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ABSTRACT

Arc magmas erupted at the Earth’s surface are commonly more oxidized than those produced at
mid-ocean ridges. Possible explanations for this high oxidation state are that the transfer of fluids
during the subduction process results in direct oxidation of the sub-arc mantle wedge, or that oxi-
dation is caused by the effect of later crustal processes, including protracted fractionation and
degassing of volatile-rich magmas. This study sets out to investigate the effect of disequilibrium
crustal processes that may involve coupled changes in H,O content and Fe oxidation state, by
examining the degassing and hydration of sulphur-free rhyolites. We show that experimentally
hydrated melts record strong increases in Fe**/>_Fe with increasing H,0 concentration as a result
of changes in water activity. This is relevant for the passage of H,O-undersaturated melts from the
deep crust towards shallow crustal storage regions, and raises the possibility that vertical vari-
ations in fO, might develop within arc crust. Conversely, degassing experiments produce an in-
crease in Fe3+/ZFe with decreasing H,O concentration. In this case the oxidation is explained by
loss of H, as well as H,0 into bubbles during decompression, consistent with thermodynamic mod-
elling, and is relevant for magmas undergoing shallow degassing en route to the surface. We dis-
cuss these results in the context of the possible controls on fO, during the generation, storage and
ascent of magmas in arc settings, in particular considering the timescales of equilibration relative
to observation as this affects the quality of the petrological record of magmatic fO,.
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INTRODUCTION constrain. It is clear that transfer of hydrous fluids from
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A fundamental question in the Earth Sciences concerns
the distribution of oxygen within the solid Earth, its
cycling through subduction zones and, through volcanic
degassing, its effects on the atmosphere. In particular,
the controls on the oxidation state of melts as they pass
through the mantle and crust are challenging to

the subducting slab into the mantle is crucial for gener-
ating some of the typical geochemical signatures of
subduction zone magmas, such as enrichment in large
ion lithophile elements (LILE) and volatiles. Comparison
of Fe*'/>_Fe in lavas arriving at the Earth’s surface
shows that arc lavas also tend to be more oxidized than
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those produced at mid-ocean ridges or in other settings
(e.g. Carmichael, 1991; Ballhaus, 1993; Lee et al., 2010;
Evans et al., 2012). Mantle xenoliths entrained by arc
magmas also appear to be more oxidized than those in
other tectonic environments (e.g. Wood et al., 1990;
Brandon & Draper, 1996; Parkinson & Arculus, 1999;
Frost & McCammon, 2008).

It is commonly suggested that increased fO, in arc
systems compared with other tectonic settings is a pri-
mary feature related to mass transfer from the subduct-
ing slab to the mantle wedge (e.g. Brandon & Draper,
1996; Parkinson & Arculus, 1999; Kelley & Cottrell,
2009), either directly through addition of volatiles, or in-
directly if hydrous fluids carry dissolved Fe** or sul-
phate (Kelley & Cottrell, 2009). However, subduction
zone magmatism is also characterized by complex crus-
tal processes that could be expected to exert significant
controls on oxidation state. These processes include
magma fractionation, decompression, degassing and
eruption. Arc magmas tend to be volatile rich and may
be more prone to stalling and storage in the crust dur-
ing ascent; this may increase the importance of fraction-
ation and degassing in particular. Arc magmas also
tend to crystallize magnetite early during differentiation,
and studies based on the partitioning of redox-sensitive
incompatible elements suggest that magmatic differen-
tiation could be one reason for the higher Fe*/> Fe of
arc lavas (e.g. Mallman & O’Neill, 2009; Lee et al., 2010).
Other studies suggest that the influence of volatiles on
fO, could be significant, particularly during crustal proc-
esses such as the degassing of C-O-H-S volatile spe-
cies during shallow magma ascent (e.g. Sato, 1978;
Mathez, 1984; Candela, 1986; Burgisser & Scaillet, 2007;
Burgisser et al., 2008; Fiege et al., 2014).

Understanding the relationship between volatiles
and the oxidation state of magmas involves untangling
two distinct problems. The first problem is the funda-
mental effect of dissolved volatiles, as chemical con-
stituents of the melt, in determining Fe oxidation state.
This is at the heart of whether H,O can itself be an im-
portant oxidizing agent, or whether the observed link
between H,O and Fe3+/ZFe is possible only by associ-
ation with oxidized components in slab fluids (e.g.
Lecuyer & Ricard, 1999; Parkinson & Arculus, 1999). The
second problem is to understand the ways in which
crustal processes may affect both melt volatile concen-
trations and melt oxidation state. These effects include
(1) variations in equilibrium volatile speciation and Fe
redox state with pressure and temperature, and (2) fac-
tors related to processes such as magmatic degassing;
these factors could be truly disequilibrium (i.e. kinetic-
ally inhibited over the time- and length-scale of interest)
or open system (for example, involving segregation of
melt and vapour).

In Part | of this study we present a brief review of lit-
erature evidence relating to the first problem, that of
chemical mechanisms linking volatile dissolution with
melt oxidation state, to consider whether volatiles can
fundamentally affect oxidation state via melt chemistry.

In Part Il, we tackle the second problem, presenting new
data to explore the effect of disequilibrium or open-
system changes in H,O content on the oxidation state
of sulphur-free rhyolite melts and glasses, using a new
series of coupled H,O and Fe®*'/S_Fe measurements
from existing hydration and decompression experi-
ments. We discuss the implications of our results for
processes operating in natural magmas, highlighting
the need to consider kinetics in arc systems where there
is ample evidence of disequilibrium at a variety of tem-
poral and spatial scales.

PART I: A REVIEW OF THE EVIDENCE LINKING
VOLATILES, MELT CHEMISTRY AND
OXIDATION STATE

The effects of variations in anhydrous melt composition
on ferric—ferrous ratios at constant fO, are well known
(e.g. Paul & Douglas, 1965; Sack et al., 1980; Kress &
Carmichael, 1991; Toplis, 2005), but there has been con-
siderable debate over the effect of H,O, as a chemical
component of the melt, on Fe3+/ZFe. In particular, it has
been suggested that the same process that causes oxida-
tion when alkalis are added to silicate melts at constant
fO, (e.g. Paul & Douglas, 1965) should also operate dur-
ing dissolution of volatile species (Fraser, 2005; Moretti,
2005; Toplis, 2005), by altering the relative activity coeffi-
cients of Fe?* and Fe3* species within the melt.

This relies on the quasi-chemical theory defined by
the Lux-Flood ‘basicity’ of different oxide components,
which considers equilibrium between bridging oxygens
(09, non-bridging oxygens (07) and ‘free oxide’ anions
that are not bonded to the tetrahedral silicate polymer
network (0%, Toop & Samis, 1962). In this model, the
melt is a molten ionic solution dominated by oxide ions
(Flood & Forland, 1947; Fraser, 1975, 2005; Duffy, 1993;
Ottonello et al., 2001; Moretti, 2005). Interaction be-
tween oxygen in different structural positions

0% +0% =20 (1

defines the basicity of the solution. Basic oxides such as
alkalis (Na,O or K,0) dissociate to supply 0%~ to the sys-
tem and hence drive depolymerization [breaking of
oxo-bridges; equilibrium (1) moves to the right],
whereas acidic oxides (such as SiO,) react with 0% to
form polymer chains. Amphoteric oxides, including
Fe,03, Al,O3, H,0 and CO, (Fraser, 1977), can act as an
acid or a base depending on the composition of the sili-
cate solution (Kushiro, 1975). Fe oxide components in
the silicate melt therefore have the following possible
reactions (neglecting the acidic behaviour of FeO;
Fraser, 1975, 2005):

basic : FeO = Fe?" + 0? (2a)
basic : Fe,03 = 2Fe®* + 30% (2b)
acidic : Fe;03 + 0% = 2Fe0, (2c)

where FeO,™ is part of the structural network, analogous
to AlO,™.
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Some evidence suggests that the dissolution of H,O
in polymerized silicate melts occurs by a depolymeriza-
tion reaction with the tetrahedral network by breaking
of T-O-T bridges to form shorter polymer chains termi-
nated by —OH (e.g. Stolper, 1982; Xue & Kanzaki, 2006;
Malfait et al., 2014; although also see Kohn, 2000), as
well as by incorporation of unreacted molecular H,0O
(e.g. Burnham, 1975; Stolper, 1982). This suggests that
in these cases, dissolved H,O should also show basic
behaviour, similar to K,O or Na,O (in addition to the in-
corporation of unreacted, molecular water):

basic : H,0 + 0° = 20H (3a)

In strongly basic melts, it was predicted that H,O could
also behave as an acidic oxide (Fraser, 1977; Yokokawa,
1986; Fraser, 2005; Moretti, 2005):

acidic : H,0 + 0% = 20H" (3b)

where OH™ is ‘free hydroxyl’ that is not bound to the sili-
cate network but is complexed with metal cations. This
is supported by "H nuclear magnetic resonance (NMR)
experiments (Xue & Kanzaki, 2004) and may contribute
to variations in solubility with silicate melt composition
(Yokokawa, 1986). Similar reactions are suggested for
dissolution of CO,, and this is supported by variations
in carbon speciation with melt basicity (Brooker et al.,
1999) as well as NMR and Raman spectroscopy studies
(Mysen et al., 2011).

