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Subduction zone basalts are more oxidized than basalts from other tectonic settings (e.g., higher Fe3+/∑Fe),
and this contrast may play a central role in the unique geochemical processes that generate arc and continental
crust. The processes generating oxidized arc magmas, however, are poorly constrained, although they appear
inherently linked to subduction. Near-surface differentiation processes unique to arc settings might drive
oxidation of magmas that originate in equilibrium with a relatively reduced mantle source. Alternatively, arc
magmas could record the oxidation conditions of a relatively oxidized mantle source. Here, we present new
measurements of olivine-hosted melt inclusions from a single eruption of Agrigan volcano, Marianas, in order
to test the influence of differentiation processes vs. source conditions on the Fe3+/∑Fe ratio, a proxy for system
oxygen fugacity (fO2).We determined Fe3+/∑Fe ratios in glass inclusions using μ-XANES and couple these data
with major elements, dissolved volatiles, and trace elements. After correcting for post-entrapment crystallization,
Fe3+/∑Fe ratios in the Agrigan melt inclusions (0.219 to 0.282), and their modeled fO2s (ΔQFM +1.0 to +1.8),
are uniformly more oxidized than MORB, and preserve a portion of the evolution of this magma from 5.7 to
3.2 wt.% MgO. Fractionation of olivine±clinopyroxene±plagioclase should increase Fe3+/∑Fe as MgO decreases
in the melt, but the data show Fe3+/∑Fe ratios decreasing as MgO decreases below 5 wt.% MgO. The major
element trajectories, taken in combination with this strong reduction trend, are inconsistent with crystallization
of common ferromagnesian phases found in the bulk Agrigan sample, including magnetite. Rather, decreasing
Fe3+/∑Fe ratios correlate with decreasing S concentrations, suggesting that electronic exchanges associated
with SO2 degassing may dominate Fe3+/∑Fe variations in the melt during differentiation. In the case of this
magma, the dominant effect of differentiation on magmatic fO2 is reduction rather than oxidation. Tracing back
Agrigan melts with MgO>5wt.% (i.e., minimally degassed for S) along a modeled olivine fractionation trend to
primary melts in equilibrium with Fo90 olivine reveals melts in equilibrium with the mantle beneath Agrigan at
fO2s of ΔQFM +1 to +1.6, significantly more oxidized than current constraints for the mantle beneath mid-
ocean ridges.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The availability of oxygen to participate in chemical reactions
within the Earth's mantle and magmatic systems (i.e., oxygen fugacity;
fO2) is a critical property that controls key igneous processes such as
the speciation and partitioning of multi-valent elements, phase
assemblages and equilibria, and the composition of volcanic gases.
The ability of lavas erupted at the surface to preserve accurate records
of the magmatic and source fO2 they experienced in the Earth's deep
interior, however, is a matter of significant debate (e.g., Ballhaus,
1993; Canil, 2002; Cottrell and Kelley, 2011; Kelley and Cottrell,
2009; Lee et al., 2005, 2010). The observation that basalts erupted at
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arc volcanoes are notably more oxidized than those erupted at mid-
ocean ridges is generally uncontested (e.g., Ballhaus, 1993;
Carmichael, 1991), but the cause of oxidation in the arc environment
remains an open and important question. One hypothesis invokes
oxidation of subduction zonemantle sources by oxidized fluids derived
from subducted slabs (e.g., Brandon and Draper, 1996; Wood et al.,
1990). The oxidation states of Fe in arc basalts have been quantitatively
linked to tracers of slab additions (H2O, Ba/La; Kelley and Cottrell,
2009) in support of this model. An alternate view, based on models
of redox-sensitive element partitioning or isotope fractionation during
mantle melting (e.g., Dauphas et al., 2009; Lee et al., 2005, 2010;
Mallmann and O'Neill, 2009), suggests that mantle source fO2 does
not vary with tectonic setting, and that arc basalts must thus become
oxidized as they differentiate along the path from the mantle source
to the Earth's surface. Few studies have yet explicitly measured the
effects of magmatic crystallization and degassing on the redox
conditions of arc magmas.
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In theory, differentiation is a sensible process for accomplishing
magmatic oxidation. Early-crystallizing mafic minerals (e.g., olivine,
clinopyroxene) preferentially remove Fe2+ into lattice sites, thereby
enriching the liquid in Fe3+ if the magma is closed to oxygen
exchange with its surroundings. Mid-ocean ridge basalts (MORB)
show small increases in Fe3+/∑Fe ratio (i.e., Fe3+/[Fe2++Fe3+])
with decreasing MgO, consistent with closed-system removal of
Fe2+ by the crystallizing phase assemblage (Cottrell and Kelley,
2011). In MORB magmas, Fe3+/∑Fe ratios are observed and pro-
jected to increase by only 0.03 as MgO decreases from 10 to 5 wt.%
(Cottrell and Kelley, 2011). This is clearly insufficient to explain
the Fe3+/∑Fe ratios observed in arc lavas. In MORB systems, H2

degassing has also been proposed as a mechanism for “auto-oxida-
tion” of lavas during eruption (Holloway, 2004), although at fO2 rel-
evant for MORB (e.g., conditions of the quartz–fayalite–magnetite
buffer [QFM]) this process is too inefficient and self-limiting to
drive resolvable changes in MORB fO2 (Cottrell and Kelley, 2011).
The differentiation paths of arc magmas, however, are significantly
different from MORBs. Arc magmas are generally more volatile-
rich, and when they erupt, they are on average more evolved and
more degassed than MORBs. Yet, geochemical investigation of Mex-
ican andesites and dacites indicates that crystallization and degas-
sing cannot explain the elevated oxidation states of these magmas
either (Crabtree and Lange, 2011). These observations warrant ex-
plicit attention to the unique case of arc basalts which, in an
ocean–ocean convergent margin, offer the advantages of avoiding
the potentially complicated passage through thick continental
crust and provide magmas that are less differentiated from their
mantle source. How do these magmas acquire their oxidized
condition?

Here, we present a specific test of the alternate hypotheses of
source vs. differentiation as the cause of oxidation in basaltic arc
magmas by examining the magmatic redox conditions recorded
during differentiation of a single arc magma. Using melt
inclusions, trapped within olivine crystals over a period of time
in the magmatic cooling history, this study captures a significant
range of the liquid line of descent of one eruption of Agrigan volcano,
Marianas, recording both the effects of magmatic degassing and
crystallization processes on the composition and redox state of the
magma.
2. Samples and methods

2.1. Geologic setting and samples

Agrigan volcano is located in the central island providence of the
active Mariana island arc (see the electronic supplement). Trace
element and isotopic signatures of Agrigan lavas indicate significant
incorporation of subducted sediment into the mantle source beneath
Agrigan, making it an important end-member composition among
the Mariana islands (e.g., Elliott et al., 1997; Plank, 2005; Stern and
Ito, 1983; Woodhead, 1988, 1989). Studies of naturally-glassy
olivine-hosted melt inclusions from Agrigan also indicate high
concentrations of dissolved H2O in Agrigan magmas (~5 wt.%;
Kelley et al., 2010; Shaw et al., 2008), which indicate a strong subduc-
tion component. These clear slab-derived geochemical signatures,
and the absence of thick continental crust, make Agrigan an ideal
place to conduct this test because the path from the subduction-
influenced mantle wedge to the erupted tephra is more straightfor-
ward. The tephra sample selected for this study (AGR19-02) is rich in
euhedral olivine phenocrysts that contain abundant glassy melt inclu-
sions. Inclusions selected for preparation were naturally glassy with no
visible secondary or synchronously trapped crystal phases, petrographi-
cally determined to be fully enclosed in the host olivine crystals, and con-
tained either a single vapor bubble or no bubble.
2.2. Analytical methods

We analyzed glass inclusions and host olivines using a variety of
micro-analytical methods to determine major and trace element
composition of glasses and minerals, as well as dissolved volatile
concentrations and Fe3+/∑Fe ratios of glasses. At the Smithsonian
Institution, electron microprobe analysis provided major element, S,
and Cl data (Table 1) and Fourier transform infrared (FTIR) spectroscopy
provided dissolved volatile concentrations (Table 1). We determined
Fe3+/∑Fe ratios of glass inclusions using micro X-ray absorption
near-edge structure (μ-XANES) spectroscopy (Table 1; Cottrell et al.,
2009) at beamline X26A of the National Synchrotron Light Source,
Brookhaven National Lab, and Fe3+/∑Fe of the whole rock at the
Smithsonian Institution via micro-colorimetry (Cottrell and Kelley,
2011). Trace element concentrations were determined using laser-
ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS;
Kelley et al., 2003) at the Graduate School of Oceanography, University
of Rhode Island. Details on sample preparation, analytical procedures,
and complete data tables are provided in the electronic supplement.

