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to MORBSs and hydrous arc basalts
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ABSTRACT

A new olivine-melt thermometer based on the partitioning of Ni (DNiOIiV/hq), with a
form similar to the Beattie (1993) Dy, thermometer, is presented in this study. It is
calibrated on a dataset of 123 olivine-melt equilibrium experiments from 16 studies in the
literature that pass the following five filters: (1) 1-bar only, (2) analyzed totals between
99.0-101.0 wt% for olivine and 98.5-101.0 wt% for quenched glasses, (3) olivine is the
only silicate phase in equilibrium with the melt, (4) the NiO concentration is > 0.1 wt% in
olivine and > 0.01 wt% in quenched glass, and (5) no metallic phase is present other than
the capsule. The final dataset spans a wide range of temperature (1170-1650 °C), liquid
composition (37-66 wt% SiO,; 4-40 wt% MgO; 107-11087 ppm Ni), and olivine
composition (Fose 100; 0.10-15.7 wt% NiO). The Ni-thermometer recovers the 123

experimental temperatures within + 29 °C (16), with an average residual of 0 °C. A re-
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fitted version of the Mg-thermometer of Beattie (1993), calibrated on the same 123
experiments as for the Ni-thermometer, results in an average residual of 1 +£26 °C (10).
When both thermometers are applied to the same 123 experiments, the average AT (Twig-
Tni) is 1 £29°C (16), which confirms that the Mg- and Ni-thermometers perform equally
well over a wide range of anhydrous melt composition and temperature at 1 bar. The
pressure dependence of the Ni-thermometer under crustal conditions (< 1 GPa) is shown
to be negligible through comparison with experimental results from Matzen et al. (2013),
whereas the pressure dependence of the Mg-thermometer is up to 52°C at < 1 GPa
(Herzberg and O’Hara, 2002). Therefore, neglecting the effect of pressure when
applying both thermometers to basalts that crystallized olivine at crustal depths (< 1 GPa)
is expected to lead to negative AT (Twg-Tni) values (<-52 °C). Application of the two
thermometers to nine mid-ocean ridge basalts results in an average AT of -3 degrees,
consistent with shallow crystallization of olivine under nearly anhydrous conditions. In
contrast, application of the two thermometers to 18 subduction-zone basalts leads to an
average AT of +112 degrees; this large positive AT value cannot be explained by the
effect of pressure, temperature or anhydrous melt composition. It is well documented in
the literature that Dy"""" is affected by dissolved water in the melt and that Mg-
thermometers overestimate the temperature of hydrous basalts if an H,O correction is not
applied (e.g., Putirka et al., 2007). Therefore, the reason why hydrous arc basalts have
higher AT (Ty-Tni) values than MORBs may be because Dy is less sensitivite to
water in the melt, which is supported by new Ni-partitioning results on three olivine-melt
equilibrium experiments on a basaltic andesite with up to 5 wt% H>O. More hydrous

experiments are needed to confirm that the Ni-thermometer can be applied to hydrous
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melts without a correction for H>O in the melt.

INTRODUCTION

The importance of obtaining the magmatic temperatures of basalts has long been
recognized and pursued by Earth scientists. Numerous researchers have mapped global
variations in mantle temperature by applying olivine-melt thermometers based on Mg-
partitioning (DMgOHV/ ) to basalts from mid-ocean spreading ridges (e.g. Falloon et al.,
2007; Genske et al., 2012) and the Iceland and Hawaiian plumes (e.g. Neave et al., 2015;
Xu et al., 2014). These efforts not only constrain conditions for mantle melting at
different tectonic settings, including depth of melting (e.g., Lee et al., 2009) and thermal
anomalies associated with mantle plumes (e.g., Herzberg et al., 2007; Falloon et al., 2007;
Putirka et al., 2007), but also have contributed substantially to our understanding of how
the Earth’s mantle has cooled through time (e.g., Herzberg and Gazel, 2009).

The reliability of these results largely depends on the accuracy of applied olivine-
melt thermometers. There is general agreement (e.g., Herzberg et al., 2007; Falloon et al.,
2007; Putirka, 2008; Herzberg and Asimow, 2015) that the Beattie (1993) form of the
thermometer recovers experimental temperatures the best under anhydrous conditions
(e.g., standard error estimate of + 44°C; Putirka, 2008) and produces temperatures similar
to the model of Ford et al. (1983) and those obtained by the MELTS program (Ghiorso
and Sack, 1995; Asimow et al., 2001) for anhydrous natural samples. When applied to
hydrous liquids, however, all thermometers based on DMg"“V/liq (e.g., Ford et al., 1983;
Beattie, 1993), require a major correction for the dissolved H,O content when applied to

hydrous liquids, possibly because hydroxyl groups complex with Mg2+ to lower its
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activity in hydrous melts (e.g., Waters and Lange, 2013). Putirka et al. (2007) provides a
modified thermometer (Eq. 4 in that study) that includes an H,O term, which reproduces
experimental temperatures with a high overall precision (standard error estimate of 29°C;
Putirka, 2008). Thus, the application of any currently available olivine-melt thermometer
based on Mg-partitioning to hydrous basalts requires that melt H,O concentration be
known a priori.

In this study, the potential of a new olivine-melt thermometer based on the
partitioning of Ni (Dx"19) is evaluated in comparison to the best available Dy,
thermometer as a function of anhydrous melt composition, temperature and pressure
through a common set of phase-equilibrium experiments from the literature. Both the
Dy and DMgOHV/ 9 thermometers are applied to a set of nine mid-ocean ridge basalts
(MORBSs) and 18 subduction-zone basalts to test whether there is any difference in the
results for samples that are relatively anhydrous (i.e., MORBSs) vs. hydrous (i.e., arc
basalts). In light of the large systematic difference in the Ni- and Mg-thermometers for
arc basalts, but not for MORBs, new Ni-partitioning results for olivine-melt equilibrium

experiments on a hydrous basaltic andesite are presented to test the relative sensitivity of

Dy and DMg(’hV/liq to up to 5 wt% H,O in the melt phase.

ANALYTICAL METHODS
Olivine compositions were measured with a five-spectrometer Cameca SX-100
electron microprobe at the University of Michigan. The analyses were made with a
focused beam, with an acceleration voltage of 15kV and a beam current of 20nA. Eight

elements were measured (Mg, Fe, Si, Ni, Al, Mn, Cr, Ca). The peak and background

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5879

counting times were 30s each for Si, Mg, Fe and Ni, and 20 s each for Al, Mn, Cr and Ca.
The 16 precision based on counting statistics is + 0.32 wt% SiO,, £ 0.25 wt% MgO, +
0.54 wt% FeO, and + 0.05 wt% NiO, and < 0.1 wt% for Cr,03, ALLO3;, MnO and CaO.
The standards used for all analyses are from the University of Michigan collection for the
electron microprobe and are described in Appendix A. Oxygen was calculated by cation
stoichiometry and used in the Cameca PAP correction program. Traverses across 20-30
olivine crystals were conducted in all natural samples. Traverses along the darker (Mg-
rich) region on the back-scattered electron (BSE) image of each crystal were made, with
an analysis every 20-30 um, leading to approximately 200-500 effective olivine analyses
for each sample. Plagioclase crystals in two natural samples (UR-60, UR-61) were also
analyzed using the Cameca SX-100, but in this case seven elements were analyzed (Si,
Al, Fe, Ca, Na, K, Ba) using an accelerating voltage of 15 kV and a focused beam current
of 4 nA. The peak and background counting times were 30s each for all elements. The
1o precision based on counting statistics is < 2% for SiO; and Al,O3, < 4% for CaO, and
< 5% for Na,O. Traverse analyses across plagioclase phenocrysts were performed in the
same way as for olivine phenocrysts.

The Ni concentrations (ppm) in the quenched glass of experimental run products
were analyzed by laser ablation using a Photon Machines Analyte G2 193 nm Ar-F
excimer laser coupled with a Thermo Scientific X series 2 Quadrapole inductively
coupled plasma mass spectrometer (ICP-MS) at Oregon State University. The beam size
was 50 um and the counting time was 30s. GSE-1G was used as the reference standard
while monitoring standards BCR-2G and TI-G. The Ni content of the glass was

calculated relative to the reference standard GSE-1G, which was measured under
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identical conditions throughout the same analytical session. To reduce the matrix effect,
*Ca was used as an internal standard, in conjunction with the CaO contents in the
experimental glasses, which were measured independently with an electron microprobe
and reported in Moore and Carmichael (1998). The 16 uncertainty is 8%, which includes
the error from the reference standard GSE-1G. The procedures and protocols that were

followed are described more fully in Kent et al. (2004).

OLIVINE-MELT THERMOMETRY

An olivine-melt thermometer based on Ni partitioning at 1 bar

Nickel partitioning between olivine and basaltic melts has been extensively
studied as a function of anhydrous melt composition, temperature, and pressure by a large
number of researchers. Here, attention is first focused on the effect of anhydrous melt
composition and temperature on the partition coefficient for Ni between olivine and melt
(Dni*™9) at 1 bar; the effect of pressure is evaluated separately in another section below.
On the basis of nine experimental studies published over the last four decades (Arndt,
1977; Hart and Davis, 1978; Leeman and Lundstrom, 1978; Agee and Walker, 1990;
Kelemen et al., 1998; Wang and Gaetani, 2008; Li and Ripley, 2010; Putirka et al., 2011;
Matzen et al., 2013) thirteen different models were proposed to describe Dy as a
function of temperature and melt composition (Table 1).

