider that the original composition of
the MIs should be closer to those corrected as a closed sys-
tem for Fe*'; thus, we will use this compositions hereafter
for further discussions.

The calculated fO, of the MIs determined using this
method yields AFMQ values between +1.8 and +3.6 (mean
2.6 £0.6, 1o) (Table 2, Appendix 2). The uncertainty
related to of the MIs fO, using this method results from
three factors (1) the error in the determination of the
Fe**/Fe,, ratio of melt inclusions (£0.05; determined as
deviation from an average value by repeatedly reducing
the same spectra) (2) the analytical error in the total FeO
content of the MIs obtained from the microprobe data
(£0.35, 26), and (3) the error related to the calculation of
the original composition of the MIs due to post-
entrapment modification processes. For the latter, we have
added an additional error of 0.5 % of the calculated original
total FeO content. Thus, the total propagated uncertainties
on the calculation of the fO, of the melt inclusions from the
p-XANES data varies between 0.32 and 0.52 log units
(Table 2).

Finally, we calculated the fO, of the MIs using olivine-
melt V partitioning, which yields fO, values that range from
AFMQ +2.2 to +3.3 (mean +2.6 £ 0.3, 1o) (Table 3), cal-
culated using equation 5 from Shishkina et al. (2018), after
obtaining the D’Lfl/m"“for 21 different melt inclusion-olivine
host pairs. The D values can be slightly affected by PEC,
and therefore were corrected according to the degree of
PEC of each melt inclusion (Table 3). The fO, yielded from
olivine-melt V partitioning are similar to those determined
using Fe p-XANES. Each of the calculated fO, values
determined by this method carry a large uncertainty related
to (1) errors inherent to the experimental calibration of the
partition coefficients (Shishkina et al. 2018), and (2) errors
related to the analytical determination of V in the MI and
olivine using LA-ICP-MS (Appendix 2). Propagation of
these errors results in an averaged uncertainty of 0.9 log
units (Table 3).

5. DISCUSSION

The MIs trapped in Mg-rich olivine crystals from the
LHC basaltic tephra display major and trace element trends
that are primarily indicative of olivine fractionation primar-
ily (Fig. 7). These trends suggest that the studied MIs con-
stitute a genetically related suite and underline their highly
primitive nature. Their trace element chemistry (Fig. 2)
show characteristic patterns typical of hydrous and LILE-
rich magmas formed after melting of an initially depleted
MORB-type mantle source (low HREE), with addition of
slab-derived components (Schmidt and Jagoutz, 2017).
Thus, the results presented here allow further exploration
of the redox record of typical primitive melts that have suf-
fered little differentiation in a mature arc setting.

The fO, data at LHC indicate a difference in the redox
state calculated using mineral equilibria vs. melt inclusions.
The olivine-spinel oxybarometer yield a AFMQ value of

+1.3+£0.4 (Table 1), while MIs Fe p-XANES and
olivine-melt V partitioning oxybarometer yield consistently
higher averaged values of AFMQ +2.6 £+ 0.6 (Table 2) and
2.6 + 0.3 (Table 3), respectively. Changes in the intensive
variables of magmas affect the fO, estimations derived from
its Fe>"/Fe,, ratio (Kress and Carmichael, 1991). How-
ever, for instance, varying pressure between 0.1 and 1
GPa or decreasing temperature by 200 °C only results in
an increase of ~0.15 log units with respect to the FMQ buf-
fer, which is insignificant when considering the range of fO,
values obtained and the associated calculated uncertainties.

Therefore, a ~1.3 log unit discrepancy in the averaged

fO, values might represent either an artifact resulting from

post-entrapment oxidation affecting the MlIs, different
stages of redox evolution recorded in the mineral phases
and melt inclusion assemblages, or a potential issue in the
intercalibration among methods. In addition to the PEC
and Fe®" loss (see Section 4.5), there are other post-
entrapment diffusive processes that can further complicate
the proper interpretation of fO, determinations of olivine-
hosted MIs. Among these, the diffusion of H' and Fe’"
to the external host and/or melt may have an impact on
the redox state of the melt inclusion (Rowe et al., 2007,
Gaetani et al., 2012; Bucholz et al., 2013; Hartley et al.,
2015, 2017). In the next paragraphs, we discuss the poten-
tial effect of post-entrapment diffusive modification of
MIs to assess the reliability of our fO, determinations based
on Fe p-XANES and olivine-melt V partitioning.

