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ABSTRACT

Oxygen fugacity is an important but difficult parameter to constrain for primitive arc magmas. In
this study, the partitioning behavior of Fe*"/Fe?* between amphibole and glass synthesized in piston-
cylinder and cold-seal apparatus experiments is developed as an oxybarometer, applicable to magmas
ranging from basaltic to dacitic composition. The partitioning of Fe?* is strongly dependent on melt
polymerization; the relative compatibility of Fe?*" in amphibole decreases with increasing polymeriza-
tion. The Fe*"/Mg distribution coefficient between amphibole and melt is a relatively constant value
across all compositions and is, on average, 0.27. The amphibole oxybarometer is applied to amphi-
bole in mafic enclaves, cumulates, and basaltic tephra erupted from Shiveluch volcano in Kamchatka
with measured Fe**/Fer,,.. An average Fe**/Fe?" amphibole-glass distribution coefficient for basalt is
used to convert the Fe**/Fer,, of amphibole in samples from Shiveluch to magmatic oxygen fugacity
relative to NNO. The /o, of primitive melts at the volcano is approximately NNO+2 and is faithfully
recorded in amphibole from an amphibole-rich cumulate and the basaltic tephra. Apparently, higher

Jo, recorded by amphibole in mafic enclaves likely results from partial dehydrogenation of amphi-

bole during residence in a shallow andesite storage region. We identify three pulses of mafic magma
recharge within two weeks of, a month before, and two to three months before the eruption and find
that, at each of these times, the host andesite was recharged by at least two magmas at varying stages
of differentiation. Application of the amphibole oxybarometer not only gives insight into magmatic

Jo, but also potentially details of shallow magmatic processes.
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INTRODUCTION

Oxygen fugacity is a key intrinsic parameter for magma gen-
esis. Magmatic oxygen fugacity effects mineral stability, which,
in turn, influences magmatic differentiation (e.g., Osborn 1959;
Hamilton et al. 1964) and the formation of porphyry deposits
worldwide (e.g., Mungall 2002; Core et al. 2006; Richards 2011;
Leeetal. 2012; Sun et al. 2013). The oxygen fugacity of primitive
magmas is also of interest because it is thought to be reflective of
the oxygen fugacity of mantle sources (e.g., Ballhaus et al. 1990;
Carmichael 1991; Cottrell and Kelley 2013; Grocke et al. 2016)
or pressure, temperature, and degree of melting (e.g., Rowe et al.
2009; Gaetani 2016).

Oxygen fugacity is particularly difficult to estimate for primi-
tive arc magmas. The oxygen fugacity of a melt is most commonly
estimated using two-oxide oxybarometry (Buddington and Lind-
sley 1964), but two-oxide pairs are rare or absent in some natural
samples and subject to re-equilibration during cooling (e.g., Hou
et al. 2020). Researchers have tried to probe the oxygen fugacity
of primitive melts by analyzing olivine-hosted melt inclusions
using X-ray absorption near edge structure (XANES; e.g., Kelley
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and Cottrell 2009; Brounce et al. 2014) and by analyzing their S-
speciation (e.g., Rowe et al. 2009). However, because of rapid H
diffusion through olivine, the oxygen fugacity determined from a
melt inclusion may not reflect the pre-entrapment oxygen fugac-
ity of a primitive melt (Bucholz et al. 2013). Crustal processing
such as crustal assimilation and syn-eruptive oxidation may fur-
ther convolute the oxygen fugacity of primitive melts and make
measurements of oxygen fugacity from any of the above methods
difficult to interpret as a signature of primitive melt oxygen fugac-
ity (e.g., Mathez 1984; Ague and Brimhall 1988; Lee et al. 2005).

Amphibole is a desirable target for the development of an
alternative oxybarometer in arc systems. It is a hydrous mineral
commonly found as a phenocryst in andesite, dacite, and rhyolite
melts and less commonly in hydrous basalts (e.g., Martin 2007;
references therein). It is also a common mineral in cumulates
found at arc settings and in suprasubduction zone ophiolites (e.g.,
Arculus and Wills 1980; Beard 1986; Parlak et al. 2000; Greene
et al. 2006; Coltorti et al. 2007; Jagoutz et al. 2011). Importantly
for its development as a single-mineral oxybarometer, Fe** and
Fe?" are both compatible in amphibole’s octahedral sites (i.e., D
> 1 for at least one octahedral site; e.g., Dalpé and Baker 2000).
A previous experimental study (King et al. 2000) found that Fe**
partitioning into amphibole has a strong dependence on melt
oxygen fugacity and kept pressure, temperature, and composi-
tion constant. In this contribution, we calibrate the Fe**/Fe?" of
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TaBLE 1. Compositions and descriptions of starting mixes in wt% oxide
Mix no. Description Na,O MgO Al,O; SiO, MnO FeO K,0 P,Os TiO, Ca0
53 3600 Tephra parent 2.66 13.19 12.86 52.80 0.20 8.20 1.49 0.00 0.77 7.83
54 7600 Tephra parent 2.76 16.32 12.72 52.10 0.17 8.02 0.54 0.21 0.62 6.56
59 7600 Tephra 3.27 9.49 16.04 54.00 0.19 7.50 0.66 0.21 0.75 7.89
60 3600 Tephra 274 10.83 13.73 52.56 0.20 8.63 1.64 0.36 0.81 8.51
61 Soufriere Hills andesite 3.66 271 17.49 60.64 0.20 7.11 0.69 0.00 0.61 6.92
BB Black Butte dacite 4.70 2.14 17.50 65.62 0.04 3.20 1.14 0.00 0.43 523
igneous amphibole as an indicator of magmatic oxygen fugacity METHODS

at arc settings using experimentally determined amphibole-melt
partition coefficients at a wide range of pressures, temperatures,
and compositions applicable to arc settings. We then apply our
oxybarometer to amphibole in cumulate, tephra, and mafic enclave
samples collected from Shiveluch Volcano, Kamchatka, and, us-
ing the samples previously reported whole rock chemistries and
petrography, interpret the primitive oxygen fugacity of this volcano
to be ~NNO+2. Insight into the volcano’s plumbing system is also
gained by calculating and comparing the variable residence time
of amphiboles in several mafic enclaves.

TC leads
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Experiments were conducted on five different synthetic bulk compositions:
four basaltic and one andesitic (Table 1). Two of the basaltic compositions are
equivalent to the major element composition of tephra erupted at Shiveluch volcano
3600 and 7600 BP (e.g., Volynets et al. 1997; Ponomareva et al. 2007) and differed
predominately in their potassium contents. The other two basaltic compositions
are calculated parental magmas to the tephra compositions. The parental composi-
tion of the 3600 BP tephra was calculated by Gavrilenko et al. (2016) by adding
olivine back to the original tephra composition with a variable K, until it reached
equilibrium with Foy, olivine. The parental composition of the 7600 BP tephra was
calculated by iterative addition of olivine in 1 wt% steps assuming a Ky, = 0.32

b

0.25"

Unfired pyrophyllite E NNO buffer+H,0 in Pt capsule . ALO,+H,0

. Melt + Phenocrysts+H,0 . RuRuO,+H,0

FI1GURE 1. (a) Assembly for /5" piston-cylinder experiments. 4" piston-cylinder assembly is not shown, but differs in the larger inner diameter
of the graphite furnace (and, correspondingly, the outer diameter of MgO parts), taller height, substitution of BaCOj; for NaCl as a pressure medium,
and addition of Pyrex glass sleeve separating pressure medium and graphite furnace. (b and ¢) Capsule designs for experiments buffered at NNO

or Ru-RuO,, respectively. (Color online.)
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and all iron as Fe?", until it reached equilibrium with olivine of Foy. The andesitic
composition is the Soufriere Hills dome sample MVO34 (Barclay et al. 1998).

Synthetic mixes were made by combining simple oxides, carbonates (Na,CO3,
K,CO;), hydroxides [Mg(OH),], and silicates (CaSiO;). Iron was added to the mixes
using both Fe,0; and Fe’ sponge in equal molar proportions. The Fe® sponge was
added to the mixes after an initial homogenization step using a silicon-nitride ball
mill filled with isopropanol. The mix, including the Fe° sponge, was gently ground
by hand in an agate mortar until enough isopropanol had evaporated so that the
metal particles would not separate by density. Material used in high-pressure experi-
ments was pre-conditioned at the nickel-nickel oxide buffer (NNO) by suspending
the mix (bound with polyvinyl alcohol) on a thin (0.2 mm diameter) Pt wire in a
CO,-H, Deltech gas mixing furnace at 1000 °C for ~24 h.

