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The composition of the continental crust is closely tied to subduction zone magmatism. Elevated oxygen
fugacity (fO2) plays a central role in fostering crystallization of oxide minerals and thereby aids in
generating the calc-alkaline trend of iron depletion that characterizes the continents. Along continental
margins, arc magmas erupt through continental crust and often undergo extensive differentiation that
may modify magmatic fO,. The importance of the subducting slab and mantle wedge relative to
the effects of this differentiation on the fO; recorded by continental arc magmas remains relatively
unconstrained. Here, we focus on the effect of differentiation on magmatic fO, using a suite of 14
samples from the Central Volcanic Zone (CVZ) of the Andes where the continental crust is atypically thick
(60-80 km). The samples range in composition from ~55 to 74 wt% SiO, and represent the Neogene
history of the arc. Samples are basaltic andesite to rhyolite and span a range of radiogenic isotopic
compositions (87Sr/86Sr = ~0.705-0.712) that represent 30 to 100% crustal assimilation. We use several
proxies to estimate the fO, recorded by lavas, pumice, and scoria: (1) whole rock Fe**/XFe ratios, (2)
Fe3+/2Fe ratios in quartz-hosted melt inclusions, and (3) Fe-Ti oxide oxygen-barometry. Comparison
of the fO, calculated from bulk Fe*/XFe ratios (post-eruptive) with that derived from Fe-Ti oxides
or melt inclusion Fe3*/XFe ratios (pre-eruptive), enables us to quantify the effect of syn- or post-
eruptive alteration, and to select rocks for bulk analysis appropriate for the determination of pre-eruptive
magmatic fO, using a strict criterion developed here.
Across our sample suite, and in context with samples from the literature, we do not find evidence
for systematic oxidation due to crystal fractionation or crustal contamination. Less evolved samples,
ranging from 55 to 61 wt% SiO,, record a range of >3 orders of magnitude in fO,, spanning the
fO, range recorded by all samples in our suite. Among these less evolved magmas, we find that those
erupted from volcanic centers located closer to the trench, closer to the Benioff Zone, and with more
geochemical evidence of subducted components in the mantle source (elevated La/Nb) result in magmas
that record systematically higher fO,. We conclude that the slab/mantle source can exert greater control
on magmatic fO; than processes occurring in even the thickest continental crust. Thus, the fO, of arc
magmas, and hence their calc-alkaline nature, may be inherited from the mantle.
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more oxidized than tholeiites, no consensus exists on the oxida-
tion mechanism. Degassing, fractional crystallization, and crustal
contamination - all mechanisms of differentiation - have been
suggested as possible vehicles for oxidation (e.g., Lee et al., 2005).
Several studies have looked for magmatic oxidation due to de-
gassing of C, H and S species in natural systems, but either have
not observed it (Brounce et al., 2014; Cottrell and Kelley, 2011;
Crabtree and Lange, 2012; de Moor et al., 2013; Kelley and Cot-
trell, 2012) or have discovered degassing-induced magmatic re-

1. Introduction

The chemistry of arc magmas is intimately linked to the gener-
ation of continents (Gill, 1981). Oxygen fugacity (fO) contributes
to the creation of the calc-alkaline magmatic trends that typify
arcs (e.g., Brounce et al., 2014; Kennedy, 1955; Osborn, 1959).
Despite the observation that calc-alkaline magmas are generally
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duction (Anderson and Wright, 1972; Kelley and Cottrell, 2012;
Moussallam et al., 2014; Shorttle et al., 2015). Low pressure frac-
tional crystallization can result in moderate oxidation of less than
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Fig. 1. The Central Volcanic Zone (CVZ) in the Andes of South America. Centers sampled span the entire CVZ and represent the complete range of 87Sr/36Sr ratios as shown
in the legend. Numbers refer to crustal thickness and are from Allmendinger et al. (1997). Base map from www.geomapapp.org, Ryan et al. (2009).

half a log unit (Cottrell and Kelley, 2011) but cannot explain the
disparity between the oxidation states of oceanic arc and mid-
ocean ridge rocks (Brounce et al., 2014; Crabtree and Lange, 2012;
Kelley and Cottrell, 2012). Crustal contamination (assimilation or
partial melting of the host rock) can serve to reduce magmas (e.g.,
Hine et al.,, 1978), oxidize magmas (e.g., Ague and Brimhall, 1988),
or produce no net change in oxidation state (e.g., Chappell and
White, 2001), depending on the composition of the material be-
ing assimilated. The effects of crustal contamination on magmatic
fO, are therefore not easily generalized and remain understudied.
At continental arcs these processes have not been systematically
evaluated and may operate to modify magmatic fO,.

To investigate an end-member case, we examine the hypothesis
that Central Andean magmas derive their oxidized nature from dif-
ferentiation within an extremely thick continental crust. We focus
on volcanic samples from the Central Volcanic Zone (CVZ) of the
Andes in South America, where magmas have ascended through
up to 80 km of continental crust (Fig. 1). CVZ volcanic rocks under
consideration here have undergone variable amounts of differen-
tiation as measured by their silica contents (basaltic andesite to
rhyolite with ~55-74 wt% SiO,; Tables 1 and 2) and radiogenic
strontium isotopes (87Sr/86Sr = ~0.705-0.712, Table 1; Davidson
et al, 1991; Davidson and de Silva, 1995; Folkes et al., 2013;
Kay et al., 2011; Trumbull et al., 1999).

We use two proxies for fO, to evaluate the oxidation state
of arc magmas from the CVZ: the Fe3*/XFe ratio (where XFe =
Fe3T + Fe?*) as determined on bulk rocks by wet chemistry or as
measured directly in glassy melt inclusions using Fe K-edge X-ray
absorption near-edge structure (XANES) spectroscopy, and the fO,
determined from magnetite-ilmenite pairs. We provide quantita-
tive documentation of the effect of differentiation on the fO,s
recorded by CVZ magmas. We explore the extent to which crustal
processes versus modifications to the mantle wedge may be re-
sponsible for inducing calc-alkaline magmatism.

2. Geologic background

The present N-S oriented cordillera of the Andes is the re-
sult of ~200 My of subduction of the Nazca plate (Fig. 1). The
Central Volcanic Zone, or CVZ, of the Central Andes lies above
exceptionally thick crust (up to 80 km; Beck et al., 1996; Yuan
et al., 2002; Appendix A.1), created by horizontal shortening of
a thermally softened lithosphere, which uplifted the Altiplano-
Puna plateau (Allmendinger et al., 1997; Isacks, 1988). Intense
and voluminous caldera-forming eruptions formed the Altiplano-
Puna Volcanic Complex (APVC; de Silva, 1989a; de Silva et al,
2006). The dominantly dacitic ignimbrites throughout the Cen-
tral Andean Neogene Ignimbrite Province, with basaltic andesite
as a minor component, belong to a high-K, calc-alkaline suite and
have chemical and isotopic characteristics that suggest subduction-
related mafic magmas variably contaminated by continental crust,
the most contaminated being those in the APVC (de Silva et al,,
2006; Folkes et al., 2013; Kay et al, 2011; Ort et al., 1996; Ap-
pendix A.1). “Baseline” isotopic compositions of 87Sr/36Sr ratios
of ~0.706 and '#Nd/'*3Nd ratios of ~0.5124 record minimal
crustal contamination (Burns et al., 2015; Davidson et al., 1991;
de Silva et al, 2006; Hildreth and Moorbath, 1988). Extension
of the baseline compositions to more “crustal” values indicates
the significant leverage that continental crust exerts on isotopic
compositions, with some extreme CVZ magmas nearing assimilant
compositions (Fig. 2; de Silva, 1989b; Hawkesworth et al., 1982;
Klerkx et al., 1977).