To test the relative effectiveness of these different model equations at 1-bar, an
initial dataset of 328 1-bar experiments were compiled, which includes those that were
used to calibrate the Matzen et al. (2013) and Li and Ripley (2010) models, as well those

in the Library of Experimental Phase Relations (LEPR) (Hirschmann et al., 2008). Four
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filters were then applied: (1) analyzed totals of olivine between 99.0-101.0 wt% and of
glass between 98.5-101.0 wt%; (2) olivine is the only silicate phase in equilibrium with
the melt; (3) the NiO concentration is > 0.1 wt% in olivine and > 0.1wt% in quenched
glass (given the detection limits of the electron microprobe used to analyze the Ni
contents in both phases); (4) no metallic phase is present other than the capsule. The
purpose of these four filters is to exclude experiments where analytical uncertainties may
have been too high and/or where equilibrium may not have been attained among several
phases in crystal-rich experiments. Although some experiments that had small analytical
uncertainties and/or achieved equilibrium may have been excluded, the uniform
application of all four filters allowed a high-quality dataset to be compiled in an unbiased
manner. The final dataset includes 123 olivine-melt experiments at 1 bar from 16 studies
(Bird, 1971; Arndt, 1977; Takahashi, 1978; Nabelek, 1980; Kinzler et al., 1990; Ehlers et
al., 1992; Snyder and Carmichael, 1992; Jurewicz et al., 1993; Parman et al., 1997;
Gaetani and Grove, 1997; Tuff et al., 2005; Mysen, 2006; Mysen, 2007a; Mysen, 2007b;
Mysen, 2008; Wang and Gaetani, 2008; Matzen et al., 2013). The final dataset (compiled
in Appendix B) spans a wide range of liquid composition (37-66 wt% SiO»; 4-40 wt%
MgO; 107-11087 ppm Ni), olivine composition (Fose-100; 0.13-15.7 wt% NiO), and
temperature (1170-1650 °C).

The thirteen DNiOHV/ 4 models in Table 1 were used to calculate temperature for the
123 experiments in Appendix B. Plots of the temperature residuals for each model are
shown in Appendix C (supplementary material). Among the thirteen models, the one
presented in Li and Ripley (2010) yields the best result with an average residual of -9 +

30°C (10), while the others have 16 residuals that range from + 54 to £119°C (Table 1;
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Appendix C). Although the most recently published model of Matzen et al. (2013) has an
average residual of only 19 °C, the 16 standard deviation is + 98°C (Table 1; Appendix
C). Note that the Ni-partitioning experiments conducted by Matzen et al. (2013) are of
the highest quality, and both the Li and Ripley model (2010) and the Matzen et al. (2013)
models recovers the two 1-bar experiments from Matzen et al. (2013) within 22 and 35
°C, respectively.

The next step is to recalibrate all of the DNiOHV/liq thermometers in Table 1, using
the dataset of 123 olivine-melt experiments in Appendix B. The 13 models in Table 1
can be reduced to eight different forms of model equations, and the results of those re-
calibrations are shown in Table 2 and Appendix D (plots of the temperature residuals for
each model). The effect of recalibrating the model equations in Table 2 with 10000/T as
the dependent variable (instead of InDy;*™""%) leads to temperature-dependent residuals
(Appendices E and F) and is therefore not recommended.

The best model in Table 2 is obtained from the equation used by Li and Ripley
(2010), which is based on the simplified thermodynamic formulation of Beattie et al.

(1991) where the effect of melt composition (and polymerization) is modeled through the
term, X{o' / xg‘g; , where X2 is equal to X&‘Sé + XD+ XTI+ X XPE + X0 and

Xg‘gzt is the mole fraction of SiO; in the melt. To first order, this compositional term

tracks the degree of melt polymerization, which has been shown to increase the value of
Dy (e.g., Hart and Davis, 1978; Wang and Gaetani, 2008). Interestingly, this
simplified compositional parameter leads to a better model equation than one that is
based on the parameter NBO/T (non-bridging oxygens over tetrahedral units), which was

introduced by Mysen et al. (1985) to model the degree of melt polymerization. The

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5879

NBO/T parameter is included in Model D (Table 2), the form used by Wang and Gaetani
(2008), and results in a higher 16 standard deviation (+ 60 °C) than that (+ 31 °C) for the
Li and Ripley (2010) form (Model A in Table 2) when calibrated on the 123 1-bar
experiments.

A final model equation for the Ni-thermometer is based on the general form of the
Beattie (1993) Mg-thermometer. In this empirical version (Eq. 1), Dx®™ is substituted
for DMgOWliq (both constructed on a molar basis) and the coefficients in front of the
molar compositional terms are fitted parameters. In this equation, the effect of melt
polymerization is incorporated with the combined terms Xnv and Xgipz, which are
defined below. Although the original Beattie (1993) model equation uses cation fractions
instead of mole fractions, the results of a calibration on the 123 experiments in Appendix
B have lower residuals if mole fractions are used. The generalized form of the equation

is given here:
InD/™" :a+$+c1n(xm)+d1n(ngg2)+e(NF) (1)

where T is in Kelvin, X\, = X{% + Xln;go + X0+ XL+ X8+ Xk (mole fraction

components), ngoz is the mole fraction of SiO; in the melt, and NF =

3.5In(1=Xy0,)+ 7In(1=X

Tio, ) The results of the calibration of Equation 1 (for i=Ni) on

the 123 experiments in Appendix B are given in Table 3, with residuals plotted in Figure
la. This model provides the best overall fit to the data, with an average residual of 0 +

29°C and a R? of 0.96, and it is the Ni-thermometer recommended in this study (Table 3).

An updated olivine-melt thermometer based on Mg partitioning at 1 bar
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Since the publication of the landmark study by Roeder and Emslie (1970),
numerous geothermometers based on the partitioning of Mg between olivine and silicate
melt have been proposed. In a review of olivine-melt thermometers, Putirka (2008)
showed that the general form of the Beattie (1993) model (Eq.1) leads to the most
accurate results. When the Beattie (1993) and Putirka et al. (2007) Mg-thermometers are
applied to the 123 olivine-melt 1-bar experiments in Appendix B (used to calibrate the
Ni-thermometer in Eq. 1), the average residuals are 17 + 30 (16) and 0 = 31 (10),
respectively (Table 4; Appendix G). Here, we perform a re-calibration of the general
form of the Beattie (1993) Mg-thermometer on the 123 experiments in Appendix B, using
the empirical form shown in Equation 1. The results of the regression are given in Table
3, with residuals plotted in Figure 1b. This model provides an excellent fit to the 123
olivine-melt experiments, with an average residual of 1 = 26°C and a R* of 0.96, and it is

the Mg-thermometer recommended in this study.

A comparison of the Ni- and Mg-thermometers at 1 bar

In order to directly compare the results of the Ni-thermometer (Tx;) with those of
the Mg-thermometer (Tw,) on the 123 experiments, a parameter AT (= Tug— Tni) was
constructed for this dataset. A plot of AT as a function of experimental temperature is
shown in Figure 1lc; the average AT is 1 £ 29°C (10). This result confirms that the Ni-
thermometer and the Mg-thermometer (Table 3, Eq. 1) perform equally well over a wide
range of anhydrous melt composition (SiO, = 37-66 wt%; MgO = 4-40 wt%) and
temperature (1160-1650 °C) at 1 bar. Therefore, if the two thermometers are applied to a

series of basalts that crystallized at shallow depths and contained little dissolved H,O
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(e.g., MORBs), AT (= Tmg— Tni) is expected to be close to zero. A test of whether or not
this is the case is presented below in an application to mid-ocean ridge basalts, but first

the effect of pressure on both the Mg- and Ni-thermometers is evaluated.

The effect of pressure on the Mg- and Ni-thermometers
Herzberg and O’Hara (2002) examined the effect of pressure on the Beattie
(1993) DMgOHV/ 4 thermometer and proposed the following pressure correction:
T (P) = Ty.oar+ 54P(GPa) — 2P(GPa)* ()
This pressure correction can be tested against the high-quality experimental results of
Matzen et al. (2013), where olivine-melt equilibrium experiments were performed on a
MORB sample between 1 bar and 3 GPa. Application of the updated Mg-thermometer
(Table 3, Eq. 1) to the Matzen et al. (2013) experiments allows the residuals (Texperimental -
Twmg) to be plotted as a function of pressure. In Figure 2, the solid curve shows the
Herzberg and O’Hara (2002) pressure correction (Eq. 2), which agrees well with the
Matzen experiments.
The exchange of Mg between olivine and liquid can be described by the following
reaction:
Mg,Si04 (melt) = Mg,SiO4 (olivine), 3)
In Equation 3, the lower volume (olivine) side of the reaction is favored with higher
pressure. Therefore, increasing pressure (while holding all other parameters constant)
will result in higher DMg"“V/liq values, which leads to lower calculated temperatures (Eq.

1). Thus, the effect of not including a pressure correction to the Mg-thermometer will

11
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lead to underestimates of temperature (by < 52°C for melts that crystallize olivine at < 1
GPa, according to Eq. 2).

The Matzen et al. (2013) experiments can also be used to evaluate the pressure
dependence to Dy, In this case, application of the Ni-thermometer (Table 3, Eq. 1)
leads to residuals (Texp: - Tni) that show a step-like distribution with pressure, with little
dependence between 1 bar and 1 GPa, and then a marked pressure dependence between 2
and 3 GPa. At 1 bar, the two Matzen et al. (2013) experiments have residuals of -2 and -
9 degrees. At 1 GPa, the five Matzen et al. (2013) experiments all give a similar result,
with an average residual of -2 + 6 °C. A linear fit to all seven residuals (dashed line in
Fig. 2) leads to an increase of only 4°C between 0 and 1 GPa.