Linking H,O solubility, melt basicity and
oxidation state
In silicate melts, the ratios of multivalent ions such as
Eu®*/Eu®" increase with increasing melt basicity (a0?")
at constant fO, (Morris & Haskin, 1974; Tilquin et al.,
1997). This is consistent with thermodynamic con-
straints if the amphoteric behaviour of Fe oxide compo-
nents is considered [reactions (2a)—(2c); Fraser, 1975],
and explains the observed increase of Fe**/Fe?* with
increasing alkali (or basic oxide) content of the melt
(e.g. Paul & Douglas, 1965; Sack et al., 1980; Kress &
Carmichael, 1991; Toplis, 2005). Increasing the availabil-
ity of free oxide (0%) leads to an overall net decrease of
aFe,03(m) from reactions (2b) and (2c¢) while simultan-
eously increasing aFeO(m) from reaction (2a). This pro-
duces an overall increase in Fe*'/> Fe at constant fO,,
and should also polymerize the melt structure, because
of the contribution of FeO, to the melt framework
(Fraser, 1977, 2005; Ottonello et al., 2001; Moretti, 2005).
For volatiles, the same approach predicts that (basic)
reaction of H,O with the silicate melt to form dissolved
OH~ (3a) should result in a net increase in a0 (and
hence increasing Fe*/>"Fe) whereas (acidic) formation
of free hydroxyl in very basic melts (3b) results in a net
decrease in aO? (and hence decreased Fe®'/> Fe).
Similarly, dissolution of carbon dioxide in basic melts
should result in a net decrease in aO?, and thus
decreasing Fe®*'/> Fe. This provides a testable link

between volatile solution mechanisms and melt oxida-
tion state, which we review below.

Previous work on Fe3*/Fe?* in hydrous melts

Several previous studies have attempted to discern dif-
ferences in redox state between equivalent hydrous
and anhydrous melt compositions, with somewhat
equivocal results. Moore et al. (1995) found no effect of
H,O on the Fe oxidation state of hydrous peralkaline
rhyolites, supporting an earlier study (Sisson & Grove,
1993) that compared Fe3+/ZFe in hydrous basalts with
the anhydrous predictions of the Kress & Carmichael
(1991) model. Botcharnikov et al. (2005) concluded that
Fe3+/ZFe in hydrous ferrobasalt was mainly controlled
experimentally by aH,0 (and hence fO,) and was within
the range predicted by existing anhydrous models.

In contrast, Gaillard et al. (2001) showed that addition
of up to 6 wt % H,0 has an oxidizing effect on metalumi-
nous rhyolite relative to Kress & Carmichael (1991), but
only at lower fO, conditions (<NNO + 1, where NNO is
nickel-nickel oxide buffer). Gaillard et al. (2003b) also
observed higher Fe3+/ZFe in hydrous vs anhydrous
rhyolite and ascribed this to a decrease in the ratio of
activity coefficients (Yre203/vreo") in hydrous melts, or
decreasing arez0s- for a given XFe,Os; and increasing
areo" for a given XFeO . This is essentially the same ef-
fect as predicted by acid-base theory (as described
above). Schuessler et al. (2008) found that Fe*'/> Fe
increased with H,0O content at constant fO, in hydrous
phonotephrites, which they attributed to the effects of
melt basicity as described by Ottonello et al. (2001) and
Moretti (2005). These principles are also supported by
observations of differences in olivine-melt K;°™9 in hy-
drous and anhydrous melts (Toplis, 2005).

Thus, although the results are still unclear, it does
seem possible that H,O has a resolvable effect on melt
Fe®'/S_Fe through behaviour that is similar to that of
the basic metal oxides (e.g. K,0). Such an effect is prob-
ably minor, but would be most important in relatively
polymerized melts and at high pressures where vari-
ations in oxidation state could affect the compositions
of minerals that could fractionate Fe?" from Fe**. This
would appear to justify further work in the context of
hydrous subduction zone melts. The basicity approach
highlights that oxidation state should be considered
alongside an understanding of melt chemical species
and melt structure.

PART II: EFFECT OF VARYING VOLATILE
CONTENTS ON OXIDATION STATE

The second part of this study specifically addresses
how variations in melt volatile concentrations during
crustal processes may affect melt Fe3+/ZFe. We seek to
explore two key processes in particular: (1) dehydration
or degassing of volatiles during decompression; (2) hy-
dration owing to H,O-undersaturated magma ascent
from high pressures. We present new X-ray absorption
near edge structure (XANES) Fe®*'/>_Fe analyses for
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two sets of existing experimental samples to investigate
these processes: a set of decompression experiments
from the study of Mangan & Sisson (2000), and a set of
partial hydration experiments from Humphreys et al.
(2008). A brief description of the experimental proced-
ures is included below.

Decompression and H,O degassing experiments
Samples of the experimentally degassed Panum Crater
Dome obsidian were taken from the study of Mangan &
Sisson (2000; Table 1). The starting materials for these
experiments were slabs of obsidian, loaded into Pt cap-
sules together with excess H,O. The samples were
superheated at 1000°C for several hours in Hf-Zr-Mo
cold-seal pressure vessels at 200 MPa, pressurized
using Ar gas, then equilibrated at 900°C for 3 days, and
finally decompressed isothermally at 0-025MPas™" to
variable final pressure (P;) and immediately quenched.
Decompression runs lasted 17-117 min. There was no
attempt to buffer fO, but rapid H, diffusion through the
Pt capsule would have equilibrated the samples at a
high fO, during the initial 3day heating. Any observed
covariance between H,0 loss and Fe3+/ZFe over short
lengthscales in the samples must therefore be related
to the short decompression phase of the experiment.
The resulting glasses are variably vesicular, with bub-
bles nucleating throughout the capsule in some runs,
but only at the margins of the capsule in others
(Table 1; Mangan & Sisson, 2000). Most of the samples
analysed by XANES contained primarily marginal bub-
bles. H,O contents and vesicularity data clearly demon-
strate that bubble nucleation was delayed and did not
occur at equilibrium (Mangan & Sisson, 2000), yielding
a suite of glasses with heterogeneous H,O contents
over short lengthscales. The anhydrous composition
of the glass is constant within analytical uncertainty
(Table 2), indicating that no other compositional
changes to the melt occurred during degassing.

Partial hydration experiments

To compare the mechanisms of hydration and H,0
degassing, we analysed partially hydrated Lipari obsid-
ian cores as reported by Humphreys et al. (2008). The
starting materials for these experiments were cylinders
of homogeneous Lipari obsidian, which were loaded
into gold capsules with excess H,0, along with a small
amount of finely ground obsidian powder to prevent
dissolution of the glass during the experiment. The cap-
sules were then held at super-liquidus conditions,
150-200 MPa and 855-905°C, in a cold-seal pressure
vessel apparatus pressurized by water. Run times were
short (20-80 min) and achieved partial hydration of the
glass cylinders (Table 1; Humphreys et al., 2008). No
double-capsule oxygen buffer control was used during
the experiments, but the short run times, low tempera-
tures and use of Au capsules effectively ensure imper-
meability to H, during the experiments (Chou, 1986).
The anhydrous composition of the glass is constant
within analytical uncertainty (Table 2), indicating that

Table 1: Experimental details for Panum Dome rhyolite sam-
ples from Mangan & Sisson (2000) and for Lipari obsidian from
Humphreys et al. (2008). P;, final pressure.

Sample dP/dt P Run time Comments
(MPas™) (MPa)  (min)

Panum Dome

58 0-025 25 117 Pervasive bubble cloud
63 0-025 100 67 Fringe bubbles only
65 0-025 31 113 Pervasive bubble cloud
68 0.025 175 17 Fringe bubbles only
P (MPa) T°C) Run time (min)
Lipari
LIPRF2 200 857 20
LIPRF3 200 859 80
LIPRF5 150 899 67
LIPRF7 150 901 20

hydration is not associated with any other compos-
itional changes to the melt.

ANALYTICAL METHODS

X-ray absorption near edge structure (XANES)
Fe3+/ZFe values of experimental glasses were meas-
ured using Fe K-edge micro X-ray absorption near edge
structure  (WXANES) spectroscopy on the 118
(Microfocus Spectroscopy) beamline at the Diamond
Light Source, UK. Spectra were recorded in fluores-
cence mode and the beam size at the sample was c.
3um x 5um. The beamline uses a Si(111) crystal mono-
chromator, which gives an energy resolution (AE/E) of
1-4 x 107* (c. 1eV at the Fe K-edge); the energy stability
of the beamline is *=0-05eV per day. Fluorescence
X-rays were normalized to the incident beam flux and
collected using a nine-element solid-state detector. The
energy was calibrated by defining the first peak of the
first derivative of Fe foil to be at 7112eV (or 7111-1eV
for comparison with older published literature data; e.g.
Wilke et al., 2001). Spectra were recorded from 7028 to
7400eV using a 0-086 eV step over the pre-edge region
(7098-7123eV), 0-259eV step across the edge
(7123-7158¢eV) and ~5eV step to define both the base-
line (7028-7098¢eV) and the post-edge region. Initial
spectra were collected up to 7340eV but this was ex-
tended to 7400¢eV in later runs to aid the normalization
procedure (see below). Counting times were 2000 ms
on all points. The locations of all points analysed were
recorded carefully with reference to reflected light
images of the samples to allow accurate relocation for
later secondary ion mass spectrometry (SIMS) analyses
of the same points.