5.1. Assessing the fO, record of the LHC MIs

The degree to which post-entrapment diffusive modifica-
tion processes can re-equilibrate the composition and/or
oxidation state of an olivine-hosted melt inclusion, obliter-
ating the original entrapment conditions, largely depends
on the degree to which certain elements can be exchanged
between the melt and host, or through the host. High diffu-
sivities in the host crystal, higher partition coefficients
between host crystal and melt, higher temperature, and
smaller-sized host crystals and MIs enhance the re-
equilibration (Qin et al., 1992). Iron can re-equilibrate
almost completely with the surrounding melt on timescales
of hours to days at magmatic temperature (Gaetani et al.,
2012; Bucholz et al., 2013). Even with the commonly
expected magma ascent and eruption simplicity of mono-
genetic vents, timescales of hours to days are relatively very
short considering that some systems record residence times
of ~15 years (Johnson et al., 2008). Conversely, V is present
at trace concentrations in the melt, has a much lower parti-
tion coefficient in olivine, and has also lower diffusivity than
Fe in olivine, making it more robust to post-entrapment
diffusive modifications (Qin et al., 1992).

It is important to note that fO, values obtained for MIs
using Fe u-XANES and corrected for PEC and Fe loss, and
D2/l data corrected for PEC are consistent with each
other. This means that, regardless of the specific mecha-
nism, if post-entrapment diffusive re-equilibration processes
altered the original fO, values, it occurred over long time
scales that resulted in the obfuscation of both the V concen-
tration and the Fe*'/Fe,, ratio of the MIs. One way to
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Table 2

Summary of data used in the estimation of fO, based on the Fe p-XANES analyses.

AFMQ

FeO (wt.%)

F€203 (Wt.%)

Fe3+/Felol

PEC (%)

Fe*"/Fe., Measured

Centroid Energy (eV)

ID #

ZGb

(1200 °C, 1 GPa)

3.40
3.10
3.60
2.32
2.53
2.19
1.75
2.69
1.80
2.30

26"

PEC and Fe-Loss Corrected

0.4632
0.4229
0.4788
0.3399
0.3658
0.3311

0.49
043
0.52
0.37
0.38
0.35
0.32
0.40
0.33
0.37

4.27
4.58
4.14

4.09

0.0249
0.0227
0.0249
0.0202
0.0208
0.0191

7.52
7.29
6.33

0.4986
0.4540
0.4971
0.4030
0.4168
0.3813
0.3915
0.4823
0.3822
0.4295

7112.455

3.73
4,

7112.300

22

7112.451

5.24
5.01
5.29
5.43
4.87

3.00
3.2

08
6.80

7112.144

1

7112.314

S. Tassara et al. / Geochimica et Cosmochimica Acta 273 (2020) 291-312

291
2.44
3.35
2.47
2.97

28
8.23

7112.253

21

0.0196
0.0241
0.0191
0.0215

0.2877
0.3825
0.2919
0.3360

7112.270

28

36
7.41

7112.426

34
37
38

5.40
5.27

7112.336

24

9.
* The uncertainty represents the error propagated from the determination of FeO by EPMA, the error on the determination of Fe*"/Fe by -XANES analyses, and a conservative 0.5% error

related to the estimation of the original FeO of the melt inclusions.

7112.336

® Propagated from the uncertainty in the determination of Fe*"/Fe,, in the melt inclusions

evaluate this effect involves calculating the degree of V re-
equilibration that can occur over time. We used to the
model of Qin et al. (1992) to estimate V re-equilibration
timescales under different AFMQ conditions. A melt inclu-
sion with a diameter of 80 um and an olivine host of 800 um
was used, consistent with our samples. Vanadium diffusivity
values were taken from Spandler and O’Neill (2010) and the
D2/l data from Shishkina et al. (2018). Fig. 8 shows the
results of the modelling, suggesting that significant V re-
equilibration (~80%) will occur after two years at
AFMQ =0, and after four years at AFMQ = +2. In con-
trast, complete V re-equilibration will occur only after
approximately five years. It is important to highlight that
the V diffusivity data of Spandler and O’Neill (2010) were
obtained at 1300 °C and therefore the re-equilibration times
can be considered as conservative.

