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Abstract

The mobility and geochemical behavior of sulfur in magmas is complex due to its multi-phase (solid, immiscible liquid,
gaseous, dissolved ions) and multi-valent (from S2� to S6+) nature. Sulfur behavior is closely linked with the evolution of oxy-
gen fugacity (fO2) in magmas; the record of fO2 evolution is often enigmatic to extract from rock records, particularly for
intrusive systems. We apply a novel method of measuring S isotopic ratios in zoned apatite crystals that we interpret as a
record of open-system magmatic processes. We interrogate the S concentration and isotopic variations preserved in multiple
apatite crystals from single hand specimens from the Cadiz Valley Batholith, CA via electron microprobe and ion microprobe.
Isotopic variations in single apatite crystals ranged from 0 to 3.8‰ d34S and total variation within a single hand sample was
6.1‰ d34S. High S concentration cores yielded high isotopic ratios while low S concentration rims yielded low isotopic ratios.
We discuss a range of possible natural scenarios and favor an explanation of a combination of magma mixing and open-
system, ascent-driven degassing under moderately reduced conditions: fO2 at or below NNO+1, although the synchronous
crystallization of apatite and anhydrite is also a viable scenario. Our conclusions have implications for the coupled S and
fO2 evolution of granitic plutons and suggest that in-situ apatite S isotopic measurements could be a powerful new tool
for evaluating redox and S systematics in magmatic systems.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The behavior of sulfur in magmas is inexorably linked to
oxygen fugacity (fO2) due to the wide valence state variabil-
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ity of S, from S2� to S6+. Sulfur in magmas can exist as
solid sulfate or sulfide phases, immiscible sulfide liquids,
as ions in solution, or as a multi-phase gas and can there-
fore have complex evolution in magmatic rocks. Thus, the
evolution of S phases during magmatic processes is chal-
lenging to constrain in natural systems. This is particularly
true in ancient systems where the gas component is lost.
Furthermore, for the intrusive parts of magmatic systems,
complex mixing behaviors obscure the relative chronologi-
cal constraints typically provided by melt inclusion-matrix
glass comparisons applied to mafic extrusive rocks
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Fig. 1. Sulfur elemental zoning and SIMS analytical spots in a

representative apatite crystal. Example of sub-micron scale sulfur
concentration (measured via EPMA) zoning preserved in an apatite
crystal 756-35, with high sulfur concentration core and a low sulfur
concentration rim. Oscillatory zoning is followed by a steep drop in
concentration to a homogeneously low concentration that repre-
sents the dominant zoning pattern of surveyed grains. Areas of
subsequent ion microprobe spots are overlain.
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(Wallace and Edmonds, 2011; Cottrell and Kelley, 2011;
Moussallam et al., 2014). The bulk ratio of plutonic to vol-
canic materials in continental arcs, for example, is up to
10:1 (White et al., 2006), indicating that the crustal-scale
S phase distribution and related magma fO2 evolution are
dominated by intrusive processes.

Dissolved S in magmas exists primarily in two valence
states, sulfide (S2�) and sulfate (S6+), although intermediate
valence ions may also be present (Métrich et al., 2009;
Konecke et al., 2017). The transition from sulfide to sulfate
(or vice-versa) as the dominant magmatic S species occurs
over the range of fO2 typically observed in terrestrial mag-
mas, from approximately nickel-nickel oxide buffer values
of NNO+1 to NNO+3 (this corresponds to the quartz-
fayalite-magnetite buffer [QFM] to QFM+2), suggesting
that many magmas likely contain multi-valent S speciation
(Carroll and Rutherford, 1988; Jugo et al., 2005, 2010;
Klimm et al., 2012). In addition to its sensitivity to fO2

changes, S also exhibits a strong isotopic fractionation
as a consequence of bonding environments in different
valence states of S2� and S6+ that can be several per mil
(‰) at magmatic temperatures, with S2� relatively enriched
in 32S and S6+ relatively enriched in 34S (Harrison and
Thode, 1957; Sakai, 1968). The utility of direct measure-
ment of this isotopic fractionation in volcanic glasses and
melt inclusions is currently being explored via laboratory
experiments and in natural sample suites (Mandeville
et al., 2009; Moussallam et al., 2014; Fiege et al., 2014).
Alternatively, in a scenario in which multiple valence states
are present in a magma, an isotopic fractionation associ-
ated with each species will be inherited by crystallizing min-
erals that incorporate S as a major element (such as sulfide
and sulfate minerals) or as a trace element. Efforts are
underway to combine these records in volcanic systems
(Beaudry et al., 2015). However, as noted, the non-linear,
sometimes cyclical nature of the evolution of intrusive
igneous systems (Miller et al., 2007; Cooper and Kent,
2014; Barboni et al., 2016) that crystallize to the solidus
makes interpreting melt inclusion data challenging.

Apatite is recognized as a zoned carrier of S (Streck and
Dilles, 1998; Tepper and Kuehner, 1999; Parat et al., 2002;
Chambefort et al., 2008; Van Hoose et al., 2013; Stock
et al., 2015) (Fig. 1), but calculating magma S concentra-
tions from apatite S concentrations is hampered by several
complications. Sulfate has a much higher partition coeffi-
cient in apatite then sulfide, causing the bulk partition coef-
ficient of S into apatite to be highly fO2 dependent, in
addition to dependencies on temperature (Peng et al.,
1997; Parat and Holtz, 2005). This effect is layered on vari-
ability of the solubility of the multiple S species at changing
pressure, temperature, compositional and fO2 environments
(Carroll and Rutherford, 1988; Wallace and Carmichael,
1992; Ducea et al., 1994, 1999; Clemente et al., 2004; Liu
et al., 2007; Jugo, 2009; Baker and Moretti, 2011; Klimm
et al., 2012).

In contrast, this study capitalizes on the partitioning of S
into apatite as a high concentration trace element (0.1–1 wt.
% SO3) (Ohmoto, 1986; Peng et al., 1997; Parat and Holtz,
2005), to make the first measurements of 32S and 34S
isotopes at high precision in situ via secondary ion mass
spectrometry (SIMS) (Fig. 1). Exploration of S concentra-
tion in concert with isotopic ratios yields unique informa-
tion about the S behavior variations and the processes
that drive them. This record has the added advantage of
good preservation in plutonic rocks, such as the ones uti-
lized in this study, and constraints provided by the relative
chronology of crystal zoning.

Samples for this study are from the Cadiz Valley Bath-
olith, a Cretaceous upper crustal California-type batholith
(Howard, 2002; Barth et al., 2004). This batholith is repre-
sentative of a family of intrusive suites, the observation of
which has been integral to modern understanding of mag-
matic processes (Bateman and Chappell, 1979; Kistler
et al., 1986; Coleman and Glazner, 1997; Paterson et al.,
2011). These magmas were of the ‘cool, wet’ affinity
(Deering et al., 2010) thus their generally low temperatures
provide the highest likelihood of preserving mineral zoning
that was minimally disturbed by diffusion. Indeed, fine-
scale S zoning with sharp boundaries as shown by Streck



Fig. 2. Biotite and zircon inclusions in an apatite grain prepared
using the Hitachi IM4000 Ar-ion mill.
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and Dilles (1998) and found in this study suggest that that S
substitution in apatite is highly resistant to diffusion
(Fig. 1).

The mineral apatite is stable over a wide magma compo-
sitional range (Harrison and Watson, 1984; Piccoli and
Candela, 2002) and is found in abundance information
environments as diverse as lunar basalts and Yellowstone
rhyolites (Boyce et al., 2010; Bindeman and Valley, 2001).
The type of record documented here should be present in
any system that is sufficiently oxidized to contain sulfate
and that crystallizes apatite.

2. SAMPLES

An axis of voluminous Cretaceous Cordilleran batho-
liths stretches across western North America, representing
a canonical case of intrusive magmatic suites (Coleman
and Glazner, 1997). Samples for this study are from the
Cadiz Valley Batholith, located in the central Mojave
Desert of Southern California. This batholith is Late Creta-
ceous (Barth et al., 2004) and was intruded at a pressure of
�150 MPa, estimated from Al-in-hornblende barometry
(Anderson, 1998). Evidence that a volcanic edifice overlaid
this system is preserved in detrital materials in regional Cre-
taceous sedimentary basins (Barth et al., 2013). The batho-
lith is composed of muscovite-bearing granites to
hornblende granodiorites (Howard, 2002).