Fe3/S_Fe measurements were quantified by refer-
encing the centroid energy of the pre-edge feature to a
linear calibration (Fig. 1a) constructed using a suite of
anhydrous rhyolite glass standards that were synthe-
sized at 1atm and a range of fO, (FMQ + 0-8 to FMQ + 6,
where FMQ is fayalite-magnetite—quartz buffer) and
Fe*"/S Fe from 0-238 to 0-806 (Cottrell et al., 2009;
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Table 2: Electron microprobe compositions of starting glass and experimental run products, reported on an anhydrous basis
Panum Dome (Mangan & Sisson, 2000) Lipari obsidian (Humphreys et al., 2008)
Starting material Av. run products 1o Starting material Av. run products 1o
(anhydrous) (anhydrous)
SiO, 75-64 76-94 0-52 7417 74-39 1-6
TiO, 0-08 0-06 0-02 0-08 0-08 0-03
Al,O3 12-38 1256 1-05 12.76 12-95 1.08
FeO 0-94 1-01 0-26 1.57 1-59 0-45
MnO 0-07 0-05 0-11 0-05 0.-07 0-11
MgO 0-03 0-03 0-05 0-04 0-04 0-01
CaO 0-54 0-54 013 074 0.75 0-12
Na,O 417 379 0-53 4.24 4.16 073
K50 4.72 4.94 0-59 5.39 5.49 0-65
Cl 0-06 0-07 0-03 0-32 0-31 0-04
F 0-16 0-18 0-23
H,O 017 0-23
Total 98-8 99-99 99.75 100-01
n 33 110

10 uncertainties are derived from electron microprobe analysis. n, number of analyses.

;
g @
08
07
06

0.5

Fe*/zFe

0.4 -
0.3 - '
0.2 -

0.1

0 t t t t
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

A centroid energy (eV)

(b)
y = 3.934x - 0.0357
61 R = 0.985

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
1H+/30Sj+

Fig. 1. Calibration lines for determining Fe**/>_Fe from XANES
centroid energy (a) and H,0 from "H*/%°Si* ion probe measure-
ments (b). In (a) errors in Fe*/S.Fe are derived from
Mossbauer spectroscopy (Cottrell et al., 2009), and uncertain-
ties in centroid energy are equivalent to the fitting uncertainty.
Data are presented as linear deviation of centroid energy from
7113-6 eV to facilitate regression. Continuous line, best-fit lin-
ear regression; dashed lines, fully propagated uncertainties at
80% confidence limits based on the linear regression. (b)
Typical daily ion microprobe calibration curve for "TH*/2°Si* vs
H,0 showing best-fit linear regression (continuous line) and
upper and lower 95% confidence limits (dashed lines).
Uncertainties in H,O are the errors on independently measured
H,0 contents of the standard glasses.

Table 3). The raw spectra were normalized by fitting a
straight line to both the low-energy baseline and the
post-edge region, using the Athena software package
(Ravel & Newville, 2005). The pre-edge feature in Fe
spectra typically shows two overlapping peaks whose
centroid energy is quantitatively proportional to redox
state (e.g. Wilke et al., 2001; Berry et al., 2003; Cottrell
et al., 2009). The pre-edge regions of the normalized
spectra were fitted between 7106 and ~7118eV, using a
cubic baseline plus a Gaussian to define the rising back-
ground towards the main K-edge, and two additional
Gaussian peaks to define the pre-edge region (following
Berry et al., 2003; Cottrell et al., 2009).

SIMS and electron microprobe analysis

Glasses were analysed for 'H*, 7Lit, '2C*, ®Mg*/2,
1601H+, 19F+, 23Na+' 26 Mg+, 3OSi+’ 35CI+ and 29K+ USing
the CAMECA ims 4f secondary ion mass spectrometer
at the University of Edinburgh. NIST SRM610 was used
as the primary calibration standard; %°Si* was the in-
ternal standard. Mass 0-7 was used to monitor the back-
ground count rate of the electron multiplier detector. A
10kV, 2nA O primary beam was accelerated onto the
sample with a net impact energy of 14.5kV. Secondary
ions were extracted at +4-5eV using a 75V offset.
A pre-sputter period of ¢. 2min, with a nominal 15 um
rastered beam, was used to clean the sample surface,
during which time the mass spectrometer was cali-
brated for the secondary ions. For quantitative analysis,
the focused beam was reduced to ~10 um using a field
aperture. H,O contents of the glass were derived using
a daily working curve (Fig. 1b) of measured "H*/*°Si* vs
H,0 in well-calibrated hydrous glass standards, follow-
ing the methods of Blundy & Cashman (2005). Typical
errors in determining H,O are ~8-12% relative. Where
possible, the same points as analysed by XANES were
targeted for SIMS measurements. Major element glass
compositions were analysed using a five-spectrometer
Cameca SX-100 electron microprobe at the University
of Cambridge, with a defocused (15 um), 15kV, 4 nA
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Table 3: XANES fit components, calculated centroid and total intensity for rhyolite standards

Analysis Sample Fe?" component

Fe** component

Centroid Total Fe*'/> Fe

number (eV) intensity

Fe?' peak =+ Width =+ Intensity + Fe®* peak =+ Width =+ Intensity +

location location
8446 DT31 7113-03 0-058 2:098 0-081 0059 0.004 711451 0.012 1.654 0-015 0136 0-004 711412 0-194 0-63
8447 DT18 711390 0-038 2940 0-044 0-141 0.007 711452 0-004 1.429 0-013 0.091 0-003 7114.20 0-232 0-66

8448 568_2 7112.81 0-019 1.852 0-033 0-060 0.002 711447 0.011 1.622 0-020 0-077 0.002 711380 0:137 0-238
8450 DT29 7113-97 0-028 2741 0-034 0131 0:004 711453 0.005 1448 0-016 0-097 0-003 7114.27 0-228 0-806
8492 DT39 7112.91 0-024 1.953 0-039 0073 0.002 711450 0.009 1571 0-016 0-110 0.002 711393 0184 0-315
8494 DT46 7113-03 0-039 2.049 0-059 0069 0.004 711450 0.009 1554 0-012 0139 0-003 7114.07 0-207 0-569

Fe®/>_Fe values are from Mossbauer spectroscopy (Cottrell et al., 2009).

electron beam for major elements and a 10 nA beam for
minor elements. Other analytical conditions were
equivalent to those of Humphreys et al. (2006b).

RESULTS

All the samples studied (including XANES standards)
are rhyolite glasses with FeO+ ranging from 1-0 to 5-7 wt
%. The resulting XANES spectra show a sharp, clear
pre-edge feature, with a well-defined post-edge peak at
~7130¢eV, followed by a deep trough at ~7160eV and
broad, shallow oscillations in the EXAFS region (Fig. 2).
In common with Berry et al. (2003) and Wilke et al.
(2005), we observe systematic changes to the shape of
the spectra with increasing Fe oxidation state of the
standard glasses (Fig. 2), including (1) changes to the
shape of the pre-edge feature, (2) an increase in the en-
ergy of the main edge, (3) an increase in the height and
breadth (and, in detail, a change in the shape) of the
post-edge peak, and (4) a slight increase in the energy
of the post-edge trough. The change in energy of the
post-edge trough has the potential to introduce errors
into the dataset during processing if the region
~7160-7260¢eV is used to normalize the spectra. We
therefore normalized the spectra to the average inten-
sity of the far post-edge region (up to 7400eV), which
avoids any of these uncertainties. Only the shape of the
pre-edge feature was used to make quantitative infer-
ences about the Fe oxidation state of the unknown
samples.

The shape of the pre-edge feature is generally quan-
tified by calculating the centroid energy, C; that is, the
area-weighted average energy of the pre-edge feature:

A Az

E; 4
1+Az+ 2A1+ A @

C:E1A

where E; is the peak energy of component i, and A; is
the total area (or integrated intensity) of component i.
Average precision on the centroid energy from uncer-
tainties in the fitting parameters is extremely good
(+0-008eV) and far better than the accuracy,
which relies on calibration of the centroid energy with
Fe*"/SFe. Fully propagated uncertainty for our ana-
lyses gave an 80% confidence interval of ~0-067 for
Fe3+/ZFe, but with very high precision. This accuracy
translates to AfO, of c¢. £0-6 log units. This method

assumes similar Fe coordination in the calibration
standards and the unknowns because the intensities of
the pre-edge components can vary with both Fe*/> Fe
and iron coordination (Wilke et al., 2001). All our sam-
ples have similar total pre-edge intensity (Fig. 3), which
suggests no significant change in Fe environment and
indicates an average Fe-coordination number of ap-
proximately [5], consistent with a stable mixture of [4]
and [6] environments (Wilke et al., 2001) for both Fe?"
and Fe3". The most oxidized reference glasses plot at
slightly higher total intensity than the unknowns, which
may be a result of slight self-absorption effects (which
has negligible effect on the centroid position; Bajt et al.,
1994).