Experimental procedures

All experiments were run using piston-cylinder apparatuses at Washington
University in St. Louis. Two experimental assemblies were used depending on the
pressure of the experiments. For 500 MPa experiments, an assembly witha 19.1 mm
outer diameter with NaCl pressure medium, Pyrex-glass inner sleeve, and graphite
furnace was used. Experiments at 1 GPa an assembly with a 12.5 mm outer diameter,
with a thin piece of Pb-foil around the outside for lubrication, BaCO; as the pressure
medium and a graphite furnace (Fig. 1a). Experiments were first pressurized to the
target experimental pressure and then heated at 50 °C/min to 865 °C for a dwell
of 6 min and then heated at the same rate to the target temperature. Temperature
was monitored using a Type C thermocouple and controlled within 5° of the target
temperature using a Eurotherm PID controller. Experiments were quenched by
turning off the power while maintaining experimental pressure (isobaric quench).
Run times for all experiments were ~48 h (Table 2).

All experiments run at NNO used a triple capsule design (Fig. 1b). Twenty
milligrams of a 5:1 mixture of Ni:NiO was packed in a Pt capsule with 2-3 uL of
deionized water; the capsule was then crimped and welded shut using a TIG welder
cooled under Argon gas. A gold sample capsule welded and flattened on one end
was packed with 30 mg of sample and 6 pL of deionized water for water-saturated
runs or 2 pL for water undersaturated runs, and it was then crimped, welded shut,
and flattened. Both the sample and the buffer capsules were packed in a larger
diameter outer Au capsule flattened and welded on one end. In addition to the Au
sample and Pt buffer capsules, the outer Au capsule contained 20 pL of deionized
water for water-saturated runs or 2 pL for water undersaturated experiments and
powdered Al,O;. The powdered alumina made the sample extraction process after
the experiment easier because the three capsules did not pressure weld together.
The outer capsule was then crimped, welded, and flattened.

Experiments run at the ruthenium-ruthenium oxide buffer (Ru-Ru0O,) used
a single capsule design based on that described in Zhang et al. (2018) (Fig. lc).
The Ru-RuO, buffer is a relatively oxidizing buffer at high pressures (close to
magnetite-hematite; O’Neill and Nell 1997). Neither ruthenium nor ruthenium
oxide reacts with or is soluble in silicate melts, meaning that the buffer can be
in direct contact with the sample, thus obviating the need for water saturation to
buffer experiments at this oxygen fugacity. In the single capsule design, water and

TABLE 2. Experimental conditions and phase relations
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sample were sandwiched between two layers of buffer in a gold capsule, which
was then crimped, welded, and flattened.

Water loss from the capsule during welding was monitored by weighing before
and after welding; in all cases, water loss was within the analytical uncertainty of
the balance (0.1 mg). The capsule’s seal was evaluated by weighing before and
after heating in a 300 °F oven for 1-2 min. If weight loss was >0.5 mg, the capsule
was reinspected, rewelded, reweighed, and reheated to check for an improvement
in the seal. The total loss of water from the capsule was never >2 mg (i.e., 2 pL).
The presence of water in the capsule after the experiment was assessed by drilling
a small hole into the capsule, releasing free water. The presence of the buffering
assemblage (Ni-NiO or Ru-RuQ,) was also confirmed at the end of the experimental
run by inspection of the platinum capsule (Ni-NiO) or by inspection in thin section
using backscattered electron microscopy (BSE).

Analytical methods

Electron probe microanalysis (EPMA). Microprobe analysis of natural and
synthetic amphibole was performed on a JEOL JXA-8200 electron microprobe
equipped with five wavelength-dispersive spectrometers. Analyses were acquired
using the Probe for EPMA software (Donovan et al. 2012); background correction
was performed using a mean atomic number (MAN) correction (Donovan and
Tingle 1996); and corrections for atomic number, X-ray absorption, and second-
ary fluorescence (ZAF) were performed using the CITZAF software (Armstrong
et al. 2013). Analytical conditions for sample analyses were: 15 kV accelerating
potential, 1-3 pum beam diameter for minerals and 10-30 pum for glasses, and
25 nA beam current.

The instrument was standardized for the analysis of Si, Ti, Mg, Al, Mn, Fe, Cr,
Ni, Ca, Na, and K before the run using natural primary standards: Amelia albite,
Gates wollastonite, Elba hematite, Madagascar orthoclase, Durango apatite, and
pyrite and synthetic forsterite, Mn-olivine, Ni-olivine, chromite, and rutile. Other
secondary standards were used for the MAN correction (e.g., Donovan et al.
2012). Na and K were analyzed in the first 20 s (for K) to 45 s (for Na) using TAP
and PETIJ crystals, respectively, to mitigate the effects of alkali migration during
analysis. For analyses of glass with beam sizes <10 pm, a 10 nA beam current
was used and a time-dependent intensity analysis (TDI) procedure was applied to
determine the concentrations of Na and Si in the glass before beam damage. The
TDI correction mitigates the effect of beam damage on Na and Si migration by
using a linear regression fit to the log intensity of the element vs. time at 9 s inter-
vals to determine the log intensity (and, by extension, concentration) initially. The
accuracy of the standardization was verified by periodic analyses of the secondary
standard Kakanui hornblende throughout the analytical session.

X-ray absorption fine structure. Samples were analyzed over the course
of two sessions at beamline 13-IDE at the Advanced Photon Source at Argonne
National Lab and one session at Beamline 4-BM at the National Synchrotron Light
Source II at Brookhaven National Lab. The Fe K-edge spectra were scanned from
7012-7356 eV in fluorescence mode. From 7012-7100 eV, the resolution was
2.5 eV; from 7100-7142 (which includes the pre-edge and main absorption peak
energies), a higher resolution of 0.1 eV was used; from 7142-7160, the resolution

ID Starting mix T(°Q) P (GPa) fo, CH,0 (wt%) t(h) Phase (%)

0D143 60-hiK tephra 1060 1 NNO 1233 48 gl(51)+cpx(24)+amph(11)+opx(11)
0OD144 59-loK tephra 1060 NNO 8.92 48 gl(67)+amph(13)+opx(16)+cpx(4)
0D102 53-hiK parent 1050 1 NNO 20.17 48 gl(58)+cpx(18)+am(7)+ol(17)
F136 53-hiK parent 1010 1 NNO 19.74 47 gl(45)+am(31)+ cpx(13)+ol(11)
F137 54-loK parent 1010 1 NNO 19.78 48 gl(47)+ol(21)+am(32)

F163 60-hiK tephra 1000 1 NNO 19.56 48 gl(46)+am(38)+cpx(10)+ol(2)+opx(2)
F178 60-hiK tephra 1000 1 RuRuO, 19.56 48 am(54)+gl(41)+tmnt(4)+cpx(tr)
0OD109 59-loK tephra 1000 1 NNO 19.32 52 gl(58)+am(40)+opx(2)
0OD138 60-hiK tephra 1000 1 RuRuO, 17.7 45 am(58)+gl(36)+tmnt(5)+phos(tr)
F174 60-hiK tephra 950 0.5 NNO 10.16 48 am(63)+gl(34)+opx(2)+phos(1)
F177 61-Soufriere andesite 950 0.5 NNO 9.78 48 gl(86)+plag(8)+amph(6)+opx(tr)
F179 60-hiK tephra 950 1 RuRuO, 18.73 48 am(60)+gl(37)+tmnt(4) (results calculatedwithout sodium)
0D129 61-Soufriere andesite 950 1 NNO 18.47 48 gl(99)+am(1)+tmnt(tr)

F176 61-Soufriere andesite 900 0.5 NNO 9.44 49 gl(92)+am(8)+plag(tr)+unreacted corundum
MC69 Black Butte dacite 900 0.3 NNO+1 6.75 48 gl+plag+am+ox

0D131 61-Soufriere andesite 900 1 NNO 17.37 49 gl(85)+am(15)+tmnt(tr)
OD139 61-Soufriere andesite 900 1 RuRuO, 17.37 48 gl(73)+plag(15)+tmnt(6)+am(5)
MC48 Black Butte dacite 875 0.2 NNO+1 5.46 48 gl+plag+am-+opx+cpx+ox
MC49 Black Butte dacite 850 0.2 NNO+1 5.41 456 gl+plag+am-+opx+cpx+ox
MC68 Black Butte dacite 850 0.3 NNO+1 6.53 96 gl+plag+am+opx+cpx+ox
MC51 Black Butte dacite 825 0.2 NNO+1 5.34 312 gl+plag+am-+opx+cpx+0ox

Note: Bolded experiments report TDI-corrected glass compositions (see Analytical Methods).
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was 2 eV; and from 7160-7356, the resolution was 3 e¢V. The beam was focused
to a 3—5 um diameter using Kirkpatrick-Baez mirrors.

