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ARTICLE INFO ABSTRACT

Associate editor: Sheng-Ao Liu Titanium and Fe isotopic compositions of lavas from a calc-alkaline differentiation suite and corresponding
mineral separates from the Rindjani Volcano, Indonesia show that Fe and Ti isotopic fractionations between
minerals and melts are lower than those recorded in other suites at all stages of differentiation. The limited
isotopic fractionation for Ti is likely due to low-Ti magnetite and clinopyroxene being the dominant carriers of Ti
in Rindjani lavas, as these minerals are thought to have limited equilibrium Ti isotopic fractionation relative to
silicate magmas. Other magmatic differentiation suites controlled by removal of Ti-rich magnetite and charac-
terized by a lesser role of clinopyroxene have larger Ti isotopic fractionations. This effect is an indirect conse-
quence of the elevated Fe>'/Fe?" ratio of calc-alkaline magmas such as Rindjani, which promotes Fe>"
incorporation into magnetite at the expense of Fe?*-Ti*" pairs, such that increased oxygen fugacity will subdue
Ti isotopic fractionation in global magmatic series. Similarly, we find negligible Fe isotopic fractionation in
Rindjani bulk rocks and mineral separates, unlike previous studies. This is also likely due to the oxidized nature
of the Rindjani differentiation suite, which leads to similar Fe>*/Fe?* ratios in melt and minerals and decreases
overall mineral-melt Fe fractionation factors. Paired Ti and Fe isotopic analyses may therefore represent a
powerful tool to assess oxygen fugacity during differentiation, independent from Fe 3* determinations of erupted
samples.
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1. Introduction

Titanium stable isotopes are fractionated to varying extents during
igneous differentiation. These isotopic variations have consequently
been used for tracing large scale differentiation processes such as the
formation of Earth’s continental crust (Greber et al., 2017b; Deng et al.,
2018; 2019; Aarons et al., 2020; Aarons et al., 2021b) and lunar magma
ocean crystallization (Millet et al., 2016; Greber et al., 2017a; Rzehak
et al., 2021; 2022). In addition to being an abundant element, Ti is re-
fractory, relatively insoluble, and exists in a single oxidation state (4+)
on Earth. These characteristics free Ti isotopes of many of the compli-
cations faced by stable isotopic systems of other elements that are
moderately volatile, soluble, and/or redox-sensitive.

To date, Ti isotopes have helped shed light on wide-ranging topics
such as the composition of the Archean crust and the onset of plate

tectonics (Greber et al., 2017b; Deng et al., 2018; 2019; Aarons et al.,
2020), the differentiation histories of the Moon and Mars (Millet et al.,
2016; Greber et al., 2017a; Deng et al., 2020; Rzehak et al., 2021; 2022),
the history of continental topography and biological evolution (Saji
et al., 2023), and sediment provenance studies (Greber et al., 2017b;
Klaver et al., 2021; Heard et al., 2021; He et al., 2022). All these studies
build on the observation that Ti isotopes are fractionated during
magmatic differentiation, prompting continued interest in understand-
ing the drivers of Ti isotopic fractionation in igneous systems.
Titanium stable isotopes are fractionated during magmatic differ-
entiation primarily because Ti resides in higher coordination in Fe-Ti
oxides (6-fold) than in silicate melt (mixtures of 4-, 5-, and 6-fold;
(Farges et al., 1996; Farges and Brown, 1997), resulting in light iso-
topic enrichments in Fe-Ti oxides relative to melts at equilibrium (Millet
et al., 2016; Leitzke et al., 2018; Johnson et al., 2019; Wang et al., 2020;
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Aarons et al., 2021a; Hoare et al., 2022). Mineral separates from igneous
rocks, such as Fe-Ti oxides, are indeed isotopically light compared to
coexisting silicate melts and minerals, and the crystal fractionation of
these oxides drives the Ti isotopic evolution of the melt (Johnson et al.,
2019; Greber et al., 2021; Nie et al., 2021; Hoare et al., 2022).

A unique feature of Ti isotopes is that they appear to fractionate to
different extents in magmas originating from different tectonic settings.
Relatively dry, reduced, Ti-rich magmas tend to produce the most
isotopically fractionated differentiates, whereas Ti isotopes in hydrous,
oxidized, Ti-poor magmas tend to be less fractionated, even when the
magmas are highly differentiated (Greber et al., 2017b; Deng et al.,
2019; Johnson et al., 2019; Hoare et al., 2020; Zhao et al., 2020; Hoare
et al., 2022).

There are several proposed mechanisms to explain why calc-alkaline
magmas experience less Ti isotopic fractionation. Their increased water
content suppresses plagioclase crystallization relative to other minerals,
allowing melt SiO; to increase more quickly for a given degree of crystal
fractionation. Calc-alkaline magmas also have higher oxygen fugacity,
which tends to promote earlier crystallization of Fe-Ti oxides. These
phenomena play a role, but cannot solely account for the more subdued
Ti isotopic fractionation documented in calc-alkaline magma series
compared to other magma series (Aarons et al., 2021a). Another
important factor that can influence Ti isotopic fractionation is that Fe-Ti
oxides have variable mineral-melt fractionation factors depending on
their composition, which can modulate Ti isotopic fractionation during
magmatic differentiation (Hoare et al., 2020; 2022). It was also hy-
pothesized that increasing melt polymerization in high SiO, melts could
exert a control over mineral-melt fractionation factors over the course of
differentiation (Deng et al., 2019; Aarons et al., 2021a). To test these
hypotheses and develop a quantitative understanding of Ti isotopic
fractionation during magmatic differentiation, it is important to estab-
lish the fractionation factors between Fe-Ti oxides and silicate melt,
where very little data for natural samples exist.

Like Ti stable isotopes, Fe stable isotopes also fractionate during
magmatic differentiation (Teng et al., 2008; Schuessler et al., 2009; Sossi
etal., 2012; Weyer and Seitz, 2012; Du et al., 2022). Iron is an abundant
element in terrestrial magmas and is a major component of both the
silicate and oxide minerals. Unlike Ti however, Fe is redox-sensitive,
existing as both Fe?>" and Fe>' in melts and minerals. This character-
istic is responsible for most of the isotopic fractionation Fe experiences,
because the bonding environment of Fe*! in melts and minerals is
stronger than Fe?*, leading Fe>*-rich minerals to concentrate heavier Fe
isotopes (Dauphas et al., 2012; Roskosz et al., 2006). The evolution of Fe
isotopes within melts can therefore record the relative removal rates of
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Fe?* vs. Fe3* in crystallizing minerals, providing a window into the
redox conditions experienced during differentiation.

To explore the utility of paired Ti and Fe stable isotopes for under-
standing compositional and redox controls during magmatic differenti-
ation, specifically in more oxidized calc-alkaline magmas where fewer
data exist, we collected isotopic data from bulk samples and mineral
separates of the calc-alkaline differentiation suite from the Rindjani
Volcano, Indonesia. These data allow us to quantify mineral-melt frac-
tionation factors over the course of magmatic differentiation and
possible magma mixing, in a system with relatively well constrained
temperature, melt composition, and mineralogy.