Our second approach involved assessing whether post-
entrapment modifications could have sufficiently re-
equilibrated V concentrations within the olivine-hosted
Mls. Necessarily, V diffusion timescales would have needed
to be longer than the residence time of magma prior to
eruption. We estimated residence times by means of Mg-
Fe diffusion modelling on olivine crystal rims. Iron and
Mg concentration profiles were measured in 8 olivine crys-
tals from the LHC tephra material using EMPA. All the
olivine crystals used for diffusion modelling were carefully
selected according to the criteria described in Costa et al.
(2008) and Shea et al. (2015). Two 1D traverse measure-
ments in one crystal plane were used for verifying the
obtained timescales (Fig. 9) from single olivine crystals
(Shea et al., 2015). The internal buffered shape of the com-
positional profiles (Fig. 9) and the coincidence of the time-
scales also ensure that the diffusion-related gradients are
valid and not associated with an external control (Costa
et al., 2008). To obtain high-resolution traverses, we cou-
pled the EMPA measurements with the backscattered elec-
tron (BSE) images and back-scattered electron diffraction
data (BSED). This method has been used successfully in
previous studies (e.g., Martin et al., 2008; Hartley et al.,
2016; Morgado et al., 2017; Pankhurst et al., 2018), and
allows obtaining diffusion data irrespective of the crystallo-
graphic orientation of the olivine crystal section in the sam-
ple. We calculated diffusion coefficients along [00 1]
direction in olivine phenocrysts using the equations of
Dohmen and Chakraborty (2007). In addition, we calcu-
lated the uncertainties in diffusion coefficient and conse-
quent magmatic timescales following the procedure of
Kahl et al. (2015). The latter method considers errors in
the calculated temperature and fO,. Calculations were
made for a temperature of 1300 °C (30 °C), and a pressure
of 0.2 GPa at AFMQ = +1. Modelled results obtained solv-
ing Fick’s second law for each profile diffusion coefficient
resulting from its crystallographic orientation and obtained
according to Philibert (1991). The calculated residence time
yielded scales varying from 13 to 102 days (uncertainty of
up to ~100 days), which can extend up to 204 days consid-
ering changes resulting from increasing pressure to values
as high as 1.5 GPa. In Fig. 9, two diffusion profiles yielding
38 and 52 days are shown (details in Table 4; also, the res-
idence time interval is shown in Fig. 8 as a reference).



Table 3
Vanadium concentration of MIs and their olivine host data used for the olivine-melt vanadium oxybarometry.

Inclusion # PEC (%)* Vanadium in melt inclusions (ng-g~") Vanadium in olivine (ug-g ') Olivine/melt V patitioning Oxygen fugacity estimates
Measured PEC-corrected” DgY/melt 26° AFMQ 26
43 9.86 320 288 43 0.0149 0.0059 23 0.9
62 343 309 298 4.4 0.0147 0.0059 2.3 0.9
103 5.51 299 283 4.1 0.0144 0.0059 23 0.9
91 1.08 302 299 4.2 0.0141 0.0058 2.3 0.9
55 9.59 276 250 3.7 0.0148 0.0059 23 0.9
110 3.67 198 191 2.6 0.0136 0.0059 2.4 0.9
92 4.79 241 229 3.1 0.0135 0.0058 2.4 0.9
76 3.73 280 270 3.5 0.0130 0.0058 2.5 0.9
1 8.54 274 251 3.3 0.0132 0.0058 2.4 0.9
102 3.45 304 294 3.5 0.0119 0.0058 2.6 0.9
47 4.00 278 267 3.2 0.0120 0.0057 2.6 0.9
72 2.46 325 317 3.5 0.0110 0.0057 2.7 0.9
31 8.90 314 286 3.4 0.0119 0.0056 2.6 0.9
32 14.36 318 272 34 0.0125 0.0057 2.5 0.9
106 2.72 259 252 2.6 0.0103 0.0056 2.8 0.9
90 0.67 305 303 3.0 0.0099 0.0056 2.8 0.9
19 11.38 270 239 23 0.0096 0.0055 29 1.0
40 13.46 297 257 2.4 0.0093 0.0055 29 1.0
3 7.52 265 245 2.1 0.0086 0.0055 3.0 1.0
8 5.49 311 294 2.0 0.0068 0.0054 33 1.0
Average 287 269 3.2 0.0120 0.0057 2.6 0.9

