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Abstract

Effects of magma chamber processes on water and H,O/Ce ratios in
HIMU magmas from the Cook-Austral Islands: New insights from

clinopyroxene phenocrysts

Leslie Ann Bruce, M..S.

The University of Texas at Austin, 2017

Supervisor: John C. Lassiter

The HIMU mantle end member is characterized by a radiogenic Pb-isotopic
composition and is thought to represent recycled oceanic crust. Therefore, the H,O
content of HIMU mantle sources can provide constraints on the amount of H,O recycled
into the deep mantle via subduction. Low H,0O/Ce ratios (<100) have been reported for
EM-type submarine quenched glasses, suggesting a relatively “dry” source [Dixon et al.,
2002]. Olivine-hosted melt inclusions in HIMU lavas from Mangaia, Cook Islands have
H,O/Ce ratios up to 245, suggesting a damp source [Cabral et al., 2014]. On the other
hand, Jackson et al. [2015] reported low H,0O/Ce ratios (<100) in submarine glasses from
Tuvalu seamount with HIMU-like isotopic signatures. Hydrogen diffusion is rapid in
olivine and could result in H,O loss or gain in olivine-hosted inclusions after entrapment.
Hydrogen diffusion is slower in clinopyroxene than in olivine. Therefore, we measured
H,O, major and trace elements of clinopyroxene phenocrysts in a suite of lavas from the
Cook-Austral Islands. Calculated H,0O concentrations and H,O/Ce ratios of melts in
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equilibrium with pyroxene phenocrysts range from 0.26 to 3.1 wt% and 78 to 304,
respectively. H,O concentrations of melts in equilibrium with pyroxene phenocrysts are
systematically higher than most olivine-hosted melt inclusions from the same samples.
These observations suggest that olivine-hosted melt inclusions often experience post-
entrapment H,O loss. Additionally, negative global correlations between H,O/Ce and Ce
show that low H,O/Ce ratios are likely the result of high Ce rather than low H,O.
Although open and closed system degassing models show little H,O loss at pressures
greater than 10 to 50 MPa, there is a strong correlation between H,0/Ce and entrapment
pressure in global OIB data. We propose H,O may be lost via “sparging” where CO,-rich
vapors generated at high-pressures percolate through magmas at lower pressures,
resulting in degassing trends that approach isopleths of constant CO,/H,0. Because most
samples previously used to constrain H,O/Ce in different OIB mantle sources have low
quench or entrapment pressures, previous estimates of H,O/Ce ratios in EM and HIMU

mantle may be too low.
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Chapter 1: Introduction

The amount of H,O returned to the deep mantle via subduction is fundamental to
our understanding of the mechanisms driving plate tectonics, mantle degassing, and
mantle convection. Even small amounts of H,O can significantly decrease the mantle
solidus, and can have major effects on chemical signatures of generated melts [Klein and
Langmuir, 1987; Hirth and Kohlstedt, 1996]. H,O can significantly decrease the high-
temperature creep strength of olivine crystals or aggregates of olivine crystals. This
weakening of mantle material lowers its viscosity [Hirth and Kohlstedt, 1996; Zhao et al.,
2004]. Lowering mantle viscosity can alter the rate of plate motion, mantle degassing,
and mantle convection.

The mantle of the Earth is isotopically heterogeneous [e.g., Zindler et al., 1982;
Hart and Zindler, 1986]. It has been suggested that much of this heterogeneity largely
results from the recycling of crustal material (oceanic and continental). Numerous studies
have suggested various isotopically distinct mantle end members, such as: DMM
(depleted MORB mantle), EM1 (enriched mantle 1), EM2 (enriched mantle 2), and
HIMU (high p = **U/***Pb) [White et al., 1985; Hart and Zindler, 1986; Hofmann et al.
1997]. DMM is sampled by mid-ocean ridge basalts, and is representative of the
geochemically depleted shallow upper mantle [Hofmann, 1988]. EM1 has been suggested
to represent either recycled oceanic crust with pelagic sediments [Weaver, 1991; Chauvel
et al., 1992] or metasomatized subcontinental lithosphere [McKenzie and O’Nions,
1983]. EM2 likely represents recycled oceanic crust containing continent derived
sediment [Hofmann and White, 1982; Chauvel et al., 1992; Jackson et al., 2007;
Workman et al., 2008]. Lastly, HIMU is thought to represent ancient (< 2 Ga) recycled

oceanic crust, and is characterized by highly radiogenic Pb-isotopes [Chase, 1981;



Hofmann and White, 1982; Zindler et al., 1982; Dixon et al., 2002; Lassiter et al., 2003;
Chan et al., 2009; Cabral et al., 2014; Jackson et al., 2015]. However, alternative sources
for these various mantle endmembers have been suggested. For example, Hart et al.
[1986] suggested that the HIMU and possibly EM1 source could be generated from
metasomatism of the continental lithosphere. If these mantle endmembers do in fact
represent recycled material, they can provide constraints on the geochemical cycling of
material in and out of the mantle.

Prior to subduction, oceanic lithosphere experiences low-temperature alteration
due to the near-ridge and off-ridge circulation of seawater-derived fluids within the
oceanic crust (and mantle), and thus becomes enriched in both H,O and CO, over time
[Staudigel et al., 1996]. This altered oceanic lithosphere is then subducted at a plate
boundary and undergoes dehydration reactions, which release both H,O and CO,. The
amount of H,O and CO, released during subduction, as well as the amount returned to the
deep mantle, is still a major point of contention (e.g., Cabral et al. [2014] vs. Jackson et
al. [2015]). One way of constraining the amount of H,O recycled into Earth’s deep
mantle via subduction is by analyzing H,O concentration variations in basalts that are
derived from mantle sources that contain high abundances of recycled material, such as
EM1, EM2, and HIMU mantle.

Constraining primary magma volatile contents is difficult because magmas
experience degassing during ascent and eruption. Therefore, measurements of volatile
concentrations within subaerially erupted basalts are not an accurate representation of
primary magmatic volatile concentrations. As a result, submarine glasses and melt
inclusions (subaerial or submarine) are used to constrain primary magmatic H,O content.
Glasses and melt inclusions form at greater depths than subaerially erupted basalts where

H,O loss from magma degassing is thought to be less significant. These proxies are thus
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thought to be a more accurate representation of primary magmatic volatile
concentrations.