2. Materials and methods
2.1. Samples

Samples used in this study are lavas from Mount Rindjani, located on
the island of Lombok in Indonesia. Mount Rindjani is situated in the
central Sunda Arc, where the Indo-Australian plate subducts beneath the
Eurasian plate. The lavas range in age from Pleistocene to present, with
compositions spanning high-Al basalt, andesite, high-K andesite and
trachy-andesite, and trachyte (Fig. 1). Lavas from Mount Rindjani
originated in the sub-arc mantle and fall along the calc-alkaline differ-
entiation trend. Although calc-alkaline magmas often show evidence for
assimilation and mixing, which can complicate interpretations (e.g.,
Grove and Brown, 2018), available evidence, such as Sr isotopic data,
suggests that these lavas experienced limited crustal contamination
during ascent and emplacement (Whitford et al., 1978; Foden, 1983),
and therefore provide a suitable case study to examine the effects of
fractional crystallization on Ti and Fe isotopes in a calc-alkaline differ-
entiation series.

For this study, 24 bulk whole rock powders were analyzed for their
Fe and Ti stable isotopic compositions. Fresh rock samples were broken
into 3-4 cm chips using a rock hammer, and the chips were crushed
using a steel jaw crusher at the University of California — Santa Barbara.
These chips were then pulverized in an alumina shatterbox on a SpexTM
mill. The shatterbox was cleaned between samples using pure quartz
sand followed by rinsing and drying with ethyl alcohol.

Mineral separates were also prepared from six crushed bulk samples
for Fe and Ti stable isotopic analyses. First, 10 to 20 g of bulk sample was
crushed and sieved in water to obtain a 50 to 185 pm size fraction. This
size fraction underwent density separation in methylene iodide (Mel,
density 3.32 g/cm®) to separate two fractions enriched in (i) high density
Fe-Ti oxides and (ii) silicate minerals and glass. Weights of each mineral
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Fig. 1. Total alkali silica diagram (after Le Maitre et al., 2005) of the Rindjani differentiation suite studied here (data from Foden, 1983).



A.C. Johnson et al.

separate were recorded. Aliquots of each mineral separate were moun-
ted in epoxy for petrographic and geochemical characterizations.

2.2. Petrographic characterization

Petrographic description of each of the samples is provided in the
appendix. Modal percentages of phenocrysts were determined optically
by visual estimation of thin sections at UCSB. Samples are dominantly
glassy/fine-grained with phenocrysts making up 10 to 45% of each
sample (unless otherwise noted, all modal fractions are in volume,
Fig. 2). Early crystallizing phases include olivine, clinopyroxene, and
plagioclase. Following the appearance of magnetite in more differenti-
ated samples, orthopyroxene is observed while olivine is no longer
present. In andesitic samples, amphibole is observed along with
plagioclase, clinopyroxene, and magnetite. Fe-Ti oxides, when present
in the differentiation suite, range between 1 and 5% of the sample and
are typically unzoned grains of magnetite; the exception to this obser-
vation are two samples (LO-13 and LB-53) where magnetite grains
contain exsolution lamellae of ilmenite.

Scanning electron microscopy (SEM) backscattered electron (BSE)
images and energy-dispersive spectroscopy (EDS) spectra of individual
minerals were collected for each mineral separate. Samples mounted in
epoxy were analyzed with the TESCAN LYRAS3 field-emission SEM at the
University of Chicago. The SEM-EDS was operated at a 15 kV acceler-
ating voltage and beam intensity of 0.26 nA. Following calibration with
a cobalt standard, elemental maps and point spectra were collected with
EDS to measure the composition and volume fractions of the minerals in
the density separates.

2.3. Major and trace elements

All samples (n = 36 corresponding to the 24 bulk powders and 6+6
low- and high-density mineral separates) were analyzed for major and
minor elements using a Thermo ICAP-Q quadrupole ICP-MS at Arizona
State University. Aliquots of the samples were digested on a hot plate in
a 10:1 HNO3:HF mixture, followed by concentrated HCI to dissolve
fluorides. Samples that were not fully digested by this procedure were
further processed in a parr bomb containing a 2:1 HNOs:HF mixture
until dissolution was complete. Analyses were conducted using a
multielement (Sc, Ge, Y, In, Bi) internal standard and in-house multi-
element external calibration standards. Based on repeat analysis (n = 4)
of the in-run multielement standard, typical measurement precision was
better than 5%. Concentrations of geostandards BIR-1, RGM-1, and G-2
were analyzed by the same method and were typically within ~10% of
certified concentrations (see supplement). All ICP-MS data are presented
in the supplement, along with major and minor element analyses of the
same samples from Foden (1983) and XRF and LA-ICP-MS data
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Fig. 2. Modal percentage of phenocrysts (ol = olivine, cpx = clinopyroxene,
opx = orthopyroxene, oxide = magnetite, plagioclase, amphibole) in glassy/
fine-grained groundmass. Black squares along the x axis are individual sam-
ples (SiO, from (Foden, 1983).

Geochimica et Cosmochimica Acta 355 (2023) 1-12

generated at the University of California — Santa Barbara that was re-
ported in Toc (2018), where the XRF data were acquired on fused glass
beads at Pomonoa College and LA-ICP-MS data for trace elements
collected on the same glass beads at the UC Santa Barbara LASS facility.
Unless otherwise specified, data in the main text, tables, and figures are
XRF data for major elements, and the ICP-MS data for trace elements.

2.4. Iron and titanium isotopic analyses

Twenty-four bulk samples and twelve mineral separates were pre-
pared for Ti and Fe isotopic analysis at the Origins Lab of the University
of Chicago. For Ti isotopic analyses, ~0.1 g of each sample (>10 pug Ti)
was weighed out with ~0.6 g of LiBOy and three drops of LiBr non-
wetting solution into a graphite crucible and melted for 10 min at
1150 °C in air for flux fusion (Greber et al., 2017a). A shard from the flux
fusion bead was weighed into a PFA beaker with *’Ti-*®Ti double-spike
in a 48:52 spike-sample ratio (Millet and Dauphas, 2014). The sample
with double spike added was dissolved in 10 mL of 3 M HNOg3 at 130 °C
and sonicated until fully dissolved. This dissolution procedure ensures Ti
isotopic equilibration between the sample and double-spike. As a pre-
cautionary step to avoid secondary precipitates from clogging the col-
umns, the samples were centrifuged in 2 mL centrifuge tubes
immediately prior to column chemistry, with the upper 1.9 mL going
into the column and 0.1 mL stored. Column chemistry followed the
method of Millet and Dauphas (2014), which first uses a 10 mL Bio-Rad
column and a prepacked 2 mL Eichrom TODGA resin cartridge (50-100
um) to remove most matrix elements. This step was followed by two
rounds of a 5 mL microcolumn (3.2 mm ID x 10 c¢m) filled with 0.8 mL of
AG1-X8 200-400 mesh resin to remove remaining Mo and high field
strength elements (Nb, Ta, W) (Zhang et al., 2011). Final solutions were
dried down and brought up in 2% HNO3 with HF to match concentra-
tions and perform Ti isotopic analyses.