3. Geochemistry of CVZ magmas and sample selection

We chose samples that represented the maximum possible
range of crustal differentiation in the CVZ. The samples represent
10 different volcanic centers and capture a large range of eruptive
styles and products, compositions, and crystal contents (Table 1;
Table A.1). We selected petrographically and geochemically well-
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Table 1
CVZ volcanic systems sampled with composition and petrographic information.
Source Volcano/ Ref Sym" Deposit Sample # Eruptive Sample Comp Si0; 8751865 Crystal Phenocryst Comments
Caldera phase material (wt%) (error) (%) assemblage
Calderas Guacha Caldera Gf Tara Fall 09008 Plinian Pumice Rhy 73.91° 0.710281(11)? 10 plg > qtz >> bt > pyx White
> ksp > ilm > zr, ap
Gig Tara IG LA1 Ignimbrite Pumice Rhy 70.69 0.710562(13)* 30 plg > qtz > am > bt Orange
> ksp > MI >> zr, ap
Purico P Purico Fall 09006 Plinian Pumice Rhy 69.43¢ 0.70901(25) 10 plg > bt > am > opx White
>> ap, zr
Cerro Galan Cn North Dome CG11IND Dome Lava RhyDac 68.54% 0.711606(10) 35 plg > qtz > bt > ksp Reddish/Orange
>> MI > ap, zr
Ce Eagle Rock CG11ER Ignimbrite Pumice RhyDac 69.24° 0.711606(10) 40 plg > qtz > bt > ksp Reddish/Orange
>> MI > ap, zr
cf Fan CG11FAN Ignimbrite Pumice RhyDac 69.60° 0.711606(10)? 30 plg > qtz > bt > ksp Reddish/Orange
>> MI > ap, zr
Cd Dome 2 CG11D2 Dome Lava RhyDac 70.54° 0.711606(10) 40 plg > qtz > bt > ksp Blk; fresh,
>> MI > ap, zr glassy
Composite La Poruna Po Cinder Cone 09001 Flow Lava And 59.01¢ 0.706385(10)? 25 plg > opx > cpx > ol Black
Volcanoes Lascar Lc 1993 Tephra LA09009_3 Flow Pumice_core And 60.56 0.706638(11) 20 plg > opx > cpx > bt Red
> MI >> ap, zr
Lm 1993 Tephra LA09009_2 Flow Pumice_mid And 60.56 0.706638(11) 20 Orange
Lr 1993 Tephra LA09009_1 Flow Pumice_rim And 60.56 0.706638(11) 20 White
Lp 1993 Tephra LA09009 Flow Pumice And 60.56° 0.706638(11)* 20 Red core white
rim
Ls 1993 Tephra LA09010 Flow Scoria And 58.63 0.706281(13)* 20 plg > opx > cpx > bt Blk
> MI >> ap, zr
Lf Soncor LA124 Ignimbrite Scoria Bas And 56.83 0.706242 20 plg > cpx > ol > MI Blk
> opX >> ap, zr
Tuzgle Tu Young Flow Tuzgle Flow Lava And 59.24 0.70628(16) 12 ol > am > bt > MI mm; Xeno
Aucanquilcha Ap Polan-Central AP0736 Flow Lava And 60.70 0.706780(8) 15 plg > cpx > am > opx Blk; mm; xeno
Volcanic Cluster >> bt, ol, MI, zr
Ag Gordo-Rojo AP0729 Flow Lava And 59.10 0.70626(1) 15 plg > cpx > opx > am
>> ol, zr
Tata Sabaya T Stage 3 TS9025 Debris Flow Lava Bas And 57.60 0.70516(9) 45 plg > am > cpx > MI BIk; alt oxides
>> ol > ap-zr
Mafic Bolivian Minor Lu Cerro Luntapa BC9005 Flow Lava Bas And 54.78 0.706170(17) 5 plg > pyx > ol > mg Blk; glassy;
Centers Centers Xeno
Q Quillacas BC9024 Flow Lava And 61.35 0.710440(28) 5 plg > pyx > am > ol BIk; glassy; mm

v6

¥01-26 (910Z) OFF 5491397 20Ua1dS Aipjaupld pup y4ng /b 32 9420140 °g'S

4 Values determined in this study;
b First letter refers to volcanic center (Fig. 1), second letter to erupted unit. mm = magma mingling; xeno = xenocrysts; alt = altered; plg = plagioclase; qtz = quartz; bt = biotite; pyx = pyroxene; ksp = K-feldspar; zr =
zircon; ap = apatite; MI = magnetite + ilmenite; mg = magnetite; ilm = ilmenite; ol = olivine.
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Table 2
Whole rock major element compositions calculated anhydrous.

Volcano Guacha Caldera/Tara Deposits La Poruna Purico Cerro Galan Aucanquilcha
Sample 09008* 09008" LA1? 09001° 09006 CG11ND? CG11ER? CG11FAN? CG11D2¢ AP0736¢ AP0729¢
Ref Sym Gf Gf (Mls) Gig Po P Cn Ce cf Cd Ap Ag
Si0; 73.91 77.00 70.69 59.01 69.43 68.54 69.24 69.60 70.54 60.70 59.10
TiO, 0.30 0.09 0.50 0.79 0.47 0.66 0.56 0.56 0.56 1.05 1.05
Al 03 13.64 12.97 15.20 16.61 15.99 15.38 15.66 15.20 15.21 16.50 16.60
FeO' 2.61 0.76 2.76 6.10 2.90 3.23 2.83 2.80 2.38 5.65 6.61
MnO 0.07 0.05 0.06 0.10 0.08 0.05 0.05 0.04 0.03 0.09 0.11
MgO 0.39 0.07 0.94 5.08 0.88 1.27 1.06 117 0.60 3.04 3.66
Ca0 1.90 0.82 2.58 6.40 3.20 2.78 2.50 2.60 2.39 5.73 5.89
Na,0 2.42 2.94 2.84 3.85 3.47 3.45 3.25 3.20 3.41 415 3.75
K;0 4.65 5.09 433 1.85 337 439 4.65 4.60 4.68 2.77 2.95
P,05 0.11 0.01 0.11 0.20 0.19 0.25 0.21 0.18 0.20 0.36 0.32
Unnormalized Total 91.92 93.74 97.26 98.75 95.04 98.56 96.69 96.80 98.76 99.02 98.79
LOI 6.82 - - 0.41 4.24 0.31 1.75 2.20 0.45 0.59 0.84
Volcano Tuzgle Lascar Minor Centers Tata Sabaya
Sample Tuzgle® LA09009? LA09010? LA124¢ BC9005 BC9024" TS9025%
Ref Sym Tu Lp Lr Lc Ls Lf Lu Q T
Si0; 59.24 60.56 58.63 56.83 54.78 61.35 57.60
TiO, 1.38 0.72 0.78 1.00 1.25 111 1.40
Aly03 16.22 16.77 16.52 16.71 16.55 16.40 16.98
FeO" 6.17 5.86 6.44 714 7.75 5.04 6.78
MnO 0.10 0.11 0.12 0.11 0.14 0.10 0.10
MgO 3.97 3.86 492 5.88 5.66 3.77 3.27
Ca0 5.67 6.47 739 7.00 751 547 6.00
Na,0 3.55 3.51 3.42 3.68 371 2.89 435
K;0 3.22 1.94 1.59 141 2.25 3.52 3.00
P,05 0.47 0.19 0.19 0.25 0.41 0.34 0.52
Unnormalized Total 99.32 99.76 98.89 98.88 98.69 99.10 99.15
LOI - 09009 09009_1_rim 09009_3_core 0.03 - 0.46 0.57 0.78
0.02 135 0.60
@ Values determined in this study.
b Average major element composition of melt inclusion derived from Tara fall pumice.
¢ Coira and Kay (1993).
4 Walker et al. (2010; 2013).
€ Matthews et al. (1999) and Gardeweg et al. (1998).
f Davidson and de Silva (1995).
& de Silva et al. (1993).

characterized samples, including lavas, pumice, and scoria (Fig. 1),
and apply strict criteria to ensure that samples record magmatic
Fe3t /X Fe ratios (section 6.2). The locations of all volcanic cen-
ters sampled, as well as their tectonic setting, age, and volume,
are provided in Table A.l. In Table 1, we provide information on
the specific samples analyzed, including composition, crystal con-
tent, phenocryst assemblage, and a visual description of sample
color. Our decision to have all analyses (majors, traces, isotopes,
Fe3t /X Fe ratios) derive from the same parent sample resulted in
analysis of a single sample from each volcanic center. We place our
samples within the broader geochemical context of the volcanic
centers from which they derive (Appendices A.2 and A.3; Figs. A.3,
A4, A.5). We present a statistical analysis that explores the poten-
tial impact of our study design on our conclusions that justifies
our approach to assessing whether SiO, varies systematically with
fOy as it does with major and minor elements (Appendix A.4;
Fig. A.6).

