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Abstract
An olivine-melt thermometer based on the partitioning of Ni (D) was hypothesized by
Pu et al. (2017) to have a negligible dependence on dissolved water in the melt (and pressure

variations from 0-1 GPa), in marked contrast to thermometers based on Dy,

. In this study,
15 olivine-melt equilibrium experiments were conducted on a basaltic glass starting material (9.6
wt% MgO; 353 ppm Ni) to test this hypothesis by comparing the effect of dissolved H,O in the
melt on Dy*"" and Dy on the same set of experiments. Results are presented for six
anhydrous experiments at 1 bar, two anhydrous experiments at 0.5 GPa, and seven hydrous
experiments at 0.5 GPa. Analyzed olivine and glass compositions in the quenched run products
were used to calculate Dy,™" and Dy°"" values for each experiment, which in turn permit
temperature to be calculated with the Mg- and Ni-thermometers calibrated in Pu et al. (2017) on
anhydrous, 1-bar experiments from the literature. The Ni-thermometer recovers the
temperatures of all fifteen experiments from this study with an average deviation of -3 °C,
including those with up to 4.3 wt% H,0 dissolved in the melt. In contrast, the Mg-thermometer
recovers the anhydrous, 1-bar experimental temperatures within +14 °C on average, but
overestimates the hydrous experimental temperatures by +49 to +127°C, with an average of

+83°C. When the Mg-thermometer of Putirka et al. (2007) is applied, which includes a

correction for analyzed H,O (4.3 wt%) in the quenched melts of the run products, all
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experimental temperatures are recovered with an average (+1c) deviation of +7 °C. The
combined results show that Dy°"@ has a negligible dependence on dissolved water in the melt
(< 4.3 wt% H,0), which is in marked contrast to the strong dependence of Dy, on water in
the melt. An understanding of why Dy is insensitive to dissolved water, unlike Dy, is
obtained from spectroscopic evidence in the literature, which shows that Ni** (transition metal)
and Mg®* (alkaline earth metal) have distinctly different average coordination numbers
(predominantly 4-fold and 6-fold, respectively) in silicate melts and that 4-fold coordinated Ni** is
unaffected by the presence of dissolved water in the melt. This difference in coordination
number explains why Dy and Dy,*"" each have a different dependence on pressure,
anhydrous melt composition, and melt water content. Application of the Ni-thermometer of Pu et
al. (2017) to five natural samples from the Mexican arc, for which H,O contents (3.6-6.7 wt%) in
olivine-hosted melt inclusions are reported in the literature, leads to temperatures that match
those obtained from the Putirka et al. (2007) Mg-thermometer that corrects for analyzed H,O
contents. This study demonstrates that a thermometer based on Dy°"" can be applied to
hydrous basalts at crustal depths without the need to correct for dissolved water content or

pressure.

INTRODUCTION

Knowledge of the magmatic temperature of arc basalts is key to understanding
subduction zone processes, including the interplay between hydrous flux melting and
decompressional melting. Geodynamic models of these processes rely on high-quality data on
both the temperature and water contents of erupted arc basalts. Most published olivine-melt
thermometers are based on the partitioning of Mg (defined here as Dy,®"™ = Xugo®/ Xugo'™®) (€.9.
Beattie, 1993; Herzburg and O’Hara, 2002), which has a strong dependence on dissolved water
in the melt (e.g. Putirka et al., 2007). Therefore, olivine-melt Mg-thermometers require a

correction term based on melt H,O content (Putirka et al., 2007; Putirka, 2008). A priori
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knowledge of the H,O content in the melt at the time of olivine crystallization is therefore
required for high-quality temperature estimates, yet it is not always available.

To address this issue, Pu et al. (2017) proposed an olivine-melt thermometer based on
the partitioning of Ni, which is largely independent of dissolved H,O in the melt. In that study, a
new olivine-melt Ni-thermometer was calibrated on a dataset of 123 anhydrous, 1-bar olivine-
melt experiments from 16 studies in the literature. This 1-bar data set spans a wide range of
temperatures (1170-1650°C), olivine composition (F03s.100; 0.10-15.7 wt% NiO), and liquid
composition (37-66 wt% SiO,, 4-40 wt% MgO, 0-31 wt% FeO', 0-29 wt% CaO, 0-22 wt% Al,Os,
0-12 wt% Na;O, 0-11 wt% K0, 0-3 wt% MnO and 0-1.7 wt% P,0s, 107-11087 ppm Ni). A
similar olivine-melt Mg-thermometer was calibrated on the same data set. Pu et al. (2017)
employed the Beattie (1993) model equation for both thermometers, but used mole fractions

instead of cation fractions:
lnDiOl/liq =a+ ? + c(lnX,lV%) + d(lnXSligz) + e (NF) (1)

In Equation 1, T is in Kelvin, X8 = xJ4 4 xlla =4 xlld -y ylld -y xlid -y xlid

Feo T AmMgo vno T Xcao T Xcoo + Xnip» (Mole fraction

components), Xsligzis the mole fraction of SiO, in the melt, and NF = 3.5 x In(1-Xapo3) + 7 x In(1-
Xti02). The fitted parameters for i = Mg or Ni are reported in Table 1.

Pu et al. (2017) applied the two thermometers to a set of mid-ocean ridge basalts
(MORSB; Allan et al., 1989) and a set of subduction-zone basalts and basaltic andesites from the
Mexican volcanic arc (Ownby et al., 2011). The average difference between the Mg- and Ni-
thermometers (Tug - Tni) is -3°C for a set of MORB samples, which are close to anhydrous
(estimated at ~0.1 wt% H,O for MORBSs with <0.07 wt% K,O; Langmuir et al., 2006) and +112°C
for the hydrous arc samples, for which there are analyses of <3.9-5.7 wt% H,0 in olivine-hosted
melt inclusions (Johnson et al., 2008, 2009). Because the Mg- and Ni-thermometers were

calibrated on an identical set of experiments, the systematic difference between the results of

the two thermometers when applied to subduction-zone basalts cannot be attributed to
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differences in their respective calibrations. Note also that the compositions of both the MORBs
and the arc samples fall within the range of the liquids in the calibration dataset. As a
consequence, Pu et al. (2017) attributed the large differences in calculated temperatures (Tug-
Tyi) to the difference in sensitivity of Dy,”""* and Dy°"" to dissolved H,0 in the arc basaltic melts.

Outside of three hydrous experiments on a basaltic andesite from Moore and
Carmichael (1998), for which the Ni content in the quenched melt in each run product was
analyzed and reported in Pu et al. (2017), there are no hydrous olivine-melt equilibrium
experiments available in the literature where the Ni contents in coexisting olivine and melt are
reported. In this study, we present a set of new olivine-melt Ni partitioning experiments on a
basaltic starting composition, at 1-bar and 0.5 GPa with variable amounts of dissolved water,
with the following three goals: 1) to further evaluate if there is any resolvable dependence of
melt H,O content on olivine-melt Ni partitioning; 2) to test the 1-bar Ni-thermometer under both
hydrous and anhydrous conditions at 0.5 GPa; and 3) to compare the relative performance of
the 1-bar, anhydrous Mg-thermometer and Ni- thermometer on olivine-melt equilibrium
experiments with and without the presence of H,O in the melt. Additionally, the performance of
the Ni-thermometer was compared to the Mg-thermometer of Putirka et al. (2007), which
includes a correction for dissolved H,O in the melt.

Another objective of this study is to apply the Mg- and Ni-thermometers to high-MgO
lavas erupted in the Mexican arc, for which analyses of H,O in olivine-hosted melt inclusions
have been reported in the literature. Pu et al. (2017) previously did this for three calc-alkaline
basalts erupted from the Michoacan-Guanajuato segment of the Mexican subduction zone, for
which olivine-hosted melt inclusions were analyzed for H,O (Johnson et al., 2008; 2009). In this
study, two additional samples from the Mexican arc are examined, namely K-rich basanites from
two cinder cones (Apaxtepec and La Erita) adjacent to Volcan Colima. H,O contents of up to
6.2 and 6.7 wt% were reported based on FTIR measurements of olivine-hosted melt inclusions

in scoria samples from these two cones by Vigouroux et al. (2008) and Maria and Luhr (2008),
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respectively. In this study, the goal is to compare temperatures calculated with the Ni-
thermometer of Pu et al. (2017) without any H,O correction to those calculated with the Mg-
thermometer of Putirka et al. (2007), which includes a correction for the H,O contents analyzed
in the melt inclusions. This comparison provides a test of whether or not the Ni-thermometer

requires a correction for H,O when applied to hydrous arc basalts.

EXPERIMENTAL METHODS
Synthesis of starting material

The starting material for all experiments in this study is a calc-alkaline basalt sample
from the Mexican arc (UR-46, Ownby et al., 2011; Pu et al., 2017), with 52 wt% SiO,, 9.4 wt%
MgO and 231 ppm Ni (Table 2). Pieces of the natural sample were crushed in a tungsten-
carbide shatter box into a fine powder. Reagent grade NiO powder was mixed with the natural
rock powder in a ceramic mortar and pestle, in order to increase the Ni content of the starting
material (~350 ppm) for all experiments, but kept to levels that do not significantly exceed those
found in natural arc basalts. The mixed powder was placed in a platinum crucible and heated in
air to 1450°C for two hours. The sample was then quenched in deionized water at room

temperature, producing a crystal-free glass (Table 2).

One-bar olivine-melt equilibrium experiments
Experimental setup

One-bar experiments were conducted in a vertical Deltech furnace with the oxygen
fugacity (fo2) controlled by a mixture of CO-CO, gases. A brief outline of the experimental setup
is presented here, with detailed description provided in Appendix A. Temperature was
monitored by an S-type thermocouple (+ 3°C), calibrated against the melting temperature of

gold (x 1°C) and placed at the hot spot of the furnace; the combined uncertainty in temperature
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is £ 4°C. Oxygen fugacity was monitored with an yttria-stabilized zirconia oxygen sensor located
adjacent to the thermocouple and samples.

The starting glass was crushed to a powder and mixed with a poly-vinyl alcohol (PVA)
solution to make a paste, which was then placed on two separate AugyPd4o wire loops (for
duplication purposes) that were hung from a Pt wire cage. During quench, the Pt cage was
dropped into a cup of cold, distilled water at the base of the furnace. The experimental run
products consisted of glass beads attached to the AugyPd4 wire loops. The glass beads were
readily removed and multiple glass chips from each experiment were embedded in epoxy grain
mounts for compositional analyses. All AuggPd4g wire used in the experiments was first pre-
saturated to minimize loss of Fe and Ni to the wire loop. Pre-saturation runs were conducted

under identical conditions (temperature, fo,, duration) as the final experimental runs.

One-bar liquidus temperature and comparison with MELTS

According to MELTS (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998), the 1-bar
olivine liquidus temperature for UR-46 basalt (Table 2) along the Ni-NiO oxygen fugacity buffer
(NNO) is 1254°C, and plagioclase joins olivine at 1205°C under equilibrium crystallization
conditions. To check for consistency between MELTS and this experimental study, two 1-bar
crystallization experiments at NNO were conducted to constrain the temperature of the olivine
liquidus. The starting glass material was taken to 1250 and 1240°C, held for 24 hours in each

case, and then quenched.