There are several mechanisms that affect (or control) the primary magmatic H,O
content in melt inclusions and glasses, such as partial melting and fractional
crystallization. H,O is thought to be a conserved incompatible element [Hofmann et al.,
1986; Michael, 1995]. Therefore, H,O should decrease in a melt as partial melting
increases and increase in a melt as fractional crystallization increases. H,O and Ce have
similar incompatibilities [Michael, 1995; Danyuschevsky et al., 2000], which means
H,0O/Ce ratios should remain relatively unchanged during melting or differentiation.
Therefore, as a means to “see through” magmatic processes, H,O/Ce ratios of glasses and
melt inclusions have been used to calculate mantle H,O contents. If the source Ce content
can be constrained, then it is possible to estimate source H,O content using measured
H,O/Ce ratios of glasses and melt inclusions.

Furthermore, H,0O/Ce ratios measured in melt inclusions and glasses can provide
estimates for the efficiency of dehydration during subduction, if the concentrations of
H,O and Ce are known for the pre-subducted source material. In fact, average H,O and
Ce contents of pre-subducted source material have been estimated based on
measurements of fresh and altered mid-ocean ridge basalts (MORB) and sediments from
a variety of locations. Altered oceanic crust has H,O concentrations ranging from 2 to 3
wt.%, average Ce contents of ~6 ppm, and H,O/Ce ratios of between 2,500 and 5,000
[Dixon et al., 2002]. Globally, subducted sediments have an average H,O concentration
of ~7.3 wt.%, average Ce concentrations of ~57 ppm, and an average H,O/Ce ratio of
1,280 [Dixon et al., 2002].

Several studies have found that localities with erupted basalts and glasses that

sample EM1 and EM2 mantle sources (e.g. Pitcairn, Society and Samoa) have low
3



H,0O/Ce ratios (<90) [Workman et al., 2006; Kendrick et al. 2014]. Based on estimates for
pre-subducted source material from Dixon et al. [2002], the low H,O/Ce ratios reported
in basalts from EM localities have been interpreted to reflect high degrees of slab
dehydration (~95-98% dehydration) [Dixon and Clauge, 2001; Dixon et al., 2002;
Workman et al., 2006; Kendrick et al. 2014; Kendrick et al., 2017]. Therefore, these
localities are thought to sample a relatively “dry” mantle source. For example, glasses
from Pitcairn have an average H,O/Ce ratio of 80 [Kendrick et al., 2014]. Bizimis and
Peslier [2015] estimated that the EM source of Pitcairn has a Ce concentration of ~2 ppm.
For this estimation, they assumed that the EM-1 source has a similar Ce concentration as
the HIMU and EM-2 source, which are estimated to be 2.2 [Cabral et al., 2014] and 1.92
ppm respectively [Workman et al., 2004]. Based on this estimate of Ce content for the
EM-1 source, Bizimis and Peslier [2015] suggest that the EM-1 source of Pitcairn has a
H,O concentration of ~160 ppm. For comparison, estimated H,O concentrations of
DMM, which is thought to be relatively dry, range from 54 ppm to 116 ppm [Simons et
al. 2002; Salters and Stracke, 2004; Bizimis and Peslier, 2015]. Because estimated H,O
concentrations of the EM source at Pitciarn are similar to estimates for DMM, the
recycled material in the EM source is thought to have lost the vast majority of its H,O
during subduction.

The H,O content for HIMU mantle, however, is still largely unknown based on
the variability of H,O/Ce ratios reported for this endmember. Cabral et al. [2014]
reported H,O/Ce ratios of homogenized melt inclusions from Mangaia, Cook Islands,
ranging from 119 to 245. Cabral et al. [2014] also estimated that the H,O content of the
HIMU source is ~440 ppm based on the average H,0O/Ce ratio in HIMU melt inclusions
(~200) and assuming a HIMU Ce content of 2.2 ppm. This estimate suggests the HIMU

mantle is ~4 to 8x “wetter” than DMM. More recently however, Jackson et al. [2015]
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reported much lower H,O/Ce ratios (75-84) from HIMU submarine glass samples
collected from the Tuvalu seamount. Using an average H,O/Ce ratio of 79 from these
glasses and assuming a similar HIMU source Ce content (2.2 ppm), Jackson et al. [2015]
estimated the HIMU source sampled by Tuvalu glasses contains only ~174 ppm H,O,
similar to estimates for EM mantle.

Although melt inclusions and glasses are thought to form at depths at which little
to no H,O loss occurs, there are several processes other than partial melting and fractional
crystallization that can also affect H,O contents in these samples. For example, elevated
CI/K ratios (< 0.1) in some MORB and OIB indicate that melts can assimilate seawater-
derived brines or altered oceanic crust prior to eruption and/or quenching [e.g., Michael
and Schilling, 1989]. Other studies have also shown that melt inclusions may experience
H,O loss via post-entrapment diffusion [Wallace, 2005; Chen et al., 2011; Cabral et al.,
2014]. In either case (H,O gain or loss), the measured H,O/Ce ratios will not accurately
reflect primary magmatic H,O content. Analyses of clinopyroxene phenocrysts offer a
new means for testing H,O loss or gain in melt inclusions and glasses.

Phenocrysts typically form at higher pressures (during magma storage) than
submarine quenched glasses, which form during eruption. Because degassing occurs at
lower pressures, pyroxene phenocrysts that grew during magma storage prior to eruption
may be more reliable indicators of magmatic H,O content than submarine glasses.
Additionally, several studies have shown that hydrogen diffusion is slower in
clinopyroxene than in olivine [Hirschmann et al., 2005; Warren and Hauri, 2014;
Bucholz et al., 2013]. Therefore, if pyroxene phenocrysts grew in equilibrium with melt
inclusion host phenocrysts, magmatic H,O contents inferred from pyroxene phenocrysts
can be directly compared to melt inclusion H,O. This comparison can be used to test for

post-entrapment diffusive H,O loss. We seek to estimate a minimum H,O content of the
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HIMU mantle by examining pyroxene phenocrysts in a suit of HIMU basalts from the
Austral Islands. Additionally, we seek to understand how various processes such as
magma degassing and hydrogen diffusion affect H,O and H,O/Ce ratios within the Cook-
Austral Islands basalts. We also seek to understand on a broader scale to what extent
H,0O/Ce ratios track variations in source composition. Therefore, we have measured
structurally bound hydrogen as well as major and trace element compositions in

clinopyroxene phenocrysts hosted in 12 basalts collected from the Cook-Austral Islands.