4. Analytical methods
4.1. Whole rock geochemistry and isotopes

We determined major element compositions of ten bulk sam-
ples by X-ray Fluorescence (XRF) at the Washington State Univer-
sity GeoAnalytical Lab. We combine whole rock major elements
new to this study with analyses reported from the literature (Ta-
ble 2). We analyzed Sr isotopes on six samples using thermal ion-
ization mass spectrometry (TIMS) at New Mexico State University.

Other values are from the literature (Table 1). We provide analyti-
cal details in Appendix A.5.

4.2. Determinations of Fe3* / X Fe ratios

4.2.1. Wet chemistry

We analyzed the Fe?t (FeO wt%) concentration in variably crys-
talline samples in duplicate using microcolorimetry (Carmichael,
2014). We crushed each sample in a ceramic ball mill at the Smith-
sonian Institution to achieve well-mixed powders and followed the
procedures of Cottrell and Kelley (2011), based on the procedure of
Carmichael (2014). We combined these data with measurements of
total iron (FeO*) on the same samples by XRF to obtain Fe3*/XFe
ratios.

4.2.2. XANES

We obtained Fe K-edge X-ray absorption near-edge structure
(XANES) spectra at station X26A at the National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory (BNL), to deter-
mine Fe3* / XFe ratios in homogeneous, glassy, naturally quenched,
crystal-free quartz-hosted melt inclusions. Seven rhyolitic glasses
with known Fe?*/XFe ratios served as standards (Cottrell et al,,
2009 and Appendix A.5).

4.3. Determinations of fO,
4.3.1. Fe-Ti oxide geothermometry and oxygen-barometry

We determined major element compositions of coexisting ti-
tanomagnetite and ilmenite grains in thin section using the JEOL-



96 S.B. Grocke et al. / Earth and Planetary Science Letters 440 (2016) 92-104

0.5132
0.714
. Ce cf
0.5130 O 0.712 Cn «
Mantle- 5
: Derived Basalt 0710 AQ EGE !
=<} LS
= PV Tara Fall
0512870 B 0708 Melt Inclusions
oo
I
|} 0.706 5
< 0.5126 \ R =0.71
Z 10%}\'\ L 0.704
1'% N s 50 55 60 65 70 75 80
Si0, (wWt.%
Z 05124 ke 2 (WL90)
g ° N Ag
- o APVC
e ~ e 5 PS N
0.5122 ﬁ - T
' Lu 60% 0% % TS T T - o
TQ Gig Cerro J
0.5120 Galan Y
CVZ Basement Range
Used in This Study
0.5118 + + + +
0.702 0.707 0.712 0.717 0.722
875r/808r

Fig. 2. Sr-Nd isotopic data for Central Volcanic Zone samples analyzed in this study. Reference symbols correspond with those listed in Fig. 1 and Table 1, based on
magma source (composite volcanoes are large triangles, calderas are ovals, and minor centers are small triangles) and eruptive unit. The field of Altiplano-Puna Volcanic
Complex (APVC) magmas includes the Western APVC magmas from Schmitt et al. (2001) and Lindsay et al. (2001). Field for Cerro Galan includes samples from Francis and
Sparks (1989). Starting mantle-derived basalt composition from Schmitt et al. (2001). Simple mixing models are shown using assimilation-fractional crystallization modeling
(DePaolo, 1981) with progressive amounts of crustal mixing (10% increments) with a basaltic magma. Two models are shown using the range in basement endmember
compositions (represented by the large star and large filled circle) presented by Lucassen et al. (2001; Appendix A.1). Inset figure shows 87Sr/36Sr versus SiO, content for the
samples selected in this study. Compiled whole rock major element compositions for each sample are listed in Table 2. All samples are color-coded based on their 87Sr/86Sr
content (see scale bar in Fig. 1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

8900 electron microprobe at the Smithsonian Institution (Ta-
ble A.2; Appendix A.5). We applied the recalculation procedure
of Stormer (1983) and the thermometers of Andersen and Lindsley
(1988) and Ghiorso and Evans (2008) to calculate temperature and
fO7 of the CVZ magmas that crystallized Fe-Ti oxides.

4.3.2. Kress and Carmichael (1991) calibration

Using major oxide composition from XRF in combination with
temperatures obtained from this study or the literature using min-
eral thermometry (e.g., Fe-Ti oxides, two-pyroxenes, plagioclase-
amphibole pairs), we use the Kress and Carmichael (1991) calibra-
tion (eq. 6) to calculate fO, (relative to the NNO buffer of Frost,
1991) from Fe3*/XFe ratios. These calculations are only strictly
valid for quenched liquids because solid assemblages can have
variable Fe>*/ XFe ratios at a given fO, due to the crystal chemi-
cal constraints imposed by mineral stoichiometry (e.g., McCanta et
al., 2004). Despite this, the Kress and Carmichael (1991) model has
been frequently applied to partially crystalline rocks (e.g., Table 2
in Carmichael, 1991; Table 3 in Crabtree and Lange, 2012) and
can yield fO, consistent with Fe-Ti oxides (Crabtree and Lange,
2012). Crabtree and Lange (2012) showed that partial crystalliza-
tion of lavas from the Tequila volcanic field occurred primarily dur-
ing rapid “closed system” groundmass crystallization and that this
preserves the Fe>* / XFe ratio. The andesites and basaltic andesites
from the CVZ are dominantly aphyric with glassy groundmass; we
therefore expect the Kress and Carmichael (1991) relationship be-
tween Fe3t/XFe ratio and fO, to hold. In the cases of the frothy
ignimbrite dacite and rhyolite pumices and the crystal rich lavas,
we compare our bulk rock fO; results with estimates from Fe-
Ti oxides to ensure that the Kress and Carmichael (1991) model
yields fO, consistent with Fe-Ti oxides.

5. Results
5.1. Whole rock geochemistry and isotopes

Whole rocks provide a range in SiO; concentrations (54.78-
73.91 wt%, calculated anhydrous) and measured 37Sr/®6Sr ratios

(0.70516 to 0.71160; Table 1; Fig. 2; correction to initial values
is small and can be neglected). The most differentiated samples in
the suite are from the APVC and Cerro Galan caldera systems; they
have the highest 87Sr/86Sr ratios (~0.709 to 0.712) and SiO, con-
centrations (~69 to 74 wt%; Table 1; Figs. 2, A.3, A4, A.5). Basaltic
andesites and andesites from CVZ composite volcanoes and Bo-
livian minor centers have the lowest 87Sr/86Sr ratios (~0.705 to
0.707) and SiO, concentrations (~55 to 61 wt%), with the excep-
tion of the Quillacas andesite that has an elevated 87Sr/%6Sr ratio
(0.710440, Table 1, Fig. 2). Si0; (wt%) correlates with 87Sr/86Sr ra-
tios (R? = 0.71; inset in Fig. 2). The correlation between isotopic
ratios and SiO, content makes it difficult to distinguish between
the effects of crystallization and crustal contamination on the com-
positions of erupted magmas (Appendix A.2). For this reason, our
discussion is presented in terms of the overall extent of differ-
entiation, which includes crystal fractionation as well as crustal
contamination, whether by partial melting or assimilation.