Apatites for this study were extracted from one granite
and one granodiorite sample. Sample 756, which yielded
six of the seven analyzed apatite grains, is a coarse-
grained granite sample of approximately eutectic mineral-
ogy. Phases include plagioclase feldspar, K-feldspar,
quartz, biotite and muscovite. Apatite, monazite, and zir-
con are accessory phases in this sample. Opaque phases pre-
sent include magnetite and ilmenite, determined by energy-
dispersive spectrometry conducted with an EDAX detector
on the LEO1430 scanning electron microscope at UCLA.
Apatites in sample 756 are included throughout the major
phase assemblage, within plagioclase, K-feldspar and
quartz. Sample 760 is a medium-grained granodiorite con-
taining hornblende and biotite. Titanite, apatite and zircon
are accessory phases, in addition to minor allanite. Mag-
netite was the only opaque phase identified in this sample.
Apatites in sample 760 are included in plagioclase and
hornblende crystals. The abundance of water-bearing min-
erals such as biotite and hornblende and prominent zircon
inheritance indicate that these magmas had high water con-
tents and cool liquidus temperatures (Moore and
Carmichael, 1998; Economos et al., 2011; Miller et al.,
2007; Deering et al., 2010). Sample 760 is interpreted to
have crystallized from a magma that was closely/genetically
related to sample 756 due to the proximity and contiguity of
the two plutons from which they originate.

Neither primary S-bearing mineral species such as sul-
fide or anhydrite were observed microscopically or by
Energy Dispersive Spectroscopy via Scanning Electron
Microscope in thin sections of either sample. It is possible
that sulfides are too small or rare to be observed in thin sec-
tion. The possible role of sulfide crystallization is therefore
addressed in the discussion of apatite geochemistry.
Anhydrite is found in intermediate and felsic igneous rocks
in a variety of settings (e.g. Carroll and Rutherford, 1987;
Barth and Dorais, 2000; Chambefort et al., 2008). It is pos-
sible that anhydrite was present but destroyed during thin
section preparation due to its solubility in water. We
address this possibility by examining the apatite mineral
inclusion population via dry and water-free preparation
techniques.

Ten grains from sample 756 were bisected using a Hita-
chi IM4000 Ar-ion mill in order to create a fresh cut with-
out the use of water to explore the possible presence of
highly soluble anhydrite inclusions in apatites. Anhydrite
inclusions within apatite might be expected since these min-
erals are often spatially associated (e.g. Tepper and
Kuehner, 1999; Chambefort et al., 2008). A mount not used
in the isotope study (M1) was polished with water-based
techniques to expose apatite centers. The epoxy block was
subsequently loaded with an orientation for a perpendicular
cut by the Hitachi IM4000 Ar-ion mill to bisect apatite
grains. A mask with micron-scale precision was used to
control the location of the milling relative to the sample
surface. Approximately 30 lm of material were removed
from the sample surface, exposing a number of inclusions
that were not previously exposed at the surface. These
inclusions were typically completely encased in apatite
and did not reside along visible fractures. The mineralogy
of these inclusions was characterized using an EDAX
energy dispersive detector mounted on a Leo VP1450 scan-
ning electron microscope at Southern Methodist Univer-
sity. Mineral inclusions observed were zircon, feldspar,
biotite and quartz, and no anhydrite was identified
(Fig. 2). Sections of rock samples were also polished in
alcohol and surveyed via energy dispersive spectroscopy.
No anhydrite was observed.

3. METHODS

Apatite integrates high concentrations of S up to
2000 ppm or more, dominantly in the sulfate state into its
crystal lattice in place of PO4

3� (Parat and Holtz, 2004,
2005; Parat et al., 2011), although recent studies show that
subordinate sulfide or sulfite components can be present
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(Konecke et al., 2017). The dominance of sulfate in studied
apatites was confirmed via electron microprobe measure-
ments (see Electronic Annex [E.A.]). These high S concen-
trations and the high electronegativity (and thus
ionization potential) of S allow us to measure high preci-
sion d34S(CDT) ratios in situ by SIMS. In some cases, the
1r precisions achieved are an order of magnitude smaller
than the observed range of d34S(CDT) resulting from the
large isotopic fractionations of multi-valent S.

A matrix-matched standard is required to quantify
instrumental mass fractionations between isotopes of the
same element in order to calculate isotopic ratios via SIMS.
Since there was no existing S isotope standard for apatite,
one was characterized for this study. A single apatite crystal
from Durango, MX (UCLA-D1, referred to as ‘D1’ in
Table 1) was characterized for elemental and isotopic
homogeneity via in situ techniques (see E.A. for additional
information). This crystal contains 0.36 ± 0.02 wt.% SO3.
Its absolute isotopic ratio was determined via gas source
mass spectrometry at the University of California, San
Diego via methods described by Farquhar et al. (2002). Sul-
fur isotopic compositions are reported in d34SCDT =
[((34S/32S)sample � (34S/32S)CDT)/(

34S/32S)CDT] � 1000, where
CDT refers to the Canyon Diablo Troilite S isotope standard
(Beaudoin et al., 1994; see Ding et al., 2001 for conversion
relative to Vienna-CDT). Three analyses of the UCLA-D1
apatite measured via gas source mass spectrometry relative
to CDT yielded consistent results of d34S(CDT) values of
0.34 ± 0.022‰ (1r stdev) and D33S(CDT) values of �0.069
± 0.02‰ (1r stdev) (E.A.).

Hundreds of apatite crystals from samples 756 and 760
were separated from 50 to 400 lm size fractions via heavy
liquids and mounted parallel to c-axes on three one-inch
round epoxy mounts and polished with 1200 grit and 3
and 1 lm diamond polish to expose grain cores without
damaging crystals. Typical apatite dimensions were
100 � 250 lm, allowing for detailed S concentration map-
ping via electron microprobe. Mounts were coated with car-
bon and analyzed using the JEOL SuperProbe electron
microprobe at University of California, Los Angeles. Sulfur
and a suite of other elements were analyzed using a 30 nA
beam with an accelerating voltage of 15 KeV. Sulfur was
analyzed on a PET spectrometer with 60 s peak count times
and 15 s background count times, yielding �100–300
counts per second for a range of low to high S concentra-
tion grains. Barite was used as a sulfate standard for peak
identification. Migration of S during analysis was not
expected as analyses were conducted perpendicular to c-
axes and no variation in S X-ray intensity was observed
during individual analyses (Pyle et al., 2002). Grains were
surveyed with line transects of four to five points from cores
to rims with an abbreviated element list designed for rapid
survey. Representative full analyses indicated that these
grains are of the fluorapatite end member (E.A.) and F
and Cl were excluded from subsequent analyses to improve
efficiency. Any grains yielding anomalously high S concen-
trations were explored in more detail with mapping of S
concentrations. Sulfur concentration maps were collected
with pixel sizes ranging from 0.5 to 3 lm depending on
the apparent complexity of the zoning in the target grain.
Sulfur was collected for 0.5 s per pixel with a beam current
of 30 nA.

Sulfur isotopic data were collected on the CAMECA
IMS1270 at the University of California, Los Angeles in
multi-collection mode. A 6–7 nA, 15–20 lm diameter Cs+

primary beam was used. An electron flood gun was used
to compensate for charge build-up from primary beam
impact. Mass resolution was set at �5000 mass resolving
power to separate 32S from O2 and PH mass peaks. The
number of 10-s cycles taken for each spot varied based on
the total counts – higher count rate spots were counted
for fewer cycles. The number of cycles (from 20 to 40)
was selected based on the desired analytical uncertainty.
The isotopic ratio was monitored during the analysis to
ensure that no statistically significant within-analysis drift
occurred, allowing for the comparison of spots with varying
numbers of cycles.

Typical 32S CPS were 2 to 5 � 106 and were therefore
measured via Faraday cup. Meanwhile, 34S CPS under
these conditions were 1 to 4 � 105 and were measured using
an electron multiplier. The errors associated with the back-
ground correction on the Faraday cup (determined at the
beginning of each analysis) and the dead time correction
on the electron multiplier (deadtime of 28 s determined
prior to analysis) were minimized by varying the primary
beam intensity to achieve optimum reproducibility. A single
primary beam setting was used for blocks of analyses, with
all unknowns bracketed by standard analyses.