Two temperature-path trajectories

Six olivine-melt Mg- and Ni-partitioning experiments were performed at 1-bar at
temperatures designed to be <50 °C below the olivine liquidus. All experiments started with a
crystal-free glass, but two temperature-path trajectories were undertaken (Table 3; Fig. 1) with

the difference that the final experimental temperature was reached from lower vs. higher
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temperatures. In the “bottom-up” experiments, the sample briefly transits through the
supercooled liquid region between the glass transition temperature and final equilibration
temperature, where a relatively large undercooling (AT = Tiiquidus = Tsupercooled liquia) l€ads to high
nucleation rates and low crystal growth rates (Fig. 1). Thus, when the supercooled liquid
reaches the final equilibration temperature, it may contain some nuclei, which minimizes a
kinetic delay to nucleation. Experiments run in this manner have been shown to reach mineral-
melt compositional equilibrium in relatively viscous melts (e.g. rhyolite). For example, Waters
and Lange (2017) showed that in hydrous rhyolite melts with a viscosity of ~10*° Pa-s,
orthopyroxene-liquid closely approached Fe-Mg exchange equilibrium within <24 hours. For the
1-bar experiments in this study, the anhydrous basalt liquids have a lower melt viscosity (~10°
Pa-s; Table 3), and are therefore expected to reach mineral-melt compositional equilibrium with
less than 24 hours.

Three 1-bar experiments from this study were conducted with the “bottom-up” trajectory.
In two cases, the starting glass was quickly brought up to a final run temperature of 1225 °C
(with an fO, equivalent to Ni-NiO (NNO) buffer) and then held for 12 and 24 hours, respectively,
prior to quench. The purpose of the two dwell times is to check for any change in olivine and
melt compositions, reflecting an approach to equilibrium. A third experiment was also held for
24 hours at 1225 °C, but at an fO, that is two log units above NNO; the results from that run
product permit an evaluation of whether the partitioning behavior of Ni** and Mg®* is affected by
a change in the melt ferric-ferrous ratio.

For the other three 1-bar experiments, the “top-down” temperature path was employed,
where the starting glass was first taken to 1275 °C (above olivine liquidus temperature) and held
for two hours (ANNO = 0) to eliminate any nuclei that may have formed during heating of the
glass up to super-liquidus conditions. After the two-hour dwell, temperature was abruptly

dropped to the final equilibration temperature (1225 or 1200°C; fo, adjusted to keep sample at
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NNO) within 5 minutes, and held for durations that ranged from 8-24 hours prior to quench. The
magnitude of the undercooling was designed to be <50°C.

The primary purpose in performing experiments with a “top-down” trajectory is to
approximate conditions that may occur in nature, where hydrous, fluid-undersaturated, arc
basaltic liquids segregate from the mantle and ascend rapidly along fractures, reaching super-
liquidus conditions as the liquidus temperature drops with decreasing pressure. During ascent,
eventually fluid saturation will occur, and the loss of an H,O-rich fluid will cause the liquidus
temperature to increase with decreasing pressure; therefore, the hydrous basalt will eventually
cross its liquidus during ascent, but from a super-liquidus condition with no pre-existing nuclei.
There will be an initial kinetic delay in crystal nucleation, which promotes the development of an
effective undercooling (ATes) (e.g. Hammer and Rutherford, 2002) that corresponds to high
crystal growth rates and low nucleation rates (Fig. 1) and enables the growth of large, sparse
crystals (e.g. Lofgren et al., 1974). This ascent path and olivine crystallization history is
supported by evidence from the compositions and textures of olivine phenocrysts in a set of
calc-alkaline basalts from the Mexican arc (Pu et al., 2017). The outstanding question, however,
is whether a kinetic delay in nucleation, followed by rapid phenocryst growth, leads to olivine
compositions that deviate from equilibrium. Therefore, tests of olivine-melt disequilibrium were
carried out in the experiments conducted with the “top-down” and “bottom-up” temperature

trajectories in this study.

Piston-cylinder experiments
Experimental design

Experiments under both anhydrous and hydrous conditions at 0.5 GPa were conducted
in a piston-cylinder apparatus (PC) at the University of Michigan Experimental Petrology
Laboratory. A 19mm (3/4 inch) PC assembly was used to accommodate the lower pressure

range of 0.5 GPa. The construction of the assembly (Appendix A) closely follows that described
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in Moore et al. (2008), except our assembly is inverted (upside down) because of the different
configuration between the end-loaded Rockland press at the University of Michigan
Experimental Petrology Laboratory and the non-end-loaded QUICKpress manufactured by
Depths of the Earth Co., which was used in Moore et al. (2008) at Arizona State University.
Details of the determination of the hotspot, thermal gradient, temperature uncertainty (+ 8 °C)
and experimental procedure are presented in Appendix A, and they broadly follow protocols
presented in Tenner et al. (2007).

The primary goal of the PC experiments is to evaluate if Dy is dependent on water
content in the melt, and thus test the accuracy of the Ni-thermometer of Pu et al. (2017) under
hydrous conditions. The objective is to reproduce conditions broadly relevant to natural hydrous
basalts undergoing olivine crystallization from a 100% liquid over a relatively short time interval
(i.e., 1 day or less) and to evaluate evidence for olivine-melt disequilibrium in the run products.
For a subset of experimental run products, the measurement of Fe*"'Fe ratio in the quenched
glass phase allows calculation of "*%*MKp, (olivine-liq) = (Xreo/Xmgo)”/(Xreo/Xugo)'), which can
be used to test for disequilibrium. In some cases, experimental condition and trajectory were
identical except for different dwell times; in other cases, the runs were exactly replicated as a
check of reproducibility.

The PC experiments in this study were designed to minimize Ni and Fe loss from the
basalt sample to the enclosing capsule material by pre-saturating Au;sPd,s capsules prior to all
experiments. To pre-saturate, each capsule was welded on one end in trash-can style (with a
rimmed flat-bottomed lid on a cylindrical trash can), filled with the starting glass powder, and
then a flat lid was placed on top, but not welded. This capsule assembly was heated in the 1-
bar Deltech furnace for the same amount of time as the total experimental time in PC at an
oxygen fugacity one log unit below the Ni-NiO buffer, at 1250°C. After each pre-saturation
experiment, the assembly was air quenched. The complete removal of the glass inside the

capsule was achieved by gentle pressing on the capsule wall with tweezers to break off the
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larger chunks, followed by soaking the pre-saturated capsule in hydrofluoric acid at room
temperature for 6-10 hours.

For the two anhydrous PC experiments, the pre-saturated capsules were loaded with
starting glass chips to reduce absorption of moisture from the air into the powder, before the lid
was welded shut. For the hydrous PC experiments, deionized water was first added to the pre-
saturated capsule with a micro-syringe, followed by the powdered glass starting material. The
capsules were weighed after each step of loading, as well as before and after the PC
experiment. The loss of mass (mostly H,O) during welding was within 0.3mg (<0.5 wt% error for
the added H,0). The weight of all water-bearing capsules was monitored before and after 10-30
minutes in a drying oven at 120°C, to confirm the final seal on the capsule. The amount of water
added was designed to achieve ~5 wt% H,O in the basalt melt; higher water contents were
avoided to minimize the presence of quench crystals in the experimental run product. As a
result, the experiments were H,O-undersaturated, and therefore some H,O loss during the
experimental runs was expected, either through diffusion of H, and/or H,O across the capsule
wall (e.g. Hall et al., 2004; Patifio Douce and Beard, 1994). Therefore, a key objective of this
study was to evaluate if a change in melt H,O content (a common scenario during degassing-
induced crystallization in nature) has any effect on the partitioning of Ni between olivine and

melt.

Two temperature-path trajectories

The same two trajectories used in the 1-bar experiments were also applied to the PC
experiments (Table 3). For the two nominally anhydrous experiments (PC-33 and PC-35; Table
3), the “bottom-up” path was followed, where the starting glass was taken up to the final
temperature and held for 48 and 29.5 hours at 1192°C (note, this temperature is below the
expected plagioclase-in curve at 0.5 GPa on the basis of MELTS calculations). The “bottom-up”

path was also followed for two hydrous experiments (PC-10 and PC-12; Table 3), where the

10
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samples were taken directly up to their respective final equilibration temperatures (1137 and
1127 °C) and held for 12 hours. The remaining five hydrous experiments (Table 3) were all
conducted with the “top-down” trajectory, where the samples were first taken up to temperatures
above their liquidus and held for 1 to 4 hours, and then the temperature was rapidly dropped to
their respective final equilibration temperatures (1127, 1112 or 1102 °C) and held for 8 to 12

hours.

Quench and preparation of samples for analyses

At the end of each PC experiment, an isobaric quench was achieved by shutting off the
power supply while maintaining the pressure using a hydraulic oil pump. During the quench, the
thermocouple recorded temperatures below 600°C after 5 seconds, and below 300°C after 10
seconds. After the quench, the capsule was retrieved and checked for any signs of melting or
leakage by examination under a stereoscope. The quenched capsule was then soaked
overnight in hydrofluoric acid to remove any Pyrex® powder around the capsule derived from
the PC assemblage. The capsule was then weighed to check for any change before and after
the experiment, after which the entire capsule was mounted in epoxy and double polished into a

200-300um thick plate for subsequent analyses.

ANALYTICAL METHODS
Whole-rock analyses of two natural samples

The two natural K-rich basanite samples (COL-1001B; COL-1015) from the Mexican arc
examined in this study are from Carmichael et al. (2006). In this study, new sample powders
were obtained from the same rock pieces from which thin sections were cut. The sample
powders were analyzed for major and trace elements by inductively coupled plasma-mass

spectrometry (ICP-MS) at Activation Laboratories of Ancaster, Ontario, Canada.
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Electron microprobe analysis (EMPA)

Compositional analyses of experimental glass, olivine, plagioclase, and the AuPd
capsule material were conducted with a five-spectrometer Cameca SX-100 electron microprobe
at the University of Michigan Electron Micro-Analysis Laboratory (EMAL). Olivine crystals were
analyzed under a focused beam, with an acceleration voltage of 15kV and a beam current of
20nA. Eight elements were measured (Mg, Al, Si, Ca, Mn, Fe, Cr, Ni) with peak counting time
of 30s for each element. Oxygen was calculated by cation stoichiometry, which was then used
as input into the Cameca PAP correction program. The standards used for olivine microprobe
analyses are the same as those described in Pu et al. (2017). A second standard (Bolton
Forsterite; Fogs 5) was used as an additional check of the olivine analyses. For the two natural
samples, analytical traverses across 20-30 different olivine crystals were conducted. Analyses
were conducted every 20-30 microns during these traverses, leading to approximately 400-600
olivine analyses for each sample. In the experimental run products, in cases where the olivine
crystals are larger than 20pm in size, more than one analysis was conducted per crystal, with an
effort to analyze areas both near and far from the rim. For smaller crystals, only one analysis
per grain was possible.

Glass in the experimental run products was analyzed with an acceleration voltage of 15
kV, a beam current of 10 nA and the beam was defocused to 10um. Ten elements were
measured (Na, Mg, Al, Si, P, K, Ca, Ti, Fe, Mn), with peak counting times of 10s for Na, Al, Si,
and K and 20s for the rest of the elements. For a subset of samples, the Ni content of the glass
was also analyzed with 60s of counting time on two spectrometers. The standards used for the
glass analyses are shown in Appendix B. A second standard (NHNM-113716-1; Smithsonian
Indian Ocean Basaltic Glass) was used to evaluate the quality of the basalt glass analyses.
Glass was analyzed in areas both adjacent to and relatively far from olivine crystals in each

experimental run product to test disequilibrium.
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AuPd capsules from six PC experiments were analyzed with 20kV acceleration voltage,
30um beam current and focused beam for four elements: Au, Pd, Fe and Ni. Pure metal
standards were used as calibration standards for each element. The counting time was 30s for
each element, with Fe and Ni measured on two spectrometers due to their lower concentration
in the alloy. The goal of this measurement is to apply the AuPdFe oxybarometer calibrated by
Barr and Grove (2010) to evaluate the fO, recorded in the sample capsule at the time of

quench, as well as monitoring Fe and Ni contents in the capsule material.