For Fe isotopic analyses, ~10 mg of each sample (>250 pg Fe) was
weighed into PFA beakers and digested in a 2:1 mixture of HF:HNOg
with two drops of HClO4 at 130 °C, followed by dry down and digestion
in a 3:1 mixture of HCl:HNO3 with 3-5 drops of HClO4, and finally
digestion in a 2:1 mixture of HCl:HNOs3 with two drops of HCIO4. Once
dissolved, the samples were dried down and re-dissolved in 6 M HCl for
column chemistry. For Fe purification, we followed the method of
Dauphas et al. (2009), where samples were twice put through a Bio-Rad
column with 1.0 mL of AG1-X8 200-400 mesh resin for purification.
Purified Fe samples were brought up in a final stock solution of 2%
HNOgs for analysis.

Measurements were performed on a Neptune MC-ICPMS at the Ori-
gins Lab of the University of Chicago. Titanium isotopic analyses were
done using an Apex Q desolvating nebulizer attached to a Spiro heated
membrane desolvation module and measured in medium resolution.
Isotopes 464, 47T, *8Ti, 4°Ti, and °°Ti were measured simultaneously in
muli-collection. Isotopes *°Ti and °°Ti were measured as flat top
shoulders to resolve interferences from 3°Si'%0" on *Ti* and %6Ar!*N*
on °°Ti*. All samples were measured using sample standard bracketing
with standards doped with double-spike in the same 48:52 ratio as the
samples. Concentrations were matched within 10% at ~200 ppb and run
at a signal on *®Ti* of 10 to 15 V on a 10! Q amplifier. Samples were
measured using 40 integrations of 4.194 s each. We report the Ti isotopic
composition of each sample in §*°Ti notation, which is the permil de-
viation from the *°Ti/*’Ti ratio of the Origins Laboratory Ti reference
material (OL-Ti), a composition that is close to chondrites (Greber et al.,
2017a),

(49Ti / 47Ti) )

SOTi(%) = | omrmmr o — 1| 1000. 1
i(%) (PTi/ ¥ Ti)op - @
The concentration-matched bracketing standards were spiked with

the same double-spike as the samples and went through the same data

reduction procedure. Measured data were corrected for potential Ti
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isotopic mass fractionation during the purification and isotopic mea-
surements using the double-spike technique described in Millet and
Dauphas (2014). Uncertainty is reported at the 95% confidence interval
(CD), which is calculated from the reproducibility of 9 or more replicate
measurements. Long term reproducibility was assessed from the stan-
dard deviation of all in-run OL-Ti bracketing standards and was found to
be +0.02%o. Geostandards were also analyzed and generally match
literature values (Aarons et al., 2020) within error: 8*Ti = +0.436 +
0.009%o for G-3 (vs. +0.431 + 0.043%o), —0.032 £ 0.008%o for BIR-1
(vs. —0.047 + 0.005%0), and +0.026 + 0.009%. for BHVO-2 (vs. +
0.028 + 0.005%o).

Iron isotopic analyses used a dual cyclonic-Scott spray chamber
introduction system and were measured in medium resolution on flat
top peak shoulders to avoid ArN*, ArO", and ArOH" interferences. All
samples were measured using sample standard bracketing with IRMM-
524, which has the same Fe isotopic composition as IRMM-014 (Crad-
dock and Dauphas, 2011). Concentrations were matched within 5% at
~1 ppm and run at a >®Fe™ intensity of 5 to 6 V on a 10! Q amplifier.
Samples were measured using 25 integrations of 4.194 s each. The Fe
isotopic composition of each sample is reported in §°°Fe notation, which
is the permil deviation from the °°Fe/%*Fe ratio of IRMM-524/IRMM-
014,

49Fe 471:e
( / )sample —111000. (2)

(*Fe/*Fe)pam_o14

Uncertainty is reported at the 95% confidence interval, which in-
corporates uncertainty from the long-term reproducibility of bracketing
standards (£0.032 to + 0.058%o) as well as error from unaccounted
analytical fractionation (4+0.012%0) (Dauphas et al., 2009). Geo-
standards were also analyzed and match with literature values within
error: +0.080 + 0.058%o for AGV-2 (vs. a literature value of +0.105 +
0.011%o; +0.130 4 0.038%0), +0.093 =+ 0.035%. for BHVO-2 (vs.
+0.114 + 0.011%0), +0.107 + 0.034%o for BCR-2 (vs. +0.091 =+
0.011%0; +0.079 + 0.043%o), and IF-G + 0.590 + 0.058%o for IF-G (vs.
+0.639 + 0.013%o; +0.640 + 0.058%0) (Craddock and Dauphas, 2011;
Dideriksen et al., 2006; Weyer et al., 2005; Rouxel et al., 2005).

5Fe(%) =

3. Results

The high-density mineral separates are primarily composed of Fe-Ti
oxides (low-Ti magnetite), and silicate glass, with varied amounts of
mafic silicate minerals (olivine, pyroxene, or amphibole, depending on

S
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the stage of differentiation) (Fig. 3). The Fe concentration is higher in all
mafic minerals (10-80 wt% FeO) compared to the glass (3-7 wt% FeO),
with the greatest enrichment seen in magnetite. Titanium is enriched in
magnetite (~10 wt% TiO3) with lower concentrations observed in py-
roxene and silicate glass (<1 wt% TiO3). Low density mineral separates
are primarily composed of silicate glass and plagioclase, with trace
mafic minerals and oxides (Fig. 4).

Select major elements and Ti and Fe isotopic analyses for all samples
are presented in Tables 1-2 and Figs. 5-8 (see Supplement for full
dataset). To track Fe and Ti isotopic evolution as a function of differ-
entiation, we compare bulk rock isotopic values to both SiOy and
removal of Ti compared to an incompatible element, thorium. For
example, if we assume that the TiOo/Th ratio of the least differentiated
sample, LB-43, represents the TiO,/Th ratio of the parental melt, the
TiOo/Th ratio of differentiated samples decreases as crystal fraction-
ation preferentially removes TiOy compared to highly incompatible Th.
We use TiO,/Th ratios to estimate the extent of Ti removal by writing

(TiO,/Th)sample
In=|"m=r s s 3

(TiO,/Th)LB — 43
where fr; represents the remaining Ti in the system. The fraction of Fe
remaining in the melt was calculated in a similar manner,

{((Fezog /Th)sample }

ch =

Note that calculation of fr; and fr. by normalization to Th assumes
that it behaves as a purely incompatible element, and was not replen-
ished by assimilation or magma injection, and was not significantly
removed by trace Th-rich phases such as apatite. Those assumptions are
reasonable because normalization to other incompatible elements, such
as U, yield similar fractions of Fe and Ti remaining (Figs. 5 and 6).

In Fig. 5A-B we show that Fe;Os* and fraction of remaining Fe
(normalized to Th and U) continuously decrease relative to SiO content.
Early crystallizing phases include olivine and clinopyroxene, followed
by increasing proportions of plagioclase, with magnetite observed in
samples with >50 wt% SiO.. Olivine is no longer observed above 52 wt
% SiOy and orthopyroxene is observed instead. In samples > 59 wt%
SiOy, trace amphibole is found instead of orthopyroxene, while plagio-
clase, clinopyroxene, and magnetite are still present. As shown in
Fig. 5B, the continual removal of Fe;03 results in <10% of the initial
melt Fe remaining in samples with >62 wt% SiOx.