Reproducibility of standard analyses and errors associ-
ated with the internal reproducibility of each analytical
point were considered when calculating reported errors
for each SIMS measurement. The standard deviation of
values for UCLA-D1 analyses for all standards was used
for the ‘external’ reproducibility. Standard error for each
analytical point was used for the ‘internal’ reproducibility.
These two values were added in quadrature to arrive at
an individual error for each datum. For analyses with high
count rates, the error is dominated by the external repro-
ducibility. For analyses with low count rates, the internal
error contributes a larger fraction to the overall uncertainty
of the datum.

Due to the sub-micron scale S concentration zoning in
many of the apatite cores, there is a high likelihood that
the SIMS spot averaged across some heterogeneous sam-
pling of these zones. Direct calculation of S concentrations
from SIMS analysis was not possible due to the inability to
measure a stoichiometric element for normalization in sta-
tic (multicollection) mode. A strategy was therefore devel-
oped to estimate the S concentration for the footprint of
the ion microprobe spot. After SIMS analyses, geometry
of ion probe pits was explored through secondary electron
detection using a scanning electron microscope. As a köhler
illumination was utilized, areas of flat pit bottoms were
assumed to represent the best estimate of the footprint of
collected ions. The area of this footprint was mapped onto
pre-SIMS analysis S zoning maps. Additional electron
probe spot analyses were conducted in areas around the
grain that captured the total range of variation of S concen-
trations in the grain. The areas of these electron microprobe
spots were clearly observable in backscattered electron



Table 1
SIMS sulfur isotopic data.

32S 32S 34S 34S 34S/32S 34S/32S Uncorrected d34S Corrected d34S S conc.
CPS 1r err CPS 1r err 1r err ‰ 1r err ‰ 1r err wt.% SO3 1r err

Mount 2

D1@1 7.88E+06 2.42E+05 3.48E+05 1.07E+04 0.044136 8.55E�06 �0.60 0.19 0.66 0.38
D1@2 7.97E+06 2.42E+05 3.52E+05 1.07E+04 0.044132 6.85E�06 �0.68 0.16 0.62 0.36
D1@3 8.02E+06 2.44E+05 3.54E+05 1.08E+04 0.044129 6.49E�06 �0.76 0.15 0.59 0.35
D1@4 8.15E+06 2.40E+05 3.59E+05 1.06E+04 0.044109 6.63E�06 �1.21 0.15 0.17 0.35
760-50@0 3.93E+06 3.22E+03 1.75E+05 1.38E+02 0.044434 8.96E�06 6.15 0.20 7.15 0.38
760-50@1 3.58E+06 2.16E+03 1.59E+05 1.06E+02 0.044435 9.42E�06 6.17 0.21 7.14 0.39
760-50@2 3.61E+06 2.88E+03 1.60E+05 1.32E+02 0.044452 8.98E�06 6.56 0.20 7.48 0.38 0.18 0.053
76050@3 5.03E+06 4.14E+03 2.24E+05 1.83E+02 0.044498 8.83E�06 7.60 0.20 8.48 0.38 0.27 0.053
760-50@4 5.04E+06 4.72E+03 2.24E+05 2.17E+02 0.044476 6.22E�06 7.10 0.14 7.93 0.35 0.26 0.053
760-50@5 6.26E+06 1.64E+04 2.79E+05 7.23E+02 0.044509 7.47E�06 7.84 0.17 8.63 0.36 0.29 0.053
760-50@6 6.44E+06 1.47E+04 2.87E+05 6.42E+02 0.044499 8.17E�06 7.63 0.19 8.38 0.37 0.34 0.053
760-50@7 5.80E+06 1.99E+04 2.58E+05 8.82E+02 0.044483 7.72E�06 7.25 0.17 7.96 0.37 0.32 0.053
760-50@8 6.26E+06 1.99E+04 2.78E+05 8.89E+02 0.044497 6.98E�06 7.56 0.16 8.23 0.36 0.35 0.053
760-50@9 4.55E+06 1.44E+04 2.02E+05 6.40E+02 0.044463 7.22E�06 6.80 0.16 7.42 0.36 0.34 0.053
760-50@10 4.03E+06 4.98E+03 1.79E+05 2.37E+02 0.044415 9.18E�06 5.72 0.21 6.30 0.38 0.18 0.053
760-50@11 4.04E+06 2.93E+03 1.79E+05 1.23E+02 0.044397 7.82E�06 5.32 0.18 5.85 0.37 0.19 0.053
D1@5 8.11E+06 2.50E+05 3.58E+05 1.10E+04 0.044096 7.04E�06 �1.51 0.16 0.43 0.36
D1@6 7.93E+06 2.52E+05 3.50E+05 1.11E+04 0.044087 8.86E�06 �1.72 0.20 0.26 0.38
D1@7 8.17E+06 2.50E+05 3.60E+05 1.10E+04 0.044079 7.78E�06 �1.90 0.18 0.12 0.37
D1@8 8.30E+06 2.51E+05 3.66E+05 1.11E+04 0.044081 6.73E�06 �1.85 0.15 0.22 0.36
756-35@0 3.54E+06 2.63E+03 1.57E+05 1.21E+02 0.044262 1.02E�05 2.26 0.23 2.58 0.40 0.14 0.018
756-35@1 1.05E+07 1.55E+04 4.67E+05 6.82E+02 0.044341 4.77E�06 4.03 0.11 4.31 0.34 0.53 0.018
756-35@2 1.50E+07 1.90E+04 6.67E+05 8.34E+02 0.044345 6.96E�06 4.13 0.16 4.37 0.36 0.52 0.018
756-35@3 1.54E+07 1.38E+04 6.81E+05 5.47E+02 0.044355 6.44E�06 4.35 0.15 4.55 0.35 0.63 0.018
756-35@4 1.14E+07 1.43E+04 5.04E+05 6.39E+02 0.044324 4.98E�06 3.65 0.11 3.81 0.34 0.55 0.018
756-35@5 3.43E+06 4.06E+03 1.51E+05 1.85E+02 0.044181 9.79E�06 0.42 0.22 0.54 0.39 0.29 0.018
756-35@6 2.94E+06 3.32E+03 1.30E+05 1.42E+02 0.044205 1.15E�05 0.96 0.26 1.03 0.41 0.13 0.018
D1@9 8.16E+06 2.44E+05 3.59E+05 1.08E+04 0.044067 7.84E�06 �2.17 0.18 0.28 0.37
D1@10 7.99E+06 2.50E+05 3.52E+05 1.10E+04 0.044055 7.52E�06 �2.44 0.17 0.05 0.36
D1@11 6.85E+06 2.09E+05 3.02E+05 9.27E+03 0.044038 1.18E�05 �2.83 0.27 �0.30 0.42
D1@13 6.17E+06 1.92E+05 2.72E+05 8.48E+03 0.044035 1.59E�05 �2.88 0.36 �0.26 0.48
D1@14 6.34E+06 1.85E+05 2.79E+05 8.15E+03 0.044058 1.16E�05 �2.36 0.26 0.30 0.41
D1@15 7.20E+06 2.43E+05 3.17E+05 1.07E+04 0.044063 1.21E�05 �2.26 0.27 0.44 0.42

Mount 3

D1@3 1.00E+07 2.69E+03 4.41E+05 1.12E+02 0.043992 5.92E�06 �3.87 0.13 0.49 0.29
D1@4 9.71E+06 5.11E+03 4.27E+05 2.18E+02 0.043993 8.42E�06 �3.85 0.19 0.51 0.32
D1@5 1.02E+07 3.49E+03 4.49E+05 1.42E+02 0.044000 4.50E�06 �3.68 0.10 0.68 0.28
D1@6 1.00E+07 2.80E+03 4.40E+05 1.42E+02 0.043995 6.62E�06 �3.79 0.15 0.57 0.30
D1@7 9.95E+06 4.77E+03 4.38E+05 2.13E+02 0.043984 4.82E�06 �4.03 0.11 0.32 0.28
756-18@0 3.39E+06 2.19E+03 1.50E+05 9.82E+01 0.044258 1.09E�05 2.15 0.25 6.51 0.36
756-18@1 3.98E+06 2.21E+03 1.76E+05 1.04E+02 0.044255 1.23E�05 2.08 0.28 6.44 0.38

(continued on next page)
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Table 1 (continued)

32S 32S 34S 34S 34S/32S 34S/32S Uncorrected d34S Corrected d34S S conc.
CPS 1r err CPS 1r err 1r err ‰ 1r err ‰ 1r err wt.% SO3 1r err