Chapter 2: Background

This study focuses on the Cook-Austral Islands of Mangaia, Raivavae, and Rapa
Iti. The Cook-Austral Islands are located in the French Polynesia region of the South
Pacific south of Tahiti. The island of Raivavae is located adjacent to the Austral Fracture
Zone (AFZ), which separates the northern and southern islands [Sandwell and Smith,
1997; Lassiter et al., 2002; Lassiter et al., 2003]. Mangaia is the northernmost island of
the three, and Rapa is the southernmost island.

Basalts from Mangaia and Raivavae have highly radiogenic Pb-isotopic values
(**Pb/***Pb between 19.29 and 21.93) and low Sr-isotopic values (*’Sr/*°Sr ~ 0.7028).
These basalts also have enriched Nd- and Hf- isotopic compositions, with eNd values
ranging from 5.2 to 7.8 and €Hf values ranging from 6.8 to 11.5 [Woodhead, 1996;
Lassiter et al., 2003; Chan et al., 2009]. Lassiter et al. [2003] suggested that the northern
Austral Islands sample a mixture of both a HIMU-like component and a DM-like
component, based on their isotopic signatures. Lassiter et al. [2003] suggested that the
negative correlation between Pb- and Nd-isotopic values in basalts from Raivavae and the
other northern islands, such as Mangaia, is consistent with mixing between a HIMU-like
component and a DMM-like component.

In addition to distinctive HIMU-like isotopic signatures, the northern Austral
Islands have trace element compositions consistent with an ancient recycled component.
For example, lavas from Raivavae show a negative correlation between **Pb/***Pb and
K/U ratios [Lassiter et al., 2003]. Such correlations arise during subduction because
dehydration reactions preferentially remove fluid soluble elements (e.g. K) from the slab
relative to immobile elements (e.g. U) [Weaver, 1991]. The correlation between Pb-

isotopes and K/U in Raivavae lavas suggests that 1) the low K/U ratios are a source



feature and 2) the HIMU source feature is consistent with recycled, dehydrated oceanic
crust [Lassiter et al. 2003]. Additionally, Cabral et al. [2013] reported evidence for MIF
(mass independent fractionation) of sulfur isotopes in olivine-hosted melt inclusions from
Mangaia. Because MIF is not observed in the geologic record after 2.45 Ga [Farquar et
al., 2000; Farquar et al., 2011; Johnston, 2011], they suggested that these lavas contain a
recycled component that must have been on Earth’s surface prior to 2.45 Ga. Therefore,
S-isotopes in Mangaia basalts are also consistent with an ancient recycled component in
the HIMU source.

Basalts from the southern islands, including Rapa Iti, trend to more enriched
compositions, with less radiogenic Pb-isotopic values (**’Pb/***Pb between 19.07 and
19.28) and higher Sr-isotopic values (*Sr/**Sr > 0.7036). Southern lavas have less
radiogenic Nd- and Hf- isotopic compositions, with éNd values ranging from 2.3 to 3.8
and eHf values ranging from 2.1 to 4.2 [Lassiter et al., 2003; Chan et al., 2009]. Lassiter
et al. [2003] suggested that the enriched source could not be generated from the addition
of ancient pelagic sediments to the HIMU mantle, due to the lower "’Os/'**Os values
reported in EM lavas compared to HIMU lavas. They suggest that the enriched source
sampled at Rapa may be representative of sub-arc mantle wedge material that is recycled
into the deep mantle through viscous coupling to a downgoing slab. Chan et al. [2009]
further supported this hypothesis based on elevated Li-isotopes measured in Rapa basalts
relative to fresh MORB.

Lavas from these three islands are ideal for this study because both whole rock
and olivine-hosted melt inclusion data already exist for most of the samples. This allows
us to compare melt H,O contents (calculated from clinopyroxene H,O content) to the

H,O content of corresponding melt inclusions. Furthermore, host lavas from these



samples span a large range of Pb-isotopic compositions, which allows us to determine if

H,O/Ce ratios correlate with source compositional variations.



Chapter 3: Sample Description

For this study, we selected a subset of 11 Raivavae and Rapa basalts collected by
John Lassiter and Hans Barsczus in 1997. Of the 11 basaltic samples, 7 are from
Raivavae and 4 from Rapa. We also selected one Mangaia sample (MG1001) provided by
Matt Jackson. H,O/Ce ratios of olivine-hosted melt inclusions from this sample have
previously been reported by Cabral et al. [2014], and are systematically higher than
H,O/Ce ratios reported in HIMU Tuvalu glasses [Jackson et al., 2015]. Whole rock
major, trace, and Pb-Sr-Nd-Hf-Os isotopic data for these samples are presented in
Lassiter et al. [2003], Chan et al. [2009], and Herzberg et al. [2014]. Selected basalts
from all three localities are alkalic and phenocryst-rich. Olivine and clinopyroxene modal
abundances are >10% by volume, with the exception of sample RVV 316 (olivine ~7%
and cpx ~5% by volume). Whole rock Mg#s [Mg>*/(Mg** + Fe**)] range from 38 to 75.

Many olivine phenocrysts within basalts selected for this study host melt
inclusions, which have previously been studied by Lassiter et al. [2002], Szramek [2010],
and Cabral et al. [2014]. Olivine-hosted melt inclusions have Mg#s that range from 45 to
61. Host olivine Mg#s range from 75 to 83. H,O contents in melt inclusions range from
0.24 to 1.50 wt.%, Ce concentrations range from 28 to 339 ppm, and H,0O/Ce ratios range
from 33 to 165. Melt inclusion La/Sm ratios range from 2.4 to 9.3. Complete major,
trace, and volatile (H,O, CO,, CI) data of olivine-hosted melt inclusions for a subset of
samples (RVV 310, RVV 318, RVV 370, RPA 502 and MG1001) are presented in
Lassiter et al. [2002] and Cabral et al. [2014]. Major, trace and chlorine data of other
olivine-hosted melt inclusions (RVV 316, RVV 321, RVV 343, and RVV 346) are

presented in Szramek [2010].
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Chapter 4: Methods

We selected 99 pristine clinopyroxene phenocrysts for major, trace, and H,O
analysis. Phenocrysts were mounted in indium to minimize H,O contamination during
analysis. Grains were first mounted in crystal bond and polished to 1 um prior to
placement in the indium mounts. Following polishing, the crystal bond was dissolved in
an acetone bath. Individual polished grains were then washed in a series of baths: clean
acetone, ethanol, and DI water. Finally, the grains were dried, mounted in indium,
pressed to achieve a flat surface, and carbon coated for chemical analyzes.