Despite continual removal of Fe by fractional crystallization, we

O Kal

Fig. 3. (A) Example back-scattered electron (BSE) image of a high density mineral separate (LBK-8) composed primarily of magnetite (light gray) and quenched
silicate glass (medium gray). (B) EDS map spectra indicate trace pyroxene (Ca), and in other cases olivine (Mg) and trace amphibole (Ca, Mg), were also present in the
high density mineral separates, but had comparatively much lower Ti and Fe contents than magnetite (Ti, Fe spectra).
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0 Kal
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Fig. 4. (A) Example BSE image of a low density mineral separate (LBK-8) composed primarily of quenched silicate glass and plagioclase (medium gray) with trace
magnetite (light gray). (B) EDS map spectra indicate trace magnetite (Ti, Fe spectra), trace pyroxene (Mg, Fe spectra), and in other cases trace amphibole (Ca, Mg),

were also present in the low density mineral separates.

Table 1
Major element, Ti, and Fe stable isotopic data for bulk samples.
Sample Si0, TiO, Fe,05* fr fre 5*°Ti 95%ClI 5°°Fe 95%CI
(Wt%) (wt%) (wt%) (%o) (%o) (%0) (%0)
LB-43 48.14 0.77 10.42 1.00 1.00 0.005 0.011 0.035 0.032
LB-34 48.85 0.87 11.20 0.77 0.84 0.006 0.021 0.068 0.053
LO-46 49.00 0.96 11.22 0.75 0.67 —0.025 0.013 0.106 0.053
LB-33 49.69 0.93 10.22 0.64 0.52 —0.007 0.018 0.053 0.032
LO-45 50.30 0.94 10.24 0.56 0.45 0.081 0.016 0.043 0.035
LO-14 50.65 1.10 10.69 1.07 0.77 0.017 0.012 0.066 0.053
LO-11 52.17 1.17 10.12 0.40 0.26 0.061 0.017 0.055 0.035
LO-10 51.10 1.16 10.18 0.38 0.25 0.033 0.017 0.048 0.034
LBK-2 54.48 0.93 8.83 0.42 0.30 0.017 0.021 0.143 0.032
AR-6 55.49 0.95 8.64 0.39 0.26 0.088 0.013 0.051 0.032
LBK-4 56.25 0.93 8.08 0.37 0.24 0.128 0.020 0.095 0.034
LBK-6 55.75 0.91 8.08 0.36 0.24 0.087 0.018 0.044 0.034
LB-53 57.52 0.85 7.34 0.24 0.16 0.126 0.015 0.058 0.032
LO-47 56.55 0.90 7.57 0.35 0.22 0.114 0.012 0.012 0.035
LB-49 59.60 0.79 6.45 0.19 0.12 0.187 0.012 0.061 0.035
LO-13 60.88 0.71 6.40 0.33 0.22 0.167 0.012 0.081 0.035
LBK-8 62.33 0.73 6.29 0.17 0.11 0.168 0.019 0.031 0.034
LBK-7 60.09 0.78 6.90 0.19 0.13 0.124 0.013 0.031 0.034
LO-52 64.55 0.62 4.07 0.12 0.06 0.292 0.017 0.061 0.032
LO-5 64.64 0.64 4.09 0.13 0.06 0.302 0.015 0.095 0.053
LBK-9 64.40 0.63 4.33 0.12 0.06 0.303 0.014 0.100 0.053
LBK-10 64.62 0.61 4.06 0.15 0.08 0.319 0.019 0.069 0.053
LO-38 67.80 0.57 3.02 0.09 0.04 0.457 0.021 0.101 0.053
LO-37 67.69 0.58 3.19 0.08 0.03 0.472 0.017 0.065 0.053

Footnote: Major elements reported here are XRF data measured at UCSB (see supplement for comparison with data from Foden, 1983). Total iron reported as Fe,O3*.
All isotopic data are the average of at least nine standard-sample-standard bracket measurements, with the uncertainties reported as 95% confidence intervals.

observe no trend in §°°Fe values as a function of differentiation (Fig. 5C).
This observation is consistent with the 5°°Fe values of the mineral sep-
arates, which show no significant isotopic offset from the whole rock
(Fig. 5D). While instantaneous mineral-melt isotopic fractionation can
be amplified by Rayleigh distillation effects, no fractionation is observed
in highly differentiated samples where <10% of initial melt Fe remains.

Fig. 6B shows that TiO, is continuously removed relative to Th. This
observation is less apparent when comparing TiO; to SiO,, where TiO5
abundance initially increases during the crystallization of olivine and
clinopyroxene (Fig. 6A). This is because, early-on, TiO5 is incompatible
and is removed at a slower pace than another major element such as SiO;
that controls the fraction of melt remaining (Fig. 6A). Following the
crystallization of magnetite, TiO abundance continuously decreases.
However, it is important to note that by the first appearance of

magnetite, ~60% of the initial melt Ti was already removed, likely as a
trace constituent of clinopyroxene (Fig. 6B).

During initial Ti removal when olivine and pyroxene are crystal-
lizing, very little Ti isotopic fractionation is seen (Fig. 7A-B). Following
the appearance of magnetite in samples with >52 wt% SiOs, 5**Ti values
steadily increase, both as a function of SiOy, and progressive Ti removal
(Fig. 7A-B). At 67-68 wt% SiO», samples reach a maximum 5%Ti value
of 0.47%o, similar to other calc-alkaline differentiation suites (Greber
et al., 2017b; Hoare et al., 2020; 2022). In Fig. 7B, the slope between
5%Ti and the negative natural logarithm of the fraction of Ti remaining
in the melt indicates the “net” fractionation factor imparted by the bulk
crystallizing assemblage. The calculated slope inferred from linear
regression of §°Ti against -Infr; is around 0 prior to oxide crystalliza-
tion, and +0.19 after oxide crystallization. The “net” fractionation factor
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Table 2
Ti and Fe stable isotopic data and TiO, concentrations of high density (HD) and low density (LD) mineral separates.
Sample f mass TiO, 5*°Ti 95 CI 5°°Fe 95 CI Corrected 8*°Ti 95 CI AT 95 CI
(wt%) (%o) (%o) (%o) (%o) (%o) (%0) (%0)
LO-11 LD 0.927 1.17 0.051 0.015 0.028 0.058 0.10 0.06
LO-11 HD 0.073 1.62 —0.268 0.015 0.026 0.058 —0.28 0.03
oxides 9.85 0.38 0.07
Temp = 980 °C
AR-6 LD 0.925 0.63 0.171 0.011 —0.008 0.058 0.29 0.08
AR-6 HD 0.075 4.38 —0.185 0.011 0.003 0.058 -0.19 0.02
oxides 9.68 0.48 0.09
Temp = 920 °C
LB-53 LD 0.974 0.75 0.179 0.008 0.028 0.058 0.21 0.04
LB-53 HD 0.026 4.62 —0.031 0.018 0.050 0.058 —0.04 0.04
oxides 9.76 0.25 0.05
Temp = 950 °C
LO-13 LD 0.974 0.56 0.220 0.022 —0.001 0.058 0.35 0.08
LO-13 HD 0.026 5.85 —0.030 0.013 0.092 0.058 —0.04 0.03
oxides 7.75 0.44 0.08
Temp = 910 °C
LBK-8 LD 0.960 0.58 0.195 0.021 0.021 0.058 0.24 0.06
LBK-8 HD 0.040 5.03 —0.045 0.015 0.018 0.058 —0.050 0.03
oxides 10.69 0.35 0.07
Temp = 900 °C
LO-38 LD 0.992 0.50 0.482 0.019 0.000 0.058 0.73 0.15
LO-38 HD 0.008 10.06 —0.052 0.009 - - —0.05 0.02
oxides 14.86 0.58 0.15
Temp = 895 °C

Footnote: Major elements reported here and in the supplement for mineral separates are ICPMS data measured at ASU. All isotopic data are the average of at least nine
standard-sample-standard bracket measurements, with the uncertainties reported as 95% confidence intervals.