756-18@2 3.99E+06 2.31E+03 1.76E+05 8.71E+01 0.044197 1.13E�05 0.78 0.26 5.14 0.37
756-18@3 4.69E+06 1.28E+03 2.08E+05 6.74E+01 0.044216 9.68E�06 1.21 0.22 5.57 0.34 0.19 0.019
756-18@5 9.07E+06 5.24E+04 4.01E+05 2.32E+03 0.044276 8.64E�06 2.56 0.20 6.92 0.33 0.31 0.019
756-18@6 5.46E+06 5.57E+03 2.42E+05 2.42E+02 0.044231 7.35E�06 1.55 0.17 5.91 0.31 0.23 0.019
756-18@7 4.20E+06 4.27E+03 1.86E+05 1.77E+02 0.044208 9.34E�06 1.03 0.21 5.38 0.34 0.19 0.019
D1@8 9.62E+06 3.97E+03 4.23E+05 1.85E+02 0.043970 6.50E�06 �4.36 0.15 0.00 0.30
D1@9 9.50E+06 4.42E+03 4.18E+05 2.02E+02 0.043973 6.28E�06 �4.30 0.14 0.06 0.30
D1@10 9.58E+06 1.06E+04 4.21E+05 4.56E+02 0.043974 7.88E�06 �4.27 0.18 0.09 0.32
D1@13 8.43E+06 5.27E+03 3.72E+05 2.45E+02 0.044097 5.35E�06 �1.49 0.12 0.90 0.43
D1@14 8.58E+06 3.62E+03 3.78E+05 1.75E+02 0.044097 6.61E�06 �1.50 0.15 0.90 0.44
D1@15 8.34E+06 3.85E+03 3.68E+05 1.73E+02 0.044083 7.04E�06 �1.80 0.16 0.59 0.45
D1@16 8.71E+06 4.49E+03 3.84E+05 1.90E+02 0.044073 6.73E�06 �2.03 0.15 0.37 0.44
D1@17 8.35E+06 3.43E+03 3.68E+05 1.63E+02 0.044075 6.29E�06 �1.97 0.14 0.42 0.44
D1@18 8.40E+06 5.79E+03 3.70E+05 2.48E+02 0.044048 7.23E�06 �2.60 0.16 �0.20 0.45
D1@19 8.98E+06 3.45E+03 3.96E+05 1.60E+02 0.044070 5.89E�06 �2.10 0.13 0.29 0.44
D1@20 8.44E+06 3.50E+03 3.72E+05 1.62E+02 0.044038 6.53E�06 �2.81 0.15 �0.42 0.44
D1@21 9.13E+06 4.34E+03 4.03E+05 1.98E+02 0.044092 5.29E�06 �1.60 0.12 0.80 0.43
D1@22 8.86E+06 4.75E+03 3.91E+05 2.25E+02 0.044066 6.53E�06 �2.18 0.15 0.21 0.44
D1@23 9.10E+06 5.35E+03 4.01E+05 2.33E+02 0.044082 6.71E�06 �1.82 0.15 0.57 0.44
756-37@0 3.61E+06 1.59E+03 1.60E+05 6.99E+01 0.044301 9.08E�06 3.13 0.21 5.52 0.46
756-37@1 3.98E+06 1.82E+03 1.76E+05 8.06E+01 0.044310 8.71E�06 3.33 0.20 5.73 0.46 0.18 0.016
756-37@2 3.38E+06 1.42E+03 1.50E+05 6.38E+01 0.044352 8.31E�06 4.29 0.19 6.68 0.46 0.16 0.016
756-37@3 8.38E+06 3.85E+03 3.71E+05 1.16E+02 0.044341 1.57E�05 4.03 0.36 6.43 0.55 0.26 0.016
756-37@4 7.25E+06 7.81E+03 3.21E+05 4.22E+02 0.044320 1.37E�05 3.56 0.31 5.96 0.52 0.26 0.016
D1@25 9.17E+06 3.28E+03 4.04E+05 1.64E+02 0.044056 6.08E�06 �2.40 0.14 �0.01 0.44
D1@26 9.40E+06 3.53E+03 4.14E+05 1.51E+02 0.044057 6.66E�06 �2.38 0.15 0.01 0.44

Mount 4

D1@13 7.34E+06 7.20E+03 3.23E+05 3.29E+02 0.044026 7.92E�06 �3.09 0.18 0.20 0.34
D1@14 5.80E+06 2.89E+03 2.55E+05 1.33E+02 0.044003 8.53E�06 �3.62 0.19 �0.29 0.35
D1@15 5.71E+06 2.42E+03 2.52E+05 1.02E+02 0.044029 7.01E�06 �3.03 0.16 0.36 0.33
D1@16 5.62E+06 4.09E+03 2.47E+05 1.87E++02 0.044023 5.45E�06 �3.17 0.12 0.26 0.31
D1@17 5.68E+06 4.81E+03 2.50E+05 2.11E+02 0.044023 6.55E�06 �3.17 0.15 0.31 0.32
D1@18 5.60E+06 3.30E+03 2.46E+05 1.43E+02 0.044021 7.70E�06 �3.21 0.17 0.31 0.34
756-95@0 2.54E+06 1.50E+03 1.13E+05 1.04E+02 0.044310 2.08E�05 3.34 0.47 4.64 0.55 0.14 0.015
756-95@1 3.88E+06 5.40E+03 1.72E+05 2.38E+02 0.044290 1.34E�05 2.89 0.30 4.15 0.42 0.26 0.015
756-95@2 6.11E+06 2.64E+04 2.71E+05 1.18E+03 0.044371 5.88E�06 4.73 0.13 5.93 0.32 0.42 0.015
756-95@3 8.07E+06 1.19E+04 3.58E+05 5.28E+02 0.044361 4.37E�06 4.50 0.10 5.66 0.30 0.46 0.015
756-95@4 7.91E+06 6.12E+03 3.51E+05 2.60E+02 0.044358 6.68E�06 4.43 0.15 5.55 0.32 0.47 0.015
756-95@5 2.53E+06 9.86E+02 1.12E+05 4.30E+01 0.044333 9.35E�06 3.86 0.21 4.94 0.36 0.15 0.015
D1@19 5.74E+06 3.50E+03 2.53E+05 1.50E+02 0.044031 7.24E�06 �2.99 0.16 0.85 0.33
D1@20 5.73E+06 2.48E+03 2.52E+05 1.06E+02 0.044024 6.34E�06 �3.13 0.14 0.75 0.32
D1@21 5.72E+06 8.86E+03 2.52E+05 3.82E+02 0.044008 7.18E�06 �3.50 0.16 0.42 0.33
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D1@22 5.73E+06 3.57E+03 2.52E+05 1.59E+02 0.044016 6.83E�06 �3.32 0.15 0.65 0.33
756-38@0 2.00E+06 2.32E+03 8.88E+04 1.04E+02 0.044343 1.21E�05 4.09 0.27 4.94 0.40 0.15 0.017
756-38@1 3.88E+06 3.12E+03 1.72E+05 1.29E+02 0.044293 1.02E�05 2.95 0.23 3.75 0.37 0.26 0.017
756-38@2 9.14E+06 9.07E+03 4.05E+05 3.83E+02 0.044307 5.71E�06 3.27 0.13 4.02 0.31 0.50 0.017
756-38@3 5.78E+06 3.54E+03 2.56E+05 1.57E+02 0.044305 7.61E�06 3.23 0.17 3.94 0.33 0.39 0.017
756-38@4 2.56E+06 1.22E+03 1.13E+05 5.82E+01 0.044294 1.23E�05 2.97 0.28 3.64 0.40 0.18 0.017
D1@23 5.62E+06 4.11E+03 2.47E+05 1.84E+02 0.043992 8.13E�06 �3.86 0.18 0.38 0.34
D1@24 5.61E+06 2.72E+03 2.47E+05 1.29E+02 0.043999 7.06E�06 �3.70 0.16 0.58 0.33
D1@25 5.65E+06 4.47E+03 2.49E+05 2.14E+02 0.043996 8.47E�06 �3.78 0.19 0.55 0.34
D1@26 5.60E+06 3.72E+03 2.46E+05 1.76E+02 0.043965 7.51E�06 �4.48 0.17 �0.10 0.33
D1@27 5.76E+06 4.14E+03 2.53E+05 1.87E+02 0.043987 5.56E�06 �3.97 0.13 0.46 0.31
756-76@6 2.22E+06 1.26E+03 9.82E+04 6.20E+01 0.044239 1.23E�05 1.72 0.28 2.12 0.40 0.13 0.018
756-76@7 2.38E+06 1.70E+03 1.05E+05 7.71E+01 0.044229 1.18E�05 1.51 0.27 1.86 0.39 0.16 0.018
756-76@8 4.86E+06 7.07E+03 2.15E+05 3.31E+02 0.044253 8.60E�06 2.04 0.19 2.34 0.35 0.35 0.018
756-76@9 4.66E+06 1.24E+04 2.06E+05 5.54E+02 0.044275 7.77E�06 2.54 0.18 2.80 0.34 0.32 0.018
756-76@10 6.12E+06 4.25E+03 2.71E+05 2.23E+02 0.044262 1.08E�05 2.25 0.24 2.46 0.38 0.45 0.018
756-76@11 4.98E+06 3.11E+03 2.20E+05 1.43E+02 0.044280 7.60E�06 2.65 0.17 2.82 0.33 0.33 0.018
D1@28 5.67E+06 3.27E+03 2.49E+05 1.35E+02 0.043969 8.35E�06 �4.38 0.19 0.36 0.34
D1@29 5.69E+06 2.15E+03 2.50E+05 1.02E+02 0.043949 8.03E�06 �4.84 0.18 �0.05 0.34
D1@30 6.45E+06 3.29E+03 2.83E+05 1.41E+02 0.043954 5.67E�06 �4.73 0.13 0.11 0.31
D1@31 6.44E+06 5.33E+03 2.83E+05 2.33E+02 0.043963 6.31E�06 �4.51 0.14 0.36 0.32