Major elements were analyzed via EPMA at the University of Texas at Austin
using procedures outlined in Gao et al. [2016]. Following major element analysis,
pyroxene phenocrysts were analyzed for hydrogen via the Cameca 6f SIMS at Arizona
State University. For SIMS analyses we used matrix-matched olivine and pyroxene
standards from Mosenfelder and Rossman [2013 A and B]. Following SIMS analysis,
pyroxene phenocrysts were analyzed for trace elements using LA-ICP-MS at the
University of Texas at Austin. We analyzed the exact same spots (or as close as possible)
from EPMA and SIMS measurements to maintain consistency across all data sets. See
Appendix A for a more detailed description of analytical methods.

Secondary standards used for EPMA analysis were Cr-Augite 164905 and
Kakanui Hornblende. For elements with concentrations greater than 1 wt%,
reproducibility of both standards was better than 2%. For elements with concentrations
less than 1 wt%, reproducibility ranged from better than 5% for Cr,0O;, 11% for Na,O,
MnO, TiO,, and better than 12% for MnO. Averaged analyses were accurate within 5%

of published values for all elements, except for Mn (within 8%) (Jarosewich et al., 1980).
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PMR-53 was used as a secondary standard for SIMS analysis for quantification of
analytical error. Repeated analyses of PMR-53 were precise (10 standard deviation)
within 13%. Although the concentration of PMR-53 is disputed, the OH/Si intensities
that observed in repeated analyses of PMR-53 are within the range of previously
published OH/Si values for PMR-53 [202 to 268 ppm; Mosenfelder and Rossman, 2013
B and references therein].

Repeated analyses of LA-ICP-MS secondary standard, BCR-2G, were accurate
within 6% of published values for all elements other than Ti (8%) and Pb (7%) (see
Appendix Table A4). Repeated analyses of BCR-2G were reproducible within 5% (one

standard deviation) for all elements other than Tm (13%), Lu (11%), and U (6%).
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Chapter 5: Results

5.1 Clinopyroxene Major Elements

Major element compositions were collected for 141 spot analyses from 99
pyroxene phenocrysts and are presented in Appendix Table AS. Average clinopyroxene
major element concentrations of individual basalt samples are presented in Table 1.
Diopside is the dominant component of the clinopyroxene phenocrysts, with the
exception RVV 343, which is augitic in composition. Clinopyroxene Mg#s range from 63
to 86, with an average Mg# of 81. Clinopyroxene Mg#s within individual whole rocks
span a large range. For example, RPA 367 has a whole rock Mg# of 69, but individual

clinopyroxene grains have Mg#s ranging from 75 to 87 (Figure 1).

5.2 Clinopyroxene H,O Content

Individual clinopyroxene phenocryst H,O contents are reported in Appendix
Table A5 and average pyroxene H,O contents of phenocrysts from individual basalt
samples are reported in Table 1. H,O contents of individual pyroxene phenocrysts range
from 72 to 1019 ppm. Average H,O contents of pyroxenes from individual basalts range
from 90 to 756 ppm. Sample RVV 343 has the lowest average H,O content of 90+13 ppm
and is the second most evolved sample from this study (Mg# = 75). Sample RVV 321 has
the highest average H,O content of 756+100 ppm. However, RVV 321 is the third most
evolved sample from this study (whole rock Mg# = 76). Intra-sample variability
(standard deviation) ranges from 13 to 195 ppm. Clinopyroxene H,O content does not
correlate with indices of fractional crystallization (e.g., Mg#) or indices of melting (e.g.,

La/Sm ratios) (Appendix Figure Ala and A2a).
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5.3 Clinopyroxene Trace Elements

Individual clinopyroxene phenocryst trace element compositions are reported in
Appendix Table A5 and average pyroxene trace element compositions of phenocrysts
from individual basalts are reported in Table 2. Normalized abundances of clinopyroxene
phenocrysts show a decrease by nearly one order of magnitude moving from MREE to
HREE. Pyroxene phenocrysts also show a moderate concave down LREE pattern (Figure
2). Ce concentrations ranges from 3.3 to 34.5 ppm. Clinopyroxene Ce content correlates
with clinopyroxene Mg# and La/Sm ratios (Appendix Figure Alb and A2b). Ce content
and Mg# are negatively correlated within pyroxene phenocrysts from individual samples.
This correlation within individual samples creates negative sub-parallel trends, which are

offset from sample to sample.
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Chapter 6: Discussion

6.1 Calculation of magmatic compositions from pyroxene phenocrysts

During magma ascent, H,O and CO, can be lost through degassing. Therefore,
previous studies have used both submarine quenched glasses and olivine-hosted melt
inclusions to constrain pre-eruptive magmatic H,O content. Submarine glasses typically
form at relatively shallow pressures (<50 MPa). However, simple degassing models
suggest that ascending magmas primarily lose CO, at pressures greater than a few
hundred bars, but that H,O loss at these pressures is limited [Dixon et al., 1997]. Olivine-
hosted melt inclusions from the Austral Islands typically have significantly greater
entrapment pressures, between 100 and 200 MPa [Lassiter et al. 2002; Cabral et al.
2014]. These pressures suggest that melt inclusions within olivine phenocrysts formed
during magma storage in crustal reservoirs prior to eruption. Numerous studies have
examined geochemical variations in melt inclusions to explore a variety of magma
chamber processes [e.g. Saal et al., 1998; Lassiter et al., 2002]. However, although melt
inclusions may trap melts prior to magma ascent and degassing, there is a potential for
post-entrapment H,O loss due to rapid H diffusion through olivine [Mackwell and
Kohlstdet, 1990; Demouchy et al., 2006; Lloyd et al., 2013].