5.2. Fe3* / XFe ratios

5.2.1. Wet chemistry

Whole rock samples from the CVZ span a range in Fe3*/XFe
ratios (0.19 to 0.54; Table 3). Importantly, the basaltic andesites
and andesites bracket the entire range of Fe3* / XFe ratios recorded
by our sample suite, including the highly differentiated magmas
that display a narrower range of Fe*/XFe ratios (between 0.42
and 0.48). Further, across the spectrum of differentiation, we found
CVZ samples with FeT/XFe ratios as low, or even lower, than
those found in the ocean-ocean convergent margin basalts of the
Marianas. We discuss separately below whole rock samples from
two systems (Lascar and Cerro Galan) that show distinct signs of
post-eruptive alteration (e.g., visibly zoned pumice, and crystal rich
orange lavas, respectively) to quantify the effect of alteration on
the fO, of bulk rocks. These sub-samples have Fe3*/XFe ratios
that reach 0.84 £0.05 (Table 3) and were not included in our final
discussion. This exercise is useful, however, in demonstrating the
potential magnitude of post-eruptive oxidation.
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Table 3
Measurements of wt.% FeO, ANNO, and Fe3*/XFe on bulk rocks, Fe-Ti oxides, and melt inclusions.
Volcano Sample Reference Colorimetry Colorimetry Colorimetry Fe-Ti Oxides Fe-Ti Oxides A wt% FeO FeO
symbol Fe3t/xFe ANNO wt% FeO (pre-eruptive) (pre-eruptive) (Fe-Ti oxides (wt%)
Avg. + 1o Avg. + 10 Avg. + 1o wt% FeO Fe3t/sFe - colorimetry)
Avg. + 10 Avg. + 1o
Samples that show signs of post-eruptive alteration
Post CG IG CG11IND Cn 0.84 £+ 0.05 6.69 +0.90 0.50+0.17 2.11+0.20 0.35+0.06 1.61 3.23
Post CG IG CG11ER Ce 0.78 £0.01 5.72+0.18 0.62 £0.04 1.71+0.08 0.40 £0.03 1.09 2.83
Post CG IG CG11FAN cf 0.29 £0.09 0.86 £0.93 1.99+0.24 1.65+0.03 0.41 £0.01 —-0.34 2.80
Lascar 09009_3_Core Lc 0.40 £0.03 2.06 +£0.26 3.54+0.17 4.02+0.03 0.31+0.01 0.48 5.86
Lascar 09009_2_Middle Lm 0.39+£0.02 2.05+0.17 3.55+0.11 5.86
Lascar 09009 Lp 0.38 £0.04 1.95+0.35 3.61+£0.22 5.86
Samples used in interpretation
Tara Fall 09008* Gf 0.367 £ 0.003? 1.64 £ 0.00° 0.49 £+ 0.00° 0.76°
Tara Ignimbrite LA1 Gig 0.42 £0.02 2.32+£0.19 1.59+0.06 1.99 +0.02 0.28 £0.01 0.40 2.76
Cerro Purico Fall 09006 P 0.48 £0.05 2.84+£0.47 1.50+0.15 1.82+0.02 0.37 £0.01 0.32 2.90
Post CG IG CG11D2 Ccd 0.42 £0.03 2.17 £0.27 1.37+£0.07 1.41+0.03 0.41 £0.01 0.04 2.38
La Poruna 09001 Po 0.27 £0.01 0.84+0.12 4.45 +0.07 6.10
Lascar 09009_1_Rim Lr 0.32+£0.03 1.29+0.32 4.01£0.19 4.02+0.07 0.31£0.01 0.01 5.86
Lascar 09010 Ls 0.33+£0.03 1.37+0.33 4.3440.21 6.44
Lascar LA124 Lf 0.30£0.08 1.15+0.86 4.414+0.13 7.06
Tuzgle TUZGLE Tu 0.19+£0.01 —0.34+0.18 4.99 +0.08 4.524+0.48 0.26 £0.08 —0.47 6.13
Aucanquilcha AP0736 Ap 0.54 £0.01 3.15+0.03 2.61+£0.02 4.32+0.42 0.25+0.07 1.71 5.65
Aucanquilcha AP0729 Ag 0.34+0.02 1.48+0.19 435+0.13 6.61
Tata Sabaya TS9025 T 0.40 £0.02 1.98+0.28 4.03£0.21 6.72
Cerro Luntapa BC9005 Lu 0.49 £0.01 2.85+0.01 3.92+0.01 7.65
Quillacas BC9024 Q 0.26 £0.02 0.67 £0.26 3.68 £0.12 4,98
Standards Avg Colorimetry (wt% FeO) Certified (wt% FeO) (Average colorimetry - certified values) (wt% FeO)
BCR-1 9.03 (0.23) 8.80 0.23
QLO-1a 3.21 (0.24) 297 0.24
BIR-1a 8.62 (0.18) 8.34 0.28

All analyses performed in duplicate. Duplicate standards run with each analytical session. The average standard value is reported. ANNO = log fO, (sample) - log fO, (Ni-Ni
buffer) at temperature reported in Table A.2 using Andersen and Lindsley (1988). wt% FeO from bulk rock was converted to ANNO using the Kress and Carmichael (1991)

model (eq. (6)).

2 All analyses of sample 09008 were conducted on a quartz-hosted melt inclusion using XANES (XRF for FeO*).

5.2.2. XANES

Despite efforts to acquire XANES data on quartz-hosted melt
inclusions in high-silica rhyolites and olivine-hosted melt inclu-
sions in basaltic andesites, only pumice from the Tara fallout de-
posit erupted from the Guacha II Caldera in SW Bolivia (77.0 wt%
SiOy; Figs. 1 and 2; Table 1) yielded naturally glassy inclusions
(n =2) that we were able to analyze via spectroscopic techniques
(Fig. A.7). Many additional quartz-hosted inclusions appeared pet-
rographically to be perfectly glassy; however, XANES spectra re-
vealed ordering in the XAFS region indicative of nano-scale crys-
tallization or devitrification (Fig. A.8). Multiple analyses of two
naturally quenched, glassy, quartz-hosted melt inclusions, free of
daughter crystals and vapor bubbles, in the Tara rhyolite fallout
pumice (37Sr/%6Sr value of 0.710281; Table 1) gave an average
Fe3* /X Fe ratio of 0.367 & 0.003 (Table 3).

5.3. Fe-Ti oxide geo-thermometry and oxygen-barometry (f0)

Fe-Ti oxides from individual CVZ samples yield a narrow range
in temperature and fO that fall within the equilibrium test
of Bacon and Hirschmann (1988; Fig. A.9; Table A.2). Using the
calibration of Andersen and Lindsley (1988), magmatic tempera-
tures range from 803 to 906 °C for all samples, with an average
two-sigma standard deviation of +13°C (Table A.2; Fig. A.10).
Pre-eruptive ANNO values range from +0.6 to +2.1 (Table A.2,
Figs. A10 and A.11). Use of the Ghiorso and Evans (2008) for-
mulation does not change our conclusions and, like several other
workers (e.g., Blundy et al.,, 2008; Folkes et al., 2011; Wright et
al., 2011), we prefer the Anderson and Lindsley (1988) formulation
(see Appendix A.6). We provide and discuss results using both for-
mulations (Appendix A.6; Table A.2; Fig. A.12), but employ results
from Anderson and Lindsley (1988) in the main text.