A plausible explanation for the step-like behavior in Figure 2 is related to the
coordination of Ni*" in the melt as a function of pressure. X-ray Absorption Near-Edge
Structure (XANES) spectroscopy shows that Ni*" in silicate liquids is largely in 4- and 5-
fold coordination over a range of melt composition at 1 bar (Galoisy and Calas, 1993).
Moreover, Ni*' is not abundant in 6-fold coordination at depths < 1 GPa, but does
undergo a complete conversion to octahedral coordination by 4 GPa (Jones et al., 2011).
Therefore, we suggest two reactions to describe the effect of pressure on the Ni;SiO4
liquid component:

(5INi,S104 (melt) = [Ni,Si04 (melt) (4a)
[IN1,S10,4 (melt) = [Ni,Si04 (crystal) (4b)
At crustal pressures (<1 GPa), the predominant effect of increasing pressure is expressed

by the reaction in Equation 4a, where 4- and 5-fold coordinated Ni*" in the melt is

12
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gradually converted to 6-fold coordinated Ni**, whereas once 6-fold Ni*" is abundant (> 2
GPa), the predominant effect of pressure is shown by the reaction in Equation 4b.

In contrast to the case for Ni**, evidence from nuclear magnetic resonance (NMR)
spectroscopy show that CaO-MgO-Al,03-Si0, (CMAS) liquids (model basalts) at one
bar contain Mg*" with an average coordination that is close to 6-fold, with minor amounts
that are 5-fold (George and Stebbins, 1998). This result is consistent with density
measurements on CaO-MgO-FeO-Al,03-Si10; liquids, including CaMgSi,0¢ (diopside)
and CaFeSi,0¢ (hedenbergite) liquids, that result in partial molar volumes for CaO, MgO
and FeO at 1723 K that are within 0%, 5%, and 28%, respectively, of the crystalline
volumes of lime ({)Ca0), periclase ([6]Mg0) and wustite (*Fe0) at 298 K, consistent
with of an average coordination for Ca2+, Mg2+ and Fe’" in these melts of ~6, ~5.8, and
~4.7 (Guo et al., 2013; 2014). George and Stebbins (1998) point out that although Ni*",
Fe*" and Mg2+ share a similar ionic size and valence, the lower average coordination for
Ni*" and Fe*" in contrast to the higher average coordination for Mg%, may reflect a
difference in the bonding behavior between transition metal cations (e.g., Ni*", Fe*") and
alkaline earth cations (e.g., Mg”").

The most important conclusion to be drawn from the results in Figure 2,
irrespective of the cause, is that if the effect of pressure is neglected when the Mg-
thermometer and Ni-thermometer are both applied to a basalt that crystallized olivine at <
1 GPa, the expectation is that the Mg-thermometer will give a temperature that is too low,
whereas the Ni-thermometer will not (within 16 uncertainty). Therefore, the value of AT
(Twme — Ti) 1s expected to be close to zero or negative, and the magnitude of AT will scale

with the depth of olivine crystallization (< -52°C for depths < 1 GPa).
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APPLICATION TO MID-OCEAN RIDGE BASALTS

An opportunity to test the application of both the Mg- and Ni-thermometers
(Table 3, Eq. 1) on mid-ocean ridge basalt (MORB) samples is provided by the
petrological study of Allan et al. (1989) on a series of glassy MORB samples erupted
from the Lamont Seamount Chain, associated with the East Pacific Rise. Only those
samples from the margins of rapidly quenched pillow basalts, with a glassy groundmass
and sparse phenocrysts + microphenocrysts (0.4-5.4%) of olivine + plagioclase are
examined here (Table 5). Reported melt (glass) compositions are used to obtain
temperature from the Mg-thermometer (Eq.1 and Table 3), and the results range from
1189-1149°C.

The Ni contents of both the olivine phenocrysts and glass were also analyzed and
reported by Allan et al. (1989), enabling application of the Ni thermometer (Eq. 1 and
Table 3). The observed compositional range of the olivine phenocrysts within each
sample is narrow (~1-2% Fo) and the most Fo-rich and Ni-rich olivine composition
reported for each sample was used. Resulting temperatures range from 1214 to 1143°C.

The results of the two thermometers applied to the nine MORB samples from
Allan et al (1989) are summarized in Table 5, and the resulting values for AT (= Tyg—
Tyi) are compared to those for the 123 1-bar experimental dataset in Figure 3. The values
of AT range from +45 to -45 °C with an average of -3 + 33°C. The 16 variance in the
calculated AT values for the MORB samples broadly matches that (16 = 29°C) for the

123 anhydrous experiments (Fig. 3).
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APPLICATION TO SUBDUCTION-ZONE BASALTS

The Ni- and Mg-thermometers from this study (Table 3, Eq. 1) were also applied
to a series of subduction-zone lavas that may have crystallized olivine at greater crustal
depths than most MORBs and contained higher melt H>O concentrations. For this
application, 18 olivine-bearing lavas from the Michoacan-Guanajuato volcanic field
(MGVF) in the Mexican arc were chosen. The whole-rock compositions and mineral
modes of 16 basalt and basaltic andesite samples from a 4400 km” segment of the
MGVF, referred to as the Tancitaro-Nueva Italia region, were obtained from the study of
Ownby et al. (2011) and are presented in Table 6. Two additional samples from the
MGVF, one from Volcéan Jorullo and one from Cerro La Pilita, from the study of Luhr
and Carmichael (1985), are also included in Table 6. Three of the 18 samples (Jor-44,
TAN-19 and APA-6) are from cinder cones (Volcéan Jorullo, Cerro el Astillero and Cerro
el Hungaro, respectively) that also have been sampled by Johnson et al. (2008; 2009) in
their study of the volatile contents in olivine-hosted melt inclusions.

The 18 samples in Table 6 contain 2-10% olivine phenocrysts (defined to include
all crystals > 300 pm), and olivine is the most abundant phenocryst in all samples. Two
of the samples contain a notable abundance of plagioclase phenocrysts (TAN-19 and UR-
2) at 4 and 5%, respectively, and they have similar compositions to NI-27 and NI-21,
respectively, which are free of plagioclase phenocrysts (Table 6). By including these two
compositional pairs of phenocryst-rich (plagioclase-bearing) and phenocryst-poor
(plagioclase-free) samples, any systematic difference in the thermometry results can be

evaluated as a function of overall phenocryst abundance.
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Application of the Dy and Dy; (olivine-melt) thermometer

In order to apply the DMgOHV/ 9 and Dx®™9 thermometers to a set of natural
samples for which no prior petrological information is available, the first task is to
analyze the olivine phenocrysts in each sample and evaluate whether the most Fo-rich

olivine in each sample could be the equilibrium composition to first crystallize from the

bulk liquid. A test of equilibrium is made using appropriate Fezt”""KD (olivine-melt) values

from experiments in the literature. If confirmed, the most Fo-rich olivine can be used to
calculate temperature with the Mg-thermometer (Eq.1 and Table 3). Next, a fitted
relationship between Ni and Fo content in the olivines in each sample is obtained. This
allows an evaluation of the mean value of Ni (and its variation) in the most Fo-rich
olivine in each sample, which is used to calculate temperature, together with melt

composition, using the Ni-thermometer (Eq.1 and Table 3).

Microprobe analyses of olivine. Electron microprobe traverses across 20-30
olivine crystals were conducted in each of the 18 samples in Table 6. Traverses along the
long axes of each crystal were made, with an analysis every 20-30 um, leading to
approximately 300-500 olivine analyses for each sample. These analyses are tabulated in
the supplementary material (Appendix H) and are summarized in a histogram of forsterite
(Fo) content for each sample (Appendix I); all samples show a continuous range of
olivine compositions, with no breaks. The most Fo-rich olivine composition for each

sample is listed in Table 6.

Fe?*-Mg K
D

A test of olivine-melt equilibrium using values. To evaluate whether

the most Mg-rich olivine in each sample represents the first olivine to crystallize from the
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whole-rock melt composition, the ferric-ferrous ratio (and fO, condition) in the melt at
the onset of olivine crystallization is calculated to see if reasonable results are obtained.
An initial estimate for the Fez+‘M@’KD between olivine and melt is 0.34, which is the value
Matzen et al. (2011) reports on the basis of 446 anhydrous 1-bar experiments in the
literature, using the equation provided by Jayasuriya et al. (2004) to relate melt
composition, temperature and oxygen fugacity to a melt ferric-ferrous ratio. The resulting
Fe'/Fe’ ratios in the 18 samples in Table 6 range from 0.12 to 0.27 and correspond to
ANNO values from -1.5 to +0.8 (=logfO,[sample] — logfO,[Ni-NiO buffer] at the same
temperature from the Ni-thermometer). These Fe*"/Fe' values (average = 0.20) and
ANNO values (average = -0.1) are slightly higher relative to mid-ocean ridge basalts,

which is expected for subduction-zone magmas.

There is evidence, however, that the Fez+'MQKD between olivine and melt may be

affected by melt H,O concentration, and a compilation of 108 hydrous experiments on
basalts, for which fO; is buffered or monitored, from eight studies (Sisson and Grove,
1993a, 1993b; Wagner et al., 1995; Righter and Carmichael, 1996; Moore and
Carmichael, 1998; Almeev et al., 2007; Médard and Grove, 2008; Parman et al., 2011),
leads to an average Kp = 0.37 + 0.04 (Appendix J), using the model equation of

Jayasuirya et al. (2004) to calculate melt ferric-ferrous ratios in the experimental melts.