Natural and synthetic amphiboles were analyzed in situ in thin section. The
orientation of amphibole affects the spectral intensity and shape of X-ray absorp-
tion fine structure (XAFS) spectra because of its anisotropy (e.g., Delaney et al.
1996; Dyar et al. 2016). To account for the unknown crystallographic orientation
of analyzed grains in this study, the Fe**/Fer,, of amphibole was determined using
partial least squares, a multivariate regression technique, using the Data Exploration,
Visualization, and Analysis for Spectroscopy (DEVAS) website at nemo.mtholyoke.
edu (Carey et al. 2017). A predictive model using 186 spectra of oriented and unori-
ented amphibole Fe*"/Fer,, standards from a previous study (Dyar et al. 2016) was
generated using the least absolute shrinkage and selection operator (Lasso). Spectra
were pre-processed by normalizing intensities to 1 at 7350 eV and by applying a
Kajfosz-Kiwiatek baseline correction (bottom width = 100, top width = 26; Kajfosz
and Kwiatek 1987). The model was cross-validated for 14 folds. The model with
the lowest mean squared error (o = 0.0001319 for this model) was used to predict
unknown amphibole Fe**/Fer,,. The root mean square error of cross validation
(RMSE-CV) of this model is taken as the accuracy of the predictions of Fe*"/Feryy
of amphibole unknowns; in our model, the RMSE-CV was +10.8. The root mean
square error of calibration (RMSE-C, describing the model’s ability to reproduce
the Fe**/Fery, of standards) of this model was +4.7 (R? = 0.963). See Dyar and
Ytsma (2021) for more information on these accuracy measures.

RESULTS
Experimental observations and evidence of equilibrium

Phase relations and average phase compositions in our ex-
periments are reported in Table 2 and Online Materials' Table
S1, respectively. Phase proportions were calculated by mass
balance using starting compositions, average phase composi-
tions, and the mass balance program LIME (Krawczynski and
Olive 2011; Prissel et al. in prep). The mass balance calcula-
tions show that experimental run products are deficient in
Na,O compared to the bulk starting material. In some cases,
this deficit is as high as 77% of the total Na,O. Because the
experiments were run at fluid-saturated conditions, and a
fluid phase would preferentially scavenge sodium, we believe
that the unaccounted-for sodium was dissolved in this phase.
Another possibility to explain the low-Na,O concentrations in
the synthetic minerals and glass is sodium migration during
EPMA analysis. This effect would be most pronounced in
high-sodium glass and plagioclase, and our hydrous glasses
are sensitive to electron beam damage. While this possibility
cannot be discounted as contributing to apparent sodium loss,
it is not likely the sole factor controlling the sodium deficit in
experimental phases because our analytical conditions (large
beam diameter and TDI corrections) were chosen to minimize
the effects of sodium migration.

Water contents of glasses in water-saturated experiments
were calculated using the equations of Papale et al. (2006),
assuming XH,O in the fluid phase was equal to 1. For 1 GPa
experiments, the water content was calculated to be 17-20 wt%,
and for 0.5 GPa experiments, the water content was calculated
to be about 10 wt% (Table 2). The water content of water-
undersaturated experiments was calculated using the percent
glass and the amount of water added to the capsule at the start of
the experiment. As a result of the high water contents [which far
exceed the “quenchability limit” of glass found by Gavrilenko
et al. (2019)], experimental glass is vesicular and frothy (Fig.
2). The quenchability limit of glass is 9 + 1 wt% in basaltic
glasses, which is consistent with low EPMA analytical totals in
our experimental glasses (Online Materials' Table S1), and the
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frothy and vesicular nature of the glass may also contribute to low
EPMA totals. Especially for water-saturated experiments with
experimental water contents significantly greater than 9 wt%,
the deficit from 100 wt% of these totals cannot be interpreted
as the water content of the melt.

Amphibole and glass are the two most abundant phases in
most experiments. At higher temperatures, olivine and pyroxene
are also stable. Due to the high-water content of the experiments,
plagioclase was not a major crystallizing phase in experiments
at 1 GPa but was present in three experiments run on andesite
starting compositions. Two of the three—F177 and F176—were
run at 0.5 GPa (Table 2); the lower water content of these ex-
periments may have allowed plagioclase to crystallize closer to
the liquidus. The third experiment was run at a relatively low
temperature and was buffered at relatively high fo, (an experi-
ment run at intermediate fo, at the same pressure and temperature
conditions did not have equilibrium plagioclase). Plagioclase
has been shown to crystallize at higher temperatures at more
oxidizing conditions (e.g., Hamilton et al. 1964), which would
explain its presence in the higher f,, experiment.

Attainment of equilibrium in these experiments is suggested
by crystal morphology, homogeneous crystal chemistry, and
Fe/Mg equilibrium partitioning ratios for olivine and pyrox-
ene. Silicate crystal size varies from ~5 to >100 um (although
smaller crystals were more common; Fig. 2). Crystals are
euhedral and unzoned. Coupled with the relatively low standard
deviation between glass analyses within a single experiment
(Online Materials' Table S1), the geochemical data suggest
equilibrium growth. The Fe/Mg distribution coefficients for
olivine and clinopyroxene (all calculated assuming all iron
as ferrous) from experiments buffered at NNO are 0.26-0.35
for olivine and 0.21-0.22 for clinopyroxene, which is within
uncertainty of what is to be expected from other studies (Sisson
and Grove 1993; Sugawara 2001; Kushiro and Mysen 2002;
Putirka 2008; Bédard 2010), and would also suggest growth
at equilibrium conditions.

Summary of synthetic amphibole and glass major element
compositions

In addition to analyzing amphibole and glass in our piston-
cylinder experiments conducted on basaltic and andesitic composi-
tions, we also analyzed amphiboles from experiments previously
reported in McCanta et al. (2007), conducted on a dacitic starting
composition at lower pressures (<500 MPa) using a cold-seal
Waspaloy pressure vessel or an internally heated pressure vessel
and an oxygen fugacity of NNO+1. All amphiboles in our ex-
periments are solid solutions between tschermakite and pargasite
end-members on the basis of their major element compositions
and the classification scheme of Leake et al. (1997, 2003). The
amphiboles are calcic, with >1.5 pfu calcium in the B site, and are
dominantly magnesian with Mg/(Mg+Fe?") > 0.5. Si pfu varies
from 6.2 to 6.6, and the A-site occupancy by sodium and potassium
ranges from 0 to 0.78. There is no discernable trend in Al, Ca, Ti,
or Na with decreasing Mg pfu in amphibole, but experiments run
at the Ru-RuO, buffer tend to be relatively lower in Ti and Na
(Fig. 3). Glass in our experiments is basaltic andesite to dacite in
composition when normalized to 100 wt% on an anhydrous basis.
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FiGuRE 2. BSE images of experimental products (a) F163, (b) F179, (¢) OD109, and (d) OD129. Crystalline phases are labeled in a. Relatively
high-Z phases in b (i.e., bright phases) are titanomagnetite and, at the edge of the grain, Ru and RuO, (the buffering assemblage). Crystalline phase
in ¢ and d is amphibole.

Fe* and Fe?* partitioning in amphibole

Fe’* and Fe*" amphibole-melt partition coefficients were de-
termined using our XAFS analyses of amphibole and calculated
Fe’*/Fe?* ratios of glasses. For amphibole, the Fe**/Fer,, deter-
mined by XAFS analysis (as described in the methods section)
and total molar iron from EPMA were used to determine Fe**
and Fe?". We did not measure the Fe¥*/Fe?" ratio of coexisting
glass in these experiments and instead calculated them using
Equation 7 of Kress and Carmichael (1991). Other studies (e.g.,
Sisson and Grove 1993; Moore et al. 1995; King et al. 2000;
Gaillard et al. 2001; Wilke et al. 2002; Botcharnikov et al. 2005;
Zhang et al. 2016) have shown good agreement between mea-
sured Fe*'/Fe?" of glass and calculated values for both hydrous
and anhydrous glasses. Additionally, due to their very high water
contents, glasses in our experiments are more prone to oxida-
tion during measurement by XAFS, and, as an effect, reliable,
direct measurements of them are more difficult (Cottrell et al.
2018; Blundy et al. 2020). It is notable that two glasses with >8
wt% H,O analyzed by Blundy et al. (2020) using XAFS did not
measure Fe’*/Fer,, equal to the predicted Fe¥*/Fer,, value from
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the equation of Kress and Carmichael (1991). However, Blundy
et al. (2020) did not find systematic changes in Fe**/Fery, with
water content, and the two data points cannot be interpreted as
conclusive evidence that the Kress and Carmichael (1991) equa-
tion is not applicable to glasses with very high-water content.
For each experiment, the Fe** and Fe*" of melt in equilibrium
with amphibole were calculated using the composition of the
equilibrium glass, experimental pressure, and temperature, and
experimental oxygen fugacity from the equations of O’Neill
and Pownceby (1993) for NNO and O’Neill and Nell (1997)
for Ru-RuO,.

Partition coefficients of Fe**, Fe?*, Mg, and Fe?’/Mg for each
experiment are presented in Table 3 and a summary of average
partition coefficients correlated with oxygen fugacity and starting
composition is found in Table 4. The amphibole-melt Fe** parti-
tion coefficient (DF**) does not vary with temperature, pressure,
or melt composition (quantified as non-bridging oxygen (NBO)
divided by tetrahedrally coordinated cations (T); Mysen 1988),
but on average, experiments run at the Ru-RuO, buffer (i.e., high
oxygen fugacity) have a higher D** than experiments run at
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FIGURE 3. Amphibole major element variation diagrams. Color
indicates starting composition (blue is basalt, pink is andesite, and gray
is dacite) and shape indicates experimental /o, (circles are NNO, triangles
are NNO+1, and squares are Ru-Ru0,). There is no discernable trend in
major element chemistry with decreasing Mg, but experiments run at higher
Jo, are relatively lower in Ti, and some are lower in Na. (Color online.)