H,O degassing

The experimentally degassed samples show a range of
H,O contents as measured by ion probe and inferred
from greyscale variations (Fig. 4). Water contents range
from 2.3 to 6-4wt % H,O, with one measurement at
7-2wt % H,0 (Fig. 4c; Table 4). These values are higher
than the volatile contents as measured by Fourier trans-
form infrared (FTIR) spectroscopy (1-8-5-4wt % H,0;
Mangan & Sisson, 2000) but span a similar range. The
cause of the discrepancy between the SIMS and FTIR
data is unclear; however, the key point for this study is
that the glasses show clear relative variations of H,O
with Fe3*/>_Fe. Back-scattered SEM images of single
samples typically show clear increases in greyscale in-
tensity that correlate well with decreasing H,O concen-
tration (Fig. 4b) from the core to the rim of samples with
only marginal bubbles. This indicates progressive diffu-
sive loss of H,O to the margins of the sample to feed
the growing marginal bubbles. Those samples with
more vesicular interiors did not show any clear vari-
ations of BSE intensity and typically showed more lim-
ited H,O variation.

XANES spectra for these samples have a relatively
small range in pre-edge centroid energy from 7114.05
to 7114-15eV (Table 4). Total pre-edge intensity in-
creases with increasing centroid energy (Fig. 3), consist-
ent with previous observations for silicate glasses
(Wilke et al., 2005). The pre-edge centroid energies for
these samples correspond to an overall iron oxidation
state, Fe>"/>_Fe of 0.562-0-64. Although this variation is
small compared with the fully propagated
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Fig. 2. (a) Typical normalized, background-corrected XANES spectrum for rhyolite standard glass. Boxes show parts of the spec-

trum that show variations with oxidation state. (b) The pre-edge region shows two peaks; the relative importance of the higher-en-

ergy peak increases with increasing Fe3+/2;Fe. Each spectrum is offset by 0-02 on the y-axis. (c) The energy of the main edge
e

increases systematically with increasing F

*/>_Fe (spectra are not offset). (d) The energy of the peak and post-edge trough in-

creases with Fe3+/ZFe, although higher energy resolution in this region is needed to use this feature quantitatively. Each spectrum
is offset by 0-02 on the y-axis. It should be noted that where additional symbol markers are used, these represent every fifth data

point.

measurement uncertainty, there are clear relative vari-
ations both between and within samples. There is a cor-
relation between H,O concentration and oxidation
state, consistent with an increase in Fe*'/>_Fe owing to
degassing of H,O from the melt.

Hydration

The margins of the Lipari obsidian samples are strongly
hydrated, with water contents approaching the equilib-
rium values calculated for the experimental run condi-
tions (4-8-5-6wt %; Humphreys et al., 2008), whereas
the interiors remain unhydrated and record the initial
volatile content of the Lipari obsidian starting material
(~0-2wt % H,0; Table 5). The variation in H,O contents
is clearly visible as a strong outward decrease in back-
scattered SEM intensity (e.g. Fig. 5a; Humphreys et al.,
2008). The influx of water into the samples was

previously modelled successfully based on
established concentration-dependent H,O diffusivity
data (Nowak & Behrens, 1997; Zhang & Behrens, 2000)
and is consistent with H,O diffusion into the samples
over the timescale of the experiments (Humphreys
et al., 2008).

XANES spectra for the high-temperature hydrated
samples show strong changes in pre-edge centroid en-
ergy from 7113.65 to 7114.-1eV, with one outlier at
7113-60eV (Table 5), corresponding to Fe**/>_Fe values
from 0-04 to 0-60 (Fig. 5b). In marked contrast to
the degassed samples, H,O concentration correlates
positively with oxidation state, indicating increasing
Fe®'/>_Fe linked to diffusion of H,0 into the sample. This
is further demonstrated by the close correspondence in
the shapes of the compositional profiles with distance
from the margin of each chip (Fig. 6). These spatial pro-
files also highlight a small but apparently significant (in
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Fig. 3. Total pre-edge intensity plotted against pre-edge cen-
troid energy, after Wilke et al. (2005). Light grey circles and
dashed curves represent Fe coordination end-member pos-
itions and mixing lines derived from Wilke et al. (2005).
Triangles, rhyolite glass standards (Cottrell et al., 2009);
squares, partially hydrated Lipari rhyolite; circles, high-tem-
perature degassed rhyolites from Mangan & Sisson (2000).
Continuous grey curve represents the range of standard
glasses presented by Wilke et al. (2005).

that it is present in each sample) negative deviation of
Fe*"/S Fe at low H,0 contents (~0-5-1-5 wt % H,0).

INTERPRETATION

Oxidation owing to melt hydration

The hydrated samples show clearly that increasing H,O
content causes an increase in the Fe oxidation state
(Figs 5 and 6). This observation is very similar to the re-
sults of an earlier equilibrium study (Botcharnikov et al.,
2005), which used long run times and an AuPd capsule
that is permeable to H, to control fO, in the experi-
ments, according to the equilibrium constant for the dis-
sociation reaction

H20(g) = Ha(g) + 1/202(9) (5)

K8, = (fH2.f0;/%)/fH,0". (6)

Although fH, of the fluid was fixed (via a Shaw mem-
brane), variations of XH,O" between capsules introduced
differences in equilibrium fO, in different experimental
runs (Botcharnikov et al., 2005), because fH,0 = aH,0 x
f°H,0 (and assuming ideal behaviour, aH,O ~ XH,0).
The actual fO, experienced was calculated from the
imposed fO, and XH,0 (Botcharnikov et al., 2005):

logfO,(actual) = logfO,(imposed) + 2logXH,0. (7)

In our experiments, we assume that the use of an Au
capsule (minimally permeable to H, at our experimental
temperatures; Chou, 1986) and very short run times
(20-80 min) resulted in approximately constant H, fluid

inside the experiments (see below). Our experiments
were not equilibrated, and diffusion of H,O from the
fluid into the melt resulted in wide variations of XH,O
within each quenched glass chip, from water-saturated
at the hydrated margin (~5-5-6wt % H,0) to highly
undersaturated in the unhydrated core (~0-2 wt % H,0).
We can write equivalent reactions to (5) and (6) that
apply for the melt phase, even though equilibration was
incomplete. We therefore calculated the apparent
change in log fO, (melt) following the approach of
Botcharnikov et al. (2005). We assumed constant fH,,
and used either H,0; (the total amount of H,0 dissolved
in the melt) or the molecular H,0,, [estimated from
Silver et al. (1990)] to calculate log XH,O; or log XH,0,,;
that is, XH,0;=H,04/H,04,; and XH,0,,=H50.,/H,0¢4:.
We also assumed that the marginal glass is H,O-satu-
rated (i.e. that XH,O,=1 at the rim), as the rim H,0; con-
centrations agree with solubility models (Humphreys
et al., 2008). Calculated fO, was converted to Fe3+/ZFe
using the anhydrous algorithm of Kress & Carmichael
(1991) for the major element composition of the sample
and known experimental conditions. Using this ap-
proach, the overall change in Fe3+/ZFe from core to
rim in the glass samples is matched by the predictions
based on observed changes in XH,O (Fig. 7). The
lengthscale of the changes in Fe3+/ZFe is also equiva-
lent to the lengthscale of H,O diffusion gradients, mod-
elled using existing H,0,, diffusivity data (Humphreys
et al., 2008), demonstrating that Fe*'/>_Fe varies at a
rate controlled largely by the diffusivity of H,O,, (Fig. 6).
This implies that Fe oxidation state is dominated by
variations in XH,O during hydration.

However, the shapes of the H,0-Fe*'/> Fe profiles
do not fit well to the modelled trend (Fig. 7), which sug-
gests that Fe oxidation state was only partly controlled
by the disequilibrium changes in XH,O. In particular,
there is a significant deviation from the modelled
curve to lower Fe®" at low to intermediate water con-
tents (Fig. 7). This is in contrast to equilibrium data
(Botcharnikov et al., 2005), which fit the model well
(Fig. 7). The discrepancy with the equilibrium data can-
not be explained by significant changes in average melt
Fe coordination, because the overall intensity of the
pre-edge region does not vary significantly with oxida-
tion state (see Fig. 3; although this does not preclude
that coordination changes might occur).

Another possibility is that some ‘significant’ diffusion
of H, did occur across the Au capsule during the course
of even these short experiments. As the experiments
were unbuffered it is difficult to quantify these effects but
we note that any H, loss from the capsule fluid would re-
sult in anomalously oxidized sample margins, whereas
H, gain would result in anomalously reduced sample
margins, relative to predicted values. Instead, Fe3+/ZFe
at the sample margins is well matched by the predic-
tions, whereas the unhydrated cores of the chips are
anomalously reduced relative to the predicted curves
(Fig. 7). Furthermore, there is no difference in profile
shape between the shortest (20min) and longest
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Fig. 4. (a) Backscattered electron SEM images of representative glass chips from Mangan & Sisson (2000), in which heterogeneous
bubble nucleation at the margins of the chips was dominant. Scale bar represents 1 mm. Lower greyscale intensity in the core indi-
cates higher water contents, as demonstrated by the negative linear correlation between greyscale and H,0 (b). Degassing of H,O
is associated with increasing Fe3+/ZFe (c) and fO, relative to the nickel-nickel oxide buffer (d). Errors in (c) relate to ~10% uncer-
tainty in H,O and 80% confidence limits for Fe3+/ZFe. It should be noted that the analytical precision is smaller than the size of the
points. Modelled trends in (d) are theoretical predictions for degassing of S-free rhyolite following Burgisser et al. (2008), starting
with no free fluid (0-1wt% initial gas, dotted line) or with 10 wt % (dashed line) or 20 wt % (continuous line) initial fluid.

experiment (117 min), which supports our interpretation
that the experiments approximately represent a closed
system. There is also no difference in the width of the
low-Fe*" region between the shortest and longest ex-
perimental runs (Fig. 6). This suggests that rapid
migration of H, preceding the H,0 diffusion front at high
temperature cannot explain the discrepancy between
model and observations (see Gaillard et al., 2002, 2003c¢).