Clinopyroxene phenocrysts can provide an alternative proxy for examining
compositional variations of melts in crustal reservoirs prior to eruption. In the Cook-
Austral Islands, olivine and clinopyroxene phenocrysts span similar ranges in Mg#
(Figure 3). This suggests that the pyroxene and olivine phenocrysts grew at similar stages
of melt evolution. Therefore, pyroxene phenocrysts likely formed at similar pressures as
the olivine phenocrysts. Several recent studies have shown that hydrogen diffusion is

slower in clinopyroxene than in olivine [Hirschmann et al., 2005; Warren and Hauri,
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2014; Bucholz et al., 2013]. Therefore, pyroxene phenocrysts may be less susceptible to
post-entrapment H,O loss than olivine-hosted melt inclusions.

We calculated clinopyroxene/melt trace element Kps using the program BigD
[Nielsen, 1992]. Using these partition coefficients and measured clinopyroxene trace
element compositions, we calculated melt trace element compositions. Calculation of
pyroxene/melt Ks requires constraints on the major element composition of the melt and
temperature of the melt from which the pyroxene phenocrysts grew. For this calculation,
we assume that the melts from which the pyroxenes grew are compositionally similar to
the host basalts when corrected for fractionation. This assumption is supported by
observed correlations between average phenocryst trace element abundances and whole
rock trace element abundances (Appendix Figure A3), as well as correlations between
phenocryst olivine:cpx ratios and whole rock isotopic composition (Appendix Figure
A4). Therefore, for each phenocryst we approximated the composition of the melt from
which it grew by adding or subtracting variable amounts of clinopyroxene and olivine to
the host whole rock (in the relative proportions observed for that sample) until the
calculated melt Mg# matches that expected from the clinopyroxene phenocryst Mg#,
assuming melt/phenocryst equilibrium. The average measured pyroxene composition
from each sample was used for this calculation. Average olivine forsterite content was
assumed to be in equilibrium with this clinopyroxene composition. In addition, we used
the calculated major element compositions of olivine in equilibrium with clinopyroxene
to generate melt temperature estimates using the olivine thermometer from Eqn. 2 of
Putirka et al. [2007]. However, for all trace elements discussed in the following sections,
partition coefficients generated from BigD are insensitive to temperature (Appendix

Figure AS).
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Calculated melt compositions are reported in Appendix Table A6, and the average
trace element compositions calculated for each sample is reported in Table 3. Within
several samples, melts calculated from pyroxene phenocrysts span a wide range in trace
element composition. For example, melts inferred from RPA 367 phenocrysts have Ce
concentrations ranging from 39 to 145 ppm. Other samples have relatively homogeneous
pyroxene phenocryst populations. For example, melts inferred from RPA 502
phenocrysts have Ce concentrations that range from 71 to 81 ppm, which is only slightly
greater variability than that expected due to analytical uncertainty (~4%). Melt Ce
content inferred from the entire analyzed suite ranges from 33 to 145 ppm. Trace element
compositions of melts in equilibrium with pyroxene overlap with measured whole rock
compositions (Figure 2). Additionally, K, values generated by BigD are consistent with
measured pyroxene/whole rock concentration ratios for most trace elements (e.g., La, Ce,
Sm, and Yb; Figure 4). This further supports the assumption that the melts from which
the pyroxene phenocrysts grew are compositionally similar to the host basalts. Calculated
melt trace element compositions also overlap with olivine-hosted melt inclusions from
the same samples (Figure 2). However, melt inclusions have, on average, greater
incompatible trace element concentrations than either melts calculated from pyroxene
compositions or the host basalts.

Melt H,0O concentrations were estimated from measured clinopyroxene H,O
content using pyroxene/melt K,s estimated from pyroxene tetrahedral Al content [Hauri
et al., 2006]. Calculated melt H,O concentrations are reported in Appendix Table A6, and
average melt H,O concentrations inferred for each sample are reported in Table 3. Melt
H,O concentrations estimated from individual phenocrysts range from 0.2 to 3.2 wt.%,
and melt H,O concentration averages for phenocrysts from individual samples range from

0.3 to 2.1 wt.%. Melt H,O/Ce ratios estimated from individual phenocrysts range from 39
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to 517, and average sample melt H,O/Ce ratios range from 63 to 321. Neither measured
pyroxene H,O concentrations nor calculated melt H,O concentrations inferred from
individual pyroxene phenocrysts correlate with calculated partition coefficients
(Appendix Figure A6a and b). Pyroxene H,O content should correlate with
pyroxene/melt K,(H,0), if variations in magmatic H,O content in the melts from which
the pyroxenes grew are minor. However, pyroxenes span a much larger range in H,O
concentrations (71 to 1019 ppm) than in calculated K, values (0.17 to 0.61). As a result,
the correlation between pyroxene major element composition and content that should
result from varying pyroxene/melt K,(H,O) is masked by larger variations in H,O content
of the melts from which the pyroxenes grew. This suggests that the variations in
measured pyroxene H,O content to first order are not primarily controlled by variations in
H,O partitioning. In the following sections, we evaluate whether variations in pyroxene
H,O reflect variations in magmatic H,O content, or whether other processes such as

diffusive H,O loss or pyroxene alteration have played a significant role

6.2 Post-entrapment diffusive H,O loss in olivine-hosted met inclusions

Previous studies have measured H,O and trace element concentrations in olivine-
hosted melt inclusions from several of the same basalt samples from which we report
clinopyroxene H,O contents [Lassiter et al., 2002; Szramek, 2010; Cabral et al., 2014].
Figure 5 compares H,O concentrations in melts calculated to be in equilibrium with
clinopyroxene phenocrysts with H,O concentrations in olivine-hosted melt inclusions
from the same sample. Two samples (RVV 310 and MG1001) fall along the 1:1 equiline,
but three other samples (RVV 318, RVV 370, and RPA 502) have significantly lower
H,O in olivine-hosted melt inclusions than in the melts calculated from pyroxene

compositions.
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A similar trend is observed in samples from the Canary Islands and Azores
Islands. Average H,O concentrations from both olivine-hosted melt inclusions [Longpre
et al., 2017] and average melts in equilibrium with cpx [Weis et al., 2015] from the
Canary Islands fall near the 1:1 equiline. This suggests that, on average, olivine-hosted
melt inclusions from the Canary Islands have not lost H,O. However, H,O concentrations
of melts in equilibrium with cpx from the Azores are systematically higher than H,O
concentrations of corresponding olivine-hosted melt inclusions [Turner et al., 2017],
which suggests either post-entrapment H,O loss in melt inclusions or that the melt
inclusions were trapped at different stages of magma evolution/different depths.