3. Results

3.1. Assessment of post-entrapment crystallization or modification

As a melt inclusion cools within its host olivine, some quantity of
the host mineral may precipitate from the melt onto the inclusion
walls after entrapment, and/or diffusive processes may drive
exchanges of major elements between an inclusion and the evolving
melt outside the host crystal. The melt inclusion data show remarkable
consistency with whole-rock compositions from Agrigan over a range
of MgO. Using the criteria of Danyushevsky et al. (2000), we find that
post-entrapment diffusive re-equilibration or disequilibrium modifica-
tion, specifically Fe2+ loss from the inclusions, was minimal (see the
electronic supplement). We assess the extent to which post-
entrapment crystallization (PEC) may have modified glass inclusion
compositions by comparing the measured host olivine compositions
to the equilibrium olivine compositions predicted by each melt
inclusion, using KD

ol/liq(Fe2+/Mg)=0.3 (see the electronic supplement).
In this case, the knowledge of the Fe3+/∑Fe ratio of each glass
inclusion offers a significant advantage, as this comparison is highly
sensitive to small extents of PEC. The inclusions are hosted by a
broad range of olivine compositions (Fo82-73), and extents of PEC
range from 0 to 3.3%. Many of the analyzed glass inclusions are in
near-perfect Fe–Mg exchange equilibrium with their hosts, and we
consider inclusions indicating b2% PEC as the most faithful records of
the magma composition. These inclusions were corrected for PEC, if
necessary, by assessing the olivine composition in equilibrium with
each inclusion using KD

ol/liq(Fe2+/Mg)=0.3, then adding 0.1% of the
equilibrium olivine back to the glass composition, and repeating
these steps until equilibrium with the host olivine was reached,
assuming the total moles of Fe3+ in each inclusion remained
unchanged during these very minor extents of PEC (Table 1).

3.2. Fe speciation and oxygen fugacity of the Agrigan Magma

The Fe3+/∑Fe ratios of the Agrigan glass inclusions, after correc-
tion for PEC, range from 0.219 to 0.282. These ratios are uniformly
higher than in MORBs (0.16±0.01; Cottrell and Kelley, 2011) and
the back-arc basin basalts from the Mariana trough (0.15–0.19;
Kelley and Cottrell, 2009), but overlap with the higher end of Fe3+/
∑Fe ratios reported for global arc basaltic melt inclusions (0.18–
0.32) by Kelley and Cottrell (2009). This contrast is broadly consistent
with past observations of whole-rock Fe3+/∑Fe ratios of basalts
from ridge and arc settings determined by wet chemistry, and spinel
compositions from peridotites (e.g., Ballhaus, 1993; Carmichael,
1991; Christie et al., 1986; Parkinson and Arculus, 1999; Wood et



Table 1
Major element compositions and Fe3+/∑Fe ratios of olivine-hosted glass inclusions and host olivines from Agrigan, Marianas.

Sample AGR19-02

Inclusion # 01 02 03 04 05 07 08 09 10 11 12Aa 12B 13 14 5 16 17 18 19 20

Glass inclusion
SiO2 wt.% 46.73 46.68 53.47 47.00 48.41 47.19 47.92 48.41 46.13 46.92 51.54 46.64 47.99 46.49 46.27 46.00 49.68 48.36 47.40 48.36
TiO2 wt.% 0.77 0.73 0.97 0.66 0.83 0.85 0.77 0.89 0.74 0.77 1.05 0.74 0.81 0.68 0.63 0.67 0.82 0.83 0.84 0.75
Al2O3 wt.% 16.79 17.86 16.23 17.68 16.24 18.71 16.52 16.99 18.09 17.93 17.96 18.31 16.98 17.53 18.17 17.28 16.89 16.48 18.78 16.83
FeO* wt.% 10.30 8.58 9.29 9.50 9.87 9.33 9.83 10.12 8.99 9.10 7.98 10.18 10.30 9.83 9.45 10.67 8.70 9.67 8.35 8.69
FeO wt.% 7.40 6.37 7.25 7.15 7.51 7.27 7.54 8.07 6.56 6.90 6.14 7.88 7.91 7.44 6.94 8.10 6.50 7.29 6.28 6.32
Fe2O3 wt.% 3.23 2.45 2.26 2.61 2.62 2.29 2.54 2.28 2.69 2.44 2.05 2.56 2.66 2.65 2.79 2.85 2.44 2.64 2.29 2.62
MnO wt.% 0.20 0.21 0.17 0.26 0.27 0.17 0.20 0.23 0.15 0.21 0.18 0.23 0.23 0.18 0.21 0.22 0.18 0.20 0.19 0.18
MgO wt.% 5.19 4.73 3.22 4.59 4.22 4.34 5.27 3.47 4.59 4.62 3.78 4.05 4.26 5.24 4.47 5.36 3.97 4.57 3.96 4.50
CaO wt.% 12.30 13.28 8.36 12.79 11.65 12.66 12.24 11.90 12.64 12.42 10.18 12.61 11.27 11.66 13.50 12.07 10.79 11.35 13.08 12.31
Na2O wt.% 1.79 1.91 3.31 1.96 2.21 2.31 1.93 2.34 1.77 2.00 2.07 2.11 2.28 2.01 1.72 2.09 2.38 2.32 2.04 2.13
K2O wt.% 0.43 0.40 1.36 0.38 0.51 0.54 0.46 0.62 0.37 0.43 0.96 0.48 0.57 0.46 0.38 0.42 0.86 0.66 0.40 0.55
P2O5 wt.% 0.13 0.15 0.32 0.11 0.13 0.17 0.15 0.16 0.14 0.12 0.26 0.09 0.14 0.13 0.12 0.14 0.29 0.19 0.12 0.16
Total wt.% 94.97 94.77 96.93 95.20 94.61 96.51 95.54 95.37 93.88 94.76 96.16 95.70 95.08 94.48 95.21 95.20 94.80 94.89 95.39 94.72
H2O wt.% 4.12 2.78 2.12 3.25 4.12 2.72 3.61 3.07 4.56 3.49 2.78 3.00 3.30 3.63 4.25 4.36 4.21 3.94 3.25 3.83
CO2

b ppm – – – 629 – 142 – – 485 419 – 431 131 457 903 549 400 – – –

S ppm 1474 1125 771 1170 813 1404 780 1050 1577 1117 1047 1453 1007 1182 300 1517 1010 953 1089 793
Cl ppm 727 770 1383 810 940 767 843 1127 823 813 1167 807 970 793 803 770 1047 1033 690 957
Fe+3/∑Fe 0.282 0.257 0.219 0.247 0.239 0.220 0.233 0.203 0.270 0.241 0.231 0.226 0.232 0.24 0.266 0.240 0.252 0.246 0.247 0.272
Equil. Fo 0.806 0.815 0.725 0.792 0.769 0.780 0.806 0.719 0.806 0.799 0.786 0.753 0.762 0.80 0.793 0.797 0.784 0.789 0.789 0.809