NNO or NNO+1. This is consistent with behavior described in
King et al. (2000), who noted a difference between the partition-
ing of Fe*"/Fer,, at high-oxygen fugacities and oxygen fugacity
near NNO (Figs. 4, 5, and 6). Not including experiments run
at Ru-Ru0,, the average D™ for all starting compositions is
2.66 = 0.57 (2 times standard error, 2SE); for high-f,, experi-
ments at Ru-RuQO, it is 3.88 + 0.51.

The amphibole-melt Fe?* and Mg partition coefficients
(DF** and DMe) have a strong dependence on the structure, and
by extension composition, of silicate melt but no correlation
with pressure, water content, or oxygen fugacity (Figs. 4-6).
Both partition coefficients increase with decreasing NBO/T. On
average, for basalt at intermediate fo, (i.e., NNO and NNO+1),
DFe*" is 1.18 + 0.20; for andesites it is 2.34 + 0.55; and for

2089

dacites it is 5.53 + 1.24 (the quoted error is 2SE; Table 4). DF**
has a weak dependence on temperature for experiments run on
andesitic and dacitic starting compositions. The amphibole-melt
Fe*"/Mg distribution coefficient (K***Me, defined as D™**/DM)
is independent of melt structure and has an average value across
all experiments at intermediate f,, of 0.27 = 0.02 (2SE).

The amphibole-melt distribution coefficient of the ferric
ferrous ratio was also calculated from our data. We define this
term, KFe*'/Fe¥* ag:

( Fe’ ]
34 2+
KFC/F:)?" _ Fe amph
( Fe3+ j
2+
Fe melt
‘We apply this ratio to determine the oxygen fugacity of natural
samples from the ferric-ferrous ratio of amphibole because it is
independent of the melt’s total iron content. We exclude experi-
ments run at the Ru-RuQ, buffer from this calibration because
the oxygen fugacity of those experiments is significantly higher
than would be expected for natural arc magmas. On average,
KFe*"F** of basalts, andesites, and dacites at intermediate f;,, (i.e.,

NNO-NNO+1) are 2.02 + 0.31, 0.96 = 0.14, and 0.62 + 0.15,
respectively (Fig. 6; Table 4).

XAFS measurements of amphiboles in natural samples

Natural samples in which amphibole was analyzed were all
erupted from Shiveluch Volcano in the Kamchatkan arc. For full
descriptions of samples besides the 3600 BP tephra, the reader
is directed to Goltz et al. (2020); descriptions of the tephra
may be found in Volynets et al. (1997) and Ponomareva et al.
(2007). To summarize, all but samples 04L, 16B, and the 3600
BP tephra are amphibole and olivine-phyric quenched liquid
cognate xenoliths (mafic enclaves) with basaltic-to-basaltic
andesite bulk compositions that were erupted in pyroclastic
flows mostly composed of andesite. Samples 04L and 16B are
clinopyroxene and amphibole-rich cumulates. The 3600 BP

TABLE 3. Average amphibole Fe3*/Fe?*, glass Fe**/Fe?", and partition coefficients for each experiment with 1 sigma uncertainty

ID fo, Amph Glass DFe3* Sigma DFe?* Sigma Dug KFe2*/Mg Sigma KFe3*/re2* Sigma
Fe3*/Fe?* Fe3t/Fe?* DFe3+ DFe2+ KFe2+/Mg KFe3+/FeZ+
0D143 NNO 0.47 0.19 2.29 0.77 0.95 0.15 3.86 0.25 0.04 241 0.90
0OD144 NNO 0.47 0.19 2.64 0.89 1.06 0.17 443 0.24 0.04 249 0.93
0D102 NNO 0.44 0.19 2.33 0.83 1.01 0.16 3.95 0.26 0.04 2.30 0.89
F136 NNO 0.42 0.20 2.31 0.84 1.09 0.17 5.01 0.22 0.04 212 0.84
F137 NNO 0.36 0.19 2.05 0.84 1.06 0.16 3.53 0.30 0.05 1.93 0.84
F163 NNO 0.22 0.20 1.51 0.90 1.36 0.18 494 0.28 0.05 1.1 0.68
F178 RuRuO, 14.00 4.45 3.46 0.40 1.10 1.78 8.77 0.13 0.22 3.15 5.1
OD109 NNO 0.42 0.20 2.22 0.82 1.07 0.16 443 0.24 0.04 2.08 0.83
0OD138 RuRuO, 10.79 4.45 4.25 0.50 1.75 2.23 13.06 0.13 0.30 242 3.10
F174 NNO 043 0.25 3.10 1.11 1.81 0.28 8.99 0.20 0.06 1.71 0.67
F177 NNO 0.27 0.24 2.04 1.02 1.79 0.25 6.35 0.28 0.07 1.14 0.59
F179 RuRuO, 572 536 3.44 0.44 3.22 2.34 5.72 0.56 1.32 1.07 0.79
0D129 NNO 0.17 0.21 1.71 1.28 211 0.27 6.45 0.33 0.09 0.81 0.62
F176 NNO 0.26 0.26 235 1.24 2.36 0.32 7.67 0.31 0.10 1.00 0.54
MC69 NNO+1 0.27 0.46 2.58 1.30 4.38 0.60 18.29 0.24 0.14 0.59 0.31
0OD131 NNO 0.20 0.22 2.80 1.81 3.08 0.40 7.84 0.39 0.16 0.91 0.60
OD139 RuRuO, 10.00 6.29 4.39 0.52 2.76 3.28 7.67 0.36 1.18 1.59 1.90
MC48 NNO+1 0.21 0.50 191 1.19 4.52 0.59 17.05 0.26 0.16 0.42 0.27
MC49 NNO+1 0.31 0.52 3.68 1.67 6.10 0.87 28.52 0.21 0.19 0.60 0.29
MC68 NNO+1 0.31 0.50 3.09 1.40 4.96 0.70 16.71 0.30 0.21 0.62 0.30
MC51 NNO+1 0.48 0.54 6.74 2.26 7.70 1.23 27.61 0.28 0.34 0.88 0.32

Notes: Uncertainty was propagated analytically through the calculation of the partition coefficients for each experiment using the uncertainty of the DEVAS calibra-
tion and the standard deviation of average compositions for glass and amphibole from EPMA.
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TABLE 4. Mean and 2 standard error (SE) of D**, DF*", Dy, KF**/M9, and K***/#¢** for all intermediate f,, experiments (i.e., experiments conducted
at NNO and NNO+1), high-f,,, experiments (i.e., experiments conducted at Ru-RuQ,), and intermediate f,, experiments with basalt,

andesite, or dacite starting compositions separately

Starting composition  Oxygen fugacity  No. experiments DFe*  2SE DFe**  2SE Dug 2SE KFe?*/Mg 2SE KFe3*/Fe2t )GE
All Intermediate 17 2.66 0.57 273 1.00 10.33 3.99 0.27 0.02 1.36 0.35
All Ru-RuO, 4 3.88 0.51 2.21 0.96 8.80 3.10 0.30 0.21 2.06 0.92
Basalt Intermediate 8 230 0.32 1.18 0.20 4.89 1.22 0.25 0.03 2.02 0.31
Andesite Intermediate 4 2.22 0.46 2.34 0.55 7.08 0.79 0.33 0.05 0.96 0.14
Dacite Intermediate 5 3.60 1.67 5.53 1.24 21.64 5.28 0.26 0.03 0.62 0.15

Note: 2SE is calculated by dividing the standard deviation of the average for each group by the square root of the number of experiments in that group, and then

multiplying that quantity by two.

tephra is one of two basaltic tephra erupted from Shiveluch and
contains amphibole and phlogopite phenocrysts. The composi-
tion of this tephra has been hypothesized to be representative of
a magmatic composition parental to the less magnesian mafic
enclaves (e.g., Volynets et al. 1997; Goltz et al. 2020). Both the
tephra and mafic enclaves show evidence for coexistence of
high-Mg# amphibole (i.e., Mg# > 74) and high-forsterite olivine
(i.e., Fogy g), which implies crystallization from a super-hydrous
primary magma, with an estimated primary magmatic water
content ranging up to 10 wt% H,0. Magmas at Shiveluch are
primarily products of flux melting of the mantle overlying the
subducting Pacific plate. Other possible contributions to primary
magmas at Shiveluch include melting of a hydrous pyroxenite
upper mantle layer (KUMA; Nikulin et al. 2010, 2012), slab
melting caused by an underlying slab tear (e.g., Peyton et al.
2001; Yogodzinski et al. 2001; Park et al. 2002; Levin et al.
2002; Jiang et al. 2009), and melting of the subducting Emperor
Seamounts (e.g., Nishizawa et al. 2017).