Our best explanation is therefore that, although the
interconversion reaction between H,O and OH in the sili-
cate melt is rapid at experimental temperatures (Zhang
et al., 1991), reactions involving the Fe species are
slower, or may involve intermediate reactions, at low
H,O contents where the melt viscosity is higher. The ef-
fect of this would be that any change in Fe3+/ZFe is off-
set to higher XH,0 in these disequilibrium experiments.
This could also explain why the longer duration, equilib-
rium experiments of Botcharnikov et al. (2005) are more
consistent with the shape of the modelled curves (see
Fig. 7). This interpretation is consistent with the observa-
tions that relatively slow redox equilibration in metalumi-
nous rhyolites may be linked to intermediate changes in

complexing of network-modifying cations (Gaillard et al.,
2003a), such as

or  NaFe®*'0, + 2Si OH = 20H + 2Fe®**y5-O-Si  (8)
H, + 2NaFe®t 0, + 2Si-0-Si = 2NaOH + 4Fe?"50Si.  (9)

This emphasizes that changes in melt oxidation state
are closely linked to variations in melt chemistry and
structure. Melt basicity theory may be a useful add-
itional tool for investigation of these sorts of coupled
changes than simply fO, measured relative to trad-
itional oxygen buffers.

Oxidation owing to H,O degassing

The data from the experimentally degassed rhyolites
are scattered but show a general trend of oxidation by
~0-5-1 log unit fO, (Fe**/> Fe varies from 0-53 to 0-65)
as H,0 contents decrease from ~7 to ~2wt % (Fig. 4c;
Table 4). During decompression, the melt became H,0-
saturated and nucleated bubbles of a free H,O vapour
phase. We infer that subsequent re-equilibration of H,
and H,0 in the vapour bubble occurred through

GTOZ ‘¥ sunr uosiale|d o1jqig e /B.o'seuinolpioyxo ABojo.iedy/:dny woly papeojumoq


http://petrology.oxfordjournals.org/

Journal of Petrology, 2015, Vol. 56, No. 4

804

Downloaded from http://petrology.oxfordjournals.org/ at Biblio Planets on June 24, 2015

*0,006 10} Pa1eIN2|ed S| ONNYV "SIAIIS WOJ4 painseaw aJ4e sjuajuod O%H

LGS0 0€ ¥0-G 64950 LLL-0 80-¥LLL ¢000 9€L0 9L00 v.L OLOO OFvLLL €000 Lv0-0 0900 908'L 8E€00 vLCLLL €-€9 9978
190 €€ 1A L6S0 G8L-0 LL-vLLL €000 O¥VLO SLOO LZL LLOO €v¥LLL €000 ¥¥00 0L00 €L6L LVOO €8CLLL L-€9 G978
290 P€ 62¢C €090 98L-0 ¢L-vllL €000 LELO GLOO 89L <¢LOO 9F¥LLL ¥000 6¥00 900 LL6'L €S00 €6¢CLLL L-89 978
090 4 Le-c €890 98L-0 oLvLLL €000 S€L'0 ¥LOO 89L ¢LOO0 9F¥LLL ¥000 CS00 ¥.00 GZOC¢ €900 ¥6¢ClLLL ¢-89 €978
090 c€ 0€-¢ 9890 L8L-0 oLvLLL €000 ¥€EL-0 ¥LOO [9L ¢LOO L¥¥LLL ¥000 €900 900 690¢ vS00 96¢CLLL €-89 978
LS50 0€ (AR 85950 L8L-0 80¥LLL €000 €EL0 9L00 89L ¢lLO0 v¥vLLL +000 6¥00 LL00 ¢86'L ¢SO0 [8CLLL 8-99 L9¥8
990 9¢€ c6€ 6290 L6L-0 vLvLLL G000 ¥¥LO L¢o0 69L 8L00 Sy¥LLL G000 L¥00O 6LL0 961 G800 ¢C6CLLL 6-99 0978
960 6°¢C 8Ev S50 08L-0 LO¥vLLL €000 vELO 8LOO OLL €L00 <¢vvlLLL €000 9¥00 S/00 LO6'L 0S00 L8CLLL £-99 6578
€90 V€ 67-¢C 0L9-0 06L-0 cl-vllL v000 LELO LLOO £9L GLOO L¥¥LLL G000 €500 €0L0O 680¢ 9L00 O0€ELLL VS-G9 8678
660 L€ c6°€ S.S0 L8L-0 60-vLLL €000 8€L0 8LOO O0LL €L0O0 <Z¥¥LLL €000 €¥O0 LL00 1981l 05900 08cClLLL VE-99 LGY8
090 c€ cLe G890 €8L0 OoLvLLL €000 LELO 9LO0 89L <¢LOO vP¥LLL €000 9¥00 900 Gl6'L LS00 S8CLLL €-99 9478
690 L€ Lv-¢ €v90 ¢6L-0 SL-vllL v00O0 S¥L-0O LLOO OLL vLOO 9F¥LLL ¥000 LVOO €600 €86'L [900 €6¢CLLL L-99 GG¥8
LS50 0O€ 9 €950 GLL-0 80¥LLL ¢000 ¥EL-O LLOO SGZL LLOO L¥vllLL €000 Lv0-0 €900 808L 0¥00 SLCLLL ¢-89 S8
660 8¢ 0Z9 6250 cLL0 GovLLL ¢000 6¢L0 9L00 LLL OLOO L¥¥LLL <2000 €¥VO0 G9S00 O¥8L GEOO ¥LCLLL L-89 €6¥8
G50 LeC LcL 650 £91-0 G0-vLLL ¢000 ¥CL0 8LOO0 v.L €LOO0 <Z¥vvlLLL €000 €¥VO0 9900 988l v¥00 8LCLLL €-89 42141

uol11eo0| uoineso|

F Ausua F  UYIPIM T dead .o F Ausua F  UIPIM T dead o4
(% 1MW) Ausuaul (A®) Jequinu
* ONNV O°%H m“_N\+mmu_ |elo] ploJua) suodwod , 34 wauodwod 84 ojdwes sisAjeuy

sa|dwies uojssaidwiooap 1-ybiy ay3 1oy 847/, 04 Peie|nojed pue ‘Alisuaiul [e10} pue ploausd paje|nojed ‘sjuauodwod 1y SINVX v 81gel


http://petrology.oxfordjournals.org/

805

Journal of Petrology, 2015, Vol. 56, No. 4

Downloaded from http://petrology.oxfordjournals.org/ at Biblio Planets on June 24, 2015