Estimates of melt H,O contents from pyroxene phenocrysts are by nature more
indirect than measurements from melt inclusions because the former requires both
measurement of pyroxene H,O content and estimation of pyroxene/melt K,(H,O) values.
In addition, pyroxene and olivine phenocrysts could potentially grow at different times
from different melts with differing H,O contents. For the two samples that fall along the
1:1 equiline (RVV 310 and MG1001), average pyroxene and olivine Mg#s from these
samples indicate chemical equilibrium between these phases (Figure 3). This suggests
that pyroxene and olivine in both samples grew at the same time from the same melts.
The correspondence of melt H,O content estimated from pyroxenes and measured melt
inclusion H,O content for these samples therefore suggests that our inversion method
described above is robust.

For the three samples (RVV 318, RVV 370, and RPA 502) with systematically
lower H,O concentrations in the melt inclusions, it is possible that pyroxenes from these
samples grew from the same magma at a different stage in evolution (e.g. a more
primitive magma that is either less degassed or less fractionated) when it had a higher

magmatic H,O concentration. In fact, samples RVV 318 and RPA 502 have average
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pyroxene Mgi#s that are slightly more primitive than the coexisting olivine Mg#s (Figure
3). However, average pyroxene and olivine Mg#s for RVV 370 indicate chemical
equilibrium (Figure 3). Therefore, it is unlikely that the higher H,O contents of these
calculated melts are the result of differences in melt composition. Alternatively, it is
possible that pyroxene/melt K,(H,O) values were systematically underestimated in these
samples, which would result in an overestimation of melt H,O content. However, K
values estimated for pyroxenes from these three samples are within the same range as K,
values from RVV 310 and MGI1001. Additionally, there is no correlation between
estimated K, values and calculated melt H,O content (Appendix Figure A6b), or the
difference between calculated melt H,O content and measured melt inclusion H,O
content (Appendix Figure A7). Therefore, systematic error in estimates of pyroxene/melt
Kp(H,O) values is also not likely the explanation for higher H,O contents recorded in
pyroxene from these samples.

Olivine-hosted melt inclusions are susceptible to H,O loss through rapid H
diffusion in slow cooling melts [Hauri, 2002; Cervantes and Wallace, 2003; Berlo et al.,
2012]. Typically, this can be avoided if melt inclusions from scoria samples are used
[Cervantes and Wallace, 2003; Kelley et al., 2010]. However, on older ocean islands,
scoria is rapidly eroded and is also typically more heavily altered than the interiors of
massive flows. Therefore, previous studies of melt inclusions from ocean island basalts
have primarily relied on melt inclusions from massive flows [e.g. Lassiter et al., 2002 and
Cabral et al., 2014]. Within natural samples, hydrogen diffusion has been shown to be
more rapid in olivine than pyroxene by nearly a factor of 100 [Warren and Hauri, 2014].
Therefore, olivine-hosted melt inclusions are likely more susceptible to diffusive H,O
loss than are the cores of pyroxene phenocrysts. Diffusive H,O loss should result in a

correlation between inclusion size and H,O content, because large inclusions are less
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susceptible to diffusive H,O loss [Chen et al., 2011]. Cabral et al. [2014] reported that
H,O concentrations in melt inclusions from one Mangaia sample (MGA-B-47) correlate
with inclusion diameter. They suggested that this sample had lost H,O through post-
entrapment diffusion. In contrast, H,O concentrations in melt inclusions from MG1001,
which have similar H,O contents as melts inferred from pyroxene phenocrysts from
MG1001 (this study), do not correlate with inclusion diameter. Therefore, they suggested
that melt inclusions from this sample had not experienced significant post-eruptive H,O
loss. In detail, we should also expect H,O loss to correlate with flow thickness and
sample distance to flow margins. However, this information is not available for the
samples available for this study.

Melt inclusions from samples RVV 318, RVV 370, and RPA 502 are
systematically smaller than those studied by Cabral et al. (2014), making them more
susceptible to diffusive H,O loss. Broad correlations (R* = 0.275) between inclusion H,O
content and inclusion diameter are observed in all three samples (Appendix Figure AS).
The significance of these correlations ranges from 98.7% to 99.9% using a two-tailed
student t-test. This suggests that melt inclusions from these samples have likely lost H,O
through post-entrapment diffusion.

We therefore infer that diffusive H,O loss is the most likely explanation for the
systematic differences observed between melt inclusion H,O contents and H,O contents
of melts estimated from pyroxene. Based on the evidence presented above, magmatic
H,O contents calculated from pyroxene phenocrysts are likely a more robust estimate for
pre-eruptive magmatic H,O content than olivine-hosted melt inclusions in ocean island
basalts where scoria is not readily available. In the following discussion we examine
variations in magmatic H,O content calculated from pyroxene with other geochemical

tracers calculated from pyroxene.
21



6.3 Variations in magmatic H,O and H,O/Ce ratios calculated from pyroxene
phenocrysts in the Cook-Austral Islands

Previous studies have estimated the amount of H,O returned to Earth’s deep
mantle through subduction by measuring H,0O/Ce ratios of melts that sample Earth’s
mantle end-members, such as HIMU, EM-1, and EM-2 [Dixon 2002, Cabral et al. 2014,
Jackson et al. 2015]. Cabral et al. [2014] and Jackson et al. [2015] reported extremely
different estimates (= 120 ppm) for the HIMU mantle H,O/Ce ratio. Cabral et al. [2014]
reported H,O/Ce ratios ranging from 119 to 245 in olivine-hosted melt inclusions from
Mangaia. Based on these values, they estimated that the Mangaia HIMU source has an
average H,0O/Ce ratio of ~200. In contrast, Jackson et al. [2015] measured H,O/Ce ratios
in submarine quenched glasses from the Tuvalu seamount that span a range in Pb-
isotopic compositions, including samples with HIMU-like isotopic signatures. For
HIMU-like glasses they reported H,O/Ce ratios ranging from 75 to 84 in the least
degassed glasses. The H,0O/Ce ratios reported in Jackson et al. [2015] fall within the same
range as H,O/Ce ratios previously reported from EM-1 and EM-2 glasses [Douglass et
al., 1995 and 1999; Dixon et al., 1997; Workman et al., 2006; Kendrick et al., 2014].
Jackson et al. [2015] suggested that the high H,O/Ce ratios reported from Mangaia melt
inclusions may be the result of assimilation of seawater prior to entrapment or that there
are variable processes, such as diffusive loss of H,O but not Ce, that affect different
HIMU domains, thus generating heterogeneities in the source.