A B Fig. 5. (A) Bulk rock Fe,;O3* (total iron)
14 1.0 ® plotted against SiO,. (B) Fraction of initial Fe
12 o ® (Fe/Th)/(Fe/Th)pa remaining in the melt plotted against SiO,.
< ) ° 0.8 ° o © (Fe/U),/(Fe/U), Fraction Fe remaining was calculated by
s 10 ° ofeo L 2 O assuming Th and U behaved as perfectly
. 8 e % 5 06 incompatible elements and calculating
O & ° fo o g 0a % o (Fe303/U,Th)/(Fes03/U, Th)inisiar  for each
L?_J 0 . sample. (C) Bulk rock 5°°Fe values plotted
4 ® ° 0.2 ) 8 % against SiO,; uncertainties are 95% CI. The
2 ' ¢ @G o weighted average of all bulk rock data is
0 0.0 () ° plotted as a dashed line with a 95% CI error
45 50 55 60 65 70 45 50 55 60 65 70 envelope. (D) 8°°Fe values of bulk rock (or-
SiO, (wi%) SiO, (wi%) ange) and mineral separates (blue and yel-
Cc D low) plotted against SiO,; uncertainties are
0.25 0.25 95% CI.
@High density
~ 0.20 ~ 0.20 OLow densit
g = ow density
o 015 % o 0.151 | eBulk
R R
g_, 0.10 + jL L.j'f 0.10
o 005’”’% % %%#% ’%” 7T T 005{ T _"f _______ g} __________
0.00 J‘) 0.00 ‘ ‘ ‘
L A
45 50 55 60 65 70 45 50 Sé 60 65 70
SiO, (wt%) SiO, (wt%)

of approximately +0.2%o0 after the onset of oxide crystallization is
similar to values obtained for other calc-alkaline suites (Millet et al.,
2016; Hoare et al., 2020).

In Fig. 8A, 8*Ti values of the high- and low-density mineral sepa-
rates are plotted with their corresponding bulk rock value against whole
rock SiOy. The low-density mineral separates are isotopically heavy
compared to the high-density separates, with an isotopic offset ranging
from +0.21%0 to +0.53%c. Low-density mineral separates are very
similar to bulk rock values, which is to be expected as these are poorly
crystalline samples with the most of the Ti hosted in silicate glass
(quenched melt). Both the low- and high-density mineral separates are
partial mixtures of the main carriers of Ti. Titanium is present primarily

in Fe,Ti-oxide, clinopyroxene, and glass (melt). We use the approach of
Johnson et al. (2019) to build mixing lines that extrapolate the 5*Ti
values of pure oxides and silicate using the K;0/TiO5 and CaO/TiO,
ratios of the pure phases, mineral separates, and bulk rock samples.
Because clinopyroxene is present in both low- and high- density mineral
separates, and is a minor but non-negligible carrier of Ti that is treated
here as part of the melt, these mineral pairs might be best thought of as
silicate-oxide pairs; however, due to the similarity between clinopyr-
oxene and silicate melt with respect to TiO2 content and Ti isotopic
composition, we expect that they are nearly identical to melt-oxide
pairs. Using a weighted regression and propagating the errors to the
extrapolated pure phases, the resulting corrected values have greater
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Fig. 8. (A) Measured 8*Ti values of bulk rock (black) and mineral separates (purple and green) plotted against SiO»; uncertainties are 95% CI. (B) Corrected 5*Ti
values of high- and low-density (HD and LD) mineral separates plotted against SiO, which represent §*°Ti of silicates and Fe-Ti oxides, respectively (see text for
details of correction). Uncertainties are 95% CI, with more significant corrections resulting in larger propagated errors. (C) AMTigilicate-oxide Values (the difference

between 5*Tigjjicate and 849Timagnetite) plotted against SiOs.

isotopic offsets, ranging from +0.25 to +0.58%. (Fig. 8B), which
represent discrete silicate-oxide fractionation factors.

To calculate the relevant quench temperature of each silicate-oxide
pair, we used rhyolite MELTs modeling and the bulk composition of
each sample (Gualda et al., 2012; Ghiorso and Gualda, 2015) to identify
the temperature at which each bulk assemblage reached the measured
crystal:glass ratio (Fig. 2; Table 2). We assume 3 wt% H,0, unbuffered
oxygen fugacity that began at QFM, and starting temperature and
pressure of 1200 °C and 1 kb (consistent with estimates by Foden, 1983,
as well as P and H2O estimates by Metrich et al. (2017) based on melt
inclusion analyses by Vidal et al., 2016). Cooling/crystallization was
performed in isenthalpic decrements of —50 J at constant pressure. As a
quality check, model runs were only accepted if they reproduced the
crystal assemblage observed in the samples; the most stringent of these
controls was whether the model correctly predicted the appearance of
magnetite, which appears after olivine, plagioclase, and pyroxene.
Modification of the above parameters (ex: QFM to QFM + 1; 2 to 3 wt%
H>0; 1 to 5 kb) resulted in temperature estimates varying +10 °C, but

this is likely not the largest source of uncertainty. If, for example, the
lavas left behind crystal cargo and quenched before re-equilibration, the
samples would overestimate the glass/crystal ratio and overestimate
quench temperature. The MELTs models indicate that decreasing the
glass/crystal ratio by 10% decreases the estimated eruption temperature
by 30 to 40 °C. The exsolution lamellae observed within magnetite in
two samples (LO-13 and LB-53) indicate that at least some lavas were
not instantaneously quenched, as we would like to assume, and thus our
approach may overestimate quench temperature. Previous calculations
estimating the closure temperature of Ti in oxides for volcanic samples
indicated closure temperatures well above the eruption temperatures
estimated here (Johnson et al., 2019), which is supported by the absence
of zoning or Ti diffusion profiles in the oxides near their melt bound-
aries. It therefore seems reasonable to assume that the estimated erup-
tion temperatures represent Ti closure temperatures, but with an
expanded uncertainty of +20 °C to account for possible modification of
the glass/crystal ratio during lava transport and eruption. Encourag-
ingly, our temperature estimates based on sample crystallinity (895 to
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980 °C) are consistent with temperature estimates from previous Rind-
jani studies that used optical thermometry of melt inclusions (900 to
990 °C) (Métrich et al., 2017).

Using these modeled quench temperatures, we plot silicate-oxide
fractionation factors against 10%/T? and include data from ab initio
studies as well as other published melt-magnetite pairs (Fig. 9). All data
plot within error of the weighted average 0.55 (+0.09 20) x 108/T2. Our
silicate-oxide fractionation factors agree most closely with the modeled
melt-titanomagnetite pairs of Aarons et al. (2021a), and are also very
similar to the average melt-ilmenite fractionation observed by Hoare
et al. (2022).