When this higher Fez+_MQKD value is applied to the most Mg-rich olivine in each of the 18

samples in Table 6, the resulting Fe’*/Fe’ ratios range from 0.19-0.32 and correspond to
ANNO values of -0.2 to +1.4. These results lead to a higher average Fe’*/Fe" ratio (0.26)
and a higher average ANNO value (+0.7) relative to those when a value of 0.34 is used,

and fully overlap with the range of Fe**/Fe” values (0.19-0.28) directly analyzed in
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olivine-hosted melt inclusions in arc basalts (e.g., Kelley and Cottrell, 2009; Brounce et
al., 2014). Therefore, there is no reason to conclude that the most Mg-rich olivine
composition in each sample in Table 6 is not close to the first olivine to crystallize from
the whole-rock liquid composition. Nonetheless, the effect of underestimating the mol%
Fo of the first olivine to crystallize from the melt on the thermometry results is discussed

below.

Ni concentrations in olivine as a function of Fo-content. The next step in
applying the Ni- thermometer (Table 3) is to determine the Ni concentration in olivine at
the onset of crystallization from a liquid that is represented by the whole-rock
composition. This can be calculated from a plot of wt% NiO as a function of mol% Fo for
all olivine analyses in each sample, and a linear fit to the data that span the highest 3
mol% Fo content for the olivine population in each sample (Fig. 4). The fitted linear
equation for each sample is then used to calculate the average Ni content in the most Fo-
rich olivine (value reported in Table 6). The minimum and maximum standard deviation
(10) in wt% NiO for the most Fo-rich olivine among the 18 samples is +£0.03 and +0.05,

respectively.

Temperatures (and uncertainties) calculated from the Mg- and Ni-
thermometers. Application of the Mg-thermometer (Eq. 1 and Table 3), using the most
Fo-rich olivine analyzed in each sample together with their whole-rock composition
(Table 6), leads to temperatures that range from 1122 to 1240 °C for samples that range
from 4.3 to 9.4 wt% MgO (Table 6). For application of the Ni-thermometer (Eq. 1 and

Table 3), the Ni contents in olivine at the onset of crystallization were combined with the
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oVl 4t the onset of

Ni contents in the whole-rock samples to calculate the value of Dy;
olivine crystallization for each sample in Table 6. This value was then incorporated into
the Ni-thermometer (Eq. 1, Table 3) to calculate the temperature at which olivine first
began to crystallize in these 18 subduction-zone magmas. Temperatures range from 1020
to 1159 °C for these basalt and basaltic andesite samples (52-59 wt% SiO,) and are
112°C cooler, on average, than the temperatures calculated with the updated Mg-
thermometer (Table 6). The uncertainties on these temperatures are estimated to be +
29°C at the 1o level, on the basis of the calibration results for AT on 123 experiments
(Table 3 and Fig. 1c). An additional uncertainty of + 11 and + 6 °C, respectively, is
added owing to an average 16 uncertainty of + 0.05 wt% NiO in olivine and + 4 ppm
uncertainty in the average whole-rock Ni concentration.

Another source of error is that the first Mg-rich olivine to crystallize from the
melt may not be exposed on the thin-section surface and the microprobe traverse may not
have crossed it. It is also possible that some diffusive re-equilibration of the initial Mg-
rich olivine may have occurred as well. Therefore, the highest Fo content analyzed in
each sample may be a minimum value, and therefore the resulting temperatures derived
from both the Ni- and Mg-thermometer may be maximum values. The combined effect
on both thermometers is to cause AT values (=Tmg-Tni) to increase by 13-46 degrees per
1 mol% Fo increase in olivine composition for the samples in Table 6. Therefore, the
reported AT values in Table 6 are minimum values if the most Mg-rich olivine to have

crystallized in each sample is not captured in the analyses.
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A comparison of AT (= Tyg-Tni) values between hydrous basalts and MORBs

The values of AT (= Tmg— Tni) for the 18 subduction-zone samples in Table 6
range from 63 to 150 °C and are systematically higher than the AT values calculated for
the nine mid-ocean ridge basalts in Table 5. The comparison of these two sets of AT
values to those for the 123 experiments are illustrated in Figure 3. As discussed above,
neglecting the effect of pressure on the two thermometers is expected to lead to
underestimation of AT (=Twg - Tni). Therefore, the large, positive values of AT obtained
for the subduction-zone magmas in Table 6 cannot be attributed to the effect of pressure.
Nor can they be attributed to the effects of temperature and/or anhydrous melt
composition (Fig. 1¢). Instead, it appears that the large positive values of AT reflect a

oliv/liq

difference in the sensitivity of Dy, and Dy;"™19 to dissolved water in basaltic

liquids.

A different sensitivity of DMg"“V/ 9 and Dx;"™14 to dissolved water in the melt?

As noted in the introduction, all thermometers based on DMg"“V/ 4 (e.g., Beattie,
1993) require a major correction for dissolved H,O in the melt, possibly because
hydroxyl groups complex with Mg to lower the activity of the MgO component in
hydrous melts (e.g, Waters and Lange, 2013). The strong dependence of Mg-
thermometers on melt H,O concentration was reviewed by Putrika et al. (2007), and the
effect is illustrated in Figure 5 using the experimental datasets of Almeev et al. (2007)
and Médard and Grove (2008) at <200 MPa. In these two studies, detailed experimental
approaches were applied to precisely locate the depression of the olivine liquidus with

increasing melt H,O concentration. Application of the updated Mg-thermometer (Table
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3, Eq.1) gives the anhydrous temperature for each experiment, whereas the Putirka et al.
(2007) thermometer (with an H,O correction, Table 4) gives the hydrous temperature.
The differences between the two thermometers lead to AT values (=Tanhydrous- Thydrous) that
are consistently positive and increase with the amount of dissolved water in the
experimental melt (Fig. 5). This result illustrates that DMgOHV/ " has a strong sensitivity to
dissolved water in basaltic melts, and it suggests that the reason why the Ni-thermometer
gives lower temperatures than the Mg-thermometer when applied to hydrous samples
(Table 6, Fig. 3) is because Dxi®""" is less sensitive to water. The question that arises is
whether the Ni-thermometer (Table 3, Eq. 1), which has no H,O correction, gives similar
temperatures as the Mg-thermometer of Putirka et al. (2007), which has an H,O
correction.

This question is addressed with three of the 18 samples in Table 6 (Jor-44, TAN-
19 and APA-6), for which melt H,O concentrations were directly analyzed in olivine-
hosted melt inclusions (Johnson et al., 2008; 2009). The maximum H,O concentrations
reported for these three samples (5.7, 4.6 and 3.9 wt%, respectively) can be used in the
Mg-thermometer of Putirka et al. (2007; their Eq. 4), which incorporates the
compositional effect of melt H,O, to obtain the temperature of these magmas at the onset
of olivine crystallization. The results are 1139, 1116 and 1099°C, respectively, for the
Jor-44, TAN-19 and APA-6 melts with 5.7, 4.6 and 3.9 wt% H;O, respectively, at
minimum entrapment pressures of 0.4, 0.15 and 0.1 GPa (Johnson et al., 2008; 2009).
These temperatures are within -38, +38 and +24°C, respectively, of the temperatures
obtained in this study using the Ni-thermometer (Table 3, Eq. 1). These differences are

well within the combined 16 uncertainty of the two thermometers (+ 29 °C for Ni-
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thermometer, Table 3, Eq. 1; + 31°C for Putirka et al., 2007; Table 4). This result
supports the inference that Dy; is less sensitive than Dy, to dissolved water in the melt,

which can be further tested with a set of hydrous olivine-melt equilibrium experiments.

Ni-partitioning results on hydrous olivine-melt experiments. Although
Almeev et al. (2007) and Médard and Grove (2008) did not report Ni concentrations in
olivine and melt, a preliminary evaluation of how melt H,O content affects the Ni-based
thermometer is made in this study through new Ni-partitioning results on the run products
from a hydrous phase-equilibrium study on a basaltic andesite (MAS-22; Moore and
Carmichael, 1998). In that study, there were three experimental run products that contain
glass + olivine only (runs 22-2, 22-7 and 22-12), with olivine abundance reported to be
<3% (run conditions are summarized in Table 7). The olivine crystals and quenched
liquid (glass) from these three experiments were analyzed in this study for their Ni
contents. The results are tabulated in Table 7.

These values of DNiOMV/liq were calculated from the newly obtained Ni data from
the three experimental charges, and were used to calculate the amount of olivine that
crystallized during each of these phase-equilibrium runs, as a check on internal
consistency, using the equilibrium crystallization equation:

G !
Co DN™(1-F)+F

)

In Equation 5, Cy, is the analyzed concentration of Ni in the quenched liquid phase, Co is
the initial concentration of Ni in the liquid prior to olivine crystallization (106 ppm in the
MAS-22 whole rock; Lange and Carmichael, 1990) and F is the melt fraction. On the

oliv/liq

basis of this equation and the Dy; values for each experiment, the abundance of

22

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5879

olivine ranges from 1.4 to 3.6%, which is consistent with the values reported by Moore
and Carmichael (1998).

Using the compositional data reported in Table 7, the calculated Ni-temperatures
(Table 3, Eq.1) for the three experiments lead to residuals (Tni-Texpt) of +24, -50, and -
21 °C for melt H,O contents of 2.5, 3.2 and 5.0 wt%, respectively (Table 7). When these
residuals are plotted in Figure 1a, they are well within the range of the residuals for the
123 1-bar experiments upon which the Ni-thermometer (Table 3, Eq. 1) is calibrated on.
This result strongly suggests that the Ni-based olivine-melt thermometer has a relatively
weak dependence on melt H,O contents.