@ Post-entrapment crystallization of olivine along the rims of the melt inclusion as calculated from Petrolog software.

® Correction applied to the melt inclusions to obtain their V concentration before PEC occurred.

¢ Uncertainty associated to the DOYmelt derived from the analytical error in the determination of the V content of olivine and melt by LA-ICP-MS. Calculated using a conventional rule for error
propagation.

9 Uncertainty associated to the calculation of AFMQ values considering both analytical and methodological errors associated to their calibration.
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Using these data, we proceeded to compare the time
scales needed for V re-equilibration with time scales of mag-
matic residence. As seen in Fig. 8, the calculated times of
residence of the LHC magma in the crust (<204 days) is
far too short compared to the 2 years needed for significant
vanadium re-equilibration to occur (~80%) at AFMQ = 0.
Therefore, our modelled data confirm that the DS/"" val-
ues were not significantly affected by post-entrapment diffu-
sive re-equilibration processes. This result strongly suggests
that the fO, values calculated using V partitioning data and
Fep-XANES are representative of the original redox state
of the MIs and differ from the fO, recorded in the mineral
phase assemblage. The potential implications are discussed
in the next section.

5.2. Oxidation of LHC magmas

Primitive basaltic melts have been widely used to con-
strain the oxidation state of the mantle (Evans et al.,
2012). However, the ability of primitive melts to record
the oxidation state of their mantle source has been ques-
tioned (e.g., Lee et al., 2005, 2010). It is likely that, if pri-
mary basaltic melts evolve from their original fO,
condition during ascent toward the surface, the calculated
SO, of magmas would not be directly representative of their
mantle source. It is commonly assumed that because of the
primitive nature of some basalts, differentiation could have
not significantly altered their original (primary) redox con-
ditions. However, only a few studies have attempted to con-
strain the effects of magmatic differentiation on the redox
state of primitive magmas (Kelley and Cottrell, 2012;
Hartley et al., 2017), and none of them on samples from
mature arc settings.

The oxidation state of the LHC magmas recorded by the
olivine-spinel equilibrium shows relatively common condi-
tions for arc magmas; i.e., slightly more oxidized than
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Fig. 8. Vanadium (V) re-equilibration timescales between olivine-
hosted MIs and carrier melt at 1300 °C and variable fO, condi-
tions. Calculations were based on the model by Qin et al. (1992)
and modified after Shishkina et al., (2018). The residence time of
the LHC magma prior to eruption, calculated using Mg-Fe
diffusion in olivine (Fig. 8), is shown for comparison. The data
highlights that residence time (<200 years) was significantly short
for V to re-equilibrate.

MORBs. However, the fO, recorded by the melt inclusion
assemblage are up to ~1.3 orders of magnitude more oxi-
dized (Tables 1-3). Considering that post-entrapment pro-
cesses did not significantly alter the fO, of the melt
inclusions, one alternative is that the fO, data at LHC
record different stages of a process of redox evolution.
Under this scenario, our data would be indicative of fO,
conditions of AFMQ = +1.3 4 0.4 during the equilibration
of olivine and Cr-spinel, and AFMQ = +2.6 £+ 0.6 during
the entrapment of the MIs. However, it is unlikely that
all the Cr-spinel-olivine pairs equilibrated at lower fO,
and all the MIs trapped at a relatively higher fO,. Thus,
our data shows a complex redox record with a discrepancy
between the fO, estimated by the crystal assemblage and
the fO, values obtained from the melt inclusions. This dis-
parity potentially represents a mismatch in the intercalibra-
tion between different methods, opening an important
avenue of research that requires further attention.