4. Discussion

Titanium and Fe stable isotopes undergo fractionation during
magmatic differentiation, due in part to the crystallization and removal
of Fe-Ti oxides (Teng et al., 2008; Deng et al., 2019; Hoare et al., 2022;
Zhao et al., 2022). Intriguingly, Fe and Ti isotopes fractionate differently
in different magmatic series when indexed to differentiation proxies like
bulk SiO,. Addressing this problem requires a deeper understanding of
the fractionation factors between Fe-Ti oxides and silicate melt that
govern the overall evolution of the system, where limited data are
available. In the following sections, we discuss our results in the context
of Fe and Ti isotope systematics of other magmatic systems, the various
drivers of isotopic fractionation in these settings, and potential future
applications of paired Fe and Ti isotopic analyses.

4.1. Drivers of Ti isotopic fractionation during magmatic differentiation

4.1.1. Ti removal in oxides vs. silicates

The Ti isotopic fractionation in the Rindjani differentiation suite is
tracked by (i) measuring silicate-oxide fractionation factors, which
range from +0.25 to +0.58%0 (Fig. 8B-C), and (ii) deriving a “net”
mineral-melt fractionation factor of +0.2 from the derivative of bulk
5*°Ti evolution after the onset of magnetite crystallization (Fig. 7B). The
discrepancy in fractionation factors derived by these two methods in-
dicates that, in our samples, Ti was removed from the melt during
crystallization of both oxides and silicates. While oxides strongly frac-
tionate Ti isotopes during crystallization, and remove Ti in significant
quantities, Ti removed by silicates, such as clinopyroxene, experiences
much less, if any, measurable isotopic fractionation and serves to mute
the net fractionation factor compared to oxide-melt fractionation
factors.

Geochimica et Cosmochimica Acta 355 (2023) 1-12

Results from ab initio calculations (Leitzke et al., 2018; Wang et al.,
2020; Aarons et al., 2021a) as well as experiments (Rzehak et al., 2022)
suggest that silicates such as clinopyroxene might incorporate isotopi-
cally heavy Ti isotopes compared to silicate melt. However, we see no
evidence for Ti isotopic fractionation by clinopyroxene in the Rindjani
magmatic suite, similar to other magmatic suites (Hoare et al., 2022).
Before the onset of oxide crystallization and when clinopyroxene is the
only significant Ti-bearing phase, we observe no measurable isotopic
fractionation despite significant (~60%) Ti removal (Fig. 7B). This
suggests that the Ti isotopic composition of clinopyroxene in this system
is very similar to the melt. One possibility is that Rindjani clinopyroxene
hosts Ti in a mixture of 4- and 6-fold coordination, mimicking the
dominantly ~5-fold coordination of Ti in the melt (Leitzke et al., 2018).
Little is known about what controls the distribution of Ti in clinopyr-
oxene (although melt chemistry plays a role, see (Nazzareni et al.,
2004), so it is difficult to say how characteristic this behavior is of other
calc-alkaline or terrestrial systems.

Other silicates to consider are olivine and plagioclase, which pri-
marily host Ti in 4-fold coordination and are therefore predicted to be
isotopically heavy compared to silicate melt (e.g., Greber et al., 2021);
however, partition coefficients for Ti in olivine and plagioclase indicate
that for Rindjani magmas with <1 wt% TiO, olivine contains < 0.02 wt
% TiO3 and plagioclase contains < 0.1 wt% TiOg, which is consistent
with Ti measuring below the LOD for our SEM EDS mineral spectra. Even
though there are samples where plagioclase is 20 x greater in abundance
compared to oxides, oxides have 200 x more TiOs, so plagioclase would
account for <10% of Ti removal relative to oxides at any point in time.
Because of this, plagioclase may contribute to decrease the net frac-
tionation factors compared to oxide-melt fractionation factors, but likely
plays a secondary role to Ti removal by clinopyroxene.

The discrepancy between silicate (melt, clinopyroxene, and plagio-
clase) - oxide fractionation factors and the net fractionation seen in the
bulk rock is not observed to the same degree in anhydrous, Ti-rich melts
(Deng et al., 2019; Johnson et al., 2019; Hoare et al., 2022), likely
because their crystallizing assemblage includes ilmenite (~50 wt%
TiOy) and Ti removal is dominated by oxide crystallization. In the
Rindjani suite, magnetite only contains ~10 wt% TiO» and ilmenite is
only found as a subsolidus exsolution phase. Additionally, mass balance
calculations using mineral mode data (see Fig. 2) indicate that clino-
pyroxene may account for up to 30% of total Ti removal when magnetite
is crystallizing, with up to 10% additionally removed by plagioclase. The
‘net’ isotopic fractionation factor of 10%1n0melr.soid = 0.22%o can be
explained with 38% of the fractionation contributed by melt-pyroxene
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Fig. 9. Melt-magnetite fractionation factors for Rindjani mineral separates (purple circles, 95 CI; gray envelope is the weighted average) plotted as a function of
temperature. For comparison, we include ab initio estimates of fresnoite (Ba,Ti(Si,0,)O) and the melt proxy (a calculated mixture of 6-fold and 4-fold coordination)
of Aarons et al. (2021a) (denoted ref. 1 in figure), as well as melt-magnetite and melt-ilmenite pairs from Hoare et al. (2022) (denoted ref. 2 in figure).
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(+plagioclase) isotopic fractionation with 1031nocmelt_cpX = 0%o, and 62%
of the fractionation from melt-magnetite isotopic fractionation with
1O3lnozmelt_magneme = 0.35%o, averaged from Table 2. Thus, only 70% of
Ti removed in crystallizing phases would have undergone significant
isotopic fractionation by magnetite, reducing the net fractionation fac-
tor to the observed range of 0.2 to 0.3 permil. Aarons et al. (2021a),
using Rhyolite-MELTS modeling, found much greater isotopic fraction-
ation than seen in published §*°Ti values for calc-alkaline differentiation
series. Their MELTS modeling suggested that clinopyroxene stops crys-
tallizing at around 57 wt% SiO, and accounts for less than 10% of total
Tiremoval. In the Rindjani lavas, we find that clinopyroxene crystallized
until 62 wt% SiO and accounts for nearly 30% of the total Ti that is
removed, even when Fe-Ti oxides were crystallizing. This most likely
explains the discrepancy between the observed Ti isotopic fractionation
and MELTS modeling of Aarons et al. (2021a). This discrepancy is
caused by the difficulty of modeling the crystallization of water-bearing
melts, which can easily overestimate the abundance or Ti content of
trace mineral phases such as Fe-Ti oxides.