Olivine host
SiO2 wt.% 38.84 39.40 37.75 39.30 38.41 38.33 39.21 38.69 39.62 39.25 38.77 39.24 38.91 39.30 39.79 39.34 39.35 39.23 38.93 39.64
FeO wt.% 18.28 17.09 24.49 17.19 21.08 18.07 17.95 22.33 17.11 17.73 19.67 20.58 21.37 18.26 17.15 18.81 19.07 19.75 16.93 17.58
TiO2 wt.% 0.03 0.04 0.04 0.03 0.04 0.02 0.03
MnO wt.% 0.34 0.33 0.50 0.33 0.41 0.33 0.36 0.35 0.33 0.29
MgO wt.% 42.04 43.88 36.60 42.60 39.49 41.23 42.80 39.77 43.99 43.24 40.92 41.37 40.54 42.69 44.18 42.59 42.38 42.11 42.62 43.23
Cr2O3 wt.% 0.01 0.01 0.00 0.01 0.01 0.01 0.00
NiO wt.% 0.02 0.07 0.02 0.04 0.02 0.05 0.05 0.01 0.05 0.04 0.03 0.03 0.03 0.03 0.06 0.03 0.03 0.03 0.06 0.05
Total wt.% 99.57 100.81 99.39 99.45 99.41 98.05 100.42 100.80 100.77 100.64 99.39 101.22 100.84 100.64 101.18 100.77 100.83 101.12 98.83 100.49
Fo 0.804 0.821 0.727 0.815 0.770 0.803 0.810 0.760 0.821 0.813 0.788 0.782 0.772 0.80 0.821 0.801 0.798 0.792 0.818 0.814

Post-entrapment corrected glass
Olivine added 0.0% 0.6% 0.1% 2.5% 0.1% 2.3% 0.4% 3.3% 1.6% 1.5% 0.0% 2.6% 0.9% 0.0% 3.1% 0.4% 1.2% 0.3% 2.8% 0.5%
SiO2 wt.% 46.73 46.64 53.46 46.81 48.40 47.01 47.89 48.09 46.02 46.81 51.51 46.43 47.91 46.49 46.06 45.97 49.55 48.33 47.17 48.32
TiO2 wt.% 0.77 0.72 0.97 0.64 0.83 0.84 0.77 0.87 0.73 0.76 1.05 0.73 0.80 0.68 0.61 0.66 0.81 0.83 0.82 0.75
Al2O3 wt.% 16.79 17.75 16.21 17.25 16.22 18.29 16.45 16.45 17.81 17.66 17.92 17.85 16.83 17.53 17.63 17.21 16.69 16.43 18.27 16.75
FeO* wt.% 10.30 8.63 9.30 9.72 9.89 9.56 9.86 10.56 9.12 9.24 9.00 10.47 10.40 9.83 9.71 10.70 8.82 9.69 8.62 8.73
FeO wt.% 7.40 6.43 7.27 7.43 7.53 7.55 7.58 8.57 6.74 7.07 6.92 8.22 8.03 7.44 7.28 8.14 6.66 7.32 6.61 6.38
Fe2O3 wt.% 3.23 2.44 2.26 2.55 2.62 2.23 2.53 2.21 2.65 2.40 2.30 2.50 2.63 2.65 2.71 2.84 2.41 2.64 2.23 2.61
MnO wt.% 0.20 0.20 0.17 0.25 0.27 0.17 0.20 0.22 0.15 0.20 0.17 0.22 0.23 0.18 0.21 0.22 0.17 0.20 0.19 0.17
MgO wt.% 5.19 4.96 3.26 5.51 4.25 5.18 5.42 4.57 5.20 5.18 4.13 4.96 4.57 5.24 5.61 5.51 4.42 4.68 5.01 4.69
CaO wt.% 12.30 13.20 8.35 12.47 11.64 12.37 12.19 11.52 12.44 12.24 10.16 12.29 11.17 11.66 13.09 12.02 10.66 11.32 12.73 12.25
Na2O wt.% 1.79 1.90 3.31 1.92 2.21 2.26 1.92 2.27 1.74 1.98 2.07 2.06 2.26 2.01 1.67 2.08 2.35 2.31 1.98 2.12
K2O wt.% 0.43 0.39 1.36 0.37 0.51 0.53 0.46 0.60 0.36 0.42 0.96 0.47 0.57 0.46 0.37 0.42 0.85 0.66 0.39 0.55
P2O5 wt.% 0.13 0.15 0.32 0.11 0.13 0.17 0.15 0.15 0.14 0.12 0.26 0.09 0.14 0.13 0.12 0.14 0.29 0.19 0.11 0.15
Total wt.% 94.97 94.80 96.93 95.31 94.61 96.59 95.55 95.51 93.98 94.84 96.17 95.81 95.13 94.48 95.35 95.22 94.86 94.90 95.52 94.74
H2O wt.% 4.12 2.76 2.12 3.17 4.12 2.66 3.59 2.98 4.49 3.44 2.78 2.92 3.27 3.63 4.12 4.34 4.16 3.93 3.16 3.81
CO2 ppm – – – 614 – 139 – – 477 412 – 420 130 457 876 546 395 – – –

S ppm 1474 1118 771 1141 812 1372 777 1016 1552 1100 1045 1417 998 1182 261 1511 998 950 1060 789
Cl ppm 727 765 1382 790 939 749 840 1091 810 801 1164 786 961 793 779 767 1034 1030 671 952
Fe+3/∑Fe 0.282 0.254 0.219 0.236 0.238 0.210 0.231 0.188 0.261 0.234 0.230 0.214 0.228 0.24 0.251 0.239 0.245 0.245 0.233 0.269
Mg/[Mg+Fe*] 0.47 0.51 0.38 0.50 0.43 0.49 0.50 0.44 0.50 0.50 0.45 0.46 0.44 0.49 0.51 0.48 0.47 0.46 0.51 0.49
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al., 1990). Basalt Fe3+/∑Fe ratio may be translated into oxygen
fugacity (fO2) using the algorithm of Kress and Carmichael (1991),
which accounts for the effects of melt composition, pressure, and
temperature on the relationship between these two parameters.
Referenced at 1200 °C and 1 bar, the Agrigan magma indicates fO2

conditions from 1.0 to 1.8 log units above the quartz–fayalite–magnetite
buffer (QFM; Table 1).

Other geochemical indices are also sensitive to fO2. In particular,
the olivine–liquid partition coefficient for V has been shown to
depend strongly on fO2, due to the differences in incompatibility of
the V5+, V4+, and V3+ species that make V more incompatible as
fO2 increases (e.g., Canil, 1997, 2002; Canil and Fedortchouk, 2001;
Mallmann and O'Neill, 2009). Fig. 1a shows how the concentration
of V in olivine vs. melt varies with tectonic setting, comparing
olivine–melt inclusion pairs from Agrigan, Marianas and Mt. St.
Augustine, Aleutians with olivine-inclusion or glass pairs from the
Basin and Range and MORB pillow glass from the East Pacific Rise
(see the electronic supplement). The values for DV

ol/liq vary
significantly among these four samples, from ~0.01 at Augustine to
0.05 at the mid-ocean ridge. The Fe3+/∑Fe ratios of these glasses
also co-vary with DV

ol/liq (Fig. 1b) along a trajectory most consistent
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Fig. 1. Vanadium partitioning between olivine and glass as a function of fO2. (a) Vanadium
concentration in glass vs. V concentration in olivine for four global basalts. Lines show
constant values of DV

ol/liq that bracket the range observed in the basalts. Each line is labeled
with the approximate corresponding fO2 given by the model of Canil (2002). See the
electronic supplement for detailed information on the samples and data shown. (b) DV

ol/liq

vs. Fe3+/∑Fe ratios of natural basalt glasses. Curves shown are modeled using relations
between DV

ol/liq and fO2 reported by Canil (2002) and Mallmann and O'Neill (2009), in
combination with the major element composition of inclusion AGR19-02-01, P=1 atm,
T=1200 °C to translate Fe3+/∑Fe ratio into fO2 (in log units relative to the QFM buffer)
using the algorithm of Kress and Carmichael (1991). The model curves thus apply
exclusively to this one composition, although the curves will be similar for the range of
basalt compositions shown. Tick marks for fO2 are therefore considered approximate, and
should be referenced with appropriate caution. Gray shading represents a confidence
envelope for the Canil (2002) model curve that accounts for analytical uncertainty in DV

ol/liq

(see the electronic supplement). A representative error bar is shown for reference.
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with the modeled relationship between DV
ol/liq and fO2 from Canil