Amphibole in the enclaves spans a relatively wide range of
Fe**/Fer,,, from 16.7 to 84.1% (excluding statistical outliers;
Table 5). The Fe’*/Fe** of amphibole analyzed in natural samples
is summarized by sample in Figure 7. The summarized data
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FIGURE 4. Plot showing experimental temperature vs. D" and
DF**. For each starting composition, results from only 1 experimental
pressure and oxygen fugacity are shown (1 GPa and NNO for basalts
and andesites, and 300 MPa and NNO+1 for dacite). There is no
apparent effect of temperature on the partitioning of Fe** or Fe*', but
Fe?" partitioning has a weak temperature dependence in experiments
with andesitic and dacite starting compositions. Color and shape are as
in Figure 3. (Color online.)
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set excludes analyses from within 500 um of amphiboles that
were highly oxidized (i.e., predicted Fe**/Fery, > 90%). Highly
oxidized amphiboles were observed in three contexts within our
samples: the oxidized andesite surrounding the mafic enclaves,
the contact between the enclave or cumulate and the andesite,
and a single isolated grain in the tephra. The Fe*"/Fe*" ratio of
these amphiboles is not representative of magmatic oxidation
states and most likely reflects post-crystallization oxidation dur-
ing eruption or magma mixing. Excluded analyses and images
may be found in the Online Materials' data, but further discus-
sion of these analyses is beyond the scope of this contribution.

Because amphiboles in these natural samples are commonly
zoned in major elements (i.e., Mg#, AL,0;), we investigated the
possibility of zoning in Fe**/Fer,, by analyzing multiple points
in single grains. The criterion for statistically significant zon-
ing is an intracrystalline compositional variation greater than
twice the accuracy of the model used to determine amphibole
Fe’"/Fery (0 = 11, see Methods section). Only eight crystals of
>69 analyzed grains met this criterion. Zoning in these grains
is irregular and is not continuous from core to rim. Neither
amphibole Mg# nor Al,O; correlates with Fe¥*/Fery, in these
grains. Because of the irregularity of the zoning profiles, the lack
of correlation with other elements, and that often one analysis
point in each of these crystals is responsible for their qualifica-
tion as zoned, we take these zoned crystals to be outliers in our
larger data set.
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FIGURE 5. Experimental pressure vs. D" and D", There is no
discernable effect of pressure on the partitioning of Fe** or Fe*". Color
and shape are as in Figure 3. (Color online.)
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FIGURE 6. Melt NBO/T vs. D", DF*** DMg, KMz, and K" ** NBO/T was calculated using the procedure in Mysen (1988) on an
anhydrous basis. Melt polymerization has a significant effect on Fe?* partitioning and appears to have an exponential relationship with the partition
coefficient. Oxygen fugacity has a minor effect on the partitioning behavior of Fe**. Color and shape are as in Figure 3. The thick bars in the plot
of KFe**F* represent the average partition coefficient for each starting composition, excluding experiments done at the Ru-RuO, buffer. Because
the high-fo,, experiments are only indirectly relevant to arc settings, we excluded them from plots showing K**"Me and K**7#**, (Color online.)

DiscussION

Fe’* partitioning between amphibole and melt

Results from our experiments show that Fe* is compatible
in amphibole (i.e., DF*" > 1). This result is consistent with pre-
dictions from lattice strain models (e.g., Dalpé and Baker 2000;
Adam et al. 2007), partitioning data from King et al. (2000), and
the wide range of Fe** observed in naturally occurring amphi-
boles (Dyar et al. 1992, 1993). The partitioning of Fe** between
amphibole and melt is not affected by pressure, temperature,
or melt composition; however, experiments buffered at high
fo, (Ru-Ru0,) have a higher D**** than experiments buffered at
intermediate fo, (NNO or NNO+1), on average (3.9 vs. 2.7). A
similar relationship between f,, and Fe** partitioning between

amphibole and melt was reported by King et al. (2000). The dif-
ference in D¥*" between experiments at different f;,, might be an
effect of changing Fe** behavior in the melt with changing oxygen
fugacity. In their study of andesitic glass at variable f,, Zhang et
al. (2016) showed that Fe*" became more network-modifying as
its concentration increased (i.e., at higher f5,). The change in the
behavior of Fe** in the melt may lead to the observed difference
in its partitioning behavior.

The lower Na and Ti content of amphibole synthesized at high
fo, relative to amphibole at lower fo, suggests a different substitu-
tion mechanism to accommodate the high relative amount of Fe**
in amphibole under these conditions. The low-Na content of some
amphiboles synthesized at the Ru-RuO, buffer would suggest
that, at high oxygen fugacities, the substitution Na,Fe}'Fe?] 04,

TABLE 5. Mean amphibole Fe**/Fe?, calculated f,, percent dehydrogenation, and residence times in andesite for samples from Shiveluch

Sample No. Average SD Average SD fo, SD SE Percent Median Median IQR
points  amphibole amphibole amphibole amphibole (ANNO) fo, fo, Dehydrogenation time (days) time (days)
Fe*/Fewm  Fe**/Ferm Fe**/Fe?* Fe’*/Fe?* (months)

16b 48 35.10 7.66 0.56 0.20 1.87 0.96 0.14

3600 tephra 37 38.11 5.94 0.62 0.21 2.20 0.64 0.10

09a 19 40.68 5.51 0.69 0.22 244 0.58 0.3 6.54 6 0.20 7.5
02b 21 42.34 5.96 0.75 0.24 2,62 0.65 0.14 8.41 11 0.25 1
06a 23 43.78 3.54 0.78 0.24 2.80 037  0.07 9.32 13 0.42 6.3
04l 29 46.30 4.51 0.87 0.27 2.99 046  0.08

15f 31 47.54 7.26 0.93 0.29 3.06 0.72 0.13 143 31 1.0 19
5 24 51.14 6.54 1.07 033 3.47 067 0.14 20.4 64 2.1 35
04d 33 53.50 6.01 117 0.36 3.50 071 0.12 20.8 68 2.2 29
04b 40 53.79 6.22 1.19 0.37 3.58 0.67 0.10 21.0 69 23 26
04k 46 59.08 10.2 1.58 0.51 3.98 138 0.20 25.2 102 3.4 52

Notes: Uncertainty in f,, was calculated using a Monte Carlo approach, repeating the calculation 10000 times with values normally distributed around the standard
deviations of the amphibole Fe**/Fe?* and the standard error of K/*""** for intermediate basalts (see Table 4). The median and interquartile range of residence
times were calculated using a similar approach, repeating the calculation 10000 times with starting values normally distributed around the mean and 2SE of
amphibole FeO and Fe**/Fey,, in the sample.
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may play a prominent role. This substitution mechanism was
proposed first for dehydration of riebeckite (Ungaretti 1980)
and then again for the dehydrogenation of igneous amphiboles
(Phillips et al. 1988), but was found to be less important for Fe**
substitution in natural amphiboles compared to substitutions
involving other cations in the M 1-3 sites and hydrogen in the O3
site (e.g., Dyar et al. 1993; Popp et al. 1995a; King et al. 1999).
In our high-f,, experiments, substitution with A-site sodium may
be necessary because of a structural limitation on the oxidation
of the O3 site caused by preferential incorporation of Fe** over
Ti in the M3 site (e.g., Hawthorne and Oberti 2007; Oberti et al.
2007). The relatively low-Ti content of amphiboles synthesized at
high f,, may be related to the increased stability and abundance
of titanomagnetite, which preferentially partitions Ti*" from the
melt at these more oxidizing conditions. Low-titanium amphi-
boles were also observed in equilibrium with titanomagnetite
by King et al. (2000). Alternatively, the substitution mechanism
0.5H, + Ti*'+ O* <> Fe*"+ OH™ has been proposed as one of the
dominant mechanisms for Fe’* substitution in the past (e.g., Aoki
1963; Boettcher and O’Neil 1980; Dyar et al. 1992).

Fe?* partitioning between amphibole and melt

Fe?* is compatible in amphibole. It is relatively less com-
patible than Fe** for basalts and andesites and relatively more
compatible in dacites, as evidenced by the compatibility of Fe?*
in amphibole increasing with decreasing NBO/T (Fig. 6). The
compatibility of Fe?* is also somewhat temperature dependent,
as evidenced by a weak negative correlation with experimen-
tal temperature for andesite and dacite starting compositions.
However, the temperature dependence of the Fe?* partition
coefficient could also be caused by changes in melt composi-
tion that invariably accompany changes in temperature, and we

American Mineralogist, vol. 107, 2022

cannot distinguish these effects unequivocally from the data.
The temperature dependence of DF*" is less pronounced than
its dependence on NBO/T.

The relationship between melt NBO/T and D™** can be mod-
eled as an exponential (Fig. 6). NBO/T is also exponentially
related to DM¢ in our experiments (Fig. 6). Similar exponential
relationships between NBO/T and the amphibole-melt partition
coefficients of large ion lithophile elements (LILE), rare earth
elements (REE), and high field strength elements (HFSE) have
been observed (e.g., Klein et al. 1997; Tiepolo et al. 2007).
Notably, the Fe?* and Mg mineral-melt partition coefficients of
olivine and clinopyroxene have also been found to have expo-
nential relationships with melt NBO/T (e.g., Kushiro and Mysen
2002; Toplis and Corgne 2002). The similar relationship between
DFe**, DMe, and melt viscosity from this study of amphibole and
from other studies of common silicate minerals suggests similar
changes in the behavior of these elements with melt viscosity,
as observed in our experiments.