Interestingly, the calculated fO, of the MIs analyzed by
Fe p-XANES increases with progressive differentiation of
the melts. Fig. 10A and B show that the calculated AFMQ
values increase progressively from +1.8 at 47.2 wt.% SiO,
and 18 wt.% Al,O3 to +3.6 at 50.9 wt.% SiO, and 16.3
wt.% Al,Os. Thus, the most differentiated silica rich melt
inclusions are more oxidized than the most primitive melt
ones. The latter is strongly suggesting that a case of oxida-
tion during magmatic evolution is recorded in the LHC
olivine-hosted melt inclusions. Noteworthy, these trends
are also present when the composition of the melt inclu-
sions using an open system for Fe®'/Fe., is considered
(Appendix 2). The decreasing Al,O; trend during differenti-
ation recorded by the MIs might be most simply explained
by plagioclase crystallization. However, although plagio-
clase can be found in the basaltic lava flows from the
LHC, it is absent in the tephra material of their eruptive
stages studied here (as also confirmed by Salas et al.,
2017). In addition, it is difficult to reconcile how the explo-
sive stages of volcanism would have selectively erupted oli-
vine and not plagioclase. Therefore plagioclase
crystallization could not have been responsible for the pro-
gessive increase in the Al,O3z content of the Mls.

To further evaluate the case of oxidation during mag-
matic evolution, we inspected the trace elements composi-
tion of the melt inclusions and the olivine-melt vanadium
partitioning redox calculations. Having calculated the fO,
of the LHC system and its melt inclusions, it is possible
to address whether they reflect the oxidation state of their
mantle source. Redox-sensitive trace element ratios such
as V/Sc have been used as fO, tracers of the mantle source
region of magmas. The redox-dependent partitioning of V
between crystallizing phases and melt and its incompatible
behavior during partial melting renders the potential of the
V/Sc tracer as an oxybarometer (Lee et al., 2005). At higher
fO,, V becomes more incompatible and therefore, upon
partial melting of the mantle, magmas will acquire a higher
V/Sc ratio. Lee et al. (2005) argued that the oxidation state
of the source of mid ocean ridge basalts (MORBs) and arc-
related magmas is undistinguishably low (AFMQ < +0.25).
However, this hypothesis was recently challenged by Wang
et al. (2019). The aforementioned authors proposed that the
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Fig. 9. BSE image of an olivine phenocryst (A) and high-resolution Mg profiles showing timescales calculated using diffusion methods (B, C).
The crystallographic orientation (axis a, b, and c) and traverse directions projected onto the stereographic lower hemisphere are shown in (A).
(B) and (C) show the Mg# content of the high-resolution profiles calculated from BSE grayscale calibrated profile plotted against distance.
Colored lines: BSE profiles; solid dark line: best fit diffusion model (highest coefficient determination, R?) between BSE profile and the Mg#

content measured; dashed line: initial forsterite profile.

Table 4

Representative timescales calculated in individual olivine crystals.
Sample ID D (m?%5s) t (average) t(min) t(max) R?
Cx-1A pl 8.44E—17 63 30 118 0.98
Cx-1Ap2  789E-17 62 41 129 0.95
Cx-1B pl 9.14E—-17 13 9 26 0.97
Cx-1A p2 1.52E—-17 22 15 45 0.90
Cx-3A pl 1.58E—17 38 26 63 0.97
Cx-3A p2 1.52E—-17 52 37 115 0.96
Cx-3C pl 1.68E—17 54 42 105 0.96
Cx-3C p2 1.81E-17 73 51 166 0.90
Cx-4B pl 489E—17 38 27 63 0.99
Cx-4B p2 3.77E-17 38 27 64 0.99
Cx-4D pl 3.18E-17 102 69 215 0.93
Cx-4D p2 1.40E—17 90 62 151 0.96
Cx-6D pl 4.32E—-17 25 21 67 0.97
Cx-4D p2 1.56E—17 28 18 58 0.98

t is time in days.