"SINIIS WO} painseaw ale spuajuod OH

€20 oL-0 e€rL-0 0L€LLL ¢CO000 LLOO €CO0 699'L €0LOO vSvLLL LLOOO LS900 ¥.c00 866LL GSLOO L8-¢cllL  |elslew
Buiels L8ZL
060 LL-0 €€9 orL-0 LL€LLL 2000 G000 ¥200 Lv9'L 80LOO 9S9¥LLL LLOOO L¥90'0 €6¢00 8¢8LL L9LOO €8:CLLL Tl-€44dI 89
09-€ 600 14°14 GEL0 69-€LLL ¢000 €L00 LZO0O 869L vLLOO €SvLLL 9L000 LL900 LLcOO €SELL 9GL00 L8-CLLL LLl-E44dI L89Y
007 Gaco 14014 0GL-0 ¢8€LLL ¢C000 ¢600 G200 60LL €¢LO0 €SvllL ¢c000 G500 LOVOO 6SL8'L 6£C00 L8-CLLL 0L-€44dI 0897
ov-v L20 L9€ ¢aL-o0 ¥8€LLL ¢000 [600 6L00 00LL ¥6000 LSVvLLL 8LOOO 87500 6¥E00 988LL 96L0-0 8L:CLLL 6-€44dI 6L9%
ovv €€0 9¢ce 6510 68°€LLL €000 80L0 ¥200 6¢LL CLLOO G¥LLL €200'0 £0S0'0 ¢L¥0'0 009L'L €9200 vLCLLL  8-€4ddIl 8L9Y
0Ly LE0 L8¢ 8GL-0 ¢6€LLL ¢000 SO0L-0 0200 S89L ¢CLLOO vSvLLL ¥¢000 L¢S00 ¥0S0-0 ¢0S8'L 88200 €8:CLLL  L-€44dI LLOY
0LY €r-0 144 c9L-0 86€LLL ¢000 LLLO 6L00 LLZLL SOLOO LSvLLL €20000 S0S00 L6v0-0 cveE8L LLCO0 €8:CLLL 9-€44dI 9L9Y
08 v L0 LLL 79L-0 LOvLLL ¢000 vLL-O 8LOO OcZZL ¢0L00 8S¥LLL €Z0O00 L6V00 98700 LEYSL 08200 G8-CLLL  G-€44dI SL9Y
009 970 9€L €910 00vLLL €000 ¥LL-O 8LOO 90LL vOLOO LSvLLL €2000 ¢6V00 ¥LS0°0 0L98'L 66200 G8-CLLL  ¥-€44dI vL9Y
0€-g 0560 8L 9910 €0vLLL ¢000 €¢L-0 8LOO ¥vLL 96000 €SvLLL Lc000 €EVO0 €6V0-0 C¥9L L 68200 L8-CLLL  €-E44dI €L9Y
ov-g 670 14> €L1L0 ¢ovLLL ¢000 9¢L-0 8LO0O ¢cLL 80LOO €SvLLL 92000 69700 00900 v.[8'L L9EOO €8:CLLL  ¢-€44dI cL9Y
or-G 50 0 8LL0 LOvLLL ¢000 €EL0 LLOO ¥LLL LLLOO ¥S¥LLL 82000 LvP00 69900 ¢088'L OL¥0-0 98-CLLL  L-E44dI LL9Y
0c0 L0 Ly 4450} €LELLL CO00 G000 ¢co0 ¢v9L €o0Loo0 6SviLL  LLOOO L9900 88200 LLV8L LILOO 88-CLLL 6-¢dddI 8997
020 oL-0 86€ L0 0L€LLL 000 LLOO 6200 9991 <¢CELOO vSvLLL L2000 6%900 ¥SE0-0 €E6LL 66L00 ¢8-¢lLL  8-zdddll L99Y
0v-0 800 €0€ GarlL-0 69€LLL ¢C000 6400 G200 €991 80LOO €SvlLL 8LO0O0O £9900 66200 ¥608'L L[9LOO 8¢CLLL  L-2dddIT 9997
0S-L 70-0 vve 8EL0 G9-€LLL ¢000 9400 9200 899L LLLOO 6¥VvLLL 8LO0O0O 82900 ¥LEODO G88LL 9LL00 9L:CLLL  9-2¢d44dI G997
06°¢ L20 Gce 6vL-0 ¥8€LLL €000 1600 9¢00 069l 9¢LO0 LSvLLL €2000 <8500 vEYO0 LLZ8'L 8¥¢C00 ¥8¢CLLL  G-¢4ddIl 0L9Y
0S-€ LE0 661 9GL-0 L8€LLL C000 ¢OL0 6L00 8¢LL €6000 <cSviLL 8LO0O0O LESOO 69€0-0 €8¢8L €L200 8L:CLLL  ¥-2d44dI 7997
009 [440) acl LSL-0 L6°€LLL ¢000 LOLO 8LOO €2/l ¥6000 LS¥LLL 0CO00 ¢0S00 6LY00 06¢8L 0¥C00 €8:CLLL €-¢dddI €997
08-G 970 L9 9GL-0 00-vLLL <000 80L0 LZO0O LELL 0cClLOO LSvLLL GC000 ¢Lv0O 99500 vLS8L LZEOO0 v8¢CLLL C-¢4ddIl c99v
oL-9 Lv-0 0 7§10 96€LLL ¢000 LLLO 8L00 /8Ll /(8000 LS¥LLL LLOOO LEYOO <ZCLYO0 8LLLL LECOO cLclLL  L-gd4dIn 0997
020 9L-0 v6€ GvL-0 SL€LLL ¢000 0800 P¥20O0 ¥99-L 80LOO 9SvLLL 8L0O00 6¥900 LOEO0 LLO8L LLLOO v8¢CLLL  9-L44dIT 98¢L
050 oL-0 6C€ ovL-0 0L€LLL CO000 LLOO ¢c00 Lec9L €oLoo 8SvlLL LLOOO 98900 LLcOO S¥E8L 0SLOO L8CLLL G- L44dIT G8¢L
oL-¢ G€0 [4:r4 09L-0 06-€LLL ¢000 ¢OL0 LLOO ¥89'L ¢6000 9SvLLL 6L0000 ¢LS00 LLEOO 86V8L LLZOO v8¢CLLL  v-L44dI1 ¥8¢L
06°€ Lv-0 LLL L91-0 96€LLL ¢000 GLL'O GLO0 9LLL 98000 P¥SvLLL 6L0000 6L500 vOv0-0 ¢¢S8'L 0€C00 8¢CLLL € L4YdIT €8¢L
0Ly 970 98 L91-0 00-vLLL <000 8LLO 8LOO v¢LL 66000 VvSvLLL <¢C000 08700 08v0-0 0908'L LLZOO L8-CLLL  ¢-Ld44dI 43148
0cS LG-0 0 09L-0 v0¥LLL ¢00:0 LLL-O ¢¢00 ¢ZsLl G¢Lo0 SSvLLL 92000 LEYOO G900 LG08'L SG9€0-0 ¢8-CLLL  L-L44dI L8¢cL
Gco LL-0 8LL €rL-0 LL-€LLL 2000 LL00 LcOO [991 LLLOO vS¥LLL 6LO00 89900 80E00 ¥88LL SGLLOO ¢8:¢lLL  6-G4ddI 08¢L
0v-0 ¢0'0— 80L LELO 09€LLL 000 £900 8200 099'L GLLOO <¢SvllL 9L0000 LOLOO GSC00 L68LL v¥LOO 8-¢LLL  8-GdHdIT 6LCL
0S-L oL-0 8¢9 orL-0 0L€LLL 2000 €L00 G200 ¢€9L 6LLOO 9SvLLL 6L0000 €900 80€00 €608l 0LLOO G8-CLLL  [-Sd44dI 8L¢CL
09-¢ 0€-0 L9G €610 98€LLL ¢000 9600 0¢00 8691l €6000 SGSvLLL 8LO0O ¢LS00 6¢€0°0 068LL L8L00 ¢8-CLLL  9-G4dHI LLeL
0G-€ €0 [4214 6GL-0 06-€LLL ¢000 vOL-O 8LOO ¥69-L L6000 vSvLLL 6L000 LSS00 LLEOO LZZ8Ll 60200 L8-¢LLL  G-G44dI 9L¢L
oLv or-0 L8E 910 S6-€LLL ¢000 LLL'O 9L00 ¥LLL €8000 €SvlLL 8LO00 0LSO0 €9€00 CL6LL LOZOO 8¢CLLL  v-GdHddIT SLeL
08 v LY-0 vie €910 LOvLLL 2000 €LLO0O LLOO 969l ¥6000 LS¥LLL L2000 86¥00 ¥S¥00 9Le8L 65200 G8-CLLL  €-G4ddI vieL
009 ¢s0 9€L 8910 v0¥LLL ¢00:0 0cCL0 LLOO £89l 66000 [SVvLLL €2000 6L¥Y00 LS00 6¥VE8-L €E0E00 L8CLLL  ¢-G44dI €LeL
vv-g 09-0 0 L8L-0 LL-vlLL 2000 6EL0 €LOO0 ¢g/L 8L000 SS¥LLL 02000 9LY0O0 ¥6¥00 6E8LL 68200 €8:CLLL  1-G4ddI clLeL
uoneoso| uoneoso|
(SNIS) (w) F Ausuay) F UIPIA + dead o4 + Ausuai| T UIpIM ¥ eed .84
(% W) wi wouy  Aususiul (A®) Jeqwinu
O°H wu_N\+mou_ aouelsiqg |e1o0] ploJiua) suodwod a4 auodwod _ a4 a|dwesg sisAjeuy

sa|dwes uonelpAy 1-ybiy ay: 10} 843/, 04 PeILINO|ED pUE ‘AliSUSIUI [BI0} PUB PIOJIUSD Paje|noled ‘suauodwod iy SINVX G 81qel


http://petrology.oxfordjournals.org/

806

Journal of Petrology, 2015, Vol. 56, No. 4

0.80

0.70

0.60

0.50

0.40

Fe*/TFe (XANES)

0.30

0.20

WD p—————""+ .Imm

0.10 %'I

A LIPRF5
® LIPRF2
W LIPRF7
CILIPRF3

[Cstarting material

(b) + 5.0

4.0

%ﬁr e

. +
O Ll
0.0
It

10.0 0.00 ) f 1

2 3 4 5 6 20

wt% H,0 (SIMS)

Fig. 5. Backscattered electron SEM image showing variation of greyscale intensity related to inward diffusion of H,O into the Lipari
glass chips at high temperature (a), reproduced from Humphreys et al. (2008). (b) Co-variation of Fe3+/ZFe with H,0 content and
equivalent fO, variation relative to the NNO buffer. Representative error bars shown for sample LIPRF5.