Laser-ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS)

The concentration of Ni in the starting glass material and in all experimental glasses was
analyzed by laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) in the
Element and Heavy Isotope Analytical Laboratories (EHIAL) at the University of Windsor. The
instrumentation includes a PhotonMachines Analyte Excite 193nm, short-pulse-width (< 4 ns),
Ar-F excimer laser ablation system coupled with an Agilent 7900, fast-scanning quadrupole ICP-
MS. For each LA-ICP-MS analysis, 30s of background (gas and instrument) counts with the
laser off, and 40s of ablation signal counts with the laser on were acquired. A 50um spot size
was used for all glass analyses.

The NIST 610 synthetic glass standard reference material was analyzed every 40 to 60
min during the analytical session and was used as the external calibration standard and to
correct for instrumental drift. Four isotopes, °Mg, ?’Al, **Ca, **Ca, were used as internal
calibration standards to correct for differences in the rate of ablation between the external
calibration standard (NIST 610) and the samples. The concentrations of the internal standards
were obtained from microprobe analyses on the samples. Concentrations of Ni were
determined using signal intensities obtained on masses ®Ni and ®*Ni. For each spot analysis,
the reported Ni concentration is the average of the eight values calculated for ®Ni and ®*Ni

using the four internal standard isotopes and corrected from ablation yield relative to NIST 610.
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Data processing was conducted using the software package SILLS (Guillong et al.,
2008), which accounts for instrumental drift over time. The trace element concentrations of NIST
610 were adopted from the recommended average values in Pearce et al. (1997). The analytical

uncertainties for both ®*Ni and ®Ni analyses are 5% (1c) for all glass analyses.

Fourier-transform infrared spectroscopy (FTIR)

For all the high-pressure experiments in this study, the quenched glasses in the run
products were analyzed for H,O concentration with a Perkin-Elmer GX Fourier transform
infrared spectrometer (FTIR) at the University of Michigan. A mid-IR source and KBr beam
splitter was used, with the aperture size of 100x100um. Samples were mounted in epoxy and
polished on both sides down to a thickness of 200-400um. For each FTIR spectrum, the
baseline was fit with a flexi curve, similar to that described in Zhang et al. (1997). The molar
absorptivity is 0.67 (Lscm/mol) for the 5200cm™ band of molecular H,O and 0.62 (Lscm/mol) for
the 4500 cm™ band of hydroxyl group (OH), following Dixon et al. (1995). The total H,O content
was determined by the summation of molecular H,O and hydroxyl group (OH) concentration in
the melt. The density of the hydrous glass was calculated from Lange and Carmichael (1990),
Lange (1997) and Ochs and Lange (1999). A second-order iteration was applied so that the final
calculation of H,O content, which depends on glass density, matched the value calculated
based on Beer-Lambert Law for the FTIR spectrum. For the nominally anhydrous experiment
conducted in the piston-cylinder apparatus, analysis of the quenched glass used the 3550cm’™
band of total molecular H,O with a molar absorptivity of 63 (L.cm/mol), following Dixon et al.

(1995).

Micro-XANES spectroscopy measurements of Fe**/Fe’ in quenched PC glasses
The Fe**/Fe ratio of the glass in three PC experiments (PC10, PC14, PC33) were

analyzed by micro X-ray Absorption Near Edge Structure (u-XANES) spectroscopy at station
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13-ID-E in the Advanced Photon Source (APS), Argonne National Laboratory, USA. The
measurements followed the methodology of Cottrell et al. (2009), with modifications from
Cottrell et al. (2018) to mitigate oxidative beam damage in hydrous glass caused by high photon
flux density, including decreasing the nominal flux to ~1.5x10° photons/second and defocusing
the beam to 25x25um. Flux density at the sample surface for these analyses was on the order
of 2.4x10° ph/sec/um?. Two spectra were collected for PC14 and one spectrum each were

collected for PC10 and PC33. The Fe*'/> Fe ratios of unknown samples were determined

through calibration of the area-weighted centroid energy of the pre-edge doublet of a suite of
basaltic reference glasses against Fe**/> Fe ratios determined independently by Mdssbauer
spectroscopy, corrected for the effects of recoil-free fraction on the Mdssbauer spectra (Zhang
et al., 2018). Basaltic reference glass LW_0 was used to monitor instrumental drift, and
centroids were normalized to LW_0 = 7112.3 eV. The root mean square uncertainty on glass

Fe**/Fe ratio is +0.01, predicted for the basalt calibration by Zhang et al. (2018).

RESULTS
Composition of experimental starting glass

Electron microprobe analyses of four glass chips synthesized at 1-bar in air confirm
chemical homogeneity among all major elements for UR46Ni, with no Fe or alkali loss (Table 2,
Appendix C). Back-scattered electron images confirm that the glass is free of crystals. Laser
ablation ICP-MS analyses of 16 spots on four separate glass chips yield an average (+ 1c) Ni
content of 353 (£ 19) ppm (Table 2, Appendix C). The small standard deviation is within the
analytical error (5% relative), which indicates the Ni content is homogenous in the starting

material glass.

Location of 1-bar olivine liquidus temperature
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The location of the 1-bar liquidus at NNO was experimentally determined to be between
1250 and 1240 °C. Samples held for 24 hours at 1250°C contained 100% glass with identical
composition as the starting materials, whereas those held for the same duration at 1240°C
contained <3% olivine crystals (F089.8+ 0.2; Table 2, Appendix C). These results are in close
agreement with liquidus determinations of 1251 and 1255°C, respectively, from the models of
Beattie (1993) and Putirka et al. (2007), as well as the liquidus temperature of 1254°C obtained
from MELTS (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998) for the starting composition
at NNO.

The FeO and Fe,O; concentrations in the experimental liquid at 1240°C and NNO were
calculated from the model in Kress and Carmichael (1991), because it is what is used in
MELTS. When combined with the analyzed olivine composition (F089.8), the resulting
experimental "*2*MIK;, (olivine-liq) value is 0.35 + 0.02. These results match those calculated by

MELTS, namely a liquidus olivine composition of Fo89 and a "#*MKj, value of 0.35.

Run products from olivine-melt partitioning experiments
Crystal textures in “bottom-up” vs. “top-down” experiments

The run conditions and products of the six 1-bar and nine PC experiments are reported
in Table 3. The “bottom-up” and “top-down” 1-bar experiments produced olivine crystals that
are notably different in their size and textures. For the “bottom-up” experiments, in which the
starting material transited through a supercooled liquid region characterized by high nucleation
rates (Fig. 1) before arriving at the final equilibration temperature, the olivine crystals are
euhedral and relatively small (< 30 um; Fig. 2a). In contrast, the “top-down” experiments were
taken directly to the final experimental temperature from a super-liquidus condition. A kinetic
delay to nucleation produced an undercooling at the final equilibration temperature that
corresponds to a region of relatively high crystal growth rate and low nucleation rate, which

allowed the growth of large, sparse olivine crystals (Fig. 2b) that display diffusion-limited rapid
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growth textures (e.g. dendritic ladder and hopper textures; Faura and Schiano, 2005; Ni et al.,
2014). A similar contrast in crystal size and texture of olivine crystals is observed in the PC run
products from “bottom-up” versus “top-down experiments. The “bottom-up” experiments
produced numerous, euhedral small olivine crystals (<30 um; Fig. 2c and 2e), whereas the “top-
down” experiments formed large, sparse olivine crystals (>100 um; Fig. 2d and 2f), with rapid-
growth hopper textures (i.e., large melt hollows inside crystal).

None of the 1-bar experimental run products contained quench crystals. The only PC run
products that contained quench crystals (<3 mm snowflake shape; Fig. 2c and 2e) are those
from the hydrous “bottom-up” experiments (PC-10 and PC-12; Table 3), which also had higher

H,O contents measured in the glass (4.0 and 4.3 wt%).

Compositions of olivine and glass

The average glass and olivine compositions, together with 1c standard deviations in the
oxide analyses, are reported for each run product in Table 4. All microprobe analyses on olivine
and glass are reported in Appendix D and E, respectively, and the laser ablation analyses of Ni
in glass is reported in Appendix F. In all cases, glass compositions were analyzed both
immediately adjacent to and = 50-100 um further away from co-existing olivine crystals. No
gradients in glass composition were detected as a function of distance from olivine crystals. In
the two samples with quench crystals, there were always some relatively wide regions of glass
between large olivine crystals and quench crystals (Fig. 2c and 2e), which enabled successful
microprobe and laser ablation analyses.

For olivine, the MgO compositional variation is small (0.1-0.4 mol% Fo). For the glass,
the variation in wt% MgO (+ 0.19 wt% on average) is larger than the analyzed variation in the
starting glass material (Table 2). This demonstrates real compositional variability within the

glass, which is expected given the growth of olivine crystals. The combined variability in the
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analyzed olivine and glass compositions leads to a propagated uncertainty in DMg"'/”q of 1-3% in
the 1-bar experiments and £1-2% in the PC experiments (Table 3). Importantly, there is no
significant difference in the analytical error in Dy,”"® between the 1-bar and PC experiments.
The average uncertainty in Dy,*"for all experiments is <2 % relative.

A similar assessment of homogeneity with respect to analyzed Ni contents in olivine and
glass in all run products was also made (Table 3). In the glass, the Ni concentrations in the
quenched glass in each run product vary by 3-11% relative, which is less than the two standard
deviation analytical error of the LA-ICP-MS method. A comparison of Ni contents analyzed in
the quenched glasses with the electron microprobe and with laser-ablation ICP-MS is shown in
Figure 3; the results show a strong 1:1 relationship (R? = 0.87), although the laser-ablation
analyses have significantly less error. The combined variability in the analyzed olivine and
glass composition contributes a relative uncertainty in Dy of +6-19% in the 1-bar experiments
and +8-16% in the PC experiments (Table 3). Again, there is no significant difference in the
analytical error in Dy between the 1-bar and PC experiments. The average uncertainty in

D" for all experiments in this study is 11% relative.

Phase proportions

The phase abundances in the experimental run products (Table 3) were determined
using the non-linear least-square fitting approach of Albarede and Provost (1977), using the
composition of the glass and mineral phases in each experimental product (Table 4) as well as
the composition of the starting glass (Table 2). In all 1-bar experiments, olivine is the only
silicate mineral phase present and the amount of glass is 296%. In the four runs held at 1225
°C for 12-24 hours, the olivine abundance ranges from 0.3-1.7%, whereas in the two runs held
at 1200°C for 8-24 hours, the abundance of olivine is higher at 1.8-4.2% (Table 3a).