In contrast to the exponential relationship of DF*" and
DM with NBO/T, KF*"Me (the ratio of DF*" and DMe) is rela-
tively constant (on average, 0.27; Fig. 6) and identical to the
KMz for clinopyroxene (Putirka 2008). The consistency of
KFe**™Me in amphibole in our study is similar to the consistent
KFeTow™e of olivine in the literature and stands in stark contrast
to the relatively scattered KFeTew™e of amphibole in the litera-
ture (Fig. 8). The scatter in amphibole KFeTow™Mz has also been
observed by Putirka (2016) who attributed it to a relatively
slow rate of equilibration for amphibole; however, we view the
scatter in amphibole K™Tow/™e a5 highlighting the importance of
considering Fe** when calculating distribution coefficients for
minerals with Fe’*. Other researchers have emphasized that the
Fe-Mg distribution coefficient for olivine depends on the Fe**
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content of olivine, and variability in the already well-constrained
KFeroaMe for olivine is diminished when considering KF<*"Me in-
stead (Blundy et al. 2020). The effect of considering Fe?* in the
calculation of the amphibole distribution coefficient is greater
because Fe** is more compatible in amphibole than in olivine, and
the difference between Fery, and Fe?" must thus also be greater.

Application of K***F¢** a5 an oxybarometer

The utility of our experimentally determined K**/F*" as an
oxybarometer is demonstrated by using it to calculate a range
of magmatic fo, at Shiveluch volcano. The mean Fe*'/Fe*" of
the melt in equilibrium with each of 11 samples was calcu-
lated by multiplying the average Fe**/Fe?* of amphibole in the
sample (calculated from the average Fe*/Fer,, determined from
XAFS analyses and the average wt% FeO found from EPMA
analysis) by the average K™*"™*" for basalt determined from our
experimental study. The Fe*'/Fe*" of the melt was translated to
an oxygen fugacity relative to NNO using Equation 7 of Kress
and Carmichael (1991) and the equation for fugacity at the
NNO buffer from O’Neill and Pownceby (1993). The inputs to
the equation were the sample’s average Fe*"/FeZ, (determined
in the last step), whole rock Al,Os, FeO, CaO, Na,O, and K,O
converted to mole fraction; a temperature of 1062 °C; and a pres-
sure of 550 MPa. The temperature and pressure are the average
temperature and pressure of amphibole crystallization reported
by Goltz et al. (2020).

Calculated oxygen fugacity for our sample set has a consid-
erable range, from NNO+1.9 to NNO+4 (Fig. 9; Table 5). This
range overlaps with estimates of the oxygen fugacity of andesitic
lavas that erupted in 2001 (NNO+1.5-2.1; Humphreys et al.
2006). The central assumption of the above calculation is that
the Fe3*/Fery, of amphibole is primitive and reflects the oxygen
fugacity of equilibrium melts; it does not account for secondary

0.9

n=1353

Fetotal
M

0.3

0.0

Amphibole Olivine

FIGURE 8. Fey,,-Mg K}, of amphibole (orange) and olivine (green)
reported from the LEPR database. Jitter has been introduced to the
x-axis for clarity. The spread of amphibole K, is much larger than that
of olivine, though the mean value is similar. One potential explanation
for the wider distribution of amphibole K, is the inability to account for
Fe** in amphibole, which would have a significant effect on the Fe*'-
bearing amphibole but would minimally affect olivine Kp,. (Color online.)
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FIGURE 9. Calculated f,, by sample by increasing calculated oxygen
fugacity. Error bars represent the propagated standard deviation of the
average ferric-ferrous ratio for each sample. Gray error bar represents
uncertainty in fo, calculation propagated from DEVAS predicted
Fe/Feqy (i.€., the minimum uncertainty). Dashed gray line represents
average calculated fo,.

alteration of Fe** in amphibole, which will be thoroughly dis-
cussed in the following sections and which we will show is our
preferred interpretation of the upper range of calculated oxygen
fugacity. Two samples, amphibole-bearing cumulate 16B and the
3600 BP tephra have the lowest calculated /o, of our sample set
and, on average, overlap with the estimates for oxygen fugacity
from Humphreys et al. (2006). We interpret these samples as
being reflective of the primitive f,, of magmas at Shiveluch,
~NNO+2. Samples with higher /o, (i.e., all analyzed mafic en-
claves and amphibole-bearing cumulate 04L) may reflect actual
variability in magmatic fo, caused by mantle source heterogene-
ity, differential slab fluid contribution, or crustal processes; the
samples could also reflect secondary alteration/dehydrogenation
of amphibole in the enclaves.

Calculated fo, is not reflective of real variability and
changes in magmatic fo,

We first consider the notion that the range in calculated fo,
in our sample set is reflective of real variability in magmatic
fo, at Shiveluch. The potential contributions of mantle source
heterogeneity, slab fluids, and crustal processes (i.e., fractional
crystallization and crustal assimilation) are evaluated for these
samples in the context of previously published geochemical and
petrological measurements and observations of these samples
[Goltz et al. (2020) for enclaves and cumulates and Ponomareva
et al. (2007) and Volynets et al. (1997) for the tephra].

We use the V/Sc ratio of our samples to determine if mantle
source heterogeneity in fo, may be responsible for the heterogene-
ity in our samples’ calculated fo,. The vanadium to scandium ratio
of primitive melts is strongly dependent on the oxygen fugacity
of their mantle source because of the changes in the partitioning
behavior of vanadium with oxygen fugacity due to changes in
its valence state (e.g., Lee et al. 2005; Mallmann and O’Neill
2009). Assuming that the enclaves and tephra were generated
through similar degrees of melting of mantle peridotite and that
fractional crystallization did not significantly alter the samples’
V/Sc, differences in V/Sc would be largely attributable to dif-
ferences in source f,,. The enclaves and tephra have a smaller
range in V/Sc (6.7-7.6) than would be expected from the wide
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range of f, calculated from the amphibole Fe*"/Fe*" (a range of
>5V/Sc; Lee et al. 2005), meaning that the samples in this study
likely had similar primary fo, and that the observed range is not
a function of mantle source fo, heterogeneity.

The Ba/Th ratio of our samples is used as a proxy to under-

stand the influence of slab fluids on magmatic fo, in our samples.
Fluids from mineral dehydration reactions in the downgoing slab
contain solutes that are thought to be oxidants and have been
used to explain the higher average /o, of arc magmas relative to
mid-ocean ridge basalts (MORB; e.g., Parkinson and Arculus
1999; Kelley and Cottrell 2009; Brounce et al. 2014; lacovino et
al. 2020; Gaborieau et al. 2020), though the claim that fluids and
their solutes are the cause of the higher than average magmatic fo,
is debated (e.g., Carmichael 1991; Lee et al. 2005; Gaetani 2016).
Barium—a large-ion lithophile and fluid-mobile element—is
considered a proxy for fluid contribution from the downgoing
slab. In the most general sense, the higher a melt’s concentra-
tion of Ba, the higher its expected water content, although this
generalization does not hold true when comparing variation in
Ba and H,O content in arc volcanoes worldwide (e.g., Plank et al.
2013) due to variability in the composition of certain downgoing
sediments in which Ba is enriched (e.g., Plank and Langmuir
1998). To separate sediment and fluid signals, we use the ratio
of barium to thorium, a relatively fluid-immobile element; this
ratio has been used with success in the interpretation of fluid and
sediment signals at other arcs (e.g., Patino et al. 2000). If variable
melt water content caused the variability in calculated fo, in our
samples, a positive correlation between Ba/Th and calculated
Jo, would be expected. Figure 10 shows that there is no correla-
tion between Ba/Th and calculated fo,. The lack of correlation
between Ba/Th and f,, suggests that melt water content cannot
account for the observed range in fo,.

Crustal processes—including fractional crystallization,
crustal assimilation, and magma mixing—are also thought to
affect the fo,, of melts at subduction settings. Fractional crystalli-
zation throughout the crustal column has been proposed to “auto-
oxidize” primitive melts through the preferential fractionation of
Fe** compared to Fe* (e.g., Ulmer et al. 2018; Tang et al. 2018).
However, such auto-oxidative effects have not been observed in
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natural samples at arc settings (e.g., Kelley and Cottrell 2012;
Brounce et al. 2014; Grocke et al. 2016). There is no correla-
tion between whole rock differentiation indices (i.e., MgO and
Si0,) and calculated /o, in our sample set (Fig. 10). The lack of
correlation between f, and differentiation indices suggests that
variability in calculated fo, in our sample set cannot be attribut-
able to magmatic differentiation.