6. Discussion
6.1. Effects of syn- and post-eruptive alteration

The oxidation state of Fe (i.e., Fe3* / XFe ratio) in volcanic rocks
has been applied extensively as an fO, proxy (e.g., Bézos and
Humler, 2005; Carmichael, 1991; Christie et al., 1986; Cottrell and
Kelley, 2011; Crabtree and Lange, 2012), with the understanding
that care must be taken to ensure that post-eruptive alteration
is not a factor. For example, bulk samples such as pumice (frothy
glass with a high surface area), ignimbrites (gas-particulate flows
that incorporate air while hot), or rocks that contain olivine with
visible iddingsite rims, must not be used to infer magmatic fO,
(e.g., Carmichael, 1991; Crabtree and Lange, 2012); however, the
effect of syn- and post-eruptive oxidation has not been quantified.
CVZ samples exhibit a range in alteration textures, enabling us to
quantify the effect of alteration on the fO, derived from whole
rock analysis. We analyzed Fe-Ti oxides when we had reason to be
suspicious of any bulk rock sample, due its high crystallinity, vis-
ible alteration, or frothy texture, which included pumice samples
(e.g., Lascar, Purico, and Guacha) and crystal-rich and/or altered
lavas (e.g., Cerro Galan and Tuzgle).

To quantify the effect of syn- or post-eruptive alteration on
bulk rock fO,, we compare Fe3*/XFe ratios derived from whole
rock and Fe-Ti oxides measured in two dacite post-collapse lavas
(samples CG11ND, CG11D2) and two ignimbrites (samples CG11ER,
CG11FAN) from Cerro Galan. These samples have similar ages,
compositions, and likely erupted from the same volcanic system,
but represent different styles of eruption.

The Dome 2 lava (sample CG11D2) has no visible oxidation,
and has a black, glassy groundmass (Table 1). In contrast, North
Dome (sample CG11ND) has a distinct reddish color visible in hand
sample (Fig. A.13). Fe>T /X Fe ratios from whole rock analysis and



98 S.B. Grocke et al. / Earth and Planetary Science Letters 440 (2016) 92-104

LASCAR PUMICE BLOCK
SAMPLE 09009 (Lp)
Fe¥*/SFe: P S Fe3*/sFe:
029+ 0.01 < s 9 o 0314001
Wet chem Fe-Ti Oxides
0.40 +0.03<«-
Wet chem <

0.39+0.04
Wet chem

0.31+0.01
Fe-Ti Oxides

Fe?*/SFe:
Wet chem
BULK ROCK
09009 (Lp)

0.38 +£0.04

Fe>*/SFe:  040+0.03 0.39+0.01 0.340.02

Wet chem Wet chem Wet chem

Fig. 3. Lascar pumice block (sample 09009) photograph with two transects with
sample locations from rim to core labeled Lr (rim), Lm (middle), and Lc (core), re-
spectively. We report Fe3*/XFe ratios measured with whole rock wet chemistry
and Fe>t/ XFe ratios calculated from Fe-Ti oxides for each respective zone. We cal-
culate Fe’* / XFe ratios from an average fO, derived from all pairings of magnetite
and ilmenite using Kress and Carmichael (1991). Error for each analysis is 1o

derived from Fe-Ti oxides from Dome 2 are nearly identical, within
error (0.42 £0.03 and 0.41 £ 0.01, respectively; Table 3), whereas
the Fe3*/XFe ratios determined on whole rocks for North Dome
deviate from the Fe-Ti oxide values (0.84 £ 0.05 and 0.35 + 0.06,
respectively; Table 3), with the whole rock giving a significantly
more oxidized Fe**/ XFe ratio. This result confirms the findings of
Crabtree and Lange (2012), who showed that bulk Fe3*/XFe ra-
tios of fresh, partially crystalline lava samples, like Dome 2, record
pre-eruptive fO,. Furthermore, it demonstrates that visibly altered
bulk rock samples can give a post-eruptive Fe3*/XFe ratio that
is more than twice as oxidized as the pre-eruptive value derived
from Fe-Ti oxides.

The ignimbrite samples from Cerro Galan (samples CG11ER and
CG11FAN) each have a strong reddish/orange color in hand sample
and elevated LOI values (1.75 and 2.20 wt%, respectively; Tables 1
and 2). The bulk rock Fe>*/XFe ratios for the two ignimbrites
deviate from the Fe-Ti oxide ratios consistent with an eruptive/em-
placement style in which air entrained by hot particulate gas flows
may cause oxidation. Interestingly, magnetite-ilmenite pairs from
all Cerro Galan lavas and ignimbrites exhibit a very narrow range
in temperature and fO, (T = 803 to 823°C, ANNO = +1.5 to
+2.1; Figs. A.10, A11, Table A.2), predicting constrained Fe3*/XFe
ratios (0.35 to 0.41; Fig. A.13; Table 3). The redox homogeneity
captured by Fe-Ti oxides exists despite very different emplacement
and cooling histories experienced by the domes and ignimbrites
and variable textures of the oxides (Fig. A.13). Those samples that
show visible signs of alteration also have post-eruptive whole rock
wt% FeO values that deviate from those derived from Fe-Ti oxides
by as much as 1.61%, likely due to syn- or post-eruptive alteration.
This initial case study shows that by comparing Fe*/XFe ratios
from bulk rock and Fe-Ti oxides, we can ensure that the bulk rock
fOy values used in interpretation are indeed magmatic and not
representative of syn- or post-eruptive alteration.

We conducted a second case study to quantify the amount of
bulk rock oxidation due to syn- and post-eruptive alteration, which
involved the analysis of a single pumice block erupted from Las-
car volcano in 1993. Pumice from the andesitic flow exhibit visible
zonation with quenched white rims and reddish cores (Fig. 3).
To deduce whether the apparent oxidation visually detected in
the cores would be present in analysis, we performed three sets
of measurements. To sample individual zones we cut core-to-rim

transects and prepared thin sections from each zone (core, middle,
and rim). We analyzed the compositions of touching oxide pairs
within each zone and calculated Fe>*/XFe ratios from oxygen fu-
gacity using the Kress and Carmichael (1991) calibration. Bulk rock
analysis of the individual zones of two transects yielded disparate
Fe3T / XFe ratios for the three zones (averages and 1o error for the
rim = 0.32 =+ 0.03, middle = 0.39 £ 0.02, and core = 0.40 £ 0.03;
Table 3); the red core is notably more oxidized than the rapidly
quenched white rim (Fig. 3). Wet chemical analysis of the entire
pumice yielded a Fe>*/XFe ratio of 0.38 + 0.04, consistent with
the average of wet chemical data collected on individual zones
(Fig. 3; Table 3). All three zones of the pumice block have the same
crystal content (~20 vol.%; Table 1), which implies that crystal
content cannot explain the variations in bulk rock Fe3* /X Fe ratios.
In contrast, Fe-Ti oxides from the rim yield a Fe3*/XFe ratio that
is identical to that recorded by the core (Fe’*/XFe =0.31 4 0.01
Fig. 3; Table 3). The Fe-Ti oxide values are significantly more re-
duced than fO, estimates from the bulk rock. We conclude that
syn-eruptive oxidation of pumice interiors can result in ~1 order
of magnitude increase in apparent fO, while rapidly quenched
pumice rims can record magmatic fO,. For this reason, we only
interpret bulk rock fO, data from the rim of the Lascar pumice
that is in excellent agreement (0.01% deviation in FeO%; Table 3)
with Fe-Ti oxides.

6.2. Criteria for determining values of magmatic f O, from each volcano

Our complete sample suite (total of 19 samples; Table 1) in-
cludes aphyric andesites and basaltic andesites, frothy ignimbrite
dacite and rhyolite pumices, and crystal rich lavas, but we have
shown that only a subset of these are useful for quantifying mag-
matic fO,. Basaltic andesites and andesites that are included in
our discussion have met all of the following criteria: 1) black in
hand sample, 2) LOI values <0.9 wt% (Table 2), and 3) no min-
eralogical evidence of alteration. All ignimbrite pumices included
in our discussion show excellent agreement between Fe-Ti oxides
and bulk rock analysis (Table 3; A wt% FeO <0.40), though we
note that Fe-Ti oxides from Tuzgle and Aucanquilcha show large
variations in ANNO and temperature (Appendix A.7). Application
of these criteria yielded 13 samples that provide robust constraints
on the magmatic, pre-eruptive fO, using wet chemistry (Table 3).
We also include results from melt inclusions derived from a single
sample (09008) using spectroscopic techniques and application of
the Kress and Carmichael (1991) formulation, which yield an fO,
value of ANNO + 1.6. Only these 14 analyses are considered in the
discussion that follows.