Raw counts per second (CPS) of 32S and 34S and associated standard error, raw 32S/34S and associated standard error, raw d34S(CDT) and associated standard error, calculated d34S(CDT) after linear
drift and instrumental mass fractionation corrections and associated error, SO3 concentration in wt.% and associated error. See E.A. for detailed descriptions of corrections and text for
concentration calculation methods.
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detection after analysis. These areas were also mapped onto
the original grayscale S variation images. A linear correla-
tion between average grayscale values for electron micro-
probe spots and measured electron microprobe
concentrations was determined for each grain. Excellent lin-
ear fits were achieved for each grain, with R2 values above
0.9, except for grain 760-50 which yielded a value of 0.83.
Average grayscale values for SIMS pit areas were then cal-
culated and linear correlations were used obtain concentra-
tions at the same locations as those measured with the
SIMS. Uncertainties on concentration variations represent
a combination of the uncertainty on the electron micro-
probe spots and the standard error of the regression of
grayscale correlation. Final calculated 1r uncertainties ran-
ged from 9 to 13%, except grain 760-50, which yielded an
uncertainty of 29%. Only isotope measurements that could
be correlated with a concentration measurement are plotted
in concentration vs. isotopic ratio. Excluded spots include
those that fell completely off of electron microprobe con-
centration maps, marked with concentrations of N/A in
Table 1. For spots partially overlapping concentration-
mapped areas, the concentration of the overlapping area
was used to represent the concentration of the spot.

4. RESULTS

Our electron microprobe survey revealed that apatites
typically contain concentrations of �0.2 wt.% SO3, while
some contain cores with concentrations up to 0.65 wt.%
SO3. These grains demonstrate a drop in wt.% P2O5 of a
correlative magnitude (see E.A.). Approximately 10% of
apatite crystals contain high S cores that were subsequently
surveyed in detail using S concentration mapping with pixel
sizes ranging from 0.5 to 3 lm (Fig. 3A).

Data from individual grains are described in order of
lowest rim isotopic ratio to highest rim isotopic ratio
(Fig. 3). Grain 756-35 contains a large core with SO3 con-
centrations of 0.52–0.63 wt.%. Complex oscillatory zoning
within this core mimics the crystal habit of the core. There
is a sharp drop between this core and a monotonically
lower S concentration rim that contains �0.14 wt.% SO3.
Isotopic ratios in the crystal core range from 3.8 to 4.6‰
d34S(CDT). Spot 5 in this grain partially intersects the core
and rim and yields an anomalously low isotopic ratio of
0.5‰ d34S(CDT). This spot is the most significant outlier of
the study and lacks a ready explanation. Two spots on
the rims of this crystal yield 1.0 and 2.6‰ d34S(CDT), which
are lower than the core but demonstrate significant diver-
sity within the low S concentration rim. The total d34S vari-
ation observed in this crystal is 3.6‰, and comparison of
the average core and average rim indicates that the S iso-
topic ratio of the core is 2‰ heavier than that of the rim.

Grain 756-76 contains a core with rough outlines of euhe-
dral crystal faces, but with a mottled internal appearance.
This core has a range of concentrations from 0.32 to
0.45 wt.% SO3. Rim spots have a concentration of
�0.14 wt.% SO3. An average of 4 spots within this core
yields 2.6‰ d34S(CDT) and an average of two rim spots yields
2.0‰ d34S(CDT). This variation is only slightly outside of ana-
lytical error but likely represents a real core-rim variation.
Grain 756-38 contains a complexly shaped core. It
shows some suggestion of crystal faces but they appear
resorbed and embayed. The core also has a mottled distri-
bution of S. Core spots yield S concentrations between
0.39 and 0.5 wt.% SO3. A spot overlapping the boundary
between core and rim yields a concentration of 0.26 wt.%
SO3 and two spots within the rim yield concentrations of
�0.16 wt.% SO3. This grain shows no appreciable isotopic
variation between core and rim – all are within error of
3.8‰ d34S(CDT) excepting a rim spot yielding a ratio of
4.9‰ d34S(CDT).

Grain 756-95 contains two euhedral high S concentra-
tion zones. One is a sector-zoned crystal and the other is
a long, thin crystal. These two cores are aligned along their
c-axes. Both have sharp margins. Two spots in the sector-
zoned core and one that overlaps with the thin crystal have
0.45 wt.% SO3. One spot that slightly overlaps the thin crys-
tal contains 0.26 wt.%. SO3 (although it groups isotopically
with rims). The rim of this grain contains 0.15 wt.% SO3.
Three core spots yield an average isotopic ratio of 5.7‰
d34S(CDT). Rim spots average 4.5‰ d34S(CDT). We interpret
that the d34S of the core of this crystal is �1.2‰ higher than
the rim.

Grain 756-18 contains a small, angular core with a sharp
boundary containing 0.31 wt.% SO3. This core is sur-
rounded by subtle oscillatory zoning of S that mimics the
shape of the moderate S concentration core. Rims of this
crystal contain 0.19 wt.% SO3. One SIMS spot dominantly
samples the core, yielding an isotopic ratio of 6.9‰
d34S(CDT). One spot mostly samples rim material but slightly
overlaps the core, yielding a ratio of 5.9‰ d34S(CDT). Two
spots that appear to avoid oscillatory zones in the rim yield
ratios of 5.4 and 5.6‰ d34S(CDT). We interpret that the d34S
of the core of this crystal is �1‰ higher than the rim.

Grain 756-37 contains oscillatory S concentration zon-
ing that extends throughout the crystal. This grain also
has the lowest range of S concentration from core to rim,
from 0.16 to 0.26 wt.% SO3. Low concentration variation
presents a challenge in producing a robust linear correlation
to categorize data by the core-rim scheme applicable to
other grains. The total isotopic range captured in this crys-
tal is from 5.7 to 6.7‰ d34S(CDT).

Grain 760-50 is the only grain analyzed from sample
760. It contains a large core with S concentrations of
�0.3 wt.% SO3, which are moderately higher than rim con-
centrations of 0.18 wt.% SO3. This core has a somewhat
mottled appearance. Isotopic ratios in this core range from
7.9 to 8.5‰ d34S(CDT), with an average of 8.3‰ d34S(CDT).
Two spots that intersect the boundary between core and
rim yield ratios of 7.4 and 7.5‰ d34S(CDT). Rim values
are variable, ranging from 5.9 to 7.2‰ d34S(CDT), with an
average of 6.6‰ d34S(CDT). Core spots yield average d34S
isotopic ratios that are 1.7‰ higher than rim spots.

In summary, the margins of high S cores approximate
apatite crystal shapes, with sharp, straight margins suggest-
ing crystal faces. Some cores display fine, concentric oscilla-
tory zoning while others have mottled internal textures. All
crystals with high S cores show a sharp drop (<1 lm)
between these cores and low S rims. Low S rims yield con-
centrations between 0.1 and 0.2 wt.% SO3, which represent



Fig. 3. A. Sulfur concentration zoning (measured via EPMA), SIMS sample locations and d34S(CDT) isotopic ratios in all analyzed apatite
crystals.
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the bulk of overall apatite crystallization as high S cores
were only present in �1/10 surveyed crystals.