(2002), which is derived from mineral/melt partitioning experiments
performed using basaltic and komatiitic compositions. More recent
partitioning experiments (Mallmann and O'Neill, 2009) define curves
of similar functional form, but reveal a significant compositional
dependence to DV

ol/liq as a function of fO2. These experiments,
however, are based on unusual, synthetic melt compositions that
are unlike most terrestrial basalts, and thus may not provide the
optimal reference for natural basalts on Earth. An error analysis
accounting for analytical uncertainty in V concentration in glass and
olivine reveals that uncertainty in the Canil (2002) model may be as
much as ±0.25 log units of fO2 in the range of QFM+1 to 1.5, and
this uncertainty also increases as fO2 increases (see the electronic
supplement). More importantly, however, the determinations of DV

ol/

liq and Fe3+/∑Fe ratio are not in perfect agreement with any of the
three models shown on Fig. 1b. When referenced to the model of
Canil (2002), for example, DV

ol/liq values for individual samples
disagree with Fe3+/∑Fe ratios by as much as Fe3+/∑Fe=0.05
(corresponding to 0.7 log units in fO2), which we consider the
practical uncertainty for using DV

ol/liq as a proxy for fO2. Moreover,
above Fe3+/∑Fe ~0.25 (DV

ol/liqb0.02), the dynamic range in DV
ol/liq is

small relative to the possible variation in Fe3+/∑Fe, such that this
method loses resolution for the most oxidized melts. As such, compared
to Fe3+/∑Fe ratio, DV

ol/liq provides a relatively coarse, though useful,
index of magmatic redox conditions, and may prove particularly infor-
mative at low fO2 where the uncertainty in DV

ol/liq is smaller and uncer-
tainties in Fe3+/∑Fe ratio become larger (Cottrell et al., 2009). The
broad agreement between DV

ol/liq and Fe3+/∑Fe ratios of these global
basalts further supports the view that the Fe speciation of these melt
inclusions did not change on rapid time scales (faster than V could
diffusively reequilibrate in olivine) and is therefore a faithful record of
magmatic fO2.

3.3. Degassing and crystallization of the Agrigan Magma

Co-variations of major elements and dissolved volatiles in the
Agrigan glass inclusions indicate that the magma experienced syn-
chronous crystallization and degassing prior to eruption. Degassing
is assessed by comparing co-variations of dissolved volatiles of differing
vapor/melt solubility. The solubility of CO2, for example, is highly
pressure-dependent and its solubility in basaltic melt decreases signifi-
cantly with decreasing pressure (Dixon et al., 1995). At crustal
pressures, CO2 solubility is much lower than that of H2O, such that
CO2 will preferentially be removed to the vapor phase until most of
the dissolved CO2 is removed from the degassing melt. Glass inclusions
from Agrigan show a trend in H2O vs. CO2 consistent with closed-
system degassing of a magma with initial H2O content of ~4.5 wt.%
(Fig. 2a). This magmatic H2O content is lower than has been shown
for other Agrigan magmas (up to 5.5 wt.%; Kelley et al., 2010; Shaw et
al., 2008), although the maximum CO2 and H2O of each magma points
to a saturation pressure of ~3 kb, suggesting a common magma storage
depth of about 10 km in the crust beneath Agrigan. The melt–fluid
partitioning of S in basaltic melt is still poorly constrained experimen-
tally, but depends on P, T, fO2, fS2, and melt composition. Empirical
co-variations of H2O and S in arc magmas suggest that melt–fluid parti-
tioning of S may be intermediate between CO2 and H2O in mafic arc
magmas (Kelley et al., 2010; Sisson and Layne, 1993; Wade et al.,
2006) and ranges from 5 to 100, in general agreement with partitioning
experiments (Webster and Botcharnikov, 2011). The AGR19-02 magma
shows S concentrations broadly decreasing with H2O, consistent with
trajectories shown by other Agrigan magmas, in support of the inter-
pretation that S and H2O degassed together (Fig. 2b).

Major element concentrations in Agrigan glass inclusions also
show evidence of multiphase fractional crystallization of olivine±
clinopyroxene±plagioclase. The AGR19-02 magma reaches
saturation with plagioclase at ~5 wt.% MgO, at which point Al2O3
begins to decrease and TiO2 begins to increase with decreasing MgO
(Fig. 3a–b). The point of plag-in for this magmamay be slightly earlier
than other Agrigan magmas due to its lower H2O content (Fig. 3a;
Kelley et al., 2010; Shaw et al., 2008). At >5 wt.% MgO, the range in
data are limited, and are consistent with saturation of either
olivine-only or olivine+cpx. A clear change in the redox conditions
of the magma is also evident with fractional crystallization (Fig. 3c–
f). As MgO of the inclusions decreases, the Fe3+/∑Fe ratios clearly
decrease from a maximum of 0.282 (average 0.25 for all inclusions
with >5 wt.% MgO) to a minimum of 0.219 at ~3.2 wt.% MgO. To
translate these ratios into oxygen fugacity at magmatic conditions,
we assume a mean magmatic pressure of 1 kb, calculate magmatic
temperatures using olivine–liquid thermometry (Médard and Grove,
2007; Putirka et al., 2007), and use the algorithm of Kress and
Carmichael (1991) to calculate fO2 in log units relative to the
quartz–fayalite–magnetite buffer (ΔQFM) at the magmatic conditions
for each inclusion (Table 1). These calculations indicate that magmatic
fO2 conditions decreased from QFM+1.8 to QFM+1.0 during the
differentiation period preserved by these glass inclusions.

4. Discussion

The Fe3+/ΣFe ratios of the Agrigan glass inclusions decrease
significantly during the recorded period of differentiation, showing
that the magma experienced reduction, not oxidation, by magmatic
processes prior to eruption. In the case of this arc magma, the most
mafic inclusions are the most oxidized. In the sections that follow,
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Fig. 3.Major element variations and liquid lines of descent (LLD's) for olivine-hosted glass inclusions from Agrigan, Marianas, comparing data from this study (shaded circles) with
those of prior work from Shaw et al. (2008; open diamonds) and Kelley et al. (2010; filled crosses). Also shown are Mariana arc whole-rock data from Elliott et al. (1997; crossed
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compositions for comparison with the whole-rock data. Model curves trace trajectories of olivine-only fractional crystallization (thin solid line), multiphase fractionation of ol±cpx
±plag (dotted line), and multiphase fractionation of ol+cpx+plag+magnetite (thick gray line). Multiphase crystallization was modeled using Petrolog3 (Danyushevsky and Ple-
chov, 2011) at 1 kb, assuming a system closed to oxygen exchange and using the mineral solution models of Ariskin and Barmina (1999) and Danyushevsky (2001). Plots of MgO vs.
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we explore several possible explanations for these observations and
their consequences for the oxygen fugacity of the Agrigan mantle
source.