Understanding the underlying cause for why Dy appears to have a lower
sensitivity than DMgOHV/ 4 to dissolved water in the melt is of key importance. However, it
is beyond the scope of the present study to answer this question because it requires a
spectroscopic study of the coordination environments for both Ni and Mg in the same
basaltic melts under hydrous conditions, which are not yet available. Nonetheless,
available spectroscopic evidence (e.g., Galoisy and Calas, 1993; George and Stebbins,
1998), supported by liquid density measurements (Guo et al., 2013; 2014), show that
alkaline earth cations, such as Mg2+, and transition metal cations, such as Fe*" and Ni*",
display different bonding behavior despite their similar size, and these differences may
extend to hydrous melts. As an aside, it may that the partition coefficients for Mn?" and
Co”", two other transition metals with an ionic radius similar to that for Ni*", may also
lead to useful olivine-melt thermometers that are weakly dependent on water in the melt

phase. In the meantime, the accuracy of the Ni-thermometer, which does not include an
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H,O correction, can be evaluated through a comparison of its results to experimentally

determined hydrous phase diagrams.

Consistency with hydrous phase-equilibrium experiments on basaltic andesite

The results from the Ni-thermometer (Table 3, Eq.1) for APA-6 (Table 6) can be
compared to the hydrous phase-equilibrium experimental results from Moore and
Carmichael (1998) on the MAS-22 basaltic andesite (Table 7), which has a similar
composition to APA-6. In Figure 6, a simplified plot of the phase stability fields for
olivine, plagioclase, and hornblende are shown on a plot of Pyo vs. temperature based on
the results of Moore and Carmichael (1998). Also shown are isopleths of melt H,O
concentration based on the H,O solubility model of Zhang et al. (2007). The calculated
temperature for APA-6 at the onset of olivine crystallization is 1075 ( 29) °C, which is
projected onto the phase diagram in Figure 6 (the phase diagram of MAS-22 with all
individual experiments plotted is shown in Appendix K).

The occurrence of large, sparse phenocrysts of olivine in APA-6 with diffusion-
limited (i.e., rapid-growth) textures (Fig. 7) indicates that this basaltic andesite liquid
experienced significant effective undercooling (ATt = Tiiquidus-Tmelt) during phenocryst
growth (e.g., Lofgren, 1974; Welsch et al., 2014). It is difficult for a melt to develop an
undercooling during slow cooling and crystallization in a magma chamber. In contrast, an
effective undercooling during phenocryst growth readily develops during rapid ascent
under fluid-saturated conditions, owing to the effect of H;O degassing from the melt
(e.g., Waters et al., 2015). A projected ascent path for APA-6 under fluid-saturated

conditions is illustrated in Figure 6, and it is consistent with the Py,0-T location for the
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entrapment of the olivine-hosted melt inclusion with 3.9 wt% H>O from Johnson et al.
(2008).

The results for two additional samples (UR-2 and NI-21) can also be projected
onto this experimental phase diagram, as their compositions only differ from MAS-22
(Table 7) and APA-6 by having slightly lower MgO concentrations (Table 6). The
results for UR-2 and NI-21 are particularly noteworthy, as the samples have nearly
identical bulk compositions (despite being erupted from separate vents located tens of km
apart; Ownby et al., 2011) and give similar temperatures (1020 and 1021 °C) at the onset
of olivine crystallization, suggestive of similar melt H,O contents. However, they
contain very different phenocryst abundances. UR-2 contains ~5% olivine and ~5%
plagioclase, whereas NI-21 only contains ~4% olivine with diffusion-limited (i.e., rapid
growth) textures (Fig. 7). The absence of plagioclase phenocrysts could reflect a kinetic
delay to its nucleation and growth in NI-21 during its fluid-saturated ascent, similar to
what has been documented for various phenocryst-poor andesite, dacite and rhyolite
melts (e.g., Frey and Lange, 2011; Crabtree and Lange, 2011; Waters and Lange, 2013;
Waters et al., 2015). The inference, therefore, is that NI-21 ascended more rapidly than
UR-2 to the surface. A similar difference in ascent rate and timescale for phenocryst
growth may explain the difference in phenocryst abundance between TAN-19 and NI-27,
which have similar bulk compositions (Table 6). The absence of plagioclase phenocrysts
in NI-27, together with the abundance of olivine phenocrysts with diffusion-limited
growth textures (Fig. 7), is consistent with a kinetic delay to plagioclase nucleation and

growth during rapid ascent under fluid-saturated conditions (e.g., Waters et al., 2015).
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Consistency with phase-equilibrium experiments on hornblende-bearing basalt
Another comparison of thermometry results with hydrous phase-equilibrium
experiments can be made for lava flow sample Jor-46d, which is the only sample among
the 18 samples in Table 6 to have hornblende in its phenocryst assemblage. In Figure 8, a
simplified plot of the phase stability fields for olivine, clinopyroxene, and hornblende are
shown on a plot of Piao vs. temperature based on the experimental results of Barclay and
Carmichael (2004) on Jor-46, a scoria sample from the same cinder cone as the lava flow
sample Jor-46d; Luhr and Carmichael, 1985. The phase diagram of Jor-46 with all
individual experiments plotted is shown in Appendix K. The extrapolated dT/dPy»o slope
of the hornblende-in curve in Figure 8 between Py,o = 200 and 500 MPa is estimated
from the experimentally established hornblende-in curve over this Pyo interval by
Krawczynski et al. (2012) for a high-Mg andesite. Also shown in this phase diagram is
the calculated temperature (1105 + 29 °C; gray shaded rectangle) at the onset of olivine
crystallization from the Ni-thermometer (Table 3, Eq. 1). Within the 16 uncertainty of
the Ni-thermometer, the onset of olivine crystallization and the stability field of
hornblende overlap, which shows that it is plausible that the phenocryst assemblage in
Jor-46d crystallized during fluid-saturated ascent, with undercooling driven by degassing
of dissolved H,O. An alternative model is that the phenocryst assemblage grew during
cooling at Pyy0 > 200 MPa. Either way, the results of the Ni-thermometer are consistent
with the observed phenocryst assemblage and the phase-equilibrium results of Barclay
and Carmichael (2004) and indicate that the onset of phenocryst crystallization in Jor-46d
occurred at melt H,O contents > 5.5 wt% H,O, and possibly higher (>7 wt% H,O; Fig.

8).
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MINIMUM MELT WATER CONTENTS

Relationship between AT and dissolved HO in the melt

There is an opportunity to use the difference in calculated temperatures from the
Mg- and Ni-thermometers, when applied to hydrous samples, as a proxy for an estimate
of AT = Tanhydrous- Thydrous-  This, in turn, allows broad constraints to be placed on the
minimum melt H,O concentrations in hydrous magmas at the onset of olivine
crystallization. As discussed above, Almeev et al. (2007) and Médard and Grove (2008)
conducted experiments to carefully quantify the depression of the olivine liquidus
temperature (AT = Tanhydrous- Thydrous) @s a function of melt H,O concentration. In Figure
9, their experimental results are plotted together with several additional hydrous olivine-
melt equilibrium experiments from the literature (Sisson and Grove, 1993a and 1993b;
Parman et al., 2011; Wagner et al., 1995; Berndt et al., 2005; Moore and Carmichael
1998) under near-liquidus conditions (< 5% olivine). Note that there is a wide range of
AT values for melt H,O concentrations of ~5 wt% recorded by these experiments (Fig. 9).
Detailed information for these 36 olivine-melt equilibrium experiments are reported in
Appendix L. For the purposes of internal consistency, the anhydrous liquidus
temperature (Tannydrous) fOr €ach experiment was calculated with the Mg- thermometer
(Table 3 and Eq.1) and the pressure correction of Herzberg and O’Hara (2002) as shown
in Eq. 2. The experimental temperature is treated as a close approximation to the hydrous
liquidus temperature (Thydrous) for each experiment. The melt H>O concentration for all
pure-H,O fluid-saturated experiments was calculated using the Zhang et al. (2007) water

solubility model (16 ==+0.34 wt%). For the water under-saturated experiments of
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Almeeyv et al. (2007), the H,O contents measured by Karl Fischer Titration (KFT) were
used, and when unavailable, the H,O contents measured by FTIR (Fourier transform
infrared) spectroscopy were used. Phase-equilibrium experiments at Py,0 > 500 MPa
were not included in this compilation (e.g., Hamilton, 1964) because the calculated water
concentrations in those melts have a relatively high uncertainty (Zhang et al., 2007).

The goal in this study is to provide a simple polynomial equation that describes
the lower limit of the data in Figure 9 and allows a minimum melt H,O content to be
calculated from values of AT (= Tanhydrous- Thydrous = Tmg-Tni). The second order
polynomial curve fit to data points with the lowest melt H,O content for their AT is:

wt% H,O = 6.92 x 107 x AT?—2.62 x 102 x AT (6)
The application of Equation 6 to the average AT result (-3°C) for the nine MORBs in
Table 5 leads to a melt H,O content of 0 wt%, which is consistent with previous work
that documents relatively low melt H>O contents in mid-ocean ridge basalts (e.g.,
Danyushevsky, 2001). The application of Equation 6 to the average AT result (112°C)
for the 18 subduction-zone magmas in Table 6 leads to an average minimum H,O melt
content of 3.8 wt%. This result is consistent with direct measurements of H,O
concentrations in olivine-hosted melt inclusions in arc basalts (e.g., Sisson and Layne,
1993; Cervantes and Wallace, 2003; Walker et al., 2003; Wade et al., 2006; Benjamin et
al., 2007; Portnyagin et al., 2007; Sadofsky et al., 2008; Shaw et al., 2008; Johnson et al.,
2009; Kelley et al., 2010; Zimmer et al, 2010; Ruscitto et al., 2010, 2011, Lloyd et al.,
2013), which show that they contain up to 7 wt% H,O, with an average that is close to ~4

wt% H,O (Plank et al., 2013).
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Application of plagioclase-liquid hygrometry to two olivine-bearing andesites

There may be an opportunity to extend the plagioclase-liquid hygrometer, which
requires an independent assessment of temperature, to olivine-bearing andesites when
used in conjunction with the Ni-thermometer (Table 3, Eq.1). Many phenocryst-poor
low-SiO; andesites do not contain ilmenite, and therefore temperatures cannot be
obtained from two Fe-Ti oxides (e.g. Ghiorso and Evans, 2008). Two of the 18 samples
in Table 6 are olivine-bearing andesites with 59 wt% SiO; and 4.3 wt% MgO (UR-60 and
UR-61). In comparison to the phase relations for the basaltic andesite MAS-22 (Fig. 6),
which has 55.5 wt% SiO, and 6.5 wt% MgO, it is probable that the positions of the
plagioclase-in and olivine-in curves for these two andesites are relatively close in Pypo-T
space.