The presence of plagioclase xenocrysts in enclaves with
higher calculated f5, and the lack thereof in samples with rela-
tively low-calculated f;, may suggest that crustal assimilation
increased magmatic fo,. Assimilation of oxidized crustal material
has been suggested as a mechanism for the oxidation of melts
throughout the crustal column (e.g., Ague and Brimhall 1988; Lee
etal. 2005, 2012); however, a recent study of the oxidation state
of evolved Central Andean magmas (known for their relatively
high degree of crustal assimilation; e.g., Hildreth and Moorbath
1988) showed that crustal assimilation alone could not account
for a>3 log unit range in fo, in those samples (Grocke et al. 2016).

Xenocrystic plagioclase in the enclaves at Shiveluch is
evidence of contamination with more evolved material (either
partially crystalline andesite or intermediate to felsic crust). On
average, the enclaves have a higher calculated fo, than the cumu-
late sample 16B and the 3600 BP tephra, which lack evidence for
extensive crustal assimilation (Volynets et al. 1997; Goltz et al.
2020). A calculation of the amount of magnetite needed in a crustal
assimilant to oxidize the enclaves from ~NNO+2 (the average fo,
preserved in amphibole in 16B and the 3600 BP tephra, inferred to
be the primitive oxygen fugacity of magmas at Shiveluch) to their
measured oxygen fugacity shows that crustal assimilation alone
cannot account for the relatively high /5, calculated from amphi-
boles in the enclaves (see Online Materials'). In conclusion, the
variable, high fo, calculated from amphibole in mafic enclaves in
our sample set is not likely reflective of real variability in magmatic

Jo,- The fo, of primitive magmas at Shiveluch is interpreted to be
equivalent to the lowest f,, samples, ~NNO+2. In the following
section, we evaluate the possibility that the relatively high average
Fe*/Fer,, in the enclaves is reflective not of primitive magmatic
o, but of secondary alteration and hydrogen loss during residence
in a hot zone in the shallow crust.

i
L IR
] |

10 11

54 55 56 7 8 9
MgO (wt%)

FiGuRE 10. Calculated average fo, vs. whole rock Ba/Th, MgO, and SiO,. Shape corresponds to sample classification (i.e., cumulate, enclave,
or tephra). There is no correlation between any of these variables and the calculated f5,. (Color online.)
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Tracking multiple episodes of mafic recharge using
dehydrogenation of amphibole

Loss of hydrogen from amphibole is primarily accompanied
by a corresponding increase in Fe** by the substitution:

OH + Fe?" & Fe** + O* + 4H,

(Dyar et al. 1993; Popp et al. 1995b). Amphibole dehydrogena-
tion can occur as a result of re-equilibration with magmas at
different pressures, temperatures, fo,, and/or f, than the liquid
with which the primary amphibole was in equilibrium (e.g., Dyar
etal. 1993; Miyagi et al. 1998; King et al. 1999), and the rate of
amphibole dehydrogenation is limited by the rate of diffusion
of hydrogen through amphibole (Graham 1981; Graham et al.
1984). Dehydrogenation of amphibole in the enclaves could
occur after the mafic liquids were quenched in the andesite
host magma before eruption and would increase the amphibole
Fe¥*/Fery. Pre-eruptive amphibole dehydrogenation during sub-
solidus ascent of mafic enclaves could explain the relatively high
average amphibole Fe**/Fer,, in the enclaves.

We model the loss of hydrogen from amphibole as a solid-
state diffusive process. The assumption for our calculations is that
dehydrogenation initiated when the mafic magmas were injected
into the host andesite and quenched as enclaves. The relatively
shallow depth and lower water content of the andesite relative to
the mafic parents are conducive to amphibole dehydrogenation
during sub-solidus ascent (e.g., King et al. 2018). The glassy,
rapidly quenched texture of the enclaves, and the lack of break-
down rims around amphibole crystals imply that they were not
slowly cooled below the amphibole-in curve (Humphreys et al.
2006; King et al. 2018; Goltz et al. 2020). In our calculation, we
assume that the average amphibole in the enclaves initially had
Fe**/Fery, equal to the average of amphibole in the most reduced
sample, 16B (35.1%), and calculate the percent dehydrogenation
required to oxidize amphibole from this starting condition to its
average measured Fe’*/Fer,, (40.7-59.1%; Table 5). We calculate
the amount of hydrogen in the un-dehydrogenated amphibole
using the equation of King et al. (1999) and the Ti, AlY}, and Fe**
of the average amphibole in each sample on a 24 oxygen per
formula unit basis, given a Fe**/Fer,, equal to 35%. The moles
of hydrogen lost (equal to the difference in moles of Fe** in the
amphibole with Fe*'/Fer,; = 35% and with the average measured
Fe**/Fer,, in the sample) relative to the amount to the moles of
hydrogen in the un-dehydrogenated amphibole is used as a target
for forward modeling of hydrogen diffusion, thus allowing us to
calculate the amount of time necessary between mafic magma
injection and eruption to account for the average Fe*'/Fer, of
amphibole in each enclave, as described below. Percent dehy-
drogenation ranged from 6.5 to 25%, which corresponds to a
6 to 22% change in Fe*/Fery,. This difference in Fe’"/Feryy
is not detectible given the accuracy of our technique, and, as a
consequence, observable zoning in Fe*'/Fer,, is not expected.

The average residence time of each enclave in the andesite
host magma at Shiveluch is calculated by solving for time (¢) in
the approximate solution of the diffusion equation for an infinite
cylinder with radius, a, and fractional loss, f(Crank 1975); this
approximation is valid for values of f between 0—0.6 where 0
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corresponds to zero hydrogen loss, and 1 would be complete
hydrogen loss from amphibole:

r={E 3 )

where D is the diffusion coefficient for H in amphibole. Frac-
tional loss, f, was equal to percent dehydrogenation (see the last
paragraph) in our calculation. The reported time is the lower of
the two roots of this quadratic equation. We used the solution for
an infinite cylinder because it is a simple geometry that closely
resembles the geometry of acicular amphibole crystals, which
have one short and one long dimension in 2D space. Following
the analogy between the infinite cylinder and acicular amphibole
geometries, the radius a of the infinite cylinder is akin to the
short dimension of the amphibole crystal. In our calculation, @
was set equal to 417 pm; it was calculated by dividing the aver-
age long edge of acicular amphiboles with measured Fe**/Feryy
(1100 pm) by the average aspect ratio of 58 large (i.e., “long
edge” > 1.5 mm) amphiboles measured in hand sample (on
average, 2.64). The infinite cylinder geometry is an imperfect
geometric analogy to amphibole, however, because there is dif-
fusion at all interfaces in an amphibole crystal (i.e., it does not
have an infinite dimension), the time calculated using the infinite
cylinder model is likely an upper bound.

Another limitation of our calculation is that anisotropic dif-
fusion is not considered, although a study of kaersutite crystals
shows that hydrogen diffusion along the long amphibole c-axis is
five times faster than along the short b-axis (Ingrin and Blanchard
2000). We use a diffusion coefficient, D, determined by Graham
et al. (1984) for bulk diffusion of H through amphibole; the value
is an average rate of diffusion for the crystal irrespective of
crystallographic orientation and is appropriate for our modified
1D model. Graham et al. (1984) found an Arrhenius relationship
between log D and reciprocal temperature for various composi-
tions of amphibole modeled as infinite cylinders or half-sheets
as linear. We use their equation of a line for hornblende #3224
modeled as an infinite cylinder:

(M

3
logD = —7.62—4.39(?}

2
where T is temperature in degrees Kelvin and D is in cm?/s. For
our model, the diffusivity was calculated with a temperature of
840 °C, which is the average temperature of the andesite host
magma at Shiveluch determined by multiple geothermometers
(Dirksen et al. 2006; Humphreys et al. 2006).

Uncertainty in time was quantified using a Monte Carlo
approach, wherein ¢ was calculated for each sample using 10000
random, normally distributed points centered around the sample’s
mean amphibole major element composition from probe analyses
and mean amphibole Fe*'/Fer,,, with a standard deviation equal
to 2 times the standard error of those quantities. Among the 10000
generated compositions, points with percent dehydrogenation
less than 0 were excluded from the calculation of time. This filter
impacted only two samples with relatively low average Fe*"/Fery,
09a and 02b; for these two samples, 124 and 18 points were ex-
cluded (i.e., the lowest 1.24% and 0.18% of values), respectively.
The filtering of this relatively low percentage of points has a neg-

American Mineralogist, vol. 107, 2022

Downloaded from http://pubs.geoscienceworld.org/msa/ammin/article-pdf/107/11/2084/5726028/am-2022-8031.pdf
by Washington Univ St. Louis user

on 11 April 2023


file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\30
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\95
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\30
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\73
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\56
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\39
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\40
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\57
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\47
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\57
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\38
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\56
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\23
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\49
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\40
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\40
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\26
file:///\\chenassoft\SmartEdit\WatchFolder\NormalProcess\Normalization\IN\INPROCESS\47

2096

ligible impact on the final calculated time. Because Equation 2 is
nonlinear in time, the distribution of calculated times is not sym-
metric, so we report the median and interquartile range (IQR) of
times rather than the mean and standard deviation (Table 5; Figs.
11a and 11b).