4.1. Magmatic reduction during differentiation

4.1.1. Magnetite fractionation
Perhaps the most likely potential process for accomplishing

magmatic reduction during arc basalt differentiation involves the
saturation and fractional crystallization of magnetite (Fe3O4) from
the magma. Magnetite is a common phase in arc basalts, and is
present as a phenocryst phase in sample AGR19-02. Because the Fe
in magnetite is mixed valence and dominantly ferric (2Fe3+:1Fe2+),
magnetite fractionation in a system closed to oxygen would decrease
both the Fe3+/∑Fe ratio and the FeO* content of the melt through
the preferential removal of this Fe-rich mineral with Fe3+/∑Fe=0.67.
The ability of fractional crystallization to accomplish magmatic reduction
in this way, however, requires the magma to be magnetite-saturated
over the recorded segment of the liquid line of descent. Fig. 3 shows
that, when examined together, FeO*, FeO, Fe2O3, and Fe3+/∑Fe ratios
do not decrease with MgO in a manner consistent with models of mag-
netite fractionation, although there is some scatter to the data. Magnetite
fractionation is also expected to strongly decrease the TiO2 and V concen-
trations of the melt (e.g., Jenner et al., 2010), which is not observed
(Fig. 3b) and calls this potential explanation of the overall reduction
trend, starting at 5 wt.% MgO, into question.

In fact, late magnetite crystallization is expected from sample
AGR19-02, which is a hydrous magma that straddles the boundary
between calc-alkaline and tholeiitic magma series. Fig. 4 shows the
ternary AFM discrimination diagram (Irvine and Baragar, 1971),
which segregates tholeiitic and calc-alkaline magma series by
highlighting the point at which FeO* begins to decrease with
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decreasing MgO and increasing alkalis during crystallization. Early
magnetite crystallization will drive FeO* down in the melt as fraction-
ation progresses, driving basalt compositions into the calc-alkaline
field. Late magnetite crystallization, as in the case of AGR19-02, al-
lows basalts to become relatively enriched in FeO*, keeping them in
the tholeiitic field above the curved discrimination line (Fig. 4). The
evidence for late magnetite saturation in this sample is thus not sur-
prising, given that melt inclusion and whole-rock compositions for
Agrigan are mildly tholeiitic according to the definitions of Irvine
and Baragar (1971) or Miyashiro (1974). To be clear, however, calc-
alkaline and tholeiitic magma series are two end-members along a
compositional continuum, and assignment of either of these classifi-
cations to a given magma depends in part on the criteria used to
classify. For example, Zimmer et al. (2010) assign Agrigan a mildly
calc-alkaline affinity using their “Tholeiitic Index,” but show that its
position near their calc-alkaline/tholeiitic discriminating line is con-
sistent with global arc magmas with dissolved H2O contents between
2 and 4 wt.%. Moreover, models of LLD's for oxidized (QFM+1) and
variably water-rich (1–6 wt.% H2O) arc magmas, which are appropri-
ate for the Agrigan composition, predict magnetite saturation at
~4 wt.% MgO (Zimmer et al., 2010), which is approximately where
we estimate it based on the melt inclusion compositions. We there-
fore conclude that magnetite fractionation cannot be responsible for
the overall reduction trend recorded by the melt inclusions.
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Fig. 5. Plot of S vs. Fe3+/∑Fe ratio in olivine-hosted glass inclusions from Agrigan,
Marianas, showing the redox change correlated with S degassing. The thin line with
tick marks is the S degassing model discussed in Section 4.1.2. Tick marks identify
percentages of S degassed from the magma. The model starts with initial conditions
of the magma at 9.64 wt.% FeO*, 1500 ppm S, Fe3+/∑Fe=0.28, and S6+/∑S=0.83
(S-speciation calculated from fO2 using Wallace and Carmichael (1994)). Sulfur is
assumed to enter the vapor in a S6+/∑S ratio of 0.35, and all S entering the vapor
was assumed to convert to SO2 (S4+) which assumes different vapor/melt solubilities
for S2− and S6+. Electrons left in the melt at each degassing step were completely
reassigned to Fe to accomplish reduction of the Fe3+/∑Fe ratio.
4.1.2. Sulfur degassing
Another, perhaps more likely, candidate for changing magmatic

redox conditions without affecting FeO* concentration is magmatic S
degassing. The 8 electron difference between oxidized sulfate (S6+)
and reduced sulfide (S2−) species dissolved in basaltic melt gives sul-
fur great potential to drive changes in redox despite its comparatively
low abundance. Moreover, when S exsolves from magmas as a vapor
phase, its dominant species is SO2 gas (S4+; Oppenheimer, 2003;
Wallace, 2005). The movement of S from its dissolved state in a basaltic
melt, where it speciates exclusively as either S6+ or S2− (or as mixtures
of the two), to a vapor phase of dominantly S4+ thus requires electrons
in the melt to be redistributed during S degassing (Métrich et al., 2009).
Evidence of magmatic reduction accompanied by S degassing has been
found at Kilauea volcano (Anderson and Wright, 1972), although SO2

degassing could drive magmatic fO2 to either more reduced or more
oxidized conditions depending on the initial S speciation of the magma
(a function of fO2) and the relative vapor/melt solubilities of S6+ and
S2− (Métrich et al., 2009).
The Agrigan data show that decreasing dissolved S concentrations,
indicative of S degassing, correlate with decreasing Fe3+/∑Fe ratios
in the glass inclusions (Fig. 5). Moreover, S concentrations in the melt
inclusions decrease with MgO, suggesting that coincident crystal frac-
tionation and S degassing took place in this magma. The magma is not
sulfide-saturated, as the sulfur content at sulfide saturation at these
fO2s (~0.3–1.3 wt.%; Jugo et al., 2010) is significantly higher than
the measured S concentrations of the AGR19-02 melt inclusions
(b1600 ppm), and Cu concentrations are too high (90–157 ppm) for
a melt in equilibrium with sulfide (Jenner et al., 2010). We con-
structed a simple degassing model to assess whether enough elec-
trons could be supplied by S to accomplish the magnitude of
reduction observed (Fig. 5). The model results suggest that S2− may
have lower vapor/melt solubility in this magma than does S6+. Al-
though few quantitative constraints currently exist for vapor/melt
partitioning of different S species, this relative sense of solubility is
consistent with the known solubilities of S species in silicate melts.
At high fO2, S solubility in basalt increases significantly because S6+

is more soluble (Carroll and Rutherford, 1988; Jugo et al., 2010;
Wallace and Carmichael, 1994). In this highly simplified case, we
find that enough electrons could be supplied by the conversion of dis-
solved S2− to SO2 gas to accommodate the observed change in Fe spe-
ciation (Fig. 5). It is important to note, however, that this model
represents an oversimplification of natural systems, where Fe, S, and
other redox-sensitive elements will all respond to the changing elec-
tronic balance in the melt, so this example explores an end-member
case. Though the model is speculative by necessity, due to the paucity
of quantitative constraints on the vapor/melt partitioning of S species,
the trend shown by the data evokes a link between S degassing and Fe
redox in this magma.
4.2. Alternative hypotheses for differentiation-related
oxidation mechanisms

Of course, there is a chance that oxidation does happen during
differentiation, but our sampling of the Agrigan magma has failed to
capture the oxidizing segment of the LLD. Here we explore some
outstanding hypotheses for processes by which magmas could
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become oxidized during differentiation, and how these relate specifi-
cally to the case of the Agrigan magma.