6.3. Controls on the f0;s of CVZ magmas

After removing the effects of alteration, two key results stand
out that need to be addressed. First, the least differentiated mag-
mas, basaltic andesites and andesites span the full range of fO;
determined for the entire sample suite. Second, the observed range
of fO, extends over three orders of magnitude, from values that
encompass basalts from the Marianas that have experienced no
crustal contamination (~ ANNO + 0.8) to some of the highest val-
ues yet reported for calc-alkaline volcanics (ANNO + 3.2). To ex-
plain these observations, we explore four hypotheses that involve
variations in: 1) magmatic differentiation (assimilation and frac-
tional crystallization), 2) degassing, 3) interaction with meteoric
water, or 4) mantle source conditions.

6.3.1. Differentiation

The samples in this study were selected because they range
from basaltic andesite to rhyolite (54.8-73.9 wt% SiO,; Table 1;
Fig. 2) and show a range in radiogenic strontium isotopes
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Fig. 4. Compiled Fe3+/ XFe ratios plotted as function of wt.% SiO, (after Crabtree
and Lange, 2012). The colored square is from XANES measurements done on a single
melt inclusion hosted in a quartz phenocryst from the CVZ (this study). The col-
ored diamonds are wet chemistry measurements made on bulk rocks from the CVZ.
Those colored diamonds with a star in the upper left, signify the samples that show
agreement between Fe-Ti oxide and wet chemistry measurements (see Table 3).
The melt inclusion and bulk rocks are color-coded according to their 87Sr/36Sr con-
tent (see scale bar in Fig. 1). Error bars on CVZ samples are 1o. Open diamonds and
closed squares are PEC-corrected melt inclusions in olivine phenocrysts from Agri-
gan Volcano and a global suite of arc basalts, respectively (Kelley and Cottrell, 2012,
2009). Open hexagons are data from Crabtree and Lange (2012) on Fe-Ti oxides from
lavas from Western Mexico. Open squares are from Brounce et al. (2014) from Mari-
ana arc melt inclusions in olivine phenocrysts. Open triangles are data from Cottrell
and Kelley (2011) from a global suite of MORB glasses. Closed triangles are data from
Harris (1986) on Fe-Ti oxides from andesite-dacite-rhyolite lavas from the Tequila
Volcanic Field in Mexico. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

(87Sr/85Sr = 0.705-0.712; Table 1; Fig. 2). These samples therefore
provide an opportunity to evaluate the effect of differentiation on
Fe3*/ XFe ratio. We define crustal contamination either as blocks
of crust falling into a molten magma body and melting into it
(e.g., Fig. 1 in DePaolo, 1981) or the admixing of partial melts
of pre-existing crust or wall rock induced by injected basalt sills/
dikes.

Previous work on the effect of differentiation on iron oxidation
state in MORB reveals either no resolvable effect (Bézos and Hum-
ler, 2005; Christie et al., 1986) or a small increase in Fe>* /X Fe ra-
tios during extensive fractionation (a decrease in MgO from 10 to 6
wt% is accompanied by a 0.025 increase in Fe3* / Fe ratio; Cottrell
and Kelley, 2011). The low-pressure crystal fractionation trend in
MORB is well modeled by fractionation of olivine or olivine + pla-
gioclase £ clinopyroxene in an unbuffered magma. At the Mariana
Arc, Brounce et al. (2014) demonstrate that Fe>*/XFe ratios from
single eruptions remain constant even after extensive fractiona-
tion of olivine, clinopyroxene, plagioclase, and magnetite down to
2 wt% MgO. Similarly, Crabtree and Lange (2012) combined sam-
ples from 11 different monogenetic vents in the western Mexican
volcanic arc with a larger melt inclusion dataset from Kelley and
Cottrell (2009), and also concluded that crystal fractionation at arcs
does not seem to systematically oxidize magmas. Finally, sample
suites from Tequila (Mexico) and Pinatubo (Philippines) that range
from basalt to rhyolite show no evolution in fO, as differentia-
tion proceeds within a single volcanic system (Crabtree and Lange,
2012; de Hoog et al., 2004; Harris, 1986; Fig. 4).

Although the CVZ samples have undergone large extents of frac-
tional crystallization, and show a range of Fe3*/XFe ratios, many
CVZ samples lie within the range of Fe3*/XFe ratios defined by
Mariana arc basalts and Mexican andesites and dacites (Fig. 4;

<> Wet Chemistry

*<> CVZ (Wet chemistry,
corroborated by Fe-Ti oxides)

*,
| XIXANES o

*
Melt Inclusions

¢

Tara Fall

ANNO

Mariana Arc
Basaltic Melt

Inclusions
0 4
%
MORB glasses
| Error Bars = lo
0.702 0.704 0.706 0.708 0.710 0.712

87Sr/36Sr

Fig. 5. Plot of ANNO obtained from bulk rocks and melt inclusions versus 37Sr/86Sr
for samples from the CVZ. The symbols for CVZ samples are the same as in Fig. 4.
All XANES and wet chemistry data referenced to ANNO (Frost, 1991) using Kress
and Carmichael (1991). Mariana arc XANES data on olivine-hosted melt inclusions
taken from Brounce et al. (2014). XANES data on MORB glasses taken from Cottrell
and Kelley (2011). Samples color-coded based on their 87Sr/36Sr content (see scale
bar in Fig. 1). Error bars are 1o. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Brounce et al., 2014; Cottrell and Kelley, 2011; Crabtree and Lange,
2012; Harris, 1986; Kelley and Cottrell, 2012, 2009). Moreover,
we observe no trend between Fe3t/XFe ratios and SiO,. If pri-
mary SiO, contents are similar among the various CVZ volcanic
centers, SiO, serves as a comparative index of differentiation (Ap-
pendix A.2). We observe an offset in fO; between primitive MORB
and the intra-oceanic Mariana arc basalts that many attribute to
the influence of subduction on the mantle wedge (e.g., Carmichael,
1991; Kelley and Cottrell, 2009; Luhr and Aranda-Gémez, 1997;
Wood et al., 1990; Brounce et al., 2014). Importantly, we observe
that further increases in SiO, beyond the Mariana arc basalts do
not uniformly result in higher fO, as would be expected if dif-
ferentiation within continental crust caused a systematic increase
in fO,. Moreover, in the CVZ, we observe no relationship between
mineral assemblage (Table 1) and Fe3*/XFe ratios (or fO,). We
looked in detail to see if variations in Fe>*/XFe ratios observed
within a set of basaltic andesites and andesites could be ascribed
to phase assemblage, including major and trace phases, and found
no relationship. For example, samples from both Cerro Luntapa and
Quillacas, at opposite ends of the fO, spectrum (ANNO = +2.85
and +0.67, respectively), have very similar phase assemblages
(plagioclase, pyroxene, and olivine). We conclude that fractional
crystallization of arc magmas does not seem to cause a system-
atic increase or decrease in Fe>T/XFe ratios (or fO,). Rhyolites
and dacites are no more likely to be oxidized than basaltic an-
desites possibly due to the fact that Fe3t does not act incompatibly
during low-pressure crystal fractionation in these systems because
Fe3*-bearing spinel is on the liquidus.