In order to apply the plagioclase-liquid hygrometer, the compositions of the
plagioclase phenocrysts in the two samples were analyzed in this study. The microprobe
results are given in the supplementary materials (Appendix M). The most calcic
plagioclase crystals in UR-60 and UR-61 are Angs and Angy, respectively, which results
in calculated melt water contents of ~2.9 and ~2.5 wt%, respectively, at the onset of
plagioclase crystallization in each sample, at temperatures of 1046 and 1050 °C,
respectively. In this case, an uncertainty + 29°C in temperature propagates to an
uncertainty in melt H,O of + 0.4 wt% from the plagioclase hygrometer, and the results
are consistent with the minimum estimates of melt H,O content for these two samples

using Equation 6 (Table 6; 2.6 and 2.2 wt%, respectively).

IMPLICATIONS
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oliv/liq need a

Currently, all olivine-melt thermometers that are based on Dyg
correction for the H,O content in the melt, which in turn requires that it be measured.
Unfortunately, the process of obtaining high-quality H,O analyses from olivine-hosted
melt inclusions is labor and time intensive, at least compared to microprobe analyses of
olivine. Moreover, magmas that erupt explosively (i.e., scoria) vs. effusively (i.e., lavas)
are more likely to contain olivine-hosted melt inclusions that preserve maximum pre-
eruptive H,O contents, but they are generally less well preserved in the field (e.g., Lloyd
et al., 2012). Therefore, in order to compile large global data sets on the temperatures of
hydrous basalts, it is desirable to develop an olivine-melt thermometer that only requires
microprobe analyses to apply and has a negligible dependence on water.

In some arcs, it has been shown that the amount of dissolved H,O in erupted
basalts decreases with increasing distance from the trench, which is inferred to reflect a
shift from H,O-induced flux melting beneath the volcanic front to decompressional
melting in the back arc (Walker et al., 2003, Johnson et al, 2009). An olivine-melt
thermometer that has a small dependence on dissolved H,O in the melt allows a test of
whether there is a corresponding systematic change in the temperature of basaltic melts
with distance from the trench, which will enhance our understanding of the interplay
between flux melting and decompressional melting at subduction zones. The Ni-
thermometer in this study (Table 3, Eq. 1) requires relatively routine whole rock analyses
combined with microprobe analyses on olivine, and thus it can be used to generate
relatively large datasets to examine temperature variations in mantle-derived arc basalts
on a global basis.

Application of the Ni-thermometer can also be made to olivine-bearing lavas

30

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2017-5879

associated with plumes, including Yellowstone and Iceland, for which there is evidence
of dissolved H,O contents up to 3.3 and 1.0 wt% H,O, respectively, (e.g., Stefano et al.
2011; Nichols et al., 2002), and therefore a thermometer is needed that does not require
prior information on water concentrations in the melt. It may also be possible to apply the
Ni-thermometer to Archean komatiites, for which there is ongoing debate about whether
they erupted at very high temperatures (>1500 °C) (e.g., Herzberg et al., 2007; Sobolev et
al., 2016), or whether they erupted at significantly lower temperatures owing to relatively
high melt H,O concentrations (e.g., Grove and Parman, 2004; Parman et al., 2004). The
results from this study suggest that an olivine-melt thermometer based on Dy; has
considerable promise to help resolve this controversy, after additional Ni-partitioning

olivine-melt equilibrium experiments are obtained under hydrous conditions.
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FIGURE CAPTIONS

FIGURE 1. (a) Plot of Teyy —Tni (temperature calculated from Ni-thermometer; Eq.1,
Table 3) for the 123 olivine-melt experiments in Appendix B; (b) same as (a), but for
Texpi-Tmg (temperature calculated from Mg-thermometer; Eq. 1, Table 3); (c) same as (a),
but AT = Tye-Twi (difference in calculated temperature from the Mg-thermometer and Ni-
thermometer). The results show no systematic difference between the two thermometers
over a wide range of temperature and anhydrous melt composition (Appendix B). The
solid squares are results from the hydrous olivine-melt equilibrium experiments of Moore
and Carmichael (1998; Table 7) and show that the Ni-thermometer more accurately

recovers experimental temperatures under hydrous conditions than the Mg-thermometer.

FIGURE 2. Open and solid circles are the difference between the experimental
temperatures of Matzen et al. (2013) and the temperatures calculated from the Mg-
thermometer and Ni-thermometer (Eq. 1 and Table 3), respectively, for each olivine-melt
equilibrium experiment from Matzen et al. (2013). The solid line shows the Herzberg
and O’Hara (2002) pressure correction (Eq. 2 in text); the solid line closely matches the
the difference in the experimental temperatures of Matzen et al. (2013) and the
temperature calculated from the Mg-thermometer in this study. The dashed line is a
linear fit to the solid circles between 0 and 1 GPa (slope is 4°C/GPa) and shows that the
Ni-thermometer has a negligible pressure correction over this interval. However, the Ni-
thermometer has a strong dependence on pressure at > 2 GPa. The step-wise behavior for

the Ni-thermometer between 1bar to 3 GPa is explained in the text.
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FIGURE 3. Plot of AT (=Twm,-Tni) values for nine MORB samples (open triangles;
Table 5) and 18 subduction-zone lavas (solid squares; Table 6). Ty, and T; are obtained
from the Mg-thermometer and Ni-thermometer, respectively (Eq. 1; Table 3). Also
shown are AT values for the 123 1-bar experiments in Appendix B up to 1350°C (gray
circles). The MORBs have AT values that fall within the range of those for the
experiments in Appendix B, whereas the subduction-zone samples have AT values that
are systematically larger (and always positive) relative to the MORBs and the anhydrous
experiments. It is hypothesized that the reason why the subduction-zone samples have
large, positive AT values is because the Ni-thermometer more accurately calculates the
temperature of olivine crystallization in a hydrous melt (and does not require a correction
for H,O in the melt), whereas the Mg-thermometer overestimates the temperature if a

separate correction for H,O in the melt is not applied.

FIGURE 4. Plots of wt% NiO vs. mol% Fo (= XMgO/(XMgO+XFeO) x 100) for the
most Mg-rich olivine analyses (highest 3 mol% Fo) in each of the 18 subduction-zone
samples from the Mexican arc (Table 6). A linear fit to the data (equation in each plot)
enables calculation of wt% NiO in the most Fo-rich olivine analyzed in each sample
(Table 6). This value of wt% NiO is used to apply the Ni-thermometer (Eq. 1; Table 3)

to these 18 samples.
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FIGURE 5. Plot of the difference in calculated temperatures from the Mg-thermometer
in this study (Eq. 1 and Table 3; corrected for pressure with Eq. 2) and those from the
Putirka et al. (2007) Mg-thermometer (which includes a correction for pressure and H,O
in the melt) applied to the hydrous experiments of Almeev et al. (2007) and Médard and
Grove (2008), as a function of melt water content. The results illustrate that any

thermometer based on Dy requires a large correction for H,O content in the melt.

FIGURE 6. Simplified phase diagram based on the phase-equilibrium experiments of
Moore and Carmichael (1998) on a basaltic andesitic composition (MAS-22, Table 7)
under pure-H,O fluid-saturated conditions. (A more detailed figure in Appendix K
shows the experimental results that constrain the placement of mineral-in curves.)
Abbreviations in the plot: hbd (hornblende); oliv (olivine); plag (plagioclase); aug
(augite). The dashed lines are isopleths of maximum H,O solubility in the melt from the
model in Zhang et al. (2007). A plausible adiabatic ascent path (arrow) is shown for
APA-6 (intersects olivine-in curve at 1075 °C based on Ni-thermometry results; Table 6),
which has a bulk composition similar to that for MAS-22 (Table 7). Shown on this
ascent path is the maximum H,O content of 3.9 wt% analyzed in olivine-hosted melt
inclusions from scoria erupted from the same cinder cone as APA-6 (Cerro el Hungaro;
Johnson et al., 2009). A plausible adiabatic ascent path for both NI-21 and UR-2, which
have nearly identical bulk compositions, is also shown (intersects the olivine-in curve at
~1020 °C based on the Ni-thermometer results; Table 6). The absence of plagioclase
phenocrysts in NI-21 is attributed to a more rapid fluid-saturated ascent relative to that

for UR-2, leading to large effective under-coolings (ATesr= Tiiquidus-Tmelt) and a kinetic
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delay to the nucleation and growth of plagioclase phenocrysts (e.g., Waters et al., 2015).
Both APA-6 and NI-21 contain olivine phenocrysts with diffusion-limited growth
textures (Fig. 7), consistent with crystal growth under super-saturated (i.e. undercooled)

conditions (see text for discussion).