The discrepancy of H,0O/Ce ratios between Mangaia and Tuvalu is problematic if
H,O/Ce ratios reflect source variations. Jackson et al. [2015] suggested that the HIMU
source may be intrinsically heterogeneous. However, melt inclusions from Mangaia and

glasses from Tuvalu are different types of samples, which are therefore difficult to
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compare directly. For example, saturation pressures for Mangaia melt inclusions range
from 39 to 212 MPa, whereas saturation pressures for Tuvalu glasses are <40 MPa.
Additionally, the HIMU-like glasses from Tuvalu are highly evolved (MgO <4 wt%)
relative to HIMU-like melt inclusions from Mangaia and Raivavae [Cabral et al., 2014
and Lassiter et al., 2002 respectively]. These glasses also have Ce concentrations that
extend to much higher values (avg. = 153 ppm) than in the Mangaia melt inclusions (avg.
= 95 ppm), which likely reflects either lower degrees of partial melting or higher degrees
of fractional crystallization of the Tuvalu magmas. Jackson et al. [2015] suggested that
the low H,O/Ce ratios reported in Tuvalu glasses indicates that the source of the Tuvalu
melts has a lower H,O/Ce ratio than the source of the Mangaia melts (~200; Cabral et al.
[2014]). If we make the assumption that the estimated source H,O/Ce ratio by Cabral et
al. [2014] is correct, then it would be physically impossible for the Tuvalu melts with
~150 ppm Ce to contain more than 1.7 wt.% H,O at 250 bars, which implicitly assumes
zero CO,. The Tuvalu glasses have lower H,O content than the CO,-free maximum and
thus plot at a high H,0/CO, ratio, which makes them very susceptible to H,O loss
through the addition of CO,. Therefore at high Ce concentrations, and thus high H,O at a
constant H,O/Ce ratio, the Tuvalu melts will approach the solubility limit.

Host basalts of pyroxene phenocrysts selected for this study span a wide range in
isotopic compositions. Raivavae basalts have radiogenic Pb- and Nd-isotopic values
(**°Pb/**Pb ranges from 19.29 to 21.06 and '*Nd/"**Nd ranges from 0.51293 to 0.51304),
but have low Sr-isotopic values (*’Sr/*Sr ranging from 0.7028 to 0.7030) [Lassiter et al.
2003; Chan et al. 2009]. Basalts from Mangaia span a narrow range in Pb-isotopic values
and also have the most radiogenic Pb-isotopic compositions within the suite of samples
(**Pb/**Pb ranges from 21.15 to 21.93; Woodhead, 1996) and have Sr-isotopic values

that overlap with those from Raivavae (*’Sr/*Sr ranges from 0.70265 to 0.70310).
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Previous studies have suggested that these lavas sample a mixture of HIMU-like and
DMM-like components. Basalts from Rapa fall off the mixing trend defined by the
northern Cook-Australs. Rapa basalts have less radiogenic Pb-isotopic values for given
Nd-isotopic values (**Pb/***Pb ranges from 18.95 and 19.28 and '“*Nd/"**Nd ranges from
0.51274 to 0.51279). Additionally, basalts from Rapa have the most radiogenic Sr-
isotopic values within the Austral Islands (*’Sr/*°Sr ranges from 0.7039 to 0.7041). Based
on these observations, Lassiter et al. [2003] suggested that Rapa basalts sample an EM-
like or FOZO-like component. Because host basalts selected for this study span a large
range of isotopic compositions, they are ideal for further examining if H,O/Ce ratios
reflect differences in source composition or various magmatic processes. In the following
discussion, we examine whether H,O, Ce, and H,O/Ce ratios of melts calculated from
pyroxene correlate with source features or magmatic processes.

Within HIMU-like basalts (**Pb/*Pb > 19.29) sampled at Mangaia and
Raivavae, magmatic H,O contents calculated from pyroxene range from 0.5 to 3.2 wt%.
Ce and H,0O/Ce ratios of melts calculated from pyroxene range from 44 to 119 ppm and
48 to 466, respectively. Within EM- or FOZO-like basalts (**Pb/**Pb < 19.29),
magmatic H,O contents calculated from pyroxene span a similar range in H,O content,
from 0.2 to 2.8 wt%. Additionally, Ce and H,O/Ce ratios of melts calculated from
pyroxene span similar ranges as for the HIMU-like basalts, from 33 to 145 ppm and 39 to
517, respectively. Although host-basalts from these samples span a wide range in isotopic
composition, melts calculated from pyroxene all have similar ranges in H,O, Ce, and
H,O/Ce ratios, and H,0O/Ce ratios do not correlate with isotopic compositions (Figure 6).

The lack of correlation between isotopic compositions and H,O or H,0O/Ce of
basalts sampling different mantle sources (e.g. HIMU+DMM vs. EM or FOZO) could

result from these reservoirs having similar H,O and H,O/Ce ratios even though these
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mantle sources contain different amounts and types of subducted components that began
with very different H,O/Ce ratios. Assuming that the HIMU source represents ancient
recycled oceanic crust and both EM sources represents oceanic crust plus sediment
(however this is highly debated), Dixon et al. [2002] estimated H,O and H,0O/Ce ratios of
the recycled components within each endmember. They estimated that mature oceanic
crust (HIMU recycled component) has H,0O/Ce ratios ranging from 2500 to 5000 and H,O
content that ranges from 2 to 3 wt% prior to subduction. Dixon et al. [2002] also
estimated that global subducted sediments (EM recycled component) have H,O/Ce ratios
of ~1280 and H,O contents ~7.3 wt% prior to subduction. Generation of similar H,O/Ce
ratios in the HIMU and EM mantle sources would therefore require the recycled
component in the HIMU source to undergo more extensive dehydration than the recycled
component in the EM source. Although generation of similar H,O/Ce ratios in the HIMU
and EM source due to varying amounts of dehydration, this would seem unlikely.