4.1.2. Oxide mineralogy and oxygen fugacity

The greater role of silicates in determining the Ti budgets of arc
magmas may be one reason why calc-alkaline suites experience less Ti
isotopic fractionation than alkaline or tholeiitic suites (see also Hoare
et al., 2022), but evidence was recently published that the composition
of the oxides themselves also exerts a control on melt-oxide fractionation
factors. Hoare et al. (2022) measured mineral-melt pairs for Ti-bearing
magnetite, ilmenite, and rutile and found Ti-rich magnetite (~22 wt%
TiO2) produced the largest mineral-melt fractionation factors, followed
by Ti-poor magnetite (~14 wt% TiO»), followed by ilmenite and rutile.
The minerals that drive heavy Ti isotopic enrichments in melts are the
ones that are isotopically most fractionated and contain more titanium.
Thus, Ti-rich melts that crystallize either Ti-rich magnetite (large frac-
tionation and significant mass-balance leverage) and ilmenite (less iso-
topic fractionation but more mass-balance leverage) will rapidly remove
Ti and strongly fractionate its isotopes, whereas Ti-poor calc-alkaline
melts crystallizing Ti-poor magnetite will experience less isotopic
fractionation.

The role of oxide composition in determining magnetite-melt frac-
tionation factors becomes even more apparent when one compares the
fractionation factors from Rindjani with magnetite-melt pairs from
Santorini, Heard Island, and the Kneeling Nun Tuff (Fig. 10) (Hoare
et al., 2022; Mandl, 2019). Rindjani represents a low-Ti endmember in
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Fig. 10. Titanium isotopic fractionation factor between titanomagnetite-melt
at 1000 K as a function of TiO, contents in titanomagnetite; uncertainties are
95% CI. Santorini and Heard Island data from Hoare et al. (2022); Kneeling Nun
Tuff (rhyolite) data from Mandl (2019).
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the spectrum of magnetite compositions analyzed thus far. A clear
relationship emerges when these fractionation factors are plotted
against the Ti content of magnetite (Fig. 10), confirming previous ob-
servations by Hoare et al. (2022) that magnetite will fractionate Ti
isotopes more strongly at any given temperature with increased Ti in the
mineral. Our new data allow us to refine the temperature and compo-
sitional dependence of the magnetite-melt equilibrium isotopic frac-
tionation, using a weighted linear regression to yield,

A49Timagnclilcfmcll (1000K) (%0) = [( —0.058
+0.015)*TiO, + (0.15 £0.24)]10°/T>  (5)

where TiOs is the weight percent of TiO5 in the oxide phase, and T is in
kelvin.

Given that the Ti content of magnetite partly determines its Ti
isotope mineral-melt fractionation factor, it is important to consider
what influences oxide composition in magmatic systems. Unlike many
silicates, the Ti content of oxides at any given temperature is not solely a
function of the Ti content of the melt. For instance, sample LO-38, which
contains the most Ti-rich magnetite of all our mineral separates, crys-
tallized when melt TiO, was at its lowest, near the end of the differen-
tiation sequence. Another important control on oxide composition is
oxygen fugacity (as indicated by the Fe3*/Fe?" ratio of the melt), which
affects Ti partitioning in magnetite through the coupled substitution
(2Fe®*T — Fe?T+Ti*"), which defines the solid solution between
magnetite (Fe>tFe30,) and ulvéspinel (FeZTiO,). Coupled Fe?" 4 Ti*+
substitution into oxides is favored at lower oxygen fugacity when less
Fe3tis present (i.e., Sauerzapf et al., 2008), which is consistent with the
observation that anhydrous, more reduced magmas produce more Ti-
rich magnetite (see Heard Island, Fig. 10) than hydrous, more
oxidized magmas (see Santorini, Rindjani, Fig. 10). It is likely that this
relationship between Ti isotopic fractionation and oxygen fugacity be-
comes more complicated when ilmenite is present, because, although
ilmenite-bearing melts are generally less oxidized, ilmenite has been
found to fractionate Ti isotopes to a lesser degree than titanomagnetite
in the same suites (Fig. 9, Hoare et al., 2022). However, for calc-alkaline
suites where Fe-Ti oxide crystallization is dominantly magnetite, oxygen
fugacity may be a useful predicter of Ti isotopic fractionation, and vice
versa.

4.1.3. Melt composition and structure

Another possible cause of variable Ti isotopic fractionation in
magmatic systems is the Ti bonding environment in the melt, which is
affected by the melt composition. At high temperature, the sole control
on Ti isotopic fractionation is the bond strength (Bigeleisen and Mayer,
1947; Urey, 1947; Schauble, 2004; Dauphas et al., 2012). Because the
structure of silicate melts is uncertain, one cannot easily apply ab initio
methods to calculate Ti bond strength and equilibrium fractionation
factors in melts. Nevertheless, insights into Ti coordination can be
revealed using X-ray Absorption Spectroscopy (XAS), which can inform
ab initio calculations. Data from XAS analysis of natural and synthetic
glasses ranging from basalts to rhyolites reveal that most Ti is in five-fold
coordination, but with varying amounts of Ti in four- and six-fold co-
ordination as well (Farges and Brown, 1997). Basalts contain 30-50% of
Ti in 6-fold sites, with an average Ti coordination of 5.4, while more
felsic melts contain 30-60% of Ti in 4-fold sites with an average Ti co-
ordination of 4.5. This trend suggests that the coordination of Ti in melts
is influenced by the degree of melt polymerization, meaning that
mineral-melt fractionation factors could increase from mafic to felsic
melts as the average coordination number of Ti in the melt decreases and
bond strengths increase.

In Fig. 8C, the calculated fractionation factors for Rindjani samples
are plotted against whole rock SiO, to determine whether Ti isotopic
fractionation increases with melt polymerization. There is a slight pos-
itive trend with SiO,, largely because the most evolved sample (LO-38)
has the largest fractionation factor. However, this increase in isotopic
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fractionation is likely due to the change in oxide composition of LO-38,
which has the largest oxide Ti content (Table 2). Even with the increased
isotopic fractionation observed in LO-38, a weighted regression of the
fractionation factors vs. SiO indicates there is no statistically significant
relationship between isotopic fractionation and melt polymerization
(Fig. 8C).

The abundance of network modifiers (Na, K) that change the struc-
ture of the melt may also influence Ti isotopic fractionation. Non-
bridging oxygen to tetrahedral cations (NBO/T) and (Na+K)/Ca ratio
of the Rindjani lavas are plotted against SiO in Fig. 11, together with
the samples studied by Farges and Brown (1997) (open symbols) for
their Ti coordination. Despite expectations that changes in major
element chemistry would drive changes in Ti coordination of the melt,
we see little evidence for that effect, nor is it clearly expressed in Ti
isotopes. The calculated NBO/T ratio of Rindjani bulk samples decreases
dramatically over the differentiation sequence (similar to other igneous
suites, see (Hoare et al., 2020), and network modifiers (Na + K)/Ca
steadily increase. However, the most similar samples from Farges and
Brown Farges and Brown (1997) indicate average Ti-coordination of 5.5,
5.3, and 5.4 (or (515. (617§ ratios of 50:50, 70:30, and 60:40, respec-
tively), which may indicate that Ti-coordination does not change very
much with changing melt structures. Further work is needed to char-
acterize Ti coordination in representative magma differentiation series
to determine whether melt composition exerts any control on Ti isotopic
fractionation during magmatic differentiation.