FIGURE 7. Back-scattered electron (BSE) images of representative olivine phenocrysts
in six of the subduction-zone samples in Table 6. In each case, the olivine phenocryst
displays a hopper texture, which forms when the crystal grows rapidly under diffusion-
limited conditions, which is consistent with large effective under-coolings (AT =
Thiquidus-Tmetr) caused by rapid H>O degassing during magma ascent (e.g., Welsch et al.,

2014).

FIGURE 8. Simplified phase diagram based on the phase-equilibrium experiments of
Barclay and Carmichael (2004) on sample JOR-46 (scoria from the same cinder cone as
JOR-46d; Luhr and Carmichael, 1985) under pure-H,O fluid-saturated conditions. (A
more detailed figure in Appendix K shows the experimental results that constrain the
placement of mineral-in curves.) Abbreviations in the plot: hbd (hornblende); oliv
(olivine); aug (augite). Dashed lines are isopleths of maximum H,O solubility in the melt
from the model in Zhang et al. (2007). A plausible adiabatic ascent path (arrow) is
shown for JOR-46d, within the constraints of the Ni-thermometer (gray box; 1105 + 29
°C) for the onset of olivine crystallization and the experimentally constrained stability
field for hornblende. JOR-46d is the only sample in Table 6 that contains hornblende in

its phenocryst assemblage (Luhr and Carmichael, 1985).
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FIGURE 9. Plot of wt% H»O in the melt phase from 36 olivine-melt equilibrum
experiments from the literature (Parman et al., 2011 - open circle; Médard and Grove,
2008 - solid circle; Almeev et al., 2007 - open triangle; Berndt et al., 2005 - solid
triangle; Moore and Carmicheal, 1998 - open diamond; Wagner et al., 1995 - solid
diamond; Sisson and Grove, 1993a - empty square; Sisson and Grove, 1993b - solid
square) plotted as a function of AT (= Tanhydrous- Thydrous = Tmg-Texpt). The anhydrous
temperature for each experiment is calculated using the Mg-thermometer (Eq. 1 and

Table 3; corrected for pressure with Eq. 2), whereas the hydrous temperature is the

reported experimental temperature. Run conditions for all 36 experiments are reported in

Appendix L. The dashed curve is a second order polynomial equation (Eq. 6), which is a

fit to the experiments at the bottom of the data cloud only. Equation 6 allows the
minimum concentration of water in the melt to be calculated from AT (=Tanhydrous-

Thydrous) .
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Table 1. The equations and average residuals for 13 D" models from the literature applied to data in Appendix B.

Average

InDO/" (mole%) + 4.79

. - %
Studies Rearranged Equations Residual (x 16)
Matzen et al., T(K) = __ 4338_ i 19+ 98 °C
2013 InD;""" (mol%) — InDy """ (mol%) + 1.956
6800
Eqn. 2 T(CCO) = i -16 £ 70 °C
an-= InD%"/1 (wt9) + 3.257
6829
Eqn. 2b T(CO) = — . 58+75°C
Putirka et al., an InD2"/1 (wt96) — 0,033 * Si0," (Wt%) + 4.75
2011 . 3236
Eqn. 2¢ TCO = — /i — , 144+119 °C
InD; (Wt%) — 0.04 * Si0, "9 (wt%) + 0.04 « MgO'4 (wt%) + 1.78
3235.6
Eqn.2¢’ | TCO = — 70 — , 4+49°C
InD; (wt%) — 0.038 * Si0, " (wt%) + 0.045 = Mg0!4(wt%) + 1.783
T(K)
Li and Ripley, 2010 | _ . 9250 9+30°C
oliv/liq liq liq liq liq liq liq lig
InDy; (Wt%) + 0.618 * (X + Xprg0 + Xumo + Xeao + Xeoo + Xyi)/Xgid, +4.02
Wang and Gaetani, T(K) = _ 7100 39+ 75 °C
2008 InDS"M (wt%) + 0.71 * In(NBO/T) + 2.5
15850
Keleman et al., 1998 T(K) = — 29 +54°C
’ D/ (wt%) + 7.69
10800
Si0, TK) = — 7 — 60 + 59°C
Agee and Walker, InD,; (Wt%) — 0.04 = Si0, 9 (wt%) + 6.66
1990 MgO T = = 45 40+ 86°C
g oliv/liq 0 : +
Dy M (wt%) +—M90uq(wt%) + 45
- 12345
Hart and Davis, 1978 = Tl 30£57°C
" InD%/Y9 (wiog) + 5.593
13376
Wt% T(K) = — 7 3+54°C
Leeman and lnDNl. (Wt%) + 6.34
Lundstrom, 1978 14298
16% T(K) = — 15+ 54°C
motere InD2""/" (mole%%) + 6.99
10430
Arndt, 1977 T(K) = -17+£60°C
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Notes:

All the models were originally fit with InDy; or Dy; as the dependent variable. They were rearranged to calculate temperature from analyzed Dy;
and melt compositions.

Eqgn. 2¢’ is Eqn. 2¢ from Putirka et al. (2011) with one more significant digit on each of the fit parameters than what is reported (determined by
trial and error to obtain a better residual for the 123 experiments).
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Table 2. The average residual for eight model equations (from Table 1) re-calibrated on the 123 1-bar experiments in
Appendix B.

Average

Studies Rearranged Equations Teate — Texpt R’
(with 10)

T(K) = 9090(+24))/ (InD°“*/44 (wt%) + 0.677 (+0.026
Model | T(K) = 9090(+:24))/ (InD3y”/" (wt%) + 0.677 (:0.026) Lesioc | oot

A * Xpeh + Xpdo + Xlo + Xeay + Xodo + Xni)/Xgid, +3.904 (£0.147))

Model | T(K) = 6902 (+35)/(InD2*/" (wt%) — 0.029 (+0.001) * (Si0,"(wt%) — Mg0'4(wt%)) + e 0.942
B 3.442 (4+0.189)) '
Model | 1) = 12958(2:373)/(nDS/4 (wtoh) — 0.0371 (+0.0025) * Si0," (wto%) + 8.042 (£0.298) | 1£33°C | 0911
M(l))del T(K) = 7965 (i48)/(1nD§,liiv/uq (wt%) + 0.492(£0.041)) * (NBO/T) + 2.957 (£0.295) 2+60°C 0.863
M‘;:del T(K) = 17841 (+871)/(InD/ ™ (molog) + InDI " (mol9%) + 8.254 (+£0.535)) 2£56°C | 0.776

Model oliv/liq .

- T(K) = 10517(£560)/(nD%+*/" (mol%) + 4.768(+0.344)) 3+61°C 0.745
Model oliv/liq R

G T(K) = 11070 (£592)/(InD3 "/ (wt%) + 4.946 (£0.363)) 3+62°C 0.743
Model oliv/liq li °

H T(K) = 66644 (+5083)/(D%""" (wt%) — 1/Mg0ld(wt%) + 33.745 + 3.118) 4+83°C 0.696

Model A is based on the Li and Ripley (2010) model.

Model B is based on Eq. 2c¢ in Putirka et al. (2011).

Model C is based on Eq. 2b in Putirka et al. (2011) and the SiO, model in Agee and Walker (1990).

Model D is based on the Wang and Gaetani (2008) model.

Model E is based on the Matzen et al. (2013) model.

Model F is based on the mole% model in Leeman and Lundstrom (1978) and the model in Arndt (1977),

Model G is based on Eq. 2a in Putirka et al. (2011), Leeman and Lundstrom (1978), Keleman et al. (1998), and Hart and Davis,
(1978).

Model H is based on the MgO equation in Agee and Walker (1990).

InDy; or Dyn; was the dependent variable in all fits, except Dy; — 1/MgO for Model H, and InDyi+ InDy for Model E.
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Table 3. Fitted parameters and statistics for
calibration of Eqn.1 for Ni and Mg

Thi 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
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experiments in Appendix B.
Average
Studies Equations Residual
(with 10)
=7 5
Beattie, T = 136036 +4.943x 1077 « (P(P)) ~109) 1730
1993 6.26 + 2+ nD(Mgys/") + 21n(1.5 * Cygy) + 2 % In(3 * Cyia,) — NF
Putirka T(0) 5
et al., _ . 15294.6 + 13188 « P(GPa) + 24834 » P(GPa) 0+31°C
2007 8.048 + 2.8352 x InDy "/ + 2.097 % In(1.5 % Cyf ) + 2.575 + In(3 * Clid ) — 141 * NF + 0.222 « H209 + 0.5 + P(GPa)
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Table 5. Compositions and modes for MORB samples reported in Allan et al. (1989); temperatures from this study

Sample Name F9-1 1570-1949 1572-1755-2 1559-2058 1567-1816 F1-1 1562-1941 1569-1901 F7-4
melt (glass) composition

SiO; (Wt%) 49.6 49.42 48.96 49.49 50.06 50.41 49.04 50.31 50.52
TiO, (Wt%) 1.21 0.96 1.14 1.08 1.16 1.18 1.55 1.18 1.54
Al,03 (Wt%) 16.9 16.6 16.9 16.1 16.2 15.5 16.6 14.4 14.3
FeO' (Wt%) 8.59 8.83 8.84 9.21 8.82 9.3 9.44 10.55 11.02
MgO (wt%) 8.97 8.78 8.51 8.30 8.28 8.14 7.80 7.56 7.05
CaOo (wt%) 124 12.7 12.3 13.0 12.5 13.0 11.2 12.9 12.2
Na,O (wt%) 2.46 2.43 2.71 2.51 2.46 2.41 2.84 2.47 2.87
K,0 (wt%) 0.10 0.04 0.06 0.04 0.1 0.06 0.04 0.07 0.09
P205 (wt%) 0.10 0.08 0.13 0.10 0.14 0.11 0.17 0.11 0.14