In seven of the nine PC experiments, olivine is the only silicate mineral phase and the

amount of glass is > 95%. Trace orthopyroxene is found in one hydrous top-down experiment
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(PC-14). This is also the sample that lost the most H,O during the experiment (Table 3b). In
another experiment (PC-33; bottom-up, anhydrous, held for 48 hours at 1180 °C), 13%
plagioclase crystallized together with 8% olivine. It is notable that the run product for PC-35, an
experiment performed under identical conditions as that for PC-33 except for a shorter dwell
time (29.5 hours), contains only 2% olivine and 98% glass. One possibility is that the PC-35
experiment did not reach the target pressure of 0.5 GPa, but instead attained a somewhat lower
pressure (~0.4 GPa), thus lowering its liquidus temperature. Another possibility is that there
was a kinetic hindrance to nucleation and crystallization that affected the amount of olivine and
plagioclase that grew in that experiment. This highlights one of the key questions posed in this
study: can there be a close approach to chemical equilibrium between olivine and melt when
there is not an equilibrium abundance of olivine (or other mineral phases), owing to kinetic

delays in nucleation and crystal growth?

Fe and Ni gain/loss

With the phase proportions in hand, mass-balance calculations allow an evaluation of
the relative change in bulk Fe and Ni content after each experiment, due to Fe and Ni loss to or
gain from the Au-Pd wire or capsule. For the 1-bar experiments, the change ranges from 0 to
+1% (average <1%) for Fe, and -20% to +6% (average -6%) Ni (Table 3a). Those samples that
lost more Ni to the wire were those held for longer time periods (e.g. 24 vs. 12 hours) and/or
higher temperatures (1225 vs. 1200 °C). For the PC experiments, the change ranges from -1 to
+11% relative for Fe (average +5%), whereas -26% to +33% Ni to the Au-Pd capsules (average
-1%; Table 3b). There is no correlation between the extent of Fe and/or Ni loss (or gain) and

the extent of analyzed variability in Dy,""® and/or Dy*"™® (Table 3).

Analyzed H,O concentrations in quenched glasses
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The H,O concentrations (+ 5% relative) in the quenched glasses from the high-pressure
experiments, which were analyzed by FTIR spectroscopy, are tabulated in Table 3. When
analyzed wt% H,O contents are combined with the electron microprobe analyses, the totals for
the analyzed glasses range from 98.6-100.4 wt%, with an average of 99.5 wt% (Table 4). The
FTIR results confirm that the glass in the two nominally anhydrous PC experimental run
products contained 0.2 wt% H,O. In contrast, the PC run products designed to contain ~5 wt%
H.O lost variable amounts of water, with quenched concentrations that range from 4.3 to 2.0
wt%. The “bottom-up” hydrous experiments lost less H,O, whereas the “top-down” hydrous
experiments that were held for the longest durations above their liquidus lost more H,O.

The most common mechanism for H,O loss in fluid-undersaturated melts held in Au-Pd
capsules is through H, diffusion from the sample through the capsule wall, which is expected to
drive oxidation in the melt (e.g. Hall et al., 2004). Another possible mechanism is diffusion of
molecular H,O through the capsule wall (Patifio Douce and Beard, 1994). In order to evaluate
which of these mechanisms may have led to H,O loss in the experimental melts in this study, an
evaluation of melt oxidation state in the experimental samples and whether it correlates with

H-O loss is required.

Melt Fe**/Fe’ ratios and calculation of ***™Kj, (olivine-liq)

Melt Fe®**/Fe" ratios can be calculated for all 1-bar experiments, since they were
conducted under controlled fO, conditions (Table 3). In this study, the Kress and Carmichael
(1991) model was used to be consistent with MELTS (Ghiorso and Sack, 1995; Asimow and
Ghiorso, 1998). With the Fe?* concentration in the melt phase calculated, values of "MK,
(olivine-liq) were obtained for each of the six 1-bar experiments (Table 3a). For the three
experiments that followed the “bottom-up” trajectory, the average (+ 10) "**M9Kp is 0.35 + 0.01.
For the single experiment (#23-2) that was conducted at ANNO = +2, the "?*MIK, is 0.34 and is

within analytical uncertainty of the other two values. For the remaining three experiments that
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followed the “top-down” trajectory, the average (+ 10) "%*™9K} value is 0.36 + 0.01, which is
within error of the “bottom-up” values. All these experimental values match the "#*M9K, value
of 0.35 calculated with MELTS (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998) for the
olivine liquidus at ANNO = 0, using the UR-46 starting glass material (Table 2).

For the PC experiments, fO, was not buffered. Therefore, an evaluation of the Fe**/Fe’
ratios in the quenched glasses of the experimental run products requires a direct measurement,
which was obtained on three of the PC run products using micro-XANES spectroscopy. Two of
the analyzed run products are from bottom-up experiments (anhydrous PC-33 and hydrous PC-
10), whereas the third is from a top-down experiment (hydrous PC-14).

For the two bottom-up experiments, the resulting Fe*'/Fe’ ratios are strikingly different.
For the anhydrous run held for 48 hours at 1180°C, the Fe*/Fe' ratio is 0.26, whereas for the
hydrous run held for 12 hours at 1125 °C, the Fe**/Fe ratio is 0.48. Despite these differences
in quenched oxidation state, when each respective ferric-ferrous ratio is combined with the
analyzed olivine composition in its run product, the two resulting "?*™K, values are within
analytical error of one another (0.35 £ 0.01 and 0.32 + 0.02). For the top-down hydrous
experiment PC14, the analyzed Fe**/Fe ratio is 0.31, which leads to a "?*™9K, value of 0.33 +

0.01. All three F2*M3K,, values broadly match expected equilibrium values.

Variation in melt Fe**/Fe’ ratios in experimental run products with run duration and H,0 loss

A possible explanation for the different quenched oxidation states in the two bottom-up
run products can be seen in Figure 4, which illustrates a consistent trend of decreasing Fe**/Fe’
ratio in the melt phase with increased duration (and temperature) of the experimental run. Note
that the starting glass in all experiments was highly oxidized (equilibrated at 1450 °C in air). For
a quench temperature of <1450 °C, the calculated melt Fe**/Fe" is > 0.64 (Kress and
Carmichael, 1991). For the two bottom-up run products that were not analyzed by micro-

XANES (PC-35 and PC-12), the melt Fe**/Fe' can be estimated from the analyzed olivine
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composition for an assumed %MK, value. If the average of the two values from PC-33 and
PC-10 is used (F*2*MIK, =0.34), the calculated Fe**/Fe ratios are 0.34 and 0.47, respectively,
and fall along the trend line in Figure 4. It thus appears that the initially oxidized starting glass
became increasingly reduced with experimental run duration.

The cause of progressive reduction of the melt with run duration is most likely due to
reaction of the melt by the Au-Pd-Fe capsule, which was pre-saturated under fO, conditions of
ANNO = -1. This explanation is supported by the fO, recorded by the analyzed concentrations
of Fe in the Au-Pd capsules (Appendix G), using the model calibrated by Barr and Grove (2010)
that is based on the fO,-dependence of Fe partitioning between AuPd metal and silicate melt.
With increasing experimental time, the difference between the quenched redox state of the
glass and that of the AuPd capsule decreased and converged after 48 hours (Fig.4).

An alternative mechanism to explain the trend in Figure 4, namely a higher quenched
oxidation state in PC-10 (hydrous) compared to PC-33 (anhydrous), is by diffusion of H, through
the capsule wall, leading to a loss of H,O (PC-10 lost ~1 wt%) and thus an increase in oxidation
state (e.g. Hall et al., 2004). However, this mechanism does not explain the analyzed Fe*'/Fe”
ratio of 0.309 measured by micro-XANES in PC-14 (hydrous, top-down experiment), which lost
~ 2 wt% during its experimental run (Table 3). When the PC-14 ferric-ferrous ratio is combined
with its analyzed olivine composition (Table 4), the resulting "?*™9K, value is 0.33, which
matches what is expected for olivine-melt equilibrium. It also overlaps the two 7%* MK, values
for the bottom-up experiments. In this top-down experiment, a greater loss of H,O is not
associated with a higher oxidation state, and therefore diffusion of H, from the sample through
the capsule wall does not appear to explain the loss of H,O in PC-10.

Another possibility for how H,O may be lost in fluid-undersaturated PC experiments was
suggested by Patifio Douce and Beard (1994), which is that molecular H,O could plausibly
diffuse from the sample across the metal capsule, albeit at slower rates than H,. The data from

this study suggest that the loss of H,O in the top-down experiments largely occurred during the
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dwell at super-liquidus temperatures (i.e., the hydrous bottom-up experiments lost the least
H,O; Table 3).

For the purposes of this study, and for applications to natural basalts, the most important
observation is that the direct analyses of the Fe**/Fe ratio in the glass phase of three PC run
products all lead to "?*MK, (olivine-liq) values (=0.32-0.35) that are consistent with a close
approach to olivine-melt Fe-Mg exchange equilibrium. This is a key result because the three
PC experiments in question (PC-33, PC-10 and PC-14) underwent significantly different

histories with respect to change in oxidation state (relative to starting glass) and H,O loss.

Natural samples: whole-rock and olivine compositions

The major-element compositions of the two K-rich basanite samples from the small-
volume cinder cones of Apaxtapec and La Erita in the Mexican arc (part of the Colima cones
suite; Carmichael et al., 2006; Pu, 2018) are reported in Table 5, together with whole-rock Ni
concentrations. Histograms of olivine analyses of phenocrysts from each sample are shown in
Figure 5a-b, and the most Fo-rich composition is reported in Table 5. Also shown (Fig. 5¢c-d)
are plots of analyzed Ni concentrations in olivine phenocrysts as a function of analyzed Fo
(forsterite) content. A linear fit to the olivine analyses that span highest 3 mol% Fo content
allow the average NiO content of the most Fo-rich olivine to be calculated. As explained in Pu
et al. (2017), the purpose of the linear fit is to obtain the most accurate estimate of the NiO
content of the most Fo-rich olivine (reported in Table 5), given that analytical uncertainties in
NiO lead to 1o standard deviations of < 0.05 wt%.

BSE images of olivine phenocrysts from these two samples are shown in Figure 6,
including those that are the most Fo-rich. The crystals display diffusion-limited growth textures,
including hopper and dendritic features, consistent with rapid growth during magma ascent (Pu

et al., 2017).
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DISCUSSION
Application of olivine-melt thermometers to experimental run products

One of the primary objectives of this study is to evaluate to what extent olivine-melt
thermometers based on the partitioning of Mg®* and Ni?* can recover the experimental
temperatures from this study, including those performed under hydrous conditions. To perform

o4 obtained for each of the six 1-bar

this evaluation, the analyzed values of Dy, and Dy
experiments and nine PC experiments (two anhydrous and seven hydrous), were combined with
the respective analyzed glass compositions (Table 3 and 4) to calculate temperature using the
Mg- and Ni-based thermometers of Pu et al. (2017; see Eq.1, Table 1), which have model 1¢
errors of £26 and +29 °C, respectively. The H,O-corrected Mg-thermometer of Putirka et al
(2007) was also applied to all experimental run products in this study. The results from all three
thermometers are given in Table 6. Also reported are propagated errors in calculated
temperatures from the + 1o analytical uncertainty in Dy,*""® and Dy°"™ (Tables 2 and 6). The

analytical errors in calculated temperature range from +4-9 °C for Tyg and from +13-46 °C for

Twi; the respective average uncertainties are £5 and +25 °C.