Four of the seven analyzed grains show core-rim d34S
ratio variations of greater than 1‰. The largest core-rim
variation observed is 3.8‰ d34S (Table 1, Fig. 3). In all
cases in which a statistically significant isotopic variation
is observed, d34S is higher in high S concentration cores
and lower in low S concentration rims.

When low S-concentration rim data is considered alone,
an aggregate range of 6.1‰ d34S is recorded in apatite rims
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of crystals from sample 756, and the total isotopic range
including the grain from sample 760 is 8.1‰ d34S (Fig. 3).
This large variation in rim isotopic ratio is accompanied
by a very modest decrease in S concentration amongst apa-
tite rims, from �0.2 to 0.14 wt.% SO3.

5. DISCUSSION

5.1. Processes that affect magma S concentration and

isotopic ratios

First-order findings of this study include:

1. Significant variations in S isotopic ratios are observed
within individual apatite crystals and among apatites
from a single hand-sample,

2. These isotopic ratio variations are large considering the
high temperatures typical of magmatic systems,

3. Rims of these apatite crystals have equal or lower S iso-
topic ratios than cores,

4. Where isotopic variations are observed, S concentrations
and isotopic ratios are correlated.

Finding #1: Variability in isotopic ratios within and
between apatite crystals is observed. Isotopic fractionations
are primarily driven when either multi-valent phases are
present in a magma, transitions from melt to gas phases
occur, or during mixing of magmas with different bulk S
isotopic ratios. Numerous workers have explored the fO2

range at which both sulfate and sulfide are present as dis-
solved melt phases, which also varies as a function of pres-
sure, Fe content and other physiochemical parameters
(Carroll and Rutherford, 1988; Wallace and Carmichael,
1992; Clemente et al., 2004; Jugo et al., 2005; Jugo, 2009;
Moretti and Baker, 2008; Klimm et al., 2012), but is typi-
cally determined to fall within the range of NNO�1 to
NNO+2 for felsic melts at moderate pressures. Variations
in fO2 can directly drive fractionations in the dissolved sul-
fate and sulfide components of a melt, as depicted in the
lever-diagram in Fig. 4. Down-temperature reactions, such
as those in Fe-rich systems involving the production of sul-
Fig. 4. Schematic diagram highlighting the relationships between
S6+/RS and sulfur isotopic fractionation.
fate via Fe reduction (e.g. Métrich et al., 2009) will result in
similar isotopic behavior. Open system processes, such as
magma mixing or S degassing will change the bulk S iso-
topic ratio (the fulcrum in Fig. 4), thus also changing the
ratios of these two components.

Saturation behavior of solid S-bearing phases will exert
important controls on magma isotopic variations. Sulfide
minerals preferentially partition 32S over 34S, therefore if
sulfides crystallize from a melt containing multiple valences
of S (depicted only as sulfate and sulfide in Fig. 4), they will
remove S with low S isotopic ratio from the melt. The mag-
nitude of this fractionation will be a function of the
temperature-dependent S6+-S2� fractionation (e.g. 6.2‰
at 900 �C [Richet et al., 1977, see also Miyoshi et al.,
1984 and Li and Liu, 2006]) and also the ratio of sulfate
to sulfide in the melt. These variables are represented as
the length of and position of the lever in Fig. 4. Thus, in
the simplest formulation, sulfide crystallization from a melt
that contained both sulfide and sulfate species will drive
residual melt S d34S(CDT) and therefore sulfate fraction
d34S(CDT) to higher isotopic ratios. Crystallization of sulfate
minerals will have the opposite effect. However, complex
combinations of processes such as mineral crystallization
and degassing are more realistic for natural magmas and
their combined effects have been explored by other workers
via modeling (e.g. Marini et al., 1998, 2011).

Open system degassing also drives a range of composi-
tional and isotopic variations based on species that are pre-
sent in gasses and magmas, which are a function of magma
composition, fO2 and pressure/temperature environment
(e.g. Burgisser and Scaillet, 2007). Degassing from highly
oxidized melts tends to drive residual melt isotopic ratios
toward higher values as dissolved sulfate will preferentially
retain 34S relative to all other species. When a mixed speci-
ation is present in the melt, degassing can drive residual iso-
topic ratios to either higher or lower values depending on
the ratio of degassing species (e.g. Sakai, 1968). A signifi-
cant reversal from positive fractionations to negative frac-
tionations occurs at fO2 near NNO according to models
(Marini et al., 1998, 2011) and NNO+1 according to exper-
imental results (Fiege et al., 2014).

Finding #2: Observed isotopic ratio variations are large.
An isotopic variation of greater than 6‰ is recorded in apa-
tites from a single hand sample from a granitic rock in this
study. Marini et al. (2011) demonstrate that fractionations
of greater than 10‰ can be generated by open-system sep-
aration of sulfide minerals. Meanwhile, degassing modeling
by Marini et al. (1998, 2011), based on alpha values of
Richet et al. (1977), can produce fractionation magnitudes
of 8–10‰ for open-system fractionation of a silicate melt
at 900 �C containing mixed S valence species. Fractiona-
tions are far more modest, in the range of �2‰, for
closed-system scenarios. Furthermore, Fiege et al. (2014)
produced larger than expected fractionations in experimen-
tal samples when degassing under conditions more reduced
than NNO+1, up to 5‰ in nearly completely degassed
samples. The experimental conditions necessitated closed-
system degassing, so application of these fractionation fac-
tors calculate fractionations of larger magnitudes for open-
system cases (see Section 5.3). Thus, closed-system isotopic
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fractionations between sulfate and sulfide at magmatic tem-
peratures are not large enough to explain the observations
made in this study. Open system processes must be
recorded, either in the form of open-system fractionations
of solid phases, open-system degassing, or mixing between
magmas with large differences in isotopic ratio. Magma
mixing is a potentially relevant, even likely process, but is
unfortunately currently unconstrained in the system that
is the subject of this study. Further work on isotopically
distinct apatite cores may yield some insights into composi-
tions of potential magma mixing components (see
Section 5.4).

Finding #3: In all cases in which within-grain isotopic
variations are observed, rims have lower isotopic ratios
than cores. This result places an important constraint on
viable degassing models that could be permissible with
the presented observations. Systems that are strongly oxi-
dizing and have melts that are dominated by sulfate can
only concentrate 34S in residual melts and therefore drive
them to progressively higher isotopic ratios, the opposite
of the trend observed. This is evident from both a modeling
(Marini et al., 2011, Fig. 21) and an experimental perspec-
tive (Fiege et al., 2014, Fig. 2).

Finding #4: Sulfur concentration and d34S(CDT) are pos-
itively correlated both in the core-rim pairs of individual
crystals and in the overall trend of grain rims collectively.
The concentration effect of S removal from the melt by
the crystallization of apatite itself is minor relative to other
effects, due to the low volumetric abundance of apatite (typ-
ically <1%) and to the trace concentrations of S in apatite
observed in this system. Sulfur concentration variations
imparted on the magma by apatite were an order of magni-
tude less than those observed.

Several synchronous complementary and competing
processes effect the S concentration of crystallizing apatites.
Decreasing S melt solubility (e.g. Clemente et al., 2004) and
decreasing sulfate partitioning into apatite (e.g. Parat and
Holtz, 2004) are both likely occurring during ascent and
crystallization. These effects are possibly layered over
decreasing bulk S concentration during degassing. There-
fore, it is generally not surprising that apatites in this study
record a drop in S concentration from core to rim. How-
ever, it is difficult to interpret the relative importance of
these processes in determining the S concentration in apa-
tite, as recognized by other workers (Peng et al., 1997;
Streck and Dilles, 1998). And again, due to the preference
for sulfate over sulfide in apatite, any fO2 changes will
result in significant changes in the availability of sulfate
for partitioning into apatite.

Since no sulfate or sulfide phase was thus-far identified
in these rocks, we have no direct information about
whether S-bearing phases played a role in the concentration
or isotope evolution preserved by these apatite crystals. The
crystallization of sulfide, in concert with degassing, is mod-
eled by Marini et al. (2011) demonstrating isotopic fraction-
ations of the appropriate magnitude are possible. However,
they demonstrate a negative correlation between melt S
content and isotopic ratio produced by open-system sulfide
precipitation, the opposite of that observed in apatite rims
in this study, although variations between cores of different
crystals could be related to such a process. It is notable that
the co-variation between S concentration and S isotopic
ratios is the opposite of that observed by Mandeville
et al. (2009) for the Crater Lake system, likely due to the
observed activity of sulfide in that system versus the possi-
ble lack of sulfide crystallization in Cadiz Valley Batholith
magmas.