Ni (ppm) 189 140 142 72 162 124 106 55 80
Total 100.23 99.81 99.51 99.85 99.71 100.10 98.62 99.59 99.76

phenocryst (ph) information
oliv ph(vol%) 0.4 0.1° 0.4 0.5° 0.3 0.5 0.2 0.1 0.1
plag ph (vol%) 0.0 0.5 0.6 0.8 1.0 2.0 1.1 0.7 34
cpx ph (vol%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 22
total (vol%) 0.4 0.5 1.0 0.8 1.3 25 1.3 1.0 5.7
max. Fo content in olivine 90.6 88.0 87.8 87.5 86.9 86.6 86.1 83.5 82.1
olivine NiO (wt%) 0.4 0.23 0.28 0.15 0.26 0.19 0.18 0.11 0.14
Dy; "4 16.5 13.0 15.6 16.6 12.8 123 136 15.8 142
calculated temperature and H,0

Tug (°C) 1188 1189 1186 1173 1180 1168 1170 1160 1149
Tyi (°C) 1143 1194 1156 1143 1205 1214 1196 1153 1187

AT (T,\,,g-TNi)b 45 -5 30 31 -25 -45 -27 6 -39

a. olivine crystals < 250 microns (in other cases only crystals = 250 micron are counted).
b. The average AT value for the 9 samples is -3 degrees, which indicates a minimum melt water content of 0 wt% using Eq. 6
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Table 6. C itions and modes for 18 from the arc reported in Ownby et al. (2010) and Luhr and C (1985); p from this study
sample name UR-46  Jor-44 NI-13 UR-6 UR-36  Jor-46d TAN-19 NI-27 NI-§ APA-14 TAN-48 UR-8B  APA-6 UR-2 NI-21 APA-2 UR-61 UR-60
Whole-rock composition
Si0, (wt%) 52.2 52.1 53.7 53.5 523 51.72 54.5 54.0 53.2 52.7 53.9 55.0 56.0 56.9 57.3 56.2 59.4 58.9
TiO, (Wt%) 0.8 0.81 0.87 0.91 0.96 1.22 0.83 0.81 1.28 1.14 1.13 1.07 0.88 0.78 0.85 0.93 0.80 0.80
AlL,O; (Wt%) 16.7 16.4 16.7 16.9 171 15.1 17.2 17.6 15.2 17.5 171 16.1 17.6 17.7 17.3 17.4 17.2 17.8
FeO (wt%) 7.39 7.45 7.20 7.46 7.76 7.32 6.82 7.08 7.00 7.89 7.44 713 6.69 6.36 6.26 6.73 5.87 5.83
MnO (wt%) 0.13 0 0.12 0.13 0.13 0.12 0.12 0.12 0.12 0.14 0.13 0.12 0.11 0.11 0.11 0.12 0.10 0.11
MgO (wt%) 9.38 9.29 8.98 8.62 8.52 8.03 7.92 7.68 7.59 7.46 7.04 6.52 6.35 5.87 5.83 5.70 4.31 4.27
Ca0 (wt%) 9.26 8.46 7.99 8.27 8.7 7.45 7.98 8.23 8.84 8.60 8.36 7.76 7.28 7.12 7.06 7.56 6.71 6.67
Na,O (wt%) 3.37 3.47 3.33 3.37 3.52 4.55 3.68 3.59 3.19 3.60 3.76 4.06 3.84 3.95 3.96 3.77 4.03 3.93
K;0 (wt%) 0.56 0.74 0.89 0.67 0.79 2.54 0.77 0.65 2.88 0.71 0.89 1.66 1.07 0.97 1.10 1.28 1.40 1.51
P,05 (Wt%) 0.14 0.14 0.18 0.19 0.18 0.9 0.18 0.15 0.68 0.24 0.28 0.50 0.23 0.20 0.23 0.26 0.25 0.25
Ni (ppm) 231 261 201 178 145 221 156 130 124 100 110 108 120 122 90 100 7 65
Total 99.9 98.9 100.0 100.0 100.0 99.0 100.0 99.9 100.0 100.0 100.0 99.9 100.1 100.0 100.0 100.0 100.1 100.1
Phenocryst (ph) information
olivine ph? (vol%) 5.1 5.8 8.6 5.8 6.7 8.3 6.1 4.8 29 3.6 4.4 4.2 3.5 5.2 3.9 5.7 15 0.5
plagioclase ph® (vol%) 0.0 0 0.0 0.0 0.0 0.0 3.7 0.5 0.0 0.0 0.7 0.0 0.0 5.1 0.0 0.6 0.4 0.7
clinopyroxene pht® (vol%) 0.0 0 0.0 2.0 0.0 0.2 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7
total ph (vol%) 5.1 5.8 8.6 7.8 6.7 8.5 9.8 5.3 3.5 3.6 5.1 5.8 3.5 10.3 3.9 6.3 1.9 1.9
Olivine composition, calculated Fe**/Fe” and ANNO
max. Fo content” 89.1 89.9 88.8 88.1 87.7 87.7 89.1 87.9 88.1 85.5 86.2 85.4 85.5 86.6 85.4 84.8 83.6 81.3
Fe*'/Fe’ (KD=0.34) 0.19 0.27 0.17 0.18 0.19 0.19 0.25 0.21 0.23 0.16 0.21 0.18 0.16 0.25 0.17 0.21 0.24 0.12
°ANNO (KD=0.34) -0.2 0.8 -0.4 -0.2 -0.1 -0.2 0.6 0.2 0.3 -0.6 0 -0.3 -0.7 0.6 -0.5 0.0 0.2 -1.5
Fe*'/Fe" (KD=0.37) 0.25 0.32 0.24 0.25 0.26 0.26 0.32 0.27 0.29 0.23 0.27 0.25 0.24 0.31 0.23 0.27 0.31 0.19
°ANNO (KD=0.37) 0.6 13 0.5 0.6 0.7 0.7 1.4 0.9 1.1 0.3 0.8 0.6 0.5 1.2 0.4 0.8 1.2 -0.2
olivine NiO (Wt"/zr)d 0.53 0.54 0.57 0.44 0.48 0.69 0.57 0.45 0.46 0.37 0.40 0.49 0.49 0.70 0.52 0.41 0.43 0.37
Dy, """ 17.3 16.3 223 19.9 26.0 219 26.7 2738 285 314 27.9 357 3241 438 471 33.8 454 435
C p and mini Wt% H,0
Tug (°C) 1236 1240 1237 1227 1219 1237 1209 1204 1202 1195 1186 1186 1183 1167 171 1159 1122 1128
Tni (°C) 1159 177 1117 1145 1079 1105 1078 1086 1069 1065 1077 1047 1075 1020 1021 1079 1050 1046
AT (TMg-TNi)' 78 63 120 82 140 133 130 118 133 131 109 140 108 147 150 81 72 82
minimum wt% H;O' 24 1.9 4.2 26 5.0 47 4.6 4.1 47 4.6 3.7 5.0 3.6 53 55 26 23 26

a. phenocryst are crystals 2300um.

b. Fo =XMgO/(XMgO+XFeO)*100; the Fo content from olivine stoichiometry (XMgO/(XMgO+XFeO+XMnO+XCaO+XNi0)) in Appendix H
c. calculated with Eq. 12 in Jayasuriya et al. (2004).
d. calculated for max Fo olivine from linear fits in Fig. 4.
e. the average AT of 18 samples is 112 degrees.

f. minimum H20 calculated based on Eq.6; average of 18 samples is 3.8 wt%.
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Table 7. Compositions and experimental conditions for three experiments
reported in Moore and Carmichael (1998); temperatures from this study

Sample MAS-22° Expt 22-7 Expt 22-2 Expt 22-12
Melt compositionb
SiO, (wt%) 55.25 55.9 56.25 57.31
TiO, (wt%) 0.74 0.71 0.82 0.7
Al,O; (Wt%) 17.4 19.1 18.7 19.4
FeO' (Wt%) 5.98 5.77 5.40 4.94
MgO (wt%) 6.68 5.70 5.65 5.75
CaO (wt%) 7.28 6.68 7.31 7.08
Na,O (wt%) 3.97 4.87 4.62 3.43
K50 (wt%) 1.18 1.29 1.27 1.44
Ni (ppm)° 106 82.0 53.0 40.0
Total 98.49 100.02 100.00 100.05
Olivine compositiond
olivine Fo#° - 85.4 88.1 95.2
olivine NiO (wt%) - 0.23 0.27 0.24
Dy; > - 22.0 40.0 47 1
% olivine' . 1.4 2.6 3.6
Experimental conditions and thermometry results
ANNO - 2.2 2.6 5.6
P(H,0) (MPa) - 73.1 107.2 208.2
Expt. T(°C) - 1150 1100 1050
H,O (wt%)® - 2.5 3.1 5.0
Tug (°C) - 1165 1155 1136
Tmg = Texpt ('C) - 15 55 86
Twi (°C) - 1174 1050 1029
Thi = Texpt ('C) - 24 -50 -21
Notes:

a. whole-rock composition (Lange and Carmichael, 1990)

b. experimental glass compositions normalized to 100% anhydrous
c. measured in this study by laser ablation ICP-MS

d. measured in this study by electron microprobe

e. Fo # = XMgO/(XMgO+XFeO)*100;

f. calculated from Eq. 5 in text.

g. calculated from Zhang et al. (2007) water solubility model.
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