4.2.1. Crystallization of Fe2+-rich phases
Cottrell and Kelley (2011) showed that fractional crystallization of

ferromagnesian minerals causes slight oxidation of MORBs during
differentiation. Co-crystallization of Fe-poor plagioclase and Fe2+-
rich olivine and clinopyroxene slightly increase the melt Fe3+/∑Fe
ratio, and crystallization of Fe3+-rich magnetite (Fe3O4) will drive
liquid Fe3+/∑Fe ratios down (Fig. 3c), although crystallization of
any realistic combination of these phases is insufficient to create the
observed arc compositions from a primary magma of Fe3+/
∑Fe=0.14, appropriate for MORB (Cottrell and Kelley, 2011). Low
overall TiO2 concentrations of arc basalts could be interpreted as
evidence that ilmenite (FeTiO3) crystallization may have increased
the arc Fe3+/∑Fe ratios. Ilmenite, however, is not observed in our
samples and is an extremely rare phase in arc basalts. Arc basalts
commonly have low TiO2 concentrations due to high extents of
H2O-fluxed mantle melting (Kelley et al., 2006, 2010), withholding
of Ti by residual rutile in the slab (Pearce and Parkinson, 1993),
and/or more depleted mantle sources beneath arcs relative to spreading
ridges (Pearce and Stern, 2006). When present, ilmenite saturates after
titanomagnetite, has a significant hematite (Fe2O3) component (15–
30%; Gill, 1981), and would draw melt TiO2 concentrations down with
progressive crystallization, which is the opposite of our observations
(Fig. 3b).

4.2.2. Degassing of H–C–O–Cl species
Co-variations between volatile species, major and trace elements,

and magmatic oxidation state implicate S degassing as a potential
driving force behind the observed magmatic reduction. It is worth
considering, however, the possible effects of degassing other volatile
species. Water and CO2 were degassing from this Agrigan magma
during inclusion entrapment (Fig. 2); however, we see no evidence
for concomitant oxidation, nor do we expect any. Magmatic
“auto-oxidation” during H2 degassing (Holloway, 2004) can only
drive oxidation if initial magmatic conditions are sufficiently reducing
(fO2bQFM-1) to allow a significant amount of H2O to dissociate to H2

in the vapor phase and if that vapor phase exits the system out of
equilibrium with the magma it is oxidizing (Cottrell and Kelley, 2011;
Crabtree and Lange, 2011). This process, which becomes increasingly
inefficient and self-limiting as fO2 increases above QFM, cannot drive
magmas to the higher fO2s observed here (Candela, 1986;
Carmichael, 1991; Cottrell and Kelley, 2011; Crabtree and Lange,
2011; Frost and Ballhaus, 1998). Similarly, at fO2 greater than QFM-1,
graphite is not stable and carbon is speciated in the melt as carbonate.
Under these conditions, CO2 vapor loss is fO2 neutral and cannot drive
magmatic fO2s to the values we observe (Ballhaus, 1993; Cottrell and
Kelley, 2011). Chlorine degassing may also drive magmatic oxidation
(Bell and Simon, 2011), but there is no evidence for Cl degassing in
this eruption. We again conclude that sulfur is the only degassing
species for which we see, or expect, a concomitant change in magmatic
redox, and in this case the shift is toward reduction.

4.2.3. Oxidation of melt inclusions via outward H+ diffusion
If H2O is lost from a melt inclusion after entrapment, the main

mechanism by which this takes places is proton (H+) diffusion
through the host olivine. This scenario requires a gradient in H2O
between the inclusion and the external melt and, if the melt inclusion
were truly a closed system for fO2, such a process would result in a
simultaneous increase of the inclusion fO2 due to the buildup of
excess oxygen left behind by H2O dissociation and loss of H+. Recent
experimental work, however, has shown that olivine-hosted melt
inclusions are open to fO2 exchange with the external melt, and that
H2O and fO2 re-equilibration through olivine take place independently,
but at roughly similar rates (e.g., Bucholz et al., 2011; Gaetani et al.,
2010). In light of these results, H+ diffusion cannot drive oxidation of
melt inclusions because any resultant change in the inclusion fO2 will
be reset by the host magma at the same rate. At equilibrium, the
oxidation state of Fe in inclusions is determined by the oxidation
state imposed by the system, be that the host magma, or the environ-
ment of a laboratory experiment. The observation of a range of inclu-
sion fO2s and H2O contents among the AGR19-02 suite suggests that
the pace of re-equilibration of either H2O or fO2 in the inclusions
must have been slower than the rate at which changes in the external
melt occurred, otherwise the inclusions would all have homogeneous
H2O and fO2. We cannot rule out the possibility that diffusive processes
have had minor effects on the inclusion compositions, and emphasize
that the measured H2O concentrations and Fe3+/∑Fe ratios in the
inclusions are thus robust minima. Most importantly, the melt
inclusions record a trend of Fe reduction coincident with decreasing
H2O in this suite, which is the opposite of the predicted relationship
for H+-loss in a system closed to oxygen exchange.

4.3. Oxygen fugacity of the Agrigan mantle source

4.3.1. Reconstruction of primary melts
To assess the redox conditions of the mantle source beneath

Agrigan, we reconstruct primary mantle melt compositions for the
most mafic inclusions (MgO>5.0 wt.%; n=6) of the Agrigan suite
by calculating the equilibrium olivine for each melt inclusion, and
then adding 0.01% of that olivine to each melt composition, and
repeating these steps until equilibrium with mantle olivine for a
range of possible Fo contents is achieved (Fo90, Fo91.5, and Fo93;
Table 2; Kelley et al., 2006, 2010; Stolper and Newman, 1994).
These most mafic melts are sufficiently close to the modeled point
of cpx—in that an assumption of olivine-only on the liquidus results
in relatively small error in the reconstructed melts, which require
~18–25% olivine added back to reach Fo90 equilibrium. For these
calculations, we assumed that the magma evolved in a system closed
to oxygen (as is the case for MORBs; Cottrell and Kelley, 2011), so the
number of moles of Fe3+ in the system remained unchanged as Fe2+

from olivine was added back to each melt. The Fe3+/∑Fe ratios of
the Agrigan primary melts are thus lower (0.18–0.22 at Fo90;
Table 2) relative to the fractionated starting compositions (0.23–
0.28). The dissolved H2O of these most mafic inclusions is higher on
average than the more differentiated inclusions, and we thus assume
these are robust minima for the undegassed H2O content of the
magma.

For comparison with the arc, Fig. 6 shows similar reconstructions of
MORB (Cottrell and Kelley, 2011) and back-arc basin pillow basalts
(BABB) from the Mariana trough (Kelley and Cottrell, 2009). The mod-
eled melt compositions clearly show a progressive increase in the Fe3
+/∑Fe ratios of primary melts that is coincident with increases in geo-
chemical tracers of subduction influence (e.g., dissolved H2O, Ba/La;
Fig. 6a, c), similar to the trends observed for global arc basalts uncor-
rected for fractionation effects (Fig. 6a inset; Kelley and Cottrell, 2009).
Because composition, pressure, and temperature ofmagmas all influence
the direct translation of magmatic Fe3+/∑Fe ratios into oxygen fugacity
(Kress and Carmichael, 1991), fundamental differences in primary melt
composition or P–T conditions of origin that vary with tectonic setting
could potentially offset the relationship between fO2 and Fe3+/∑Fe ra-
tios of magmas. We assess the extent to which these factors could affect
interpretations of the data by combining constraints on the pressures
and temperatures of last equilibration of primary melts with the mantle
(Table 2; Lee et al., 2009) with the primary melt compositions to deter-
mine fO2 for each reconstructed primary melt at relevant P–T conditions
in themantle. Fig. 6b shows that the modeled fO2s of the mantle sources
indicate the same sense of increase fromMORB to BABB to Agrigan as do
Fe3+/∑Fe ratios. The Agrigan source is modeled at fO2 conditions in the
range ofΔQFM+1 to+1.6 (for a Fo90 source;+0.8 to+1.3 for themost
refractory case), significantly more oxidized than the back-arc basin



Table 2
Reconstructed primary melt compositions from Agrigan, Marianas.