Anhydrite, a sulfate mineral, preferentially partitions 34S
over 32S. In a melt with mixed-valence S speciation, anhy-
drite will crystallize with high S isotopic ratios and drive
residual melt to lower sulfate concentrations and lower
d34S(CDT), consistent with the behavior observed in our
specimens. Apatites with high S concentration cores have
been observed in anhydrite-bearing systems (e.g. Streck
and Dilles, 1998; van Hoose et al., 2013). Although none
was observed in the system described here, anhydrite crys-
tallization cannot be excluded as a viable explanation for
the generation of observed isotopic and concentration
variations.

5.2. Interpretations of Apatite Core and Rim Variations

5.2.1. High S concentration cores

Cores containing high S concentrations (from 0.3 to
0.65 wt.% SO3) and isotopic ratios up to 3.8‰ higher than
crystal rims are present in �1 of every 10–12 apatites.
Although not volumetrically dominant, these cores appear
to record unique information about the early S behaviors
of these samples. Possible genetic interpretations of apatite
core origins include: 1. inheritance from pulses of magma
with higher bulk d34S (Fig. 4); 2. inheritance from pulses
of magma with more reduced fO2 (Fig. 4); 3. inheritance
from source or host rocks unrelated to magmatism; or 4.
a record of early stages of crystallization when sulfate was
more readily available to partition into apatite or partition
coefficients were higher due to higher temperatures (Parat
and Holtz, 2005). Cores could be potentially genetically
related by sulfide fractionation, as modeled by Marini
et al. (2011, Fig. 27). Textural interpretations can give qual-
itative information. Cores that record more moderate S
concentrations (756-18 and 760-50) display zoning that
oscillates between low concentration and moderate concen-
tration, akin to the oscillatory zoning that is well-
characterized in other minerals such as plagioclase feldspar
and zircon (e.g. Shore and Fowler, 1996). This zoning could
suggest that cores and zones in these grains are the product
of crystallization-driven compositional changes and these
cores could tentatively be fitted to the same degassing tra-
jectory as apatite rims.

Conversely, the highest concentration cores have sharp
boundaries, well-defined crystal faces and steep drops to
low S concentrations. These characteristics are more sug-
gestive of introduction of foreign crystals into an apatite-
saturated magma and are generally inconsistent with a
degassing trend. However, due to a lack of definitive evi-
dence into the origin of high S concentration cores, only
rim analyses are considered in modeling (see Section 5.3).
But based on these lines of reasoning, we suggest that the
cores from grains 756-76, 756-38, 756-35 and 756-95 are
likely inherited, either from magma mixing or from source
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rocks. Local sediments are Paleoproterozoic to Mesopro-
terozoic and are likely to have high isotopic ratios
(Strauss, 1997); coupled assimilation-fractional crystalliza-
tion processes would therefore yield an isotopic variation
inconsistent with the one recorded during apatite crystal-
lization. Alternatively, recharging, partially crystallized
magmas containing apatite in their crystal cargoes may
have been injected into an evolving magmatic system, or
crystallized during S release events from injected mafic
magmas as proposed by Edmonds et al. (2010) and Van
Hoose et al. (2013) for Pinatubo. Considering the wide
range of possible sources of these cores, it is not surprising
that they do not yield a coherent geochemical story. Fur-
ther exploration of these interpretations via trace elements
and isotopic characteristics is the topic of ongoing research.

5.2.2. Low S concentration rims

Most mounted apatites were surveyed by two to five
electron microprobe spots in order to identify high S con-
centration cores. This survey showed that �90% of the apa-
tite crystals from samples 756 and 760 had S concentrations
below 0.2 wt.% SO3. We therefore consider the low S con-
centration apatite rims to represent a sampling of the main
stage of apatite crystallization. The first-order result from
this study is that a 6‰ d34S isotopic variation was observed
among the low-S rims of apatites from a single hand sam-
ple, and that this isotopic shift must have occurred during
apatite crystallization. Although there is significant varia-
tion in the duration over which apatite will crystallize based
on magma compositional parameters (Harrison and
Watson, 1984; Piccoli and Candela, 2002), it is clear that
a significant evolution of S systematics occurred during
apatite crystallization in this system. Each particular apatite
may crystallize only during a short window of this trajec-
tory, especially if that crystal becomes included in another
mineral. This is similar to the record preserved by melt
inclusions that become trapped in progressively crystalliz-
ing minerals, as opposed to the record in volcanic matrix
glasses, which are much closer to a representation of
homogenized melt composition.

Reduction and oxidation degassing are open-system
processes that exert a strong influence on fO2, isotopic
and bulk S characteristics of magmas. A significant propor-
tion of S can be degassed at pressures at which the studied
magmas were emplaced, �150 MPa (Fiege et al., 2014). Sul-
fur degassing will decrease the bulk S concentration of the
magma and have an impact on its isotopic ratio. As dis-
cussed above, degassing can produce isotopic fractionations
towards either higher or lower d34S, depending on the fO2

of the melt, which determines what species will degas. The
progression from higher to lower isotopic ratios with falling
S from cores to rims, or the overall correlation between S
concentration and d34S(CDT), could be consistent with
degassing of a mixed-valence gas species from a magma
that is reduced enough to contain a significant proportion
of dissolved sulfide. In experimental studies this occurred
at fO2 of NNO+1 or less, which falls squarely within the
range over which natural and experimental melts demon-
strate a mixed-valence environment in melts (e.g. Moretti
et al., 2003; Moretti and Papale, 2004).
Following these lines of reasoning, we propose that
degassing is a strong candidate to explain the concentration
and isotopic ratio trajectories of the low S rims of apatites
from this study in aggregate and explore it further.

5.3. Degassing modeling

Fig. 5 shows the results of combining experimentally
constrained isotopic fractionations (Fiege et al., 2014) with
a decompression degassing model (Burgisser et al., 2015).
Isothermal decompression of a rhyolitic melt was modeled
at 850 �C between 300 MPa and �150 MPa as a function
of the fraction of S lost by the melt (S melt content at the
pressure of interest divided by the initial S melt content).
The conditions are typical of wet cold felsic systems and
are a reasonable approximation of those prevailing in the
Cadiz Valley Batholith based on the mineralogy of these
samples and compositions of Cretaceous arc magmas in
general.

D-Compress calculates the molar fractions, mi, of fluid
species i, where i is one of H2O, O2, H2, SO2, S2, H2S,
CO, CO2, and CH4. By assuming that chemical reactions
are buffered by the fluid phase, it uses the fluid species
fugacities, fi, to calculate the weight fraction, wi, of dis-
solved species due to a solubility law of the form

wi ¼ aif
bi
i , where ai and bi are constants depending on the

species, i, and temperature (Burgisser et al., 2015). The
H2S/SO2 fractions in the fluid and melt phases produced
by D-Compress were then used to calculate the normalized
fractions of SO2 and H2S in the fluid, RSO2g and RH2Sg, and
melt, RSO2m and RH2Sm, phases according to:

RSO2g ¼ mSO2

mSO2 þ mH2S
ð1Þ

RH2Sg ¼ 1� RSO2g ð2Þ
RSO2m ¼ wSO2

wSO2 þ 64
34
wH2S

ð3Þ

RH2Sm ¼ 1� RSO2m ð4Þ

The melt S isotopic composition, d34Sm, was calculated
based on experimentally determined isotopic fractionation
factors (Fiege et al., 2014), and following Sakai and
Nagasawa (1958), Sakai et al. (1982):

d34Sm ¼ ðd34Sinit þ 103Þð1� wSmlostÞag�m�1 � 103 ð5Þ
with

ag�m ¼ a1 minðRSO2g;RSO2mÞ þ a2 minðRH2Sg;RH2SmÞ
þ a3 maxð0;RH2Sg � RH2SmÞ þ a4maxð0;RSO2g � RSO2mÞ

ð6Þ
where d34Sinit is the initial value of d

34Sm, wSmlost is the lost
weight fraction of S in the melt, min(a,b) is a function
returning the smallest of a and b, max(a,b) is a function
returning the largest of a and b, a1 = 0.9985 is the fraction-
ation coefficient between gaseous SO2 and dissolved SO2,
a2 = 1.0067 is the fractionation coefficient between gaseous
H2S and dissolved H2S, a3 = 0.9949 is the fractionation
coefficient between gaseous H2S and dissolved SO2, and
a4 = 1.0103 is the fractionation coefficient between gaseous