Application of anhydrous Mg-thermometer (Pu’17) to experimental results

For the 1-bar experiments, the average deviation between calculated Tyg (from
anhydrous model of Pu et al., 2017) and experimental temperature ranges from +7 and +32°C,
with an average difference of +14 °C. There is no systematic difference in the magnitude or
sign of the residuals between the “bottom-up” and “top-down” experiments (Table 6). For the
two anhydrous PC experiments (held for 48 and 29.5 hours,) the residuals are +6 and +26 °C,
which suggests that the pressure correction of Herzburg and O’Hara (2002) is not resolved at

0.5 GPa; otherwise, the residuals would increase by an additional 26 °C.
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For the hydrous PC experiments, the Mg-thermometer of Pu et al. (2017) significantly
overestimates experimental temperature, with deviations that range from +49°C to +127°C
(Table 6), well outside analytical and thermometer errors. The results are illustrated in Figure
7a and are fully consistent with experimental evidence from the literature that dissolved water in

the melt strongly affects Dy,"" (e.g. Aimeev et al., 2007; Medard and Grove, 2008).

Application of anhydrous Ni-thermometer (Pu’17) to experimental results

The key question that motivated this study is whether the Ni-thermometer of Pu et al.
(2017) can successfully recover the temperatures of olivine-melt equilibrium experiments
conducted under both anhydrous and hydrous conditions, without any correction for H,O
content. For the 1-bar experiments in this study, the average deviation between calculated Ty;
and experimental temperature ranges from -26 and +13°C, with an average difference of -13 °C
(Table 6). For the two anhydrous PC experiments, the deviation is -1 and -32 °C, which again
suggests that a pressure correction is not resolved at 0.5 GPa for the Ni-based olivine-melt
thermometer. For the seven hydrous experiments, the Ni-thermometer of Pu et al. (2017)
recovers the experimental temperatures notably well, with deviations that range from -18 to +39
°C, and an average difference of +3 °C (Table 6). A comparison of the calculated Ty; values
versus the experimental temperatures is illustrated in Figure 7b. Importantly, there is no clear
difference in the sign or magnitude of the residuals between bottom-up and top-down
experiments; this result is expected if loss of H,O during olivine crystallization has no effect on

Dni?™ values.

Application of H,O-corrected Mg-thermometer (Putirka’07) to experimental results
In order to address the effect of H,O in the melt on Dy,*"%, Putirka et al. (2007)
calibrated a Mg-based olivine-melt thermometer that includes a correction for H,O in the melt.

As seen in Figure 7c, when this thermometer (Eq. 4 from Putirka et al., 2007) is applied to a set
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of analyzed run products from 32 hydrous (5.7 wt% H,0), near-liquidus (<5% olivine), olivine-
melt equilibrium experiments from eight published studies (Sisson and Grove, 1993a, 1993b;
Wagner et al., 1995; Moore and Carmichael, 1998; Berndt et al., 2005; Almeev et al., 2007;
Medard and Grove, 2008; Parman et al., 2011) featured in Pu et al. (2017; Fig. 9 of that study),
there is a close recovery of experimental temperatures, with an average (+1c) deviation of -3
(x12) °C. For the compiled information on these 35 experiments from the literature, including
H,O water content in the melt phase, see Appendix L from Pu et al. (2017). Among the 35
experiments from the literature, three are from Moore and Carmichael (1998), for which the run
products were analyzed for the Ni contents in olivine and glass by Pu et al. (2017).

Also shown in Figure 7c is a comparison of the experimental temperatures from this
study to those calculated with the H,O-corrected Mg-thermometer of Putirka (2007; Eq. 4), using
the analyzed H,O contents (< 4.3 wt%) in the run products (Table 6). For the 1-bar
experiments, the average deviation between H,O-corrected Tygand experimental temperature
ranges from -3 and +21°C, with an average difference of +3 °C. For the two anhydrous PC
experiments, the deviation is -2 and +13 °C; again, there is no evidence that a pressure
correction (e.g. Herzberg and O’Hara, 2002) is experimentally resolved at 0.5 GPa. For the
hydrous experiments, the H,O-corrected Mg-thermometer of Putirka et al. (2007) recovers the
experimental temperatures within analytical error, with an average difference of +10 °C (Table
6). Itis noteworthy that the results in Figure 7c show a systematic difference in the sign of the
residuals between the top-down and bottom-up experiments, which raises the question of
whether some of the H,0 loss in the top-down experiments occurred during olivine
crystallization and affected the equilibrium value of Dy, This may have led to olivine
compositions in the top-down run products that reflect an approach to equilibrium that was not
fully attained due to on-going H,O loss. Despite this possibility, the temperature residuals for
the top-down experiments are not large and most are within analytical error. Collectively, the

results in Figure 7c¢ illustrate the broad success of the H,O-corrected Mg-thermometer of Putirka
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672 etal. (2007; their Eq. 4) as long as a correction for H,O the melt phase can be made.

673  Unfortunately, this is not always the case for natural samples, because the H,O analyses in
674  olivine-hosted melt inclusions are not always available.

675

676  Direct comparison between Ni-thermometer and H,O-corrected Mg-thermometer

677 Itis also of interest to directly compare the calculated temperatures from the Ni-

678 thermometer of Pu et al. (2017) to the calculated temperatures from the H,O-corrected Mg-
679 thermometer of Putirka et al. (2007) on a common set of experiments. The only available

680 hydrous experimental data for this comparison are the seven experiments from this study, as
681  well as the three olivine-melt equilibrium experiments from Moore and Carmichael (1998), for
682  which Ni analyses of the glass and olivine in the run products were presented in Pu et al.

683 (2017). The comparison (Fig. 8) shows that the average deviation between the two sets of
684 thermometry results is -10 °C when applied to all 15 experiments from this study, and -7 °C
685 when applied to the seven hydrous experiments. For the three hydrous experiments from

686  Moore and Carmichael (1998), the differences between the two thermometers are -10, -39 and
687  +66 °C, respectively, with an average difference of -6 °C. In summary, the results illustrated in
688  Figures 7 and 8 support the hypothesis presented in Pu et al. (2017) that an olivine-melt

689 thermometer based on Dy can be applied to hydrous basalts to obtain temperature without

690  requiring a priori knowledge of the H,O content in the melt phase. The implication is that Dy

691 s insensitive to dissolved H,O in the melt phase, unlike the case for Dy™".

692

693  Evidence for different coordination numbers for Ni** and Mg?* in silicate melts

694  Cause for negligible dependence of Dy on dissolved water in the melt at crustal conditions
695 Pu et al. (2017) proposed that the reason Ni** is less sensitive than Mg?* to dissolved

696  water in the melt is due to a systematic difference in their respective average oxygen

697  coordination numbers. It is well established in the spectroscopic literature that the average
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oxygen coordination of Mg?*, an alkaline earth metal, in quenched model basalt liquids is > 5,
with a significant population of 6-fold coordinated Mg?* (e.g. George and Stebbins, 1998). In
contrast, transition metals like Ni** and Fe?", despite having the same valence and similar ionic
radii (0.69 and 0.78 nm, respectively) as Mg®* (0.72 nm), have a systematically lower
coordination number (between 4- and 5-fold) in quenched model basalt liquids (e.g. Galoisy and
Calas, 1993). The most relevant spectroscopic study that constrains the coordination of Ni?* in
hydrous magmatic melts is based on XAFS (X-ray absorption fine structure) experiments
performed at a synchrotron beamline under in-situ high-temperature (780 °C) and high-pressure
(520 MPa) conditions in a hydrothermal diamond anvil cell (Mufioz et al., 2005). In that study,
the resulting Ni K-edge XANES (X-ray absorption near-edge structure) spectra show that Ni** is
in 4-fold coordination (i.e., occurs as NiO4 moieties) in hydrous rhyolite melt. Moreover, 4-fold
coordinated Ni** is found in similar melts that are anhydrous (Mufioz, 2003), which led Mufioz et
al. (2005) to conclude that dissolved water does not alter the local structural environment of Ni?*
in rhyolitic melts. Although in-situ spectroscopic data on the Ni?* coordination in hydrous
basaltic melts are not yet available, comparisons of its coordination environment in melts vs.
glasses shows that lower-coordinated Ni** (and Fe?*) is favored in melts relative to glasses
(Jackson et al., 2005).

Cause for different pressure dependence for Dy and Dy,®"™.

Different coordination numbers for Ni** and Mg?* in magmatic liquids at crustal depths
may also explain why increasing pressure affects Dy°""*and Dy,>" differently, which was
illustrated in Pu et al. (2017) on the basis of the high-quality experiments of Matzen et al.
(2013). Additional high-quality Dy°""and Dy,>"® equilibrium experiments at 1 bar and elevated
pressure were published by Matzen et al. (2017), which were unavailable at the time the Pu et
al. (2017) study was submitted for final publication. Here, the Ni- and Mg-thermometers of Pu

et al. (2017) are applied to all of the experiments from Matzen et al. (2013, 2017), which range
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from 1-bar to 3 GPa. In a plot of temperature residual vs. pressure, a clear pressure effect is
seen for the Mg-thermometer (Fig. 9a). The solid line indicates the pressure correction from
Herzberg and O’Hara (2002), which was developed for use with the Beattie (1993) Mg-
thermometer. The results in Figure 9a illustrate that this pressure correction model works
equally well with the Pu et al. (2017) Mg-thermometer when applied to the high-pressure
Matzen et al. (2013, 2017) experimental results.

For the Ni-thermometer, the residuals illustrate a different behavior with changing
pressure (Fig. 9a). Although there is no evidence of a pressure dependence at < 1 GPa (i.e.,
crustal conditions), the onset of a pressure dependence develops at 1 GPa. In this study, a
polynomial fit to these data produces the following pressure correction to temperatures
calculated with the Pu et al. (2017) Ni-thermometer (Ty;) that should only be applied between 1
and 3 GPa:

Tni (P) = Tyi- 70 +110*P(GPa) -18*P(GPa)? (2)
Extrapolation to higher pressures is strongly discouraged, and no pressure correction is
required at < 1 GPa. Application of Equation 2 recovers the temperatures from the high-
pressure experiments of Matzen et al. (2013, 2017) within +10 to -13 °C (- 1 °C, on average).
Application of the Matzen et al. (2017) model, which includes no pressure correction (on the

assumption that Dy and DMgoIIqu to

vary similarly with pressure, and thus the pressure term
cancels out), recovers their own experimental temperatures (Matzen et al., 2013; 2017) within
+52 t0 -103 °C (-20 °C on average; Fig. 9b).

As previously proposed in Pu et al. (2017), the delayed onset of a pressure dependence
to Dy at 1 GPa (Fig. 9a) likely reflects the predominance of 4-fold coordinated Ni** at crustal
pressures, which changes to 6-fold coordination at mantle pressures (e.g. Jones et al., 2011).

If the onset of a pressure dependence marks the emergence of a significant proportion of 6-fold

Ni?* (due to pressure-induced coordination change), it may also mark the onset of a

dependence of Dy°" on dissolved water in the melt. The prediction of Pu et al. (2017) that
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Dn®™@ may develop a sensitivity to dissolved water in the melt at > 1 GPa, owing to the
presence of six-fold coordinated Ni?*, is a testable hypothesis that can be evaluated in future
experimental studies.

Cause for different anhydrous melt compositional dependence for D" and Dy,™"™.

Spectroscopic evidence that Ni** and Mg?* have different coordination numbers not only
explains why Dy°""*and Dy,*"" have a different dependence on pressure and dissolved H,O
concentration in the melt, but also explains the difference in their dependence on anhydrous
melt composition, which is clearly seen in a comparison of the fitted compositional parameters
for the Ni- and Mg-based olivine-melt thermometers, respectively (Table 1). Because both the
Ni- and Mg-based olivine-melt thermometers of Pu et al. (2017) were calibrated on the same 1-
bar experimental data set, a comparison of their respective fitted compositional terms (Table 1)
is revealing. Although the fitted values for a and b are within 1 uncertainty of each other, those
for ¢, d and e are not. The largest difference is between the fitted values for d (modifies the
Xsioz term), which differ in sign and magnitude (by a factor of two) between the two models. The
cause for this distinctly different dependence that Dy and Dy, have on anhydrous melt
composition is readily explained by their different average coordination numbers at 1 bar.