We evaluate the relationship between 87Sr/®0Sr ratios and
ANNO to further quantify the effect of differentiation on fO;
(Fig. 5). MORB and Mariana arc basalts show no continental crustal
contamination and define our mantle (87Sr/%6Sr ratios ~0.702)
and intra-oceanic arc (37Sr/36Sr ratios ~0.703) baselines, respec-
tively, whereas CVZ samples range in 87Sr/86Sr ratios from 0.705 to
0.712 (Fig. 5; Table 1). MORB samples record fO; ~ ANNO — 0.4
while Mariana arc basalts are offset from MORB to higher fO,
(average ANNO = +0.8; Fig. 5). Again, that subduction-influenced
samples (Marianas) are uniformly oxidized relative to ridge sam-
ples (MORB) (Figs. 4 and 5) is widely attributed to their origin



100 S.B. Grocke et al. / Earth and Planetary Science Letters 440 (2016) 92-104

in the oxidized mantle wedge (e.g., Carmichael, 1991; Kelley and
Cottrell, 2009; Luhr and Aranda-Gémez, 1997; Wood et al., 1990;
Brounce et al., 2014). CVZ samples extend from ANNO = —0.34
(~MORB) to +3.15 (Fig. 5), encompassing samples that have not
experienced any continental crustal contamination (e.g., MORB and
Marianas). Moreover, the CVZ basaltic andesites and andesites span
the entire range in fO; (>3 orders of magnitude) and encom-
pass the entire range of our sample suite, including dacites and
rhyolites more heavily influenced by crustal contamination. CVZ
magmas nearing assimilant compositions (>70% assimilation) are
no more oxidized than magmas that have experienced 30% crustal
contamination. Lastly, we observe no trend between 37Sr/86Sr ra-
tios and ANNO. We conclude that assimilation/melting of a single
end-member basement lithology cannot account for the range of
fOzs of CVZ magmas.

We consider the ad hoc possibility that CVZ magmas leave the
mantle with a given f0O;, and then assimilation/melting of multi-
ple lithologies acts to randomly oxidize and reduce the magmas,
creating the scatter in Fig. 5. The fO, of the basement litholo-
gies is unknown but is likely to vary across the CVZ. On a regional
scale, granites within the CVZ are predominantly I-type magmas
(e.g., Suarez et al., 1990), which are more oxidized on average than
S-type magmas (e.g., average Fe3t/XFe ratios of I- and S-type
granites from the Lachlan Fold Belt are 0.29 versus 0.15, respec-
tively; Chappell and White, 1992). However, several studies reveal
the potential of I-type magmas to assimilate/melt reduced sed-
imentary or metasedimentary source rocks (Ague and Brimhall,
1988; Pedersen, 1981; Rowins, 2000). Even if basement lithologies
vary considerably in fO,, the great limitation of this explanation
is that the basaltic andesites and andesites that have experienced
far less crustal contamination, based on Sr isotopes, would need to
preferentially assimilate/melt much more oxidized lithologies than
the rhyolites and dacites to produce the greater range in fO, that
they display.

Binary mixing calculations between basalts with fO,s similar
to those found in the Mariana arc and variable assimilant com-
positions confirm our conclusion. To explain the more oxidized
magmas, basalts would have had to have mixed with up to 30%
of an assimilant at NNO +9 to produce the most oxidized basaltic
andesites and andesites in our suite (Fig. A.14). The most oxidized
igneous rocks described in the literature that we are aware of,
minettes from Mexico, venture up to NNO +5 (Carmichael, 1991).
This scenario therefore seems highly unlikely. Just as implausibly,
the samples in our suite that near assimilant compositions would
have had to fortuitously avoid the extremely oxidized lithologies,
and only sample crust at ~NNO + 2. Crustal contamination there-
fore appears both an unlikely and highly ad hoc explanation for
the range of f0O; in the CVZ magmas.

The idea that the surrounding country rock may impart its own
f0O5 onto the CVZ magmas, independent of assimilation but rather
due to diffusion of Hy alone, has been addressed via experimen-
tal studies of disequilibrium hydration kinetics at controlled fH;
(Gaillard et al., 2003). Gaillard et al. (2003) conclude that the com-
munication between the redox potentials of two natural magmas
(in this case the CVZ magmas and the surrounding country rock)
will only affect the outermost centimeters of magma bodies such
that the fO, of the bulk volume will not change during interac-
tions with the surrounding environment.

6.3.2. Variable degassing

Several experimental and modeling studies conclude that wa-
ter loss during equilibrium degassing will not affect magmatic
Fe3*/ XFe ratios (e.g., Carmichael, 1991; Crabtree and Lange, 2012;
Frost and Ballhaus, 1998; Gaillard et al., 2002). In contrast to these
studies, Humphreys et al. (2015) suggest that H,O degassing may
oxidize magmas; however, we do not agree with this conclusion.

In their unbuffered disequilibrium experiments, Humphreys et al.
(2015) are measuring the effects of Hp degassing, not H,O de-
gassing. They impose a fO, gradient, which forces Hy to diffuse
out of the capsule, oxidizing the sample. This is because H; alone,
not H,O, can diffuse through a platinum capsule. The Humphreys
et al. (2015) results are therefore not applicable to natural systems
because Hy cannot migrate preferentially into bubbles during equi-
librium degassing as it can across a platinum interface. Additional
evidence that water degassing cannot drive oxidation can be found
by looking at natural systems. Investigators have looked for, but
not observed, an oxidative effect of degassing (of any species) on
magmatic Fe>*/XFe in natural systems (e.g., Brounce et al., 2014;
Cottrell and Kelley, 2011; Crabtree and Lange, 2012; de Moor
et al., 2013; Kelley and Cottrell, 2012; Moussallam et al., 2014;
Shorttle et al., 2015). We therefore find no data to support the idea
that degassing water could lead magmas to oxidize. Humphreys et
al. (2015) also suggest that melt hydration may cause increases
in magmatic Fe3*/ XFe ratios; however, equilibrium hydration of a
magma, whether by addition of water or by activity changes during
ascent, cannot cause an increase in Fe>* /XFe ratios (Botcharnikov
et al., 2005; Gaillard et al., 2001; Moore et al., 1995; see discussion
in Appendix A.8).

Because the natural magmatic systems under consideration
here (MORB and arc) are too oxidized to stabilize magmatic
graphite, CO, degassing is fO,-neutral and is not considered fur-
ther (e.g., Cottrell and Kelley, 2011).

Degassing of sulfur species has the potential to oxidize or re-
duce magmas, but SO,/H,S ratios >>1 dominate subaerial de-
gassing (e.g., Gaillard et al,, 2011) and all existing data on nat-
ural systems suggests that S degassing leads to reduction (e.g.,
Anderson and Wright, 1972; Kelley and Cottrell, 2012; Moussallam
et al., 2014; Shorttle et al., 2015). See Appendix A.8 for a de-
tailed discussion on the effects of S degassing and gas buffering
on crustal magmas.

To test the effects of degassing using data from the CVZ, we
applied the model of Burgisser et al. (2015) using pre-eruptive in-
formation (see Appendix A.9) on the Tara rhyolitic magmas. The
model results, from open or closed system H,0-CO,-S degassing,
indicate that degassing will reduce the magma by ~1 log unit. This
result also holds for the less evolved compositions in our suite.
Thus, after consideration of theoretical, numerical, and empirical
arguments, we conclude that degassing is an unlikely cause of the
elevated fO, of the CVZ samples.

6.3.3. Meteoric water

Interaction with meteoric water could potentially account for
the variable fO; recorded by CVZ magmas. If meteoric H,O in-
fluenced fO,, we would expect low-§180 that records the in-
fluence of meteoric-hydrothermal events and the assimilation of
hydrothermally altered crustal material. Magmatic quartz, plagio-
clase, and zircon crystals in CVZ ignimbrite magmas that have
undergone extensive assimilation of upper continental crust (up to
50 vol.%) generally have a heavy-5'80 magmatic signature that has
been interpreted to reflect the limited availability and infiltration
of surface meteoric water and hydrothermal alteration of the shal-
low crust (Folkes et al., 2013). Infiltration of meteoritic water does
not therefore seem responsible for the variable fO, recorded by
CVZ magmas. In support of this interpretation, Carmichael (1991)
showed that despite extensive exchange of the 180 of the silicic
ash flows and lavas of Yellowstone with meteoric water following
caldera collapse, there was no displacement of the redox equilibria.