Fig. 5. Isotopic evolution of a rhyolitic melt decompressed between 300 MPa and �150 MPa as a function of the fraction of sulfur lost by the
melt. All runs were carried out at 850 �C and with 6.5 wt.% melt H2O initially. Decompressions are either in closed (dashed curves) or open
(continuous curves) system. Tick marks along the curves mark successively the 180 and 160 MPa isobars. Closed-system decompressions have
0.1 wt.% initial gas. Not all open-system decompressions reach 150 MPa because one species (generally CO2) may be fully degassed out of the
system before 150 MPa. Three starting redox states are simulated, and labels ‘‘CO2 poor” mean 250 ppm initial melt CO2 and labels ‘‘CO2

rich”mean 1200 ppm initial melt CO2. The most reduced runs (NNO+1) give identical results, regardless of initial CO2 content. The gray area
marks the uncertainty linked with the NNO+1, closed-system run.
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SO2 and dissolved H2S. The melt weight fraction of S at a
given pressure is wS ¼ 0:5wSO2 þ 32=34wH2S and wSmlost is:

wSmlost ¼ wSinit � wS

wSinit

where wSinit is the S melt content at the initial pressure. To
display the degassing trend in the same units as the data,
wSmlost is converted in SO3 equivalent, SO3equ, by using:

SO3equ ¼ SO3initð1� wSmlostÞ ð7Þ

where SO3init is the initial value of S apatite content (see
Table 1). Eq. (7) assumes a linear relationship between
the S content in the melt and the S content in the apatite.

Initial melt H2O content was varied from 5 to 6.5 wt.%,
initial pressure was varied from 200 to 300 MPa, and the
initial gas content for closed-system decompression was
varied from 10�5 to 2 wt.% without much effect on the
behavior of melt d34S(CDT) values (d

34Sm). The initial redox
state, the initial melt CO2 concentration, and the degassing
style are the three main controls on the behavior of d34Sm,
so only the runs starting at 200 MPa, 5 wt.% melt H2O, and
0.1 wt.% initial gas are presented. The three groups of five
runs shown in Fig. 5 cover the ranges of initial variables
that yield the greatest span of d34Sm. Not all open-system
decompressions reach 150 MPa because the melt may run
out of one species (generally CO2) before that final pres-
sure. Oxidized runs (�NNO+3) have nearly constant
d34Sm, regardless of melt CO2 content or decompression
style. Reduced runs (�NNO+1), on the other hand, show
the largest d34Sm variations of each respective degassing
style, regardless of melt CO2 content. Overall, open-
system degassing yields larger d34Sm variations than closed
system degassing, but the effect of degassing style is subor-
dinate to that of the redox state.

The models in Fig. 5 are run from three possible starting
points that represent different interpretations of magmatic
processes. One group of runs (solid lines) progresses from
the highest measured rim d34S value from sample 756,
which represents the assumption that all cores are foreign
to the magma. Another group (dashed lines) progresses
from the highest d34S measured in an oscillatory zoned core
from sample 756, assuming that only discordant cores are
foreign to this magma. The third group (dotted lines) pro-
gresses from the highest d34S value of the core of grain
760, assuming that samples 756 and 760 represent a shared
magmatic history.
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This modeling reproduces well the shallow slope of the
small reduction in S concentration with significant isotopic
variation observed in rims and oscillatory-zoned cores. It
also reproduces the magnitude of isotopic ratio variation
over a similar range in relative S concentration as that
observed. These model curves do not lie directly over the
data, possibly because the true composition at degassing
initiation was not captured by our sampling, or because
degassing initiated before apatite crystallization. Regardless
of this limitation, we argue that this modeling captures the
major first-order characteristics of the apatite rim data.

We favor an interpretation that the S and fO2 systemat-
ics of this system, particularly represented by apatite rims,
were dominated by ascent-driven degassing under condi-
tions of �NNO+1. This is well within the fO2 range of esti-
mates for the transition between sulfate-dominated and
sulfide-dominated melts and the range in which apatites
should still integrate dominantly sulfate according to
Konecke et al. (2017), as is observed for these apatites (E.
A.). Magma mixing (and/or assimilation) is a possible yet
currently unquantified process that may influence apatite
cores and the crystallization of anhydrite is also a possible
explanation, although no anhydrite was observed in these
samples. While these preliminary interpretations are specu-
lative, they parallel the level of complexity that we have
come to expect from magmatic systems, particularly intru-
sive ones. Although the system that is the topic of this study
is incompletely constrained, the data suggest that records of
multiple, discernable open-system processes are likely pre-
served in apatite crystals. The combination of these obser-
vations and the fine scale and relative chronology of this
record makes it an excellent fit for comparison with more
complex models.

5.4. Future work

The results of this study suggest several future avenues of
research. The possibilites of melt-apatite isotopic fractiona-
tion for individual S species must be characterized in order
to calculate true absolute melt sulfate isotopic ratios from
isotopic ratios measured in apatite. There could be a system-
atic isotopic fractionation that, while unlikely to be of the
magnitude observed, might be significant. Comparison of
isotopic variations with a detailed study of S speciation in
apatite is also likely to yield important additional insights.

The zoning record preserved in the studied crystals is
actually much more detailed than can be accessed with tra-
ditional SIMS methods. Zoning on the scale of 1–2 lm can-
not be interrogated with the relatively large (15–20 lm)
spot sizes used here, but continued technical improvement
in ion microscopy may allow for the quantification of these
variations in greater detail. It is also notable that relative
timing is discussed in this study, but no absolute time impli-
cation is presented. Crystallization may progress very
rapidly or may experience lulls. Future work will include
exploring strategies for absolute chronology, possibly using
zircon inclusions and their trace elements (Dilles et al.,
2015), as well as investigating in-situ trace elements and
radiogenic isotopes such as Nd and Sr in these grains
(e.g. Braund et al., 2017; Boehnke et al., 2017).
The S cycle influences the movement of economically
valuable elements in the deep and shallow crust (see Rye
and Ohmoto, 1974 and Simon and Ripley, 2011 for
reviews). There are also many unresolved questions about
redox systematics of magmatic arcs, particularly whether
arc processes have an overall oxidizing effect on magmatic
products (Carmichael, 1991; Lee et al., 2005; Rowe et al.,
2009; Evans et al., 2012), how fO2 and S systematics evolve
in sub-volcanic magma systems (Mandeville et al., 2009;
Oppenheimer et al., 2011; Moussallam et al., 2014) and
how arc fO2 evolution has impacted atmospheric evolution
through geologic time (Canil et al., 2006). Constraining the
processes that lead to arc magma oxidation has implica-
tions for the global fO2 evolution of the earth (Saal et al.,
2002; Canil et al., 2006; Dauphas et al., 2009). Due to the
broad stability range of apatite, it is nearly ubiquitous in
arc settings, including deep crustal xenoliths (Hanchar
et al., 1994). The method presented here provides access
to a unique record of magma S systematics on a scale that
is correlative with the systematic complexity, and is a novel
tool for addressing these important problems.

5.5. Conclusions

In this study, we present the first in-situ method of ana-
lyzing S isotopic ratios in apatite crystals. Sulfur isotopic
fractionations of up to 6‰ d34S were observed in apatites
from a single hand sample, and up to 3.8‰ d34S variations
were observed within a single crystal. We combine these
measurements with detailed S concentration maps in order
to interpret potential systematic S behaviors. We favor an
interpretation of these observations as a record of open sys-
tem magmatic processes of degassing and mixing (or assim-
ilation), and the crystallization of anhydrite remains a
possible explanation. Preliminary degassing modeling
reproduces the first-order characteristics of isotopic and
concentration variation, including the magnitude and direc-
tion of isotopic fractionation. It further suggests an initial
magma fO2 of NNO+1 or lower, and that magmas were
slightly reduced further through the process of degassing.
More complex models that include both degassing and crys-
tallization of solid S-bearing species, and their combined
effect on the speciation of S and its isotopic fractionations
will improve future constraints and interpretations of this
and similar data sets. We argue that apatite is a high-
fidelity recorder of the isotopic composition of the sulfate
fraction, and possibly some sulfite and/or sulfide compo-
nent, of a melt, and is a unique and critical new record
for interpreting the behavior of S in magmas. We anticipate
that, with further refinement, this method will yield valu-
able contributions to our understanding of complex, non-
linear behaviors of S in magmas.
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