A corollary to this finding is that models of Dy°" that are based on the Ni-Mg exchange
reaction between olivine and melt under the assumption that composition affects D" and
Dwg>" similarly, and thus cancels out when fitting for the Ni-Mg exchange partition coefficient K-
onimg %, may require re-evaluation. This was the approach taken in Matzen et al. (2017),
where the form of their model equation, In[(Dn®")/(Dug®"')] = a+ b/T(K), excludes compositional
terms, as well as a pressure correction. A test of whether compositional terms can be omitted,
on the assumption that they are broadly the same for Dy°""*and Dy,>"® and thus cancel, is
made by evaluating how well the Matzen et al. (2017) thermometer recovers the 123 1-bar

experiments used to calibrate the Pu et al. (2017) thermometers (Fig. 10c). Also shown are
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residuals for the six 1-bar experiments from this study, which range from -13 to +46 °C, and the
four 1-bar experiments from Matzen et al. (2017), which range from +4 to +72 °C (Fig. 10c). For
comparison, the Pu et al. (2017) Ni-thermometer recovers these two sets of data within -27 to
+14 °C and -15 to +23 °C, respectively (Fig. 10a). Additionally, the Pu et al., (2017) Mg-
thermometer recovers these two sets of data equally well as the Ni-thermometer (Fig. 10b).

The Matzen et al. (2017) model was calibrated on a different, though overlapping,
experimental data set from that employed by Pu et al. (2017). One important difference is that
the Matzen et al. (2017) model was calibrated on high-pressure experiments, both their own and
those from the literature that passed their quality-assessment filters. Therefore, an evaluation of
whether the difference in residuals between Figures 10a and 10c is caused by a difference in
calibration datasets is made by re-fitting the form of the Matzen et al. (2017) equation on the
same set of 1-bar experiments used by Pu et al. (2017). The results (Appendix H) show that the
difference in residuals between the two studies (Fig. 10) is due to the form of the model
equation (i.e., inclusion vs. exclusion of fitted compositional terms) and not the calibration data
set.

In summary, because Ni** and Mg?* have different coordination numbers in crustal
magmatic melts, it is necessary for Ni- and Mg-based olivine-melt thermometers to account for
these differences. The evidence from this study shows that the Ni-thermometer of Pu et al.
(2017) is independent of dissolved water in the melt and crustal pressure, which allows it to be
applied to hydrous, subduction-zone basalts that have crystallized olivine phenocrysts at crustal

depths.

Application of Ni-based olivine-melt thermometer to hydrous basalts
In order to test the application of the Ni-thermometer to hydrous arc basalts, Pu et al.
(2017) examined three calc-alkaline arc lavas (JOR-44, TAN-19, APA-6) erupted from the

Michoacan-Guanajuato segment of the Mexican arc, which were previously described by Luhr
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and Carmichael (1981) and Ownby et al. (2011). Importantly, these three lavas were erupted
from scoria cones that were sampled by Johnson et al. (2008, 2009) in a study of olivine-hosted
melt inclusions and their volatile contents. The rapid-growth textures (i.e., dendritic and hopper)
in the olivine phenocrysts from those three lavas led Pu et al. (2017) to postulate that they
crystallized during ascent, driven by H,O-degassing (similar to the documented case for
plagioclase phenocrysts in crystal-poor low-SiO, rhyolites; Waters et al., 2015). Pu et al. (2017)
further proposed that the most Fo-rich olivine analyzed in each sample may closely approximate
the equilibrium composition to first crystallize from the bulk liquid. In other words, if most (or all)
of the phenocryst growth in each sample occurred during ascent, the whole-rock composition of
the erupted lava may closely match that of the bulk liquid from which the first olivine crystallized.
On this basis, Pu et al. (2017) analyzed the olivine phenocryst population in each
sample and picked the most Fo-rich for olivine-melt thermometry. The bulk composition of the
whole-rock was used for the melt composition. The data employed by Pu et al. (2017) for the
application of olivine-melt thermometry, based on Dy and Dy, to these three samples is
summarized in Table 5. The olivine-melt thermometry results (Table 5) reveal a systematic
difference in temperatures calculated with the anhydrous Mg- and Ni-based thermometers of Pu
et al. (2017), which was attributed to the presence of H,O in these samples, causing Tyg to
overestimate temperature. Pu et al. (2017) showed that when the H,O-corrected Mg-
thermometer of Putirka et al. (2007) was applied to these three samples, using the data
summarized in Table 5, which includes the maximum H,O contents analyzed in olivine-hosted
melt inclusions from these three lavas (from Johnson et al., 2008, 2009), the resulting
temperatures broadly match those calculated with the Ni-based thermometer (Table 5), within
the combined error of the two thermometers. This observation supports the hypothesis that the
Ni-thermometer does not require a correction for H,O when applied to hydrous, calc-alkaline

basalts.
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In this study, a comparison between the Ni-thermometer of Pu et al. (2017) and the H,O-
corrected Mg-thermometer of Putirka et al. (2007) is made on two additional natural samples,
namely the two K-rich basanites from the Colima cones (Table 5). For the application of
olivine-melt thermometry, it is assumed that the most Fo-rich olivine in each sample closely
represents the first olivine to crystallize from a liquid with a composition close to that of the
whole-rock sample. This is a reasonable hypothesis for a mantle-derived melt that ascended
directly to the surface via transport along a fracture, without stalling in a crustal chamber. The
diffusion-limited growth textures in the olivine phenocrysts (Fig. 6) support this hypothesis.

When the anhydrous Mg- and Ni-based thermometers of Pu et al. (2017) are applied to
these two K-rich basanites, there is a systematic difference in the calculated temperatures, with
Twg values 75 and 128 °C higher than Ty; values (Table 6). When the H,O-corrected Mg-based
thermometer of Putirka et al. (2007) is applied, utilizing the maximum H,O contents (6.2 and 6.7
wt%; Table 5) analyzed in olivine-hosted melt inclusions (Vigouroux et al., 2008; Maria and
Luhr, 2008), the resulting temperatures closely match those of the Ni-based thermometer (Fig.
8). The differences in calculated temperatures for COL-1001 (Apaxtepec) and COL-1015 (La
Erita), are -28 and -25 °C, respectively, and thus show close agreement (Fig. 8; Table 5).
Collectively, the results from all five natural samples all strongly support the evidence that the
Ni-thermometer of Pu et al. (2017) does not require a correction for H,O content (or crustal
pressures; Fig. 9a) in order to give accurate temperatures that match those of the H,O-

corrected Mg-thermometer of Putirka et al. (2007).

Implications
The experimental results from this study show that the Pu et al. (2017) olivine-melt
thermometer based on Dy°™" (and the updated version from this study), calibrated on 1-bar,

anhydrous melts, recovers experimental temperatures of all hydrous (4.3 wt% H,0), high-
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pressure (0.5 GPa) experiments conducted in this study. In contrast, application of olivine-melt
thermometers based on Dy,”"® to the same hydrous experiments leads to temperatures that
are too high, consistent with a strong dependence of Dy,”" to melt water contents, as
previously discussed in the literature (e.g. Almeev et al., 2007; Putirka et al., 2007; Medard and
Grove, 2008). Therefore, the utility of applying an H,O-independent olivine-melt thermometer
(i.e., based on Dy"™) to natural hydrous basalts is two-fold.

The first advantage of the Ni-thermometer is that it circumvents the need to obtain
independent determinations of melt water contents during olivine growth, in order to obtain
accurate magmatic temperatures from thermometers based on Dy,>"?. Currently, the best
method to obtain melt water contents is through analyses of H,O in olivine-hosted melt
inclusions. Although these data are invaluable, they typically only provide minimum H,O values
owing to chronic problems of volatile loss during ascent and eruption, especially in effusive
lavas rather than those erupted explosively as scoria (e.g. Lloyd et al., 2013). Thus, it is difficult
to obtain large, global data sets of temperature on the basis of Mg-based olivine-melt
thermometers, in order to evaluate how the temperature of hydrous arc basalts varies between
and among different subduction-zone segments around the world. Application of the Ni-based
olivine-melt thermometer, which does not require independent information on melt water
contents, has the potential to generate these large data sets.

A second advantage of the Ni-thermometer is that it can be used in conjunction with the
H.O-dependent Mg-thermometer to obtain a qualitative assessment of melt water contents,
which in turn can be compared to independent measurements of volatile contents from olivine-
hosted melt inclusions. Note that uncertainties in melt water contents lead to relatively small
propagated errors in the H,O-corrected Mg-thermometer of Putirka et al. (2007). For example,
an uncertainty of +1 wt% H,O leads to an uncertainty in calculated temperature of + 20 °C.
Although this leads to relatively small errors in temperature calculated with the H,O-corrected

Mg-thermometer, the application of the anhydrous Ni- and Mg-thermometry as a hygrometer
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cannot provide quantitative H,O contents because propagated errors are too large. For
example, an uncertainty in AT (=Tyg - Tni) of £29 °C (from the thermometers of Pu et al., 2017)
will lead to an uncertainty in calculated H,O content (using H,O-corrected Mg-thermometer of
Putirka et al., 2007) of £ 1.5 wt%.

The most useful application of the Ni-based olivine-melt thermometer to obtain melt
water contents is through combined usage with the plagioclase-liquid hygrometer, which
requires independent constraints on temperature. For example, Pu et al. (2017) applied the
plagioclase-liquid hygrometer, in concert with the Ni-based olivine-melt thermometer, to two
natural samples that were co-saturated with plagioclase and olivine at the liquidus. The
reported calculated water contents (2.9 and 2.5 wt%) have a relatively low uncertainty of + 0.4
wt%, due to the propagated uncertainty in Ty; of £ 29 °C. Thus, application of the H,O-

olllig

independent olivine-melt thermometer based on Dy;™"™ greatly expands the opportunity to apply

plagioclase-liquid hygrometry to basaltic andesite melts.
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Figure captions

FIGURE 1. A schematic diagram shows how effective undercooling (ATex = Tiiquidus — T melt)
controls rates of crystal growth (dashed line) and nucleation (solid line) in supercooled liquids
(modified from Carmichael et al, 1974). In the bottom-up trajectory of the experiments, the
starting glass is heated above its glass transition temperature and transits, as a supercooled
liquid, through a region of large undercooling, which corresponds to high nucleation and low
crystal growth rates, resulting in numerous small crystals. In the top-down trajectory of the
experiments, during rapid cooling from above the liquidus, the supercooled liquid transits a
region of moderate undercooling, which is associated with low nucleation and high crystal
growth rates, leading to sparse, large crystals.

FIGURE 2. Back-scattered electron (BSE) images of olivine textures in experimental run
products. 1-bar experiments: (a) #22 and (b): #21-1; PC experiments: (¢) PC10, (d) PC-13, (e)
PC-12 and (f) PC14). On the left column (a,c,e) are bottom-up run products with relatively small
crystals (£10um); on the right column (b,d,f) are top-down run products with larger crystals
(>100um).