Enclave residence time in the andesite host ranges from 6 days
(sample 09a) to 3.4 months (sample 04k; Table 5; Fig. 11a). The
range of residence times shows a history of pre-eruptive mafic re-
charge on the timescale of days to months, consistent with findings
based on high-Mg olivine xenocrysts and plagioclase phenocrysts
in the host andesite erupted in 2001 from Shiveluch (Dirksen et al.
2006; Humphreys et al. 2006). There are at minimum three resolv-
able pulses of mafic recharge in our data: one at 6—13 days before
eruption, one at a month before eruption, and another 2—3 months
before eruption. We determined the residence times for 8 samples
and then compared each sample with each other, a total of 28
unique pairs (Online Materials' Fig. S1). The residence times for a
pair of samples is distinguishable if the 95% confidence envelope

GOLTZ ET AL.: APPLICATION OF AMPHIBOLE OXYBAROMETER AT SHIVELUCH

of the difference in their median residence times did not overlap
zero (Fig. 11c). To do so, we found the difference between the
10000 residence times calculated for each of 28 pairs of samples
and calculated the median difference and the 95% confidence
interval with the minimum width in the distribution. Our results
(Fig. 11c) show two groups of samples with indistinguishable
residence times within 95% confidence: samples 04d, 04b, 04k,
and 5 (red colors in Fig. 11) and samples 09a, 02b, and 06a (blue
colors in Fig. 11). Sample 09a overlaps with sample 02b, but not
sample 06a, meaning that, while the three samples had similar
residence times in the host andesite, sample 09a may have been
injected at a slightly earlier time. Sample 15f (yellow in Fig. 11a)
overlaps with samples in neither group and was injected into the
andesite at a time intermediate between the two groups. Overall,
samples with similar residence times were likely injected into
a hot, shallow andesite storage region at around the same time.
Mafic enclave samples with similar residence time but variable
bulk rock differentiation indices (i.e., Mg#) indicate the existence

(a) HOH o2b, 06a ()
F-@— 09a, 02b
1507 HOH 09a, 062
—@®— o6a, 15¢f
f—@— 04b, 04d
£ 100+ '—— o2, 15f
S ——@— 5,04
F—@— 5,04d
50 ! —@O— 09a, 15¢
——@®— 155
% é D ——@— 151, 04d
0- é K | 04b, 04k
. . . . ! p——O—— 15f,04b
0.600 0.625 0.650 0.675 X o { 04d, 04k
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M (b) oy - | 02b,5
' ——@— o062, 04d
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FiGuRE 11. (a) Box-and-whisker plot showing median, interquartile range, and extremes of calculated residence time of each sample in an

andesitic magma vs. sample Mg#. Boxes are centered on the Mg# of each sample, and the width the two more magnesian boxes is narrower because
they overlap significantly in Mg#. Red samples have longer median residence times than samples colored blue. Sample 15f, which overlaps with
neither group, is colored yellow. There is no correlation between sample Mg# and median residence time. (b) Histograms and box-and-whisker
plots of calculated residence times for samples 05 (red) and 09a (blue) from Monte Carlo calculations showing how the distribution of points from
the calculation translate to the box and whisker visual statistical summary. (¢) Results of Monte Carlo calculation of 95% confidence interval (CI)
and median difference between 28 pairs of samples. Uncertainty is calculated as CI/2. Sample pairs with uncertainty bars (i.e., the 95% confidence
interval) overlapping zero (dashed line) have indistinguishable residence times in the host andesite within error. Color corresponds to the relative
residence time of samples in the pair. Pairs where both samples have relatively short median residence times are colored blue, pairs where both
samples have relatively long median residence times are colored red, pairs where one sample has a relatively short and one sample has a relatively
long residence time are colored lilac, pairs with a sample with a short residence time and intermediate sample 15f are colored green, and pairs with
a sample with a long residence time and intermediate sample 15f are colored yellow. From this analysis we are able to resolve a minimum of three
pulses of magma recharge. We find that samples 09a, 06a, and 02b were injected into the host andesite within two weeks of the eruption and that
this group of samples is distinguishable from samples 04b, 04d, 04k, and 5, which recharged the host andesite 2—3 months before eruption. Sample
15f was injected into the host andesite at 1 month before eruption, temporally between the two other groups. (Color online.)
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FIGURE 12. Schematic model for enclave formation and plumbing
under Shiveluch over time based on amphibole Fe3'/Fery,. Colors
correspond to relative injection time as in Figure 11 (i.e., blue sills and
enclaves are injected at later times than red sills and enclaves) except
for the andesite, which is colored gray. From our data, we can resolve
a minimum of three pulses of mafic recharge. Compositionally, the
magmas injected during each recharge event were at different stages of
differentiation and originated from different sills. Sills in this diagram
are within the range of depths calculated for amphibole crystallization by
Goltz et al. (2020); the maximum depth of the andesite is constrained by
Dirksen et al. (2006). (a) A magnesian magma injected to the andesite at
an earlier time (red) could be related to a later-injected, less magnesian
magma (blue) by fractional crystallization of amphibole (brown),
olivine (green), and clinopyroxene (light green) over time; fractional
crystallization of these phases relates primitive magmas at this volcano
to more evolved melts (Goltz et al. 2020). (b) Recharge magmas carry
phenocrysts (phases as identified in a) and crustal cumulates to the
shallow andesite. (¢ and d) Upon injection to the andesite, amphibole
dehydrogenates; the extent of the dehydrogenation depends on the rate
of diffusion of H through amphibole and the residence time of the crystal
in the shallow andesite. (¢ and d) Plane-polarized light images of sample
06a (c) and 04d (d) and a vectorized rendering of an amphibole in those
samples. The arrow represents dehydrogenation of the amphibole during
its residence time; the percentage dehydrogenation for 06a is calculated
to be 9.3% and is 20.8% for 04d. (Color online.)

of multiple mafic recharge bodies in the plumbing system under
Shiveluch at various states of fractional crystallization evolution.
There is no correlation between differentiation index and percent
dehydrogenation (Fig. 11a) within these two groups of enclaves.
This indicates that the recharge magmas injected into the andesite
at a given time do not represent liquids evolving along a liquid line
of descent of a single mafic recharge magma. To account for the
distribution in magma composition at a given time of recharge,
two to three distinct magma storage areas with variable Mg# must
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have recharged the andesitic magma over a small-time interval.

We interpret the enclaves to represent contributions from dif-
ferent mafic magma storage regions in the crust over time and
identify a minimum of three distinct times when the andesite
was recharged with at least two mafic recharge magmas (within
two weeks of a month before and two to three months before the
eruption) of differing compositions (Fig. 12). The mafic magma
bodies may be related to a single parental magma in the deep crust
that feeds multiple sills at shallower levels; this possibility requires
evaluation in future studies.

IMPLICATIONS

In this study, we develop the Fe**/Fe** partitioning behavior
between synthetic amphiboles and melt as an oxybarometer ap-
plicable to hydrous magmas at subduction settings and apply it
to amphibole in mafic enclaves, cumulates, and tephra erupted
from Shiveluch volcano in Kamchatka. This study proffers
a single mineral-melt oxybarometer applicable to rocks with
compositions ranging from basalt to dacite. We suggest that re-
searchers seeking to apply our oxybarometer take care to analyze
amphibole in rocks that are known to have been rapidly quenched
upon eruption, which more reliably preserves magmatic fo,
than amphibole in more slowly cooled rocks (King et al. 1999,
2018). For those who are looking to apply this oxybarometer
to compositions intermediate, higher, or lower in NBO/T to the
compositions in this study, we recommend applying the NBO/T-
independent amphibole-melt Fe**/Mg partition coefficient as an
oxybarometer using an estimate of melt Mg content.

For rocks where the magmatic oxygen fugacity is known
independently, the partition coefficients determined in our
study will also allow researchers to quantitatively determine the
Fe¥*/Fe?* of amphibole in their samples without direct measure-
ment. This is a great improvement over the limited accuracy of
Fe** determinations by site occupancy calculation from electron
microprobe data. We also show the importance of explicitly
considering Fe*" in the calculation of a Fe-Mg distribution coef-
ficient for amphibole; using Fe*" as opposed to total iron in this
situation leads to a much more consistent Fe-Mg distribution
coefficient (K¥Me) for amphibole, which has proven to be a very
useful petrological quantity for other Fe-Mg silicates. Finally, our
analysis and diffusion modeling of amphibole in mafic enclaves
has implications for temporal links between mafic recharge and
eruption. Our results capture a prolonged period of pre-eruptive
mafic recharge and show that each discernable mafic recharge
event is not necessarily linked to an eruption at this volcano. Our
finding extends the timeframe for pre-eruptive mafic recharge
events inferred by other studies based on petrography, crystal
chemistry, and modeling (e.g., Murphy et al. 2000; Browne et al.
2006; Ruprecht et al. 2008; Koleszar et al. 2012). The Fe’* content
of amphibole is thus a flexible tool that can be used to understand
magmatic conditions and plumbing systems in greater detail.
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