Sample AGR19-02

Inclusion # 01 08 10 11 14 16 01 08 10 11 14 16 01 08 10 11 14 16

Target Fo content Fo90 Fo91.5 Fo93

Olivine added 22% 22% 18% 20% 22% 25% 32% 32% 26% 29% 32% 36% 46% 46% 39% 42% 46% 52%
SiO2 wt.% 45.56 46.51 45.16 45.72 45.36 44.81 45.21 46.09 44.88 45.39 45.02 44.50 44.83 45.63 44.54 45.01 44.66 44.16
TiO2 wt.% 0.63 0.63 0.62 0.63 0.55 0.53 0.59 0.58 0.58 0.59 0.51 0.49 0.53 0.53 0.52 0.53 0.46 0.44
Al2O3 wt.% 13.75 13.47 15.12 14.72 14.36 13.73 12.72 12.46 14.13 13.69 13.28 12.66 11.50 11.27 12.81 12.44 12.01 11.33
FeO wt.% 8.42 8.55 7.63 8.04 8.45 9.17 8.51 8.63 7.76 8.15 8.54 9.21 8.43 8.54 7.75 8.11 8.45 9.04
Fe2O3 wt.% 2.65 2.08 2.25 2.00 2.17 2.26 2.45 1.92 2.10 1.86 2.01 2.09 2.21 1.74 1.91 1.69 1.82 1.87
MnO wt.% 0.17 0.16 0.12 0.17 0.15 0.18 0.15 0.15 0.12 0.16 0.14 0.16 0.14 0.13 0.10 0.14 0.12 0.15
MgO wt.% 12.70 12.90 11.52 12.12 12.75 13.82 15.46 15.65 13.98 14.72 15.51 16.60 18.87 19.05 17.45 18.05 18.92 20.23
CaO wt.% 10.07 9.98 10.56 10.20 9.55 9.59 9.32 9.23 9.88 9.48 8.84 8.84 8.42 8.35 8.95 8.62 7.99 7.91
Na2O wt.% 1.47 1.57 1.48 1.65 1.64 1.66 1.36 1.45 1.38 1.53 1.52 1.53 1.23 1.32 1.25 1.39 1.37 1.37
K2O wt.% 0.35 0.38 0.31 0.35 0.38 0.33 0.33 0.35 0.29 0.33 0.35 0.31 0.30 0.31 0.26 0.30 0.32 0.27
P2O5 wt.% 0.11 0.12 0.12 0.10 0.11 0.11 0.10 0.11 0.11 0.09 0.10 0.10 0.09 0.10 0.10 0.08 0.09 0.09
H2O wt.% 3.38 2.94 3.81 2.87 2.97 3.46 3.12 2.72 3.56 2.67 2.75 3.19 2.83 2.46 3.23 2.42 2.48 2.86
Fe+3/∑Fe 0.220 0.179 0.210 0.183 0.188 0.182 0.205 0.167 0.196 0.171 0.175 0.169 0.191 0.155 0.181 0.158 0.162 0.157
Temp. °C 1299 1308 1285 1296 1310 1329 1368 1377 1325 1362 1380 1400 1458 1468 1412 1450 1472 1499
Pressure GPa 1.52 1.46 1.37 1.45 1.58 1.86 2.01 1.95 1.78 1.90 2.08 2.42 2.81 2.75 2.48 2.65 2.91 3.40

At 1200 °C and 1 atm
log fO2 −7.06 −7.66 −7.24 −7.61 −7.48 −6.34 −7.21 −7.80 −7.38 −7.75 −7.63 −7.70 −7.36 −7.95 −7.54 −7.90 −7.79 −7.86
ΔQFM 1.25 0.65 1.07 0.69 0.82 0.76 1.10 0.50 0.92 0.55 0.67 0.60 0.94 0.35 0.76 0.40 0.51 0.44

At T and P
log fO2 −4.58 −5.15 −5.03 −5.22 −4.86 −4.55 −3.74 −4.29 −4.46 −4.42 −4.01 −3.68 −2.64 −3.19 −3.38 −3.34 −2.90 −2.50
ΔQFM 1.58 0.97 1.38 1.02 1.16 1.11 1.47 0.87 1.28 0.92 1.05 1.00 1.34 0.75 1.16 0.80 0.91 0.81
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Fig. 6.Modeled primary melt compositions and oxygen fugacities for Agrigan, Marianas. (a) Plot of H2O vs. Fe3+/∑Fe ratio in reconstructed primary melts in equilibrium with Fo90
olivine. Agrigan data from this study are shaded circles, filtered for the most mafic glass inclusions (MgO>5 wt.%; see Section 4.3.1). Modeled MORBs (shaded triangles) and
Mariana trough basalts (shaded diamonds) are from Cottrell and Kelley (2011) and Kelley and Cottrell (2009). Inset shows H2O vs. Fe3+/∑Fe ratios for raw basalt compositions,
uncorrected except for PEC, with the addition of global arc data from Kelley and Cottrell (2009; open circles). (b) Plot of H2O vs. oxygen fugacity (ΔQFM) for reconstructed primary
melts in equilibrium with Fo90 olivine (Table 2). Oxygen fugacity is referenced to the QFM buffer at the P–T conditions of last equilibration of each melt with the mantle, modeled
using melt thermobarometry (Lee et al., 2009). (c) Ba/La ratio vs. Fe3+/∑Fe ratio for reconstructed primary melts in equilibrium with Fo90 olivine.
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(ΔQFM+0.2 to+0.5) orMORB (ΔQFM−0.25 to+0.4) sources, and fO2

increases coincident with increasing primary melt H2O content and
tracers of additions from the subducted slab to the mantle source. Com-
positional differences among the modeled primary melt compositions
should no longer reflect variations driven by differentiation processes.
Melt inclusions are well-known to preserve compositional diversity
that reflects true heterogeneity of primary melts that aggregated to
form larger magma bodies (e.g., Saal et al., 1998; Sobolev and Shimizu,
1993), and the weak correlation of reconstructed Agrigan primary melt
compositions in Fig. 6 may thus reflect diversity in discrete primary
melts at Agrigan. We emphasize that the H2O content of arc magmas is
a useful tracer of the influence of subduction on the arc mantle source,
but H2O itself is unlikely to be the ultimate cause of oxidation (e.g.,
Frost and Ballhaus, 1998; Kelley and Cottrell, 2009). Although the oxida-
tion state and water content of olivine-hosted melt inclusions may be
reset by the diffusion of H+ and point defects in the presence of chemical
gradients (e.g., Bucholz et al., 2011; Gaetani et al., 2010), thiswould elim-
inate, or at least diffuse, the strong correlations we observe between ox-
idation state andmajor, trace, and volatile elements. The data arrays seen
in Fig. 6, for example, are not consistent with concomitant loss of H from
and oxidation of the Agrigan inclusions.

4.3.2. Trace element proxies for source fO2

The Agrigan data set offers an opportunity to directly compare
multiple proxies for the oxidation state of the arc mantle source.
The oxidation state of iron in the most mafic inclusions indicates der-
ivation from a mantle source 1–1.5 orders of magnitude more
oxidized than the MORB mantle source (Fig. 6; Cottrell and Kelley,
2011) and we have identified no process during the subsequent
evolution of this magma in the crust to oxidize Fe. Two trace element
proxies for source fO2 provide an independent assessment of our
analysis: the V/Sc ratio (Canil, 1997; Lee et al., 2003, 2005) and the
Zn/Fe ratio (Lee et al., 2010).