6.0 0.7
o A (a) LIPRF5 |
’ —h—
" " 05
O 40 *
(N n JE— 0.4
I n
X 380 n 0.3
E
2
2.0 0
" u 0.1
10{ AHO
m Fe*/zFe | 0
s
0.0 -0.1
0 100 200 300 400 500 600 700 800 900
Distance from rim (um)
6.0 0.7
(c)LIPRF3 | ¢
5.0 A :
L A
- 0.5
nm
o, 40 0.4
[ |
I ]
o 30 A 0.3
2 "u
=
s . 0.2
4 u 0.1
1.0
0.0
0.0 A -0.1
0 100 200 300 400 500 600 700 800

Distance from rim (um)

6.0 0.7
(b) LIPRF7 | .
501 ,
L A 0.5 o
+0 . 04 LL
. 2
3.0 03 &
T
2
2.0 = 0
Am 0.1
1.
0 0
0.0 A4 0.1
0 100 200 300 400 500 600
Distance from rim (um)
6.0 0.7
4 a (d) LIPRF2 |
5.0 i
05 @©
u L
4.0. 1
A 0.4 @
3.0 = 03 ‘©
" e
0.2
2.0 -
| L 0.1
1.0 u
0
F Y A
0.0 -0.1
0 100 200 300 400 500 600

Distance from rim (um)

Fig. 6. Spatial variability of Fe3+/ZFe (grey squares) and H,O (black triangles) with distance from the rim of each chip hydrated at
high temperature. Fe3+/ZFe in the unhydrated starting material is marked by a grey band in each figure. Horizontal error bars in (a)
are the estimated maximum uncertainty on the spatial location of each point. Errors in Fe3+/ZFe and H,0 are reported in previous

figures.

sequestration of H, from the melt, resulting in increased

Fe3"/>_Fe through the reaction
H.(g) + Fe203(m) = H,O(m) + 2FeO(m).

(10)

Although the initial fO, of the melt in these experiments
was fairly high, as a result of prolonged equilibration at

high pressure in the cold-seal apparatus (Mangan &
Sisson, 2000), this oxidation pattern is consistent with
theoretical calculations of increasing oxidation state
with degassing for sulphur-free melts (e.g. Mueller,
1971; Candela, 1986; Burgisser & Scaillet, 2007). We
used the approach of Burgisser et al. (2008) to simulate
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the change in OH partitioning between gas and melt
during pressurization in a closed system. Each pressure
step results in incremental changes to the species
fugacities and their concentrations in the melt, which
are calculated using species solubilities, mass balance,
and reaction (5). The scale of the observed fO, increase
is somewhat less than that predicted by the model
when starting with negligible initial fluid (Fig. 4d). This
discrepancy is unlikely to be related to significant
changes in H, during the course of the experiments,
because the decompression run times are very short
(17-117 min). Moreover, the experimental apparatus
was pressurized by Ar gas, so H, would tend to migrate
out through the capsule, decreasing fH, and leading to
more oxidized conditions. Instead, the following two
possibilities are more likely.

1. The modelling does not take into account the buffer-
ing capacity of FeO in the melt, which could re-
duce the absolute increase in oxidation state,
particularly at higher initial fO, (Candela, 1986).
However, for a melt with only 1wt % FeO (as in the
case of the Panum Dome rhyolite) this should ac-
count for <0-2 log units change in fO, (Burgisser &
Scaillet, 2007).

2. The high proportion of fluid in the experimental
capsules is buffering the changes in fO,. The experi-
mental starting materials include ~20wt%
fluid so there is likely to be substantial excess fluid
at the beginning of each decompression run.
When the modelling is repeated with 10 and 20 wt%
initial fluid the scale of the fO, increase is
substantially reduced relative to the run with

0-1wt% initial fluid (Fig. 4d), to a level consistent
with the observations.

The other important difference between the experi-
ments and the modelling is that the experiments were
run without equilibration at each pressure step
(Mangan & Sisson, 2000); that is, they represent dis-
equilibrium degassing. The disequilibrium arises from
delayed bubble nucleation, which is offset to lower
pressure than the equilibrium case, but because they
were run with a pure H,O fluid there is no effect
on the relationship between Fe®*"/SFe and H,0.
However, more significant kinetic factors could arise in
multi-component fluids with significant differences in
volatile species diffusivities. This is highlighted in ex-
periments by Fiege et al. (2014) that showed enhanced
transfer of sulphur into the fluid relative to the melt at
high decompression rates, decreasing to equilibrium
values with annealing and producing lower melt Fe3*/
> Fe than predicted by equilibrium (closed-system)
models.

DISCUSSION

Our data demonstrate that magma degassing and hy-
dration can both result in significant melt oxidation
coupled to changes in volatile content. On H,O satur-
ation, the formation of a free H,O vapour phase parti-
tions H, from the melt into the vapour and results in
melt oxidation. During hydration, oxidation is caused
by changes in water activity. These mechanisms should
therefore be considered as one possible way to explain
the high oxidation state observed in arc magmas (e.g.
Carmichael, 1991). Both processes have direct rele-
vance for crustal processes and may be important in
different regions of the arc crust (Fig. 8). Magma ascent
from shallow storage regions is dominated by degass-
ing of H,O vapour from the melt, whereas rise of H,O-
undersaturated magma from the deep crust would be
associated with increasing water activity. However, arc
magmas are complicated by a general lack of equilib-
rium conditions, instead representing different compo-
nents or subsystems that may be in equilibrium at
different points in the volcanic system. We therefore
need to consider what controls fO, and what phases
would record it accurately over varying timescales.

Degassing in natural systems

Arc magma ascent through a conduit and eruption at
the surface is associated with significant volatile
degassing (Fig. 8). Our new data and modelling demon-
strate that degassing of a pure or dominantly H,O-bear-
ing fluid results in significant melt oxidation. Under
closed-system degassing conditions, this can be mod-
erated by the presence of large volumes of gas.
Furthermore, the melt can be expected to oxidize even
if degassing occurs during disequilibrium degassing
(delayed bubble nucleation), provided that the volatile
budget is dominated by H,O. In natural systems, we
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record of stable magma storage condi-
tions

Other mafic phases may record longer-
term changes in fO,?

Closed-system fractionation.

fO, controlled by exchange of H, with coun-
try rocks?

el

Magma ascent and degassing.

Fe3*/Fe (m) controlled by gas-melt equilibria
e.g. H,0(m) + FeO(m) = Fe,0,(m) + H,(9)
+ closed-system groundmass xlIn

N\

H,O-undersaturated magma
ascent.

fO, increases with increasing
XH,O(m)

Fig. 8. Schematic depth section showing the possible variations in importance of different fO, control mechanisms in different parts
of a volcanic system and crust, depending on kinetics and degree of equilibration. (See text for discussion.)

would therefore expect to observe a systematic devi-
ation of the oxidation state of the melt from that of the
pre-eruptive magma (as measured, for example, by
two-oxide equilibria).

Crabtree & Lange (2012) showed that bulk-rock
Fe3+/ZFe in degassed, crystal-poor andesites from

the Mexican volcanic arc was within error of the pre-
eruptive Fe3+/ZFe of the hydrous melt, as determined
by two-oxide thermobarometry. This was interpreted to
mean that extensive degassing (of up to 8wt% H,0)
during ascent had no measurable effect on magma oxi-
dation state. Our data indicate that such strong H,O
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degassing should leave a clear signature of oxidation in
the melt phase. We therefore suggest that the magma
may also have degassed additional multivalent gas spe-
cies (e.g. sulphur) that would counteract the melt oxida-
tion driven by loss of H,O (Burgisser et al., 2008).
Alternatively, the bulk-rock measurements of oxidation
state in the degassed magmas may have been insuffi-
ciently sensitive to resolve any degassing effects. Direct
in situ measurements of melt oxidation state (e.g. by
XANES) are more likely to resolve these late-stage
changes.

Surface volcanic gas emissions represent the coun-
terpart to the continuously degassing melt that is
erupted (Fig. 8), but gas fO, measurements are com-
monly different from those of their host lavas. This has
been interpreted as the result of oxidation state
changes to the melt during degassing (e.g. loss of SO,
from basalt, Anderson & Wright, 1972; Helz, 2009) or
mixing and integration of multi-component gases
released over a range of pressures (Edmonds et al,
2010). In some cases, disequilibrium in the gas phase is
evident from lack of correspondence of fO, estimates
using different gas ratios (e.g. Ho/H,O compared with
CO/CO,; Hammouya et al., 1998) and probably results
from mixing of gas components with different origins,
decoupled from magma ascent (Edmonds et al., 2010).
In other cases the gases appear to be in equilibrium
with the lavas (e.g. Gerlach, 1993, 2004; Roeder et al.,
2003, 2004) and the discrepancy may relate to kinetic
differences in the response rate of different redox pairs
(H,—-H,0 > S0O,-H,S > CO-CO,-CHy4; Giggenbach, 1996).

These problems indicate that where multiple volatile
species are present, the effects of degassing of natural
arc magmas on oxidation state are complex, and
strongly influenced by temperature, pressure, degass-
ing kinetics and the initial fO, (Burgisser & Scaillet,
2007; Fiege et al., 2014) as well as the mode of degass-
ing (open system or closed system). This means that
analysis of oxidation state during degassing of natural
melts is unlikely to yield unique interpretations, al-
though it is clear that arc magma degassing could sig-
nificantly affect the oxidation state of the melt. Attaining
a real understanding of the effects of magmatic degass-
ing on oxidation state will probably require direct meas-
urements of the concentrations and speciation of all
maijor volatiles in the melt, as well as melt Fe*'/> Fe
and the corresponding gas compositions.