temperature-dependent partitioning of V coupled with the
relatively lower temperature of arc magmas compared to
MORBs indicate that the source of arc magmas should be
1 log unit above that of MORBs. This suggest that the
choice of partitioning values as well as the temperature
are critical parameters to consider in order to modelling
V/Sc ratios of partial melts. In addition, Bucholz and
Kelemen (2019) showed that the modal composition and
source V/Sc ratios are also fundamental for assessing the
fO, of the mantle source of magmas. The low HREE con-
centration of the LHC MIs (Fig. 2) indicates that its mantle
source is more depleted than that of MORBSs, as typical for
arc magmas (Schmidt and Jagoutz, 2017). Therefore, here
we modelled the V/Sc ratios of magmas upon non-modal

batch melting of a depleted arc-like source by using two dif-
ferent sets of V partitioning values. The source has a modal
composition of 66.3% olivine, 8.7% clinopyroxene, 20.6%
orthopyroxene, and 4.4% spinel, and the initial V/Sc is
4.9 as derived from the average V/Sc ratio in peridotite
xenoliths from arcs (Bucholz and Kelemen, 2019).
Fig. 11A shows the results of modelling using the V and
Sc mineral-melt partitioning values of Mallmann and
O’Neill (2009). Fig. 11B shows the results of modelling
using the values of Wang et al. (2019) at 1200 °C and
1300 °C (see figure caption for details on the calculation
of ymineral/melt oo rtition coefficients). Fig. 11 shows that
the modelling using the partitioning values of Wang et al.
(2019) results in higher fO, values for a certain degree of
partial melting and V/Sc ratio, in agreement with their
interpretations. The average V/Sc ratio of the MIs studied
here is 7.66 £ 1.58 (1o) (Fig. 11). These values are similar
to the most frequent values for arc and MORBs (Stolper
and Bucholz, 2019). Typical degrees of partial melting
beneath arcs are between 15 and 20% (Stolper and
Newman, 1994; Kelley et al., 2006). Considering a 15—
20% degree of partial melting for the studied MI and using
average V/Sc ratios of the studied MIs, our modelling sug-
gests that the mantle source of the LHC magmatic system
vary between AFMQ + 0.7 and AFMQ + 2. Although these
values represent a wide range, they are in agreement with
those obtained via Cr-spinel-olivine equilibrium (Ballhaus
et al., 1991) and are below average values obtained via
olivine-melt vanadium partitioning (Shishkina et al., 2018)
and Fe p-XANES.

Fig. 12 compares the fO, values revealed by melt inclu-
sion and obtained via their V/Sc ratios and the modelling,
and olivine-melt vanadium partitioning. It is important to
highlight that whereas V/Sc approach reflects the fO, at
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Fig. 10. Major element variations of the olivine-hosted melt
inclusions plotted against their calculated fO, values based on the
Fe’*/Fe, values determined by Fe u-XANES. The uncertainty on
the X axis is derived from the EPMA. The uncertainty on the Y
axis is calculated by propagating that of the p-XANES, EPMA,
and that derived from post-entrapment modifications correction.
(A) Shows the SiO, wt.% against AFMQ and (B) shows the Al,O;
wt.% against AFMQ values for each analyzed melt inclusion. The
red dotted line in (A) represents the AFMQ evolution of the melt
resulting from the crystallization of olivine and spinel modelled
using Petrolog 3 software at 1 GPa.

the source from which they derive, the olivine-melt vana-
dium partitioning reflects the fO, conditions at the time
of the entrapment of the MIs (i.e., after leaving their mantle
source). Therefore, the 1:1 line on Fig. 12 represents a melt
that evolved closed to fO, from their formation at the man-
tle source to the later crystallization of olivine at shallower
levels. This comparison reveals that the data falls below the
equiline, indicating that the studied melts suffered oxidation
after leaving their mantle source (Fig. 12). Average values
from Fig. 12 indicates that the melt inclusions were oxidized
by 1.3 log units in fO, after leaving their mantle source.
These results are in agreement with the fO, of the melt
inclusions revealed by their Fe u-XANES data (Fig. 10),
strongly suggesting that the melt inclusions record a process
of oxidation during differentiation.