FIGURE 3. Average Ni content in glass measured by laser-ablation (LA) ICP-MS vs. electron
microprobe analyzer (EMPA) for all hydrous experiments reported in this study. The error bars
are the standard deviations of all analyses on each run product (on average, ~7.6% for LA-ICP-
MS and ~22.8% for EMPA).

FIGURE 4. Plot of Fe*'/Fe' ratio vs. experimental dwell time for all four bottom-up PC
experiments: PC10, PC12 (hydrous); PC33, PC35 (no added H,0). Red circles show Fe*'/Fe™
ratios analyzed by micro-XANES technique in glass of run products of PC10 and PC33. The
black diamonds are calculated Fe**/Fe™ ratios in glass for all four bottom-up PC experiments,
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based on F?*MIK, of 0.33 and average glass and olivine compositions (Table 4). These results
match analyzed micro-XANES measurements. The blue symbols (at t=0) are the calculated
Fe*/Fe' of the starting glass equilibrated in air (blue circle) and equilibrated at ANNO =-1 (blue
triangle); the latter is the pre-saturation run condition for all AuPd capsules. The green triangles
are calculated glass Fe*'/Fe' ratios, based on fO, calculated from analyzed Fe content in Au-Pd
capsules of run products (Barr and Grove, 2010). Open symbols are used for PC-12 to
distinguish from PC-10. The collective data in this figure show that the high oxidation state of
the initial starting glass (equilibrated in air) reacted with the Au-Pd capsule (pre-saturated at
ANNO=-1) during the PC experiments, leading to a gradual decrease in glass Fe*/Fe" ratios in
the experimental charges with increasing run duration. Although the glass Fe*'/Fe ratio
requires 48 hours to fully equilibrated with the capsule (shown by PC33), it takes less than 12
hours to reach chemical equilibrium between glass and olivine (see the overlap of the black
diamond and red circle in PC10). All calculations use Kress and Carmichael (1991).

FIGURE 5 Histograms of analyzed forsterite mol% (Fo#) of olivine phenocryst in two Colima
cone samples: (a) COL-1001B and (b) COL-1015. Also, plots of wt% NiO vs. Fo# for the most
Mg-rich olivine analyses (highest 3 mol% Fo) in the same two samples: (¢) COL-1001B and (d)
COL-1015. A linear fit to the data is used to calculate wt% NiO in the most Fo-rich olivine
analyzed in each sample for olivine-melt Ni-based thermometer (Pu et al., 2017).

FIGURE 6 Back-scattered electron (BSE) images of diffusion-limited growth (dendritic and
hopper) textures in olivine phenocrysts from (a, b, ¢) COL-1015 and (d) COL-1001.

FIGURE 7. (a) Plot of calculated temperatures from anhydrous Mg-thermometer of Pu et al.
(2017), based on analyzed D,\,.g°""q from experimental run products (Table 3), versus
experimental temperatures. Solid line is 1:1 relationship; dashed lines are £50°C. Top-down
experiments (this study) are shown in blue whereas the bottom-up experiments (this study) are
shown in red. Also shown (gray) are three hydrous experiments from Moore and Carmichael
(1998), with the Ni contents in glass in the run products analyzed by Pu et al. (2017). (b) same
as (a) except calculated temperatures are from anhydrous Ni-thermometer of Pu et al. (2017);
(c) same as (a) except calculated temperatures are from the H,O-corrected Mg-thermometer of
Putirka et al. (2007; their Eq. 4). Also shown (open symbols) are results for 32 hydrous, near-
liquidus (5% olivine) phase-equilibrium experiments from the literature (see text for details, no
Ni contents in these experiments were not reported to calculate Ty; for Fig. 7b). The collective
data from this figure show that the Ni-thermometer of Pu et al. (2017), which does not include
any correction for H,O, recovers experimental temperatures equally well as the H,O-corrected
Mg-thermometer of Putirka et al. (2007).

FIGURE 8. Plot of calculated temperature using the H,O-corrected Mg-thermometer of Putirka
et al. (2007) vs. calculated temperature using the Ni-thermometer of Pu et al. (2017) for all 15
experiments in this study (black circles) plus three experiments from Moore and Carmichael
(1998) (gray circles). Also shown are calculated temperatures for five natural samples from the
Mexican arc (Table 6). When there is no H,O correction, the Mg-thermometer of Putirka et al.
(2007) gives temperatures (open squares) that deviate strongly from temperatures calculated
with the Ni-thermometer of Pu et al. (2017). However, when the maximum analyzed H,O
contents in olivine-hosted melt inclusions in these five samples (Table 6) are used to obtain
H,O-corrected temperatures (green squares) from the Mg-thermometer of Putirka et al. (2007),
the results match (within error) those from the Ni-thermometer of Pu et al. (2017). Solid line is
1:1 relationship; dashed lines are +50°C.
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FIGURE 9 (a) Texpt - Tcac VS P(GPa) plot for the application of the Mg- and Ni- thermometers
from Pu et al. (2017; Eq. 1, Table 1) on all anhydrous experiments from Matzen et al. (2013;
2017). The blue line that shows excellent consistency with the residuals from the Mg-
thermometer is the Herzberg and O’Hara (2002) pressure correction model (Eq. 2). The black
line is the pressure correction model that was fit for Ty; residual from Pu et al. (2017; Eq. 1,
Table 1) at 1-3 GPa, shown on this plot. (b) Tex: - Tcaic VS P(GPa) plot for the application of
Matzen et al (2017) model on all anhydrous experiments from Matzen et al. (2013; 2017). The
average residual is -20+33°C.

FIGURE 10. (a) Plot of Tcaic - Texpt VS. Texpt fOr the 123 1-bar experiments compiled by Pu et al.
(2017; Eq.1), the six 1-bar experiments from this study and the four 1-bar experiments from
Matzen et al. (2017) for the Ty; model from Pu et al. (2017); (b) same as (a) but for the Tyg
model from Pu et al. (2017); (c) same as (a) but for the Matzen et al. (2017) model: In(Dy®") =
In(Dw>") + 4505/T(K) -2.075.
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Table 1 Fitted parameters and statistics for
calibration of Eq.1 for i = Ni, Mg (from Pu et

al., 2017).
Tni TMg
fitted value £ 10
a -4.32+0.33 -4.74 £0.20
b 9416 + 296 6701 + 182
c -0.71£0.13 -1.12+0.08
d 0.53+0.24 -1.08 £0.15
e 0.35+0.11 0.64 £ 0.07
statistics
SEE 29 26
R? 0.96 0.96
1184
1185
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Table 2 Composition of the natural sample UR-46 (Ownby et al., 2011), the
synthesized glass at 1250°C, and the glass and olivine in the near-liquidus 1-
bar experiment at 1240°C in this study.

1240°C olivine

sample name UR-46 UR46Ni glass 1240°C melt (F089.8)***

Si0, (Wt%) 52.2 51.6(4) 52.7(5) 41.0(2)
TiO, (Wt%) 0.80 0.78 (2) 0.82(2) -
AL,O5 (Wt%) 16.7 17.3(1) 17.8(1) 0.08(2)
FeO' (wt%) 7.39 7.49(13) 6.49(19) 9.79(19)
MnO (wt%) 0.13 0.14(2) 0.14(2) 0.18(3)
MgO (wt%) 9.38 9.55(8) 8.93(21) 48.4(2)
CaO (wt%) 9.26 8.64(6) 8.94(12) 0.43(4)
Na,O (wt%) 3.37 3.47(6) 3.45(7) -
K,O (wt%) 0.56 0.59(3) 0.60(3) -
P,05 (Wt%) 0.14 0.37(3) 0.14(2) .

Ni (ppm) 231 353(19) - 1320(237)

Total 100.1 100.5 99.51 100.6
1186 All reported oxide wt% values are after normalized to 100%.

*from Ownby et al. (2011)
** UR-46 glass synthesized with added NiO powder.
**Thg 1240°C experiment was conducted at NNO. The melt Fe*'/Fe’" ratio was
calculated using Kress and Carmichael (1991). ™9 ,.ioKo is 0.35.
1187
1188
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Table 3a Conditions and run products of 1-bar experiments in gas mixing furnace

Expt # 22 221 23-2 20-1 211 21
Trajectory Bottom-Up Bottom-Up Bottom-Up  Top-Down  Top-Down  Top-Down
T, (°C) - - - 1275 1275 1275
t; (h) - - - 2 2 2
Tsinal ("C) 1225 1225 1225 1225 1200 1200

tiinar (D) 12 24 24 24 24 8
Phases ) ) . . . .
roportion glggs (98.3); gle_zs_s (98.7); glggs (99.7); gle_zs_s (99.1); glggs (95.8); glgs_s (98.2);
pre olivine (1.7) olivine (1.3) olivine (0.3) olivine (0.9) olivine (4.2) olivine (1.8)
in wt%
0,
% FeO 1% 1% 1% 1% 1% 0%
change
o/ N
% NiO 1% 20% 3% 15% 5% 6%
change
Dy (¥1s.d.)) 11.5(2.2) 11.2 (0.7) 10.9 (0.6) 10.4 (1.3) 13.3 (1.6) 10.9 (1.7)
Dmg(x1s.d.) 4.12(0.06) 4.07 (0.07) 4.08(0.09) 4.04(0.02) 4.57(0.07) 4.16(0.10)
ANNO 0 0 +2 0 0 0
Melt
viscosity 297 2.94 2.93 2.94 3.25 3.19
(log Pa-s)*
*Fe*'/Fe' 0.20 0.20 0.38 0.20 0.20 0.20
Fe-Mag y+* 0.35 (.01) 0.36 (.01) 0.34 (.01) 0.36(<.01) 0.35(.01) 0.37 (.01)
1189
Table 3b Conditions and run products of 0.5 GPa anhydrous experiments in piston cylinder
Expt # PC33 PC35
Trajectory Bottom-Up Bottom-Up
T, (°C) - -
t, (h) - -
Teinal . ("C) 1192 1192
tfinal (h) 48 29.5

Phases proportion glass (79); olivine (8);
by weight plagioclase (13)

glass (98); olivine (2)

% FeO change 8% 11%

% NiO change -6% -26%
Dy (21 s.d.) 11.9 (1.9) 13.7 (1.2)
Dumg(£1 s.d.) 4.67 (0.08) 4.38 (0.07)

H,O (wt%) by FTIR 0.20 0.20

Melt wscos:ty 268 279
(log Pa-s)

Fe-Mg Kp**** 0.35 (.01) -

Fe*'IFe' 0.26 -
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1190
Table 3c Conditions and run products of 0.5 GPa hydrous experiments in piston cylinder
Expt# PC10 PC12 PC13 PC14 PC37 PC17 PC36
Trajectory Bottom-Up Bottom-Up  Top-Down  Top-Down  Top-Down  Top-Down  Top-Down
T, (C) - - 1200 1225 1225 1225 1225
ti (h) - - 4 1 1 1 1
Teinal . ("C) 1137 1127 1127 1127 1112 1102 1102
tiinal (h) 12 12 12 8 8 8 8
p:)r;?)srteiin glgs_s (95.9); glggs (95.5); g:iﬁﬁé%ﬁg; glggs (96.5); gle_ls_s (99.1); glggs (96.7); gle_ls_s (97.9);
by weight olivine (4.2) olivine (4.5) opx (<0.1) olivine (3.5) olivine (0.9) olivine (3.3) olivine (2.1)
:ﬁ::; 1% 4% 5% 7% 9% 2% 1%
:ﬁa':\ige 1% 33% -26% 1% 15% 28% 3%