4.2. Fe isotope systematics

Unlike previous studies that have documented Fe isotopic fraction-
ation in magmatic systems (Teng et al., 2008; Schuessler et al., 2009;
Sossi et al., 2012; Weyer and Seitz, 2012; Du et al., 2022), we find
negligible Fe isotopic fractionation in bulk rocks and mineral separates
(Fig. 5). Under equilibrium conditions, iron isotopes can fractionate in
magmas due to differences in Fe redox state between melt and crystal-
lizing minerals, as well as different bonding environments between
melts and minerals. In both melts and minerals, Fe>* forms stronger
bonds than Fe?" (Dauphas et al., 2012; Roskosz et al., 2006), so at
equilibrium more Fe3*-rich melts and minerals tend to be enriched in
the heavy isotopes of iron relative to more Fe>"-rich phases. The degree
of mineral-melt fractionation therefore depends on the contrast in Fe3t/
Fe?" between melt and minerals. A complication for iron is the fact that
Fe?* in more silicic and more polymerized melts tends to form stronger
bonds than Fe?* in more mafic magmas and minerals (Dauphas et al.,
2017). Kinetic isotopic fractionation effects associated with diffusion
(Teng et al., 2011; Sio et al., 2013; Richter et al., 2009; Oeser et al.,
2015) can also induce stable Fe isotopic fractionation in magmatic rocks
and minerals.

The absence of Fe isotopic fractionation in the Rindjani lavas and
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minerals suggests that, due to its more oxidized nature, there is
enhanced removal of Fe>* as magnetite that prevents the residual melt
from becoming Fe3*-enriched and isotopically heavy. The enhanced
Fe3" removal is most likely caused by the crystallization of magnetite,
which is estimated in other Rindjani studies to have a Fe*>*/Fe>" ratio of
0.88 in basaltic andesites to 0.82 in trachydacites (Fe3+/FeT0T ~ 0.55)
(Métrich et al., 2017). Importantly, the lack of ilmenite lowers the
removal rate of Fe> compared to less oxidized differentiation suites;
this effect can be seen in Fig. 12A, where the modal abundance of
minerals in our samples indicate that magnetite accounts for 40 to 90%
of Fe removal. These results are also consistent with the findings of Zhao
et al. (2022), who hypothesized that the composition of magnetite
controls the direction and magnitude of Fe isotopic fractionation: pure
(low-Ti) magnetite enhances removal of Fe3* from the melt, and pre-
vents the melt from evolving to isotopically heavy compositions.

We can also evaluate how the Fe/Mn ratio evolved during magmatic
differentiation, because Mn?" has very similar partitioning behavior as
Fe?" and Fe/Mn fractionation will reflect the partitioning of Fe?* and
Fe3* between melt and minerals. A plot of Fe;03*/MnO ratio (where
Fe203* represents total Fe) vs. -In(f Feremaining) (Fig. 12B) shows a slope
of 0 for samples that do not contain magnetite, followed by a decreasing
slope in samples that experienced magnetite fractionation, when Fe is
more compatible than Mn. The data support a scenario where Fe?* was
removed more quickly early in the differentiation, and possibly allowed
for Fe isotopic fractionation; however, any isotopic fractionation that
occurred was too small to change bulk rock §°°Fe beyond our measured
precision, and once magnetite began crystallizing, there was very little
isotopic fractionation at all.

To further explore Fe mass balance, the Fe?* vs. Fe>* removal rate
accomplished by the mineral assemblage is estimated in Fig. 12A,
assuming Fe>* /Feror = 0.55 for magnetite and 0.05 for clinopyroxene
and amphibole. We see that following the appearance of magnetite,
Fe3* /Feror of solids range from ~0.3 to 0.5 (Fig. 12C), similar to
calculated Fe3* /Feror values of oxidized silicate melts from which those
solids are removed (Fig. 12D). Similar Fe3+/FeT0T values between
crystals and melt, as predicted by the calculations, is consistent with the
lack of Fe isotopic fractionation observed in the mineral separates.
Collectively, these findings suggest that the absence of Fe isotopic
fractionation in differentiated calc-alkaline magmas is a consequence of
their elevated oxygen fugacity.

4.3. Potential for paired Fe and Ti isotope applications in future studies

Our study provides one of the first demonstrations of the power of
pairing Fe and Ti stable isotopic analyses to elucidate the crystallization
history of an igneous differentiation suite. Iron stable isotopes have long
been recognized to be useful for tracing changes in redox, but the fact
that Fe is hosted in and isotopically fractionated by many different
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Fig. 12. (A) Calculated percent of total FeO*
by mineral, based on modal abundances of
whole rock samples and excluding the glass
phase. (B) Bulk rock Fe;O3*/MnO ratio vs.
the negative natural log of the fraction of Fe
remaining in the melt. Iron is removed more
quickly than Mn following the appearance of
magnetite as a consequence of increased
Fe>" removal. (C) Calculated Fe>"/FeT (total
Fe) ratios of crystallizing minerals using the
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pyroxene (D) Calculated Fe*/FeT ratios of
three silicate melts in response to crystal-
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minerals has posed a challenge. Iron isotopes in arc volcanic rocks are
additionally complicated by the fact that they are sensitive to mantle
melting mechanisms (e.g., Foden et al., 2015), mantle heterogeneity (e.
g., Williams and Bizimis, 2014), and mobilization by fluids (e.g., Telus
et al., 2012). In comparison, Ti resides in fewer phases and is not redox-
sensitive in terrestrial settings. Titanium isotopes appear mainly sensi-
tive to fractional crystallization, which often simplifies interpretation. In
both individual isotopic systems, it remains difficult to tell the difference
between fractional crystallization and remelting/recycling processes.

It was recently discovered that Ti isotopes are indirectly redox-
sensitive because they are fractionated by Fe-Ti oxides and the degree
of isotopic fractionation can be related to the Fe2*/Fe>* content of the
oxides (Hoare et al., 2022). In this study, we extend that relationship to
show that oxidized arc magmas such as Rindjani will experience muted
Ti isotopic fractionation and little-to-no Fe isotopic fractionation, due to
the absence of ilmenite and Ti-rich magnetite that would otherwise
induce large isotopic fractionations in both isotope systems. This pairing
could be especially useful for igneous rocks that lack the context of a
complete differentiation suite or have lost their original tectonic context
and the crystallization history is unknown. Such rocks could contain low
FeO and TiO; abundances, indicating that they experienced crystalli-
zation, but paired Fe and Ti isotopes could reveal the mineral assem-
blage and redox conditions responsible.

5. Conclusions

Titanium isotopic data of bulk lava and mineral separate pairs from
Rindjani Volcano, Indonesia, indicate that calc-alkaline magmas show
less isotopic fractionation than other magmatic suites due to two com-
pounding factors: (1) The dominant oxide, magnetite, is Ti-poor
compared to other suites as a result of lower melt TiO5 and higher
fOo; consequently, its mineral-melt fractionation factor is smaller than
that for Ti-rich magnetite observed in tholeiitic/alkaline series; and (2)
While magnetite crystallization is still the dominant phase removing
TiO, from the melt, removal of non-isotopically-fractionated Ti by sili-
cates becomes increasingly important to consider, and serves to decrease
bulk rock Ti isotopic fractionation factor. Iron isotopic data for the same
samples are also impacted by Rindjani’s oxidized composition and show
no isotopic evolution with differentiation. Together, Ti and Fe stable
isotopes may reveal important information about mineralogy and redox
conditions in differentiated igneous suites and may be a target for future
studies.
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