5.3. Oxidation mechanisms during the evolution of primitive
arc melts

Oxidation of primitive arc magmas during ascent can be
caused by assimilation of more oxidized crustal rocks,

which can remain unnoticed in primitive arc melts
(Schmidt and Jagoutz, 2017). However, rocks that have
experienced assimilation have also been shown to be more
reduced (Ague and Brimhall, 1988), indicating that crustal
assimilation would not unequivocally promote oxidation.
Although we cannot quantify this effect, we expect it to
be relatively minor considering that the short magmatic res-
idence times calculated for the LHC eruptive products
using Mg-Fe diffusion models in olivine (<204 days;
Fig. 9) points towards little potential to fully incorporate
significant crustal material.

Magma oxidation can also result from early crystalliza-
tion of Fe?*-bearing phases such as olivine and Cr-spinel,
increasing the Fe®'/Fe,, ratio of the remaining melt. In
the LHC, it is likely that crystallization of both olivine
and Cr-spinel could have increased the Fe*™/Fe,, ratio of
the remaining melt, given that both mineral phases have
lower Fe**/Fe*" ratios than the silicate melt (Appendix 2
and 2). In order to quantify this effect, we modelled the evo-
lution of the Fe*"/Fe ., ratio of the melt due to the crystal-
lization of olivine and spinel using Petrolog3 software and
keeping the system open to fO,. The results of this mod-
elling indicate that even after reaching values as low as 4
wt.% MgO, the AFMQ values of the system only increase
by 0.4 log units. Fig. 10 shows the results of modelling
the redox evolution of magmas upon crystallization of oli-
vine and spinel for the range studied MIs composition. Our
results are in agreement with previous estimations per-
formed by Cottrell and Kelley (2011) demonstrate that
the crystallization of Fe®'-bearing phases alone is alone
insufficient to explain the fO, differences observed here.

Another possibility is related to sulfur degassing during
ascent and storage. Sulfur outgassing occurs predominantly
as SO,, whereas the S redox equilibria in basaltic melts is
controlled by S$** and/or S>~ species (Oppenheimer, 2003;
Wallace, 2005; Metrich et al., 2009; Jugo et al., 2010). Con-
sidering the fact that the LHC MIs were among the most
affected by degassing of the entire SVZ (Wehrmann et al.,
2014) and that calculated fO, values point to predomi-
nantly S®' species in the melt (Jugo et al., 2010), it is possi-
ble that S degassing might have caused oxidation of the
remaining melt. In fact, the three most oxidized inclusions
having Fe-XANES data display lower S contents compared
to the least oxidizes ones, suggesting that S degassing might
have caused some oxidation. However, the devolatilization
of 1000 pg-g~! of S can result in the oxidation of 0.35%
Fe’t to Fe*™, which translates to a variation in the 1O, of
the magmas of only AFMQ ~ 0.3. Therefore, the effect of
S degassing alone cannot explain the redox evolution
observed at LHC.

The fO, increase at LHC likely resulted from a combina-
tion of the mentioned processes rather than a single factor.
However, the extent of such processes remains unknown
and therefore there is insufficient evidence to fully explain
the reportedly large redox variations. An important aspect
worth mentioning here is that the large gradients in fO,
recorded in the LHC eruptive products occurred despite
the very limited geochemical evolution of the studied melts
(i.e., Mg# of the studied olivine between §87.7 and 92.5).
The Mg# of olivine is commonly used to determine whether
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Fig. 11. Modelled V/Sc ratios of melts produced at variable fO, by non-modal batch melting of depleted mantle source with 66.3% olivine,
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Fig. 12. Source fO, conditions determined from V/Sc ratios
plotted against the fO, conditions revealed by olivine melt
vanadium partitioning for individual olivine-hosted melt inclu-
sions. The white star represents an average value. Values to the
right of the 1:1 line indicate that the melts experienced oxidation
after leaving their mantle source.