6.3.4. Mantle source conditions

A striking observation is that basaltic andesites and andesites
display the full range of observed fO; (ANNO = —0.34 to +3.15),
yet have experienced only moderate amounts of differentiation
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(87Sr/86sr ratios <0.707, except for Quillacas that has a 87Sr/86sr
ratio of ~0.710, and yet is our second-most reduced sample). Here
we address the extent to which variations in mantle source fO,
could create the variation observed in the magmas.

Some studies have made use of ratios of fluid-mobile to fluid-
immobile trace elements (e.g., Ba/La) to suggest that aqueous slab
fluids are responsible for oxidizing the mantle wedge and resul-
tant arc magmas (Kelley and Cottrell, 2009, 2012; Brounce et al.,
2014). In the CVZ, however, it is difficult to evaluate the role
of aqueous fluids on the fO, of arc magmas because fluid mo-
bile elements such as Rb, Ba, and Pb are enriched in the conti-
nental crust (e.g., Davidson and de Silva, 1995; Kay et al., 2010;
Plank, 2005; Appendix A.10). Therefore, variable degrees of crustal
contamination could result in variable enrichments of each of
these elements within the CVZ magmas, and potentially over-
whelm fluid additions of these elements to the mantle source
of the primary magmas. In contrast, prior work has shown that
La/Nb (a Light Rare Earth Element/High Field Strength Element
(LREE/HFSE) ratio) is a resilient mantle tracer in the Central Andes
despite potential complications from the underlying overthickened
continental crust (e.g., Kay et al., 2010). Similarly, we find that the
La/Nb ratio of the CVZ samples remains constant despite significant
variations in SiO, within individual volcanic centers, and there-
fore, like other studies in the region, we relate elevated LREE/HFSE
ratios to slab influence (e.g., Kay et al, 2010; Appendix A.10;
Fig. A.5).

We find that La/Nb ratios for CVZ basaltic andesites and an-
desites show a strong correlation with ANNO (R? = 0.82; p-value
= .0003; Fig. 6a; Table A.3), and those magmas that have expe-
rienced more slab influence (high La/Nb) are also more oxidized.
We observe supportive relationships with geophysical parameters
as well. ANNO shows weak correlations with depth to the Be-
nioff zone and distance to the trench (R% = 0.39, p-value = .055;
R? = 0.38, p-value = .056; Figs. 6b, 6c, respectively; Table A.3),
with a mild tendency of volcanic centers closer to the trench to
be more oxidized. Tuzgle, for example, has the lowest ANNO value
(—0.34) and the lowest La/Nb ratio (1.34) of the entire sample suite
and sits farthest from the trench (Figs. 1 and 6). Tuzgle exhibits
less of an “arc-like” affinity when compared to volcanic centers
that lie along the active arc front (Coira and Kay, 1993); how-
ever the correlation between ANNO and La/Nb still holds when we
remove Tuzgle from the suite (RZ = 0.71; p-value = .003), suggest-
ing that the relationship is not entirely due to an arc versus back
arc contrast in mantle source.

There is no evidence that low-pressure crystal fractionation
is controlling the La/Nb ratios of these rocks, and this is one
reason that this ratio has often been employed to interrogate
the sources of arc magmas in the Andes (e.g., Kay et al, 2010;
Folkes et al., 2011). Few phases can fractionate La from Nb. In
our sample suite, amphibole is capable of fractionating La from
Nb (Parker and Fleischer, 1968); however, one sample that has a
high La/Nb ratio (AP0736) and one sample that has a low La/Nb
ratio (Tuzgle) both contain amphibole. There is no data to suggest
that the low-pressure phase assemblage drives the relationship be-
tween La/Nb and ANNO.

A potential source of the variation in La/Nb ratios, and there-
fore fO, values, within the CVZ may be the volume and prove-
nance of subducted sediments. High La/Nb, a measure of the Nb
anomaly, may derive from prior mantle depletion of Nb or from
the sediments via bulk addition or partial melting of subducted
REE enriched sediment (Johnson and Plank, 1999; Plank, 2005).
The mantle wedge beneath the Andes should not have suffered sig-
nificant prior depletion because there is no back arc spreading cen-
ter, and La and Nb should not fractionate during mantle melting
when the melt fraction exceeds 10%, as it likely does during flux
melting (Kelley et al., 2010). Volcanic centers within the CVZ may

ANNO = 1.5(La/Nb) - 2.2
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Fig. 6. CVZ andesite and basaltic andesite whole rock La/Nb ratios versus ANNO. The
symbols for CVZ samples are the same as in Fig. 4. We report ANNO values calcu-
lated from bulk rock Fe3*/ XFe ratios. Samples color-coded based on their 87Sr/36Sr
content (see scale bar in Fig. 1). Distance from trench (km) and depth to Benioff
Zone (km) from Syracuse and Abers (2006). Linear regression R-squared values and
p-values calculated using all data points. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

thus reflect variable additions of subducted sediment, or sediment
melt. Although it is challenging to confidently apply this general
reasoning in the absence of a well-characterized sedimentary se-
quence for this region of the arc, subducting sedimentary columns
for the Chilean margin south of the CVZ show enrichment of LREE
that are consistent with this interpretation (Plank, 2013) and the
Andean margin has large contributions of terrigenous sediment
derived predominantly by erosion from Mesozoic and Cenozoic
rocks in the Andes (e.g., Hildreth and Moorbath, 1988; Stern, 1991;
Plank, 2013). Because terrigenous sediments may have >80% of
their iron speciated as Fe3* (e.g., Lécuyer and Ricard, 1999), it is
plausible that increased sediment influence at this margin would
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increase both magmatic fO, and La/Nb ratios of CVZ magmas. In
summary, the correlation between fO, and indicators of slab in-
fluence in the CVZ's least evolved samples suggests that magmas
that have experienced more slab influence are also more oxidized.

7. Conclusions

Arc magma chemistry records myriad processes, originating in
the mantle and continuing through crustal modification, eruption,
emplacement, and alteration. Syn-eruptive and post-depositional
processes can affect Fe3* /X Fe ratios. Either glassy, aphyric, black
lavas must be used to constrain magmatic fO,, or Fe3*/XFe ra-
tios from frothy pumices and crystal rich lavas must be justified
and supported by data from Fe-Ti oxides or other resilient oxy-
barometers. There is no systematic change in the Fe>*/ X Fe ratios
of the CVZ magmas with SiO, concentration, consistent with pre-
vious work, and that crystal fractionation cannot account for the
elevated fO;s observed in CVZ magmas. Crustal contamination in
the CVZ cannot account for the elevated fO,s observed in CVZ
magmas because it would require the least differentiated mag-
mas to preferentially assimilate lithologies more oxidized than any
yet described in the literature. Experiments, theory, and prior ob-
servations of natural systems, combined with modeling work on
compositions from the CVZ, suggest that degassing leads to no
change or possibly a reduction in fO,. Therefore, degassing cannot
explain our observations. Surprisingly, we observe that basaltic an-
desites and andesites with minimal crustal contamination display
over three orders of magnitude variation in fO,, and that this vari-
ation correlates with La/Nb ratios. Elevated La/Nb ratios may plau-
sibly derive from bulk addition of sediment or partial melting of
subducted REE enriched sediment. We propose that variable con-
tributions from oxidized terrigenous sediment may be responsible
for the fOys recorded by CVZ magmas. It appears that, despite ex-
tensive crustal contamination, the fO, recorded by CVZ magmas,
and perhaps arcs globally, reflects a mantle-derived component.
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