Dy (#1s.d.) 17.2(23) 155(1.5) 17.6(1.4) 17.8(26) 153(1.3) 157(1.7) 15.0(1.3)
Dug(£1s.d.) 4.89(0.05) 4.94(0.06) 4.79(0.07) 4.63(0.09) 4.04(0.04) 457 (0.04) 4.46(0.08)
H,0 (Wt%)

by FTIR 4.0 4.3 2.0 2.8 3.0 3.0 3.6
Melt
viscosity 1.03 1.05 1.73 1.37 1.37 1.54 1.31
(log Pa-s)*
FomgKo™**  0.32 (.01) - - 0.33 (.01) - - -
Fe*'IFe’ 0.48 - - 0.31 - - -

*Melt viscosity calculated with Hui and Zhang (2007)
**Kp calculated using Kress and Carmichael (1991) model to calculate melt Fe*'/Fe' at experimental T and fO,
***Experimental temperature corrected for a +12°C thermal gradient between PC thermocouple and the center of
the capsule (see Appendix A for details)
w0 calculated using Fe**/Fe' measured by microXANES technique and glass composition
analyzed by Electron Microprobe (see Table 4)

1191

1192
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Table 4 Olivine and melt compositions in all Ni partitioning experiments

Expt# T('C) Phase n  SiO, TiO, ALO; FeO' MnO MgO CaO K0 P;0s NiO Cr,0; Total* Ni** (ETZ%) OV Total™
1-bar
22 1225 gl 28 5229(26) 0.76(1)17.53(16) 7.47(9) 0.13(1)9.00(28) 8.72(6) 0.63(3) 0.13(5) 100.51 283(26) -
o 6 41.2522) 0.09(2) 10.98(20)0.17(3)46.70(38) 0.22(3) 0.52(9) 0.06(1) 99.99 - - 884(3)
221 1225 gl 26 52.14(31) 0.77(2)17.38(17) 7.53(10) 0.13(2) 9.09(10) 8.79(11) 3.40(6) 0.63(4) 0.13(3) 100.33 241(8) -
of 19 41.31(40) 0.07(2) 11.13(10)0.16(1)46.55(46) 0.23(2) 043(2) 0.06(1) 99.94 - - 88202
232 1225 gl 22 520046) 0.77(2)17.17(14) 7.53(12) 0.13(2) 9.45(14) 8.68(7) 0.63(3) 0.13(4) 100.27 331 (12)
of 13 41.48(43) 0.07(1) 8.29(10) 0.16(1)48.83(81) 0.20(2) 0.58(2) 0.04(1) 99.65 91.3(2)
2041 1225 gl 24 5201(21) 0.76(1)17.48(19) 7.55(4) 0.13(1)9.28(13) 8.74(6) 0.62(3) 0.13(3) 100.38 271 (16) -
of 7 40.47(15) 0.09(4) 11.02(10)0.17(3)46.90(21) 0.23(3) 0.45(5) 0.06(0) 99.39 - - 884(1)
2141 1200 gl 31 5248(36) 0.78(1)18.06(24) 7.35(10) 0.13(1) 8.01(20) 8.93(8) 0.65(3) 0.15(4) 100.51 201 (13) -
ol 43 40.80(31) 0.07(2) 11.92(18)0.18(3)46.37(38) 0.21(1) 0.43(4) 0.06(1) 10005 - - 874(2)
21 1200 g 25 5211(42) 0.77(2)17.62(26) 7.42(17) 0.13(2) 8.91(26) 8.77(11) 3.47(10) 0.65(3) 0.15(4) 100.18 270 (28) -
of 10 40.83(36) 0.08(2) 11.47(23)0.17(2)46.71(40) 0.22(2) 0.47(6) 0.05(2) 10001 - - 87903)
anhydrous high pressure
PC33 1192 gl 20 51.18(43) 0.90(9)17.34(29) 8.80(13) 0.14(1) 7.66(10) 9.07(14) 4.06(9) 0.69(5) 0.17(4) 98.55 174(15) 0.2 98.8
of 35 40.50(14) 0.07(2) 13.06(34)0.19(3)44.67(40) 0.23(2) 0.33(5)0.03(1) 99.10 - - 85.9(4)
PC35 1192 gl 18 51.56(32) 0.78(3)17.40(16) 8.24(11) 0.13(1) 8.53(12) 8.55(10) 3.82(9) 0.63(3) 0.35(4) 10022 197 (8) 0.2 100.2
of 12 41.4337) 0.10(5) 10.38(21)0.18(3)47.72(32) 0.21(1) 0.44(3) 0.03(1) 100.50 89.1(2)
hydrous
PC10 1137 gl 9 52.49(95) 0.79(1)17.84(16) 7.37(5) 0.15(4)7.84(10) 9.09(7) 0.63(2) 0.32(4) 95.81 191(19) 4.0 99.8
of 13 41.80(47) 0.05(1) 7.72(14) 0.17(3)49.52(34)0.18(0.0 0.54(5) 0.02(1) 10001 - - 9200)
PC12 1127 g 10 5259(42) 0.78(1)17.74(27) 7.72(7) 0.13(2) 7.67(27) 9.21(11)3.24(14) 0.60(3) 0.32(3) 95.00 255(23) 4.3 99.3
ol 8 41.19(44) 0.06(2) 8.72(8) 0.18(1)48.24(37) 0.19(1) 0.64(3)0.02(1) 99.24 - - 90.8(1)
PC13 1127 gl 36 52.77(38) 0.77(2)17.60(22) 7.73(10) 0.14(3) 7.68(16) 8.85(7) 0.64(2) 0.33(3) 97.67 134(7) 20 99.7
ol 33 41.30(20) 0.05(2) 11.03(28)0.18(3)46.59(21) 0.17(1) 0.38(2) 0.03(1) 9971 - - 88303
PC14 1127 g 36 51.96(41) 0.78(2)17.82(23) 7.90(14) 0.13(4) 8.04(28) 8.84(9) 0.61(2) 0.35(3) 96.72 204 (22) 2.8 995
of 28 41.06(40) 0.05(1) 10.58(28)0.17(3)47.54(52) 0.16(1) 0.59(6) 0.04(2) 100.18 - - 88903
PC37 1112 g 15 51.95(37) 0.78(2)16.82(22) 8.18(8) 0.13(1) 9.42(11) 8.29(8) 0.61(4) 0.36(3) 96.81 204 (17) 3.0 99.8
of 8 41.44(29) 0.05(1) 8.89(16) 0.18(3)48.02(22) 0.16(1) 0.72(4)0.03(1) 99.49 - - 906(2)
PC17 1102 gl 29 5268(26) 0.76(1)17.78(20) 7.60(6) 0.13(2) 8.24(31) 8.65(12) 3.22(11) 0.59(2) 0.36(3) 96.63 278(23) 3.0 99.6
of 36 4221(35) 0.05(1) 8.41(19) 0.16(3)48.16(28) 0.15(2) 0.71(5) 0.05(3) 99.90 - R
PC36 1102 gl 28 52.17(55) 0.78(2)17.47(27) 7.56(13) 0.14(2) 8.69(28) 8.98(20) 3.45(11) 0.63(5) 0.14(3) 094.97 264(13) 3.6 98.6
of 46 41.50(33) 0.04(1) 7.99(17) 0.16(1)49.92(36) 0.14(1) 0.65(5) 0.05(3) 100.46 91.8(2)

*reported oxide contents are after normalization to anhydrous 100%; reported totals are original analyzed values. All analyzed by the Electron Microprobe

except for Ni and H,0 in glass.

**in ppm; measured by Laser Ablation ICP-MS.
***sum of reported oxide total measured by the Electron Microprobe + measured H,0 by FTIR.
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Table 5 Composition and temperature results of five natural samples from Mexican arc

sample name JOR-44*  TAN-19* APA-6*  COL-1001 COL-1015
Whole-rock composition

SiO; (wt%) 52.1 54.5 56.0 50.2 48.8

TiO; (wt%) 0.81 0.83 0.88 1.73 1.30
Al0; (Wt%) 16.4 17.2 17.6 16.2 11.1
FeO' (wt%) 7.45 6.82 6.69 9.58 7.43

MnO (wt%) 0.13 0.12 0.11 0.16 0.13
MgO (wt%) 9.29 7.92 6.35 6.16 13.18

CaO (wt%) 8.46 7.98 7.28 9.31 9.35

Na,O (wt%) 3.47 3.68 3.84 3.30 2.20

K20 (wt%) 0.74 0.77 1.07 2.15 3.94

P20s5 (Wt%) 0.14 0.18 0.23 0.52 0.87

Ni (ppm) 261 156 120 58 363

Total 99.0 100.0 100.1 99.3 98.3

Olivine composition
max. Fo# 89.9 89.1 85.5 83.1 92.8
olivine NiO (wt%) 0.54 0.57 0.49 0.20** 0.59**
Calculated temperature

H.0 wt% (MI)*** 5.7 4.6 3.9 6.2 6.7
Tug (°C) Pu™7 1240 1209 1183 1147 1327

Tni (°C) Pu'17 1177 1078 1075 1073 1199

Tug - Tni ('C) Pu™7 63 130 108 75 128
Tma-+20 corr (°C) P'O7**** 1116 1106 1094 1045 1174

Tg-+20 corr P'07 = Ty ('C) Pu'17 61 28 19 -28 -25

* from Pu et al. (2017)
** from Figure 5
*** MI (melt inclusion) data from Johnson et al. (2009), Vigouroux et al. (2008), Maria and Luhr
(2008)
**** Mg-thermometer with H,0 correction of Putirka et al. (2007)
1196
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Table 6 Temperature results from Mg- and Ni- thermometers in Pu et al. (2017) & Putirka et al.
(2007) for experiments in this study

T H,O Tws  Tueerror Tug-T TN Ty error T - Thasao Twg-z0
Expt# wqig ey (FTIR) E20C) oy o)™ B29°0) ooy 1,4(C) (228°C) Lo
u'17 Pu'17 P07 Texpt C
22 1225 - 1234 5 9 1201 +46 -24 1222 -3
22-1 1225 - 1237 +6 12 1206 15 -19 1226
23-2 1225 - 1235 +8 10 1210 +13 -15 1225 0
20-1 1225 - 1238 +3 13 1220 +30 -5 1227
21-1 1200 - 1207 5 7 1174 +27 -26 1197 -3
21 1200 - 1232 9 32 1213 +37 13 1221 21
PC33 1192 0.2 1198 +6 6 1191 +37 -1 1190 -2
PC35 1192 0.2 1218 16 26 1160 +20 -32 1205 13
PC10 1137 4.0 1186 +3 49 1119 +28 -18 1104 -33
PC12 1127 4.3 1181 4 54 1141 121 14 1095 -32
PC13 1127 2.0 1195 5 68 1117 +17 -10 1147 20
PC14 1127 2.8 1201 7 74 1109 +30 -18 1138 11
PC37 1112 3.0 1239 4 127 1134 +18 22 1166 54
PC17 1102 3.0 1205 3 103 1137 123 35 1135 33
PC36 1102 3.6 1209 16 107 1141 +19 39 1130 28

*Error in experimental temperature is +4 °C at 1-bar and +8 °C at 0.5 GPa (PC experiments)
** results from the Mg-thermometer from Pu et al. (2017) is within 10°C to the Mg-thermometer from
Beattie (1993)
***Tmg and Ty; errors are propagated from uncertainty from the Mg and Ni analyses in olivine and glass
(Table 4)
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Figure 5
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Figure 10
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