The V/Sc ratios of the least-evolved Agrigan inclusions provide a
maximum constraint on V/Sc of primitive Agrigan magmas (and by
proxy on fO2) because clinopyroxene fractionation increases V/Sc
ratios in the melt. These lowest Agrigan ratios overlap the MORB
field and fall between 6 and 8. For these inclusions, representing
15–20% melt fraction (Kelley et al., 2010), the modeled fO2 falls
between ~QFM and QFM-1 (see the electronic supplement). This
completely overlaps the MORB source, consistent with Lee et al.
(2005), and is in opposition to the fugacities calculated from Fe
speciation. The discrepancy between the Fe and V/Sc proxies is
surprising in this case because our detailed study of this eruptive
suite indicates that neither crystallization nor degassing, the two
processes most often invoked to explain this discrepancy, are
primarily responsible for oxidation of this magma since it last
equilibrated with the mantle source. The reason for this discrepancy
remains unknown, but it is possible that the calibration conditions
for the V/Sc proxy are inappropriate for melting in the hydrous
mantle wedge (Jackson et al., 2010).

The Zn/Fe ratios in the Agrigan glass inclusions broadly increase as
differentiation proceeds (see the electronic supplement) with the
most mafic inclusions bearing ratios of 7–12. Clinopyroxene and
magnetite fractionation can only drive the Zn/Fe ratio up, therefore
the lowest Zn/Fe ratio we observe in this suite (7.6) provides a
minimum fO2 for this system's mantle source of QFM+2 (Lee et al.,
2010), consistent with the Lee et al. (2010) compilation for Mariana

image of Fig.�6
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whole rock data and the oxidation state of Fe determined in this
study.

4.4. An oxidized arc mantle wedge

4.4.1. Ferric Fe content of the arc mantle
Reconstructed primary melts for Agrigan may be inverted for

mantle melt fraction, using TiO2 as a proxy for melt fraction and a
simple batch melting model, with constraints from Kelley et al.
(2010). The batch melting equation may then be re-arranged to
solve for the equivalent concentrations of H2O and Fe3+ of the
Agrigan mantle source, using appropriate mantle/melt partition
coefficients for H2O (0.008; average of Aubaud et al., 2004, and
Hauri et al., 2006), and Fe2O3 (0.1–0.2; Canil et al., 1994; Mallmann
and O'Neill, 2009). These calculations indicate that the arc mantle
relevant for Agrigan basalts contains 0.49–0.87 wt.% Fe2O3 and 0.48–
0.72 wt.% H2O. This Fe2O3 content is bracketed by the Fe2O3

concentration predicted for the background MORB mantle source
(≥0.3 wt.%; Cottrell and Kelley, 2011) and the range predicted for
oxidized, hydrated arc mantle based on similar modeling of Fe2O3 in
whole-rock arc lavas (0.6–1.0 wt.%; Parkinson and Arculus, 1999).
Subtracting the Fe2O3 contribution from the background mantle
(0.3 wt.%) yields excess concentrations of 0.19–0.57 wt.% Fe2O3

added to (or created in) the arc mantle by slab-derived components,
and maximum Fe2O3/H2O ratios for the slab-derived components of
0.4–1.0 on a weight basis (0.04–0.11 Fe2O3/H2O or 0.09–0.23 Fe3+/
H2O on a molar basis). Such a high proportion of Fe2O3 to H2O cannot
be added directly by a dilute, oxidized aqueous fluid because Fe3+

has low solubility in such fluids (Schneider and Eggler, 1986). As
slab-derived components become more solute-rich, however, Fe3+

is likely to become much more mobile, as has been shown for other
fluid-immobile elements (e.g., Johnson and Plank, 1999; Kessel et
al., 2005). Therefore, if all of the observed excess Fe3+ is transported
directly from the slab into the mantle wedge, these constraints
require that slab-derived, H2O-rich components are hypersaline
brines, supercritical fluids, or silicate melts of subducted sediments
or the basaltic plate.

Alternatively, fluid-mobile elements, such as S, could oxidize the
mantle wedge of subduction zones without requiring direct transport
of Fe3+. If the intrinsic oxygen fugacity of fluids released from the de-
scending slab are sufficiently high to carry S as sulfate (SO4

2−; S6+),
then 1 mol of S has the potential to oxidize 8 mol of Fe2+ as sulfate
in the fluid is reduced to form sulfide (S2−) in the mantle wedge.
Sulfur reduction will take place provided that the oxygen fugacity of
the mantle wedge remains below the sulfur–sulfur oxide (SSO)
buffer, or approximately QFM+2 (Mungall, 2002). The molar S/H2O
ratio required to oxidize 0.09–0.23 mol of Fe3+ per mole of H2O is
0.011–0.028. Constraints on the S content of various mantle sources
suggest that arc mantle contains ~200 ppm S in excess of MORB
mantle (Wallace, 2005), and given the above constraints on the H2O
content of the Agrigan mantle source, this gives a molar S/H2O ratio
in slab-derived components of ~0.016–0.023. From this perspective,
hydrous slab-derived components could deliver enough S to create
the observed Fe3+ abundance in the arc mantle.

4.4.2. Potential sources and causes of oxidation in the mantle wedge
Subducting oceanic lithosphere is highly oxidized (e.g., Alt et al.,

1986; Berndt et al., 1996; Lecuyer and Ricard, 1999). Sediments may
contain Fe3+/∑Fe ratios up to 0.82 and altered basalts up to 0.19–
0.24 (Lecuyer and Ricard, 1999). The lithospheric mantle may also
become oxidized through the formation of serpentine and brucite,
which exclude Fe from their olivine protolith that then forms magnetite
(and H+, which escapes the system) at the expense of H2O (e.g., Berndt
et al., 1996). The above discussion (Section 4.4.1) proposes that this
oxidized subducted plate provides the materials, potentially in the form
of Fe3+ or SO4

2−, that drive oxidation of the mantle wedge beneath arc
volcanoes. Sulfur isotopic studies of Mariana fore-arc serpentinites and
arc lavas suggest that S is delivered by the slab, and specifically by the
subducted sediment, to the mantle wedge (Alt and Shanks, 2006; Alt et
al., 1993), although S abundances and budgets of subducting sediments
in the Marianas and elsewhere remain poorly constrained (Plank and
Langmuir, 1998). Serpentinized lithospheric mantle also has the
potential to produce highly oxidized fluids during de-serpetinization
reactions that consume magnetite during dehydration (Elburg and
Kamenetsky, 2007; Nozaka, 2003).

Oxidized slab-derived fluids, however, have no power to change
the mantle wedge fO2 if the mantle is buffered by mineral equilibria,
which, through changes in mineral mode, may mediate system fO2.
Recent work postulated that the relatively dry and reduced MORB
source may be buffered during melting near QFM by S equilibria
(Cottrell and Kelley, 2011). The buffering capacity of the arc source,
however, may be diminished by the presence of H2O which, through
increased melt fraction, may deplete the mantle wedge of buffering
phases. This could leave arc melts more susceptible to oxidation by
the addition of oxidized fluids (Evans and Tomkins, 2011).

5. Conclusions

Olivine-hosted glass inclusions from Agrigan, Marianas preserve a
segment of the liquid line of descent of a H2O-rich arc magma. Glass
compositions are uniformly more oxidized than MORBs, and indicate
reduction, rather than oxidation, as the major redox change during
differentiation. Correlation between Fe3+/∑Fe ratios and dissolved
S concentrations indicate that S degassing may play a major role in
modifying melt redox during degassing. Reconstruction of the most
mafic Agrigan melts to primary mantle melt compositions, which
compensates for the slight oxidation effect of fractionating Fe2+-rich
crystal phases, shows that primary arc melts are oxidized at
equilibrium with the arc mantle source, and that fO2 correlates
directly with indices of slab additions to the mantle wedge (e.g., H2O,
Ba/La). Simple mass balance calculations suggest that S derived from
the subducted plate is present in the arc wedge in sufficient
abundance to accommodate the magnitude of oxidation
required.
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