a magma is sufficiently primitive to be in equilibrium with a
peridotite source (e.g., Evans et al., 2012). Our observations
show that even at high Mg# and apparent equilibrium with
a peridotite source, the redox state of primitive arc magmas
may vary significantly, raising a cautionary note on the
direct use of primitive arc melts as tracers of fO, of the
sub-arc mantle. Finally, one aspect that needs to be
addressed in future studies relates to potentially fundamen-
tal intercalibration issues related to the methodologies used
to constrain fO,. Although we acknowledge that some of
the differences observed between oxybarometers could pos-
sibly be related to the aforementioned complication, it is
important to notice that the processes of fO, increase at
LHC are also observed within single oxybarometric
approaches (Figs. 10 and 12). Thus, we are confident that
the effect of this potential issue will not change the main
conclusions of this study. Additionally, although it is
beyond the scope of this study, our data encourage future

studies assessing the potential issues of the intercalibration
among the different oxybarometers.

An important question that arises from the previous dis-
cussion is how can the melt fO, increase significantly while
maintaining equilibrium with a peridotite source? The answer
to this question is not trivial and might be obscured by our
relative lack of knowledge of the processes that affect mag-
mas from their formation in the asthenosphere and during
ascent across the deep lithosphere (lithospheric mantle and
lower crust). We speculate that the differentiation of ascend-
ing melts and/or interaction with surrounding wall-rock
throughout the deep lithosphere might be related to their
fOs increase (e.g., Tollan and Hermann, 2019). Importantly,
if the entire range of observed fO, increase had occurred
during interaction with a peridotite wall-rock (i.e., litho-
spheric mantle), the V/Sc ratios could have been potentially
re-equilibrated, obscuring the effects observed in Fig. 12.
Therefore, although the rates of V/Sc re-equilibration would
likely be lower than the redox re-equilibration, some of the
oxidation must have occurred during melt ascent through
the crust. Thus, the open system behavior of magmas with
respect to fO, during ascent across the deep lithosphere
could potentially explain some of the apparently contradic-
tory evidence concerning the redox state of the mantle
source of primitive melts, opening new avenues for the
investigation of the redox state of arc magmas.

6. CONCLUSIONS

In this study we explored the redox record of the basaltic
tephra from Los Hornitos cones (LHC) in central-southern
Chile, which are among the most primitive materials
reported in the Southern Volcanic Zone of the Andes with
a Mg# = 92.5 and a Ni content of up to 5000 pg-g~'. Oxy-
gen fugacity determined by using mineral equilibria and
melt inclusion assemblages yielded significant variances in
the calculated redox conditions. Olivine-spinel oxybarome-
try yielded fO, values ranging from AFMQ +1.3 +0.4,
while the olivine-hosted MIs record more oxidizing condi-
tions. fO, values calculated based on in-situ Fe u-XANES
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analyses yielded values from AFMQ +2.64+0.6, in
agreement with the calculated fO, values based on the
olivine-melt vanadium partitioning (AFMQ +2.6 £ 0.3).
Correlations between the major element composition of
MIs and their fO, determined by Fe p-XANES reveals a
case of significant oxidation during differentiation. Assess-
ment of the mantle source oxidation state based on V/Sc
modelling and MIs data, and comparison with individual
olivine-melt partitioning fO, estimations also suggest that
the LHC magmas suffered significant oxidation after leav-
ing their mantle source. We conclude that the fO, values
of the LHC primitive melts were most likely imprinted dur-
ing progressive stages of magma evolution. Although the
early crystallization of olivine and Cr-spinel, and to lesser
extent sulfur degassing may have contributed to oxidation
of the residual melt, they are insufficient to explain the
observed fO, increase. We hypothesize that the reported
fO, increase during differentiation may result from a com-
bination of redox processes in the deep lithosphere. Finally,
this study shows that primitive arc melts can behave as a
system open to fO, during their early geochemical evolu-
tion. Thus, regardless of the mechanisms leading to the
observed redox evolution, our data provide a cautionary
note on the interpretation of calculated fO, values.
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