Magma ascent from the deep crust

Recent models of arc magma genesis involve pro-
longed periods of deep (mafic) magma intrusion, differ-
entiation and partial melting (e.g. Annen et al., 2006),
followed by magma ascent towards upper crustal
magma reservoirs where storage, degassing and min-
gling may also occur (Humphreys et al., 2008; Edmonds
et al., 2010; Johnson et al., 2010). Our partial hydration
experiments have relevance for the passage of hydrous
melts or magmas between the lower crust and shallow
magma storage reservoirs (Fig. 8). Although magmas
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Fig. 9. Temperature—fO, variations in intermediate arc magmas
(a). Different oxygen buffers are shown by bold black lines
(constant sulphide-sulphate ratios) and grey dashed lines
(NNO, NNO +1). Data points are from two-oxide equilibria.
Data sources: Blundy et al. (2008) for Mount St Helens, USA;
Humphreys et al. (2006a) for Shiveluch Volcano, Kamchatka;
Roman et al. (2006) for Augustine, Aleutians; Crabtree & Lange
(2012) for the Mexican arc; Murphy et al. (2000) for Soufriere
Hills, Montserrat; Sparks et al. (2008) for Uturuncu Volcano,
Bolivia; Pallister et al. (1996) for Mount Pinatubo, Philippines;
Matthews et al. (1994) for Lascar Volcano, Chile. The grey
arrow shows the data trend from (b), which also shows iso-
pleths (thin grey lines) of constant hm-ilm and usp-mt com-
position from Buddington & Lindsley (1964). Filled black circles
in (b) are data for zoned magnetite grains from Soufriere Hills
Volcano, Montserrat (from Devine et al. 2003), which plot long
lines of constant hm-ilm and also lie parallel to constant
sulphide-sulphate composition.

originating from the deep crust are thought to be hy-
drous, they are highly unlikely to be H,O-saturated. This
means that melt aH,O will increase during ascent, as
the magma becomes closer to volatile saturation. By
analogy with our experimental results, such ascent
could result in significant oxidation of the melt under
conditions of incomplete diffusive equilibration.
Although H,O diffusion is rapid, we calculate that even
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in 10000 years significant diffusion would be observed
over a distance of only ~20 m at 900°C [using the diffu-
sivity model from Nowak & Behrens (1997)]. This
means that incomplete equilibration in ascending mag-
mas must be carefully considered as a possible source
of Fe*"/S Fe heterogeneity. Moreover, this reasoning
also suggests that, depending on timescales, magmas
in the middle to lower crust could be substantially more
reducing than those in the upper levels of magma stor-
age, and hence that crustal-scale variations in fO, may
be possible at subduction zones.

There are already some hints of strong changes in
oxidation state during the formation of arc magmas.
For example, the cores of a population of plagioclase
phenocrysts in intermediate arc magmas were highly
anorthitic and corroded, consistent with resorption dur-
ing H,O-undersaturated magma ascent (Humphreys
et al., 2006a). These cores may contain sulphide inclu-
sions, indicating that these plagioclase phenocrysts
formed in a more reducing environment than the host
magmas, which are typically too oxidizing to have sta-
ble sulphides. The presence of Cu-Fe-sulphide inclu-
sions in phenocrysts appears to be a relatively common
feature in intermediate arc magmas (e.g. Shiveluch
Volcano, Kamchatka; Humphreys et al., 2006a;
Santiaguito, Guatemala, Scott et al, 2013; Satsuma-
lwojima, Japan, Ueda & ltaya, 1981; Mount Pinatubo,
Philippines, Pallister et al., 1996; Popocatepetl, Mexico,
Schaaf et al., 2005), and in their cumulates (Lee et al.,
2012). Sulphide crystallization could reflect a stage of
fractionation under deep, more reducing, low aH,0 con-
ditions; or alternatively may be coupled to melt redox
changes resulting from magnetite crystallization
(Carmichael & Ghiorso, 1986; Sun et al., 2004; Jenner
et al., 2010), resulting in constant or reducing melt
Fe**/S_Fe but changing SO,%/S* (Moretti & Papale,
2004; Sun et al., 2004). In any case, these variations in
oxidation state could have important implications for
the distribution and transport of metals within the arc
crust.

What controls fO, in magmatic systems?
Although estimates of fO, for many magmas plot close
to solid oxygen buffers (e.g. NNO or QFM), these
phases typically do not (co)exist and it is highly unlikely
that those solid buffers are controlling magma fO,; in-
stead they are useful reference lines in T-fO, space.
However, it has been suggested that gas—melt redox
equilibria could actually control magma fO,, if there is
abundant free vapour present in the magma. For ex-
ample, Matthews et al. (1994) suggested that the sul-
phide-sulphate gas-phase reaction

S0,(g) + H,0(g) = H2S(g) + 3/202(g) (11)

buffered magma fO, at Lascar Volcano, Chile, leading
to more oxidized magmas (relative to the NNO buffer)
as temperature decreases. This mechanism would re-
quire relatively sulphur-rich gases to be present, al-
though the gas-driven buffer could be very effective

because of its rapid response and large valence change
(Matthews et al., 1994). The pattern of increasing diver-
gence from oxide buffers (e.g. ANNO) with decreasing
temperature, in a trend more parallel to the sulphide—
sulphate buffer, is seen at several other volcanoes
(Fig. 9a), including Augustine, USA (Roman et al., 2006),
Shiveluch, Kamchatka (Humphreys et al., 2006a),
Quizapu, Chile (Ruprecht et al., 2012) and Pinatubo
(Pallister et al., 1996). Data for Mount St Helens, USA as
a whole lie parallel to NNO, but single samples do not
(Blundy et al., 2008), instead plotting parallel to the sul-
phide-sulphate buffer (Fig. 9a).

This suggests that sulphide-sulphate oxygen ex-
change between the gas and melt might be a common
and effective oxygen buffering mechanism for shallowly
stored magmas. However, the arrays of T-fO, points
from coexisting oxide compositions are also parallel to
isopleths of constant hm/ilm (taken from Buddington &
Lindsley, 1964; Fig. 9b). Isopleths of constant mt—usp in
titanomagnetite are at a slightly steeper angle (Fig. 9b).
Therefore, the oxide data could also be explained by
increased temperature causing increasing usp content,
whereas hm/ilm remains constant. This is consistent
with the slower diffusion rates in ilm-hm solid
solution than in mt-usp (Hammond & Taylor, 1982). A
simpler interpretation for these T-fO, trends is therefore
that late-stage heating has resulted in a diffusive increase
in the usp content of titanomagnetites, whereas adjust-
ment of ilmenite compositions is kinetically inhibited.
The increased temperature could be due to release of la-
tent heat of crystallization (Blundy et al., 2006) or to min-
gling with hotter magmas (e.g. Devine et al., 2003;
Ruprecht et al, 2012). This is consistent with compos-
itional variations in oxides from Soufriere Hills Volcano,
Montserrat (Fig. 9b; data from Devine et al., 2003).
limenites are uniform, whereas titanomagnetites have
zoned rims with high TiO, owing to magma mixing
(Devine et al., 2003). The apparent T-fO, data plot along
hm-ilm isopleths and lie parallel to the sulphide—-
sulphate buffer (Fig. 9b). Demonstrating fO, control by
gas—melt equilibria such as (11) would require evidence
of constant melt redox ratios for the redox couple of
interest, probably through analysis of suites of melt
inclusions.

Disequilibrium between crystals and melt is a ubiqui-
tous feature of shallow crustal arc magma storage: arc
magmas typically comprise components or subsystems
that may be in equilibrium only at certain points in the
volcanic system (e.g. Pichavant et al., 2007). For min-
erals, equilibration timescales are poorly known but
probably slow, except for Fe-Ti oxides, which may equili-
brate relatively quickly (i.e. <5 years at 900°C for com-
plete equilibration of a 250 pm oxide phenocryst; Freer &
Hauptman, 1978). This means that fO, calculated from
solid-melt equilibria involving homogeneous Fe-Ti
oxide phenocrysts (=H,0) should be an accurate record
(sensor) of stable magma storage conditions in the shal-
low system. However, oxides will probably not provide a
good record of earlier or longer-term changes in fO,
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during fractionation, nor of late-stage changes during
magma ascent. Instead, more slowly equilibrating
phenocrysts such as pyroxene or hornblende, or oxides
brought rapidly to the surface in cumulate nodules, may
be more useful as a record of longer-term changes;
whereas melt redox couples will be needed to investi-
gate variations immediately prior to eruption.

SUMMARY

Direct measurement of coupled changes in melt Fe3*/
>Fe and H,O content in partially hydrated and
degassed experimental rhyolites confirms that signifi-
cant changes in oxidation state can occur in response to
changes in volatile content. During hydration, increases
in aH,0 produced strong melt oxidation. This suggests
that ascent of H,O-undersaturated arc magmas from
the deep crust could cause significant oxidation, de-
pending on the timescales required for equilibration
relative to magma storage times. During degassing,
oxidation arises owing to loss of H, together with H,O,
consistent with theoretical modelling for H,O fluids. It is
therefore possible that significant vertical variations in
magma oxidation state may develop within the arc
crust. During the fractionation, storage and ascent of
natural arc magmas, the controls on fO, may be ex-
pected to vary depending on the nature and duration of
magma storage, as well as kinetic factors and the time-
scales of observation and equilibration. The differing re-
sponse times of possible oxygen buffers and/or fO,
sensors (such as oxide pairs) need to be considered
alongside the degree of attainment of equilibrium in the
magma. It is clear that attaining a real understanding of
the effects of magmatic degassing on oxidation state
will probably require direct measurements of the con-
centrations and speciation of all major volatiles in the
melt, as well as melt Fe3+/ZFe and the corresponding
gas compositions. In this respect, melt structure and
chemistry should be considered alongside variations of
fO, relative to traditional buffers.
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