Alternatively, H,O and H,0/Ce may track various magmatic processes, such as
fractional crystallization or fractionation during partial melting. For example, Bizimis and
Peslier [2015] suggested that bulk D(H,O) is ~ 5x lower than the D(Ce) for melts derived
from a pyroxenite lithology. This estimate contrasts with the similar H,O and Ce partition
coefficients estimated for peridotite lithologies. Therefore, Bizimis and Peslier [2015]
suggested that variations in melt H,O/Ce ratios track varying degrees of melting from
pyroxenite and peridotite lihtologies.

If variations in H,0O/Ce ratios reflect fractionation during partial melting, then
there should be a correlation between H,0O and H,O/Ce ratios with indices of partial
melting, such as La/Sm. However, there is no clear correlation between H,O or H,O/Ce
ratios with La/Sm ratios of melts calculated from pyroxene phenocrysts (Figure 8a). In

contrast, there is a weak correlation between Ce content and La/Sm ratios that fall within
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trends defined by global Ce and La/Sm data (Figure 8b). Additionally, because H,O and
Ce are both incompatible species, H,O and Ce should correlate with each other, as well as
with other conserved incompatible elements (e.g. Zr or Sm), regardless of whether their
K, values are identical. In fact, within global MORB data these correlations are observed
and are relatively strong, with R* values ranging from 0.51 to 0.91 (Figures 8-10). Similar
to global MORB-data, melts calculated from pyroxene phenocrysts show a strong
correlation of Ce content with both Zr and Sm content, with R* values ranging from 0.51
to 0.91 and 0.69 to 0.86, respectively (Figure 10b). However, calculated magmatic H,O
does not correlate with Ce or other incompatible trace elements (Figures 9 and 10a). In
summary, neither H,O concentrations nor H,O/Ce ratios appear to primarily reflect
variations in the degree of partial melting.

Variations in H,0O and H,O/Ce ratios could primarily reflect variations in the
degree of fractional crystallization. If this were the case, then there should be a
correlation between indices of fractional crystallization (e.g. Mg#) and H,O or H,O/Ce.
For example, if a melt is saturated in H,O during fractional crystallization, then it is
possible that Ce will increase during crystallization, but H,O will not. For example,
calculated magmatic H,O and Ce contents show no correlation with magmatic Mg#
(Figure 7). This lack of correlation suggests that there is little to no effect of fractional
crystallization on H,O and H,0O/Ce ratios. The observations outlined above suggest that
Ce is behaving as expected for a conserved incompatible element, but H,O is not in the
melts parental to the pyroxene phenocrysts.

The observation that Ce is behaving as expected for a conserved incompatible
element, but H,O is not, may suggest that some of the original H,O concentration in
pyroxene phenocrysts (prior to eruption) is lost during ascent, possibly due to diffusion.

In turn, H,O concentrations of smaller phenocrysts may be more readily affected during
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eruption than larger phenocrysts because the diffusive length-scale for the time required
for phenocryst ascent may be same as the size of the phenocryst. Therefore, phenocrysts
that are smaller than the diffusive length-scale will have lost H,O throughout the entire
grain. However, phenocrysts larger than the diffusive length-scale will have core that are
unaffected by diffusive loss. If this is true, then there should be a correlation between
H,O content and phenocryst size. Average core to rim phenocryst size ranges from 0.8 to
6.3 mm and average pyroxene H,O ranges from 90 to 756 ppm. Broad correlations
between phenocryst size and H,O content are observed within samples from this study
(Appendix Figure A9). For example, sample RVV 316 has the second lowest reported
H,O content (111 ppm), and the smallest measured phenocryst size from the entire suite
of phenocrysts (0.8 mm). Additionally, sample RVV 318 on average has the largest
phenocrysts (6.3 mm) and has the second highest average H,O content (684 ppm) from
the suite of phenocrysts.

We therefore suggest that, similar to olivine phenocrysts, pyroxene phenocrysts
may also be susceptible to H,O loss through diffusion. If pyroxene phenocrysts have lost
H,O through diffusion, then core to rim transects of the phenocrysts should show a
decrease in H,O content from the core to the rim. In order to further test the susceptibility
of pyroxene phenocrysts to hydrogen diffusion, we measured core to rim variations in
H,O content from six phenocrysts. From the six core to rim transects, only one
phenocryst shows a clear decrease in H,O content (Appendix Figure A10). However, this
phenocryst only shows a decrease in H,O content from 654 ppm to 524 ppm (20%
change in H,0) from core to rim. Transects of five other phenocrysts show no clear
correlation of H,0O content from core to rim. This suggests that although pyroxene
phenocrysts show a correlation between H,O content and phenocryst size, pyroxene

phenocrysts from this study have likely not experienced any significant H,O loss via
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diffusion. Although pyroxenes from this study show no evidence for H20 loss via
diffusion, we suggest that smaller phenocrysts should be avoided for future studies

because they are likely to record lower than average H,O contents.

6.4 Global H,0O/Ce ratios and possible variations in source lithology

Several previous studies have estimated primary magmatic H,O concentrations
via measured H,O and H,O/Ce ratios in a variety of sample types. These studies
implicitly assume that H,O loss during magma evolution or eruption in the studied
samples was minimal. Below, we examine whether global correlations of H,O and Ce
with other conserved incompatible elements reflect H,O loss rather than true variations in
source composition, as previously thought.

Although, global melt inclusions and glasses span a wide range in isotopic
compositions, there are no correlations between H,0O and H,O/Ce ratios with isotopic
compositions. Similar to melt compositions calculated from pyroxene, melt inclusions
and glasses show a correlation of Ce content with Sm content and La/Sm ratios, but H,O
does not. Additionally, magmatic H,O contents of melt inclusions and glasses do not
correlate with Ce content. These observations further support the observations from melts
calculated from pyroxene phenocryst, in which Ce is behaving as expected for a
conserved incompatible element, but H,O is not.

Jackson et al. [2015] noted a global negative correlation between H,O/Ce ratios
and Ce content (Figure 11). They argued that variations in H,O/Ce ratios in OIB are the
result of variations in source lithology [Jackson et al., 2015]. They suggested that the
high Ce contents and low H,0O/Ce ratios reported in HIMU and EM glasses may result
from low degrees of melting from a dominantly pyroxenite component. They also suggest

that the low Ce content and high H,O/Ce ratios reported in MORB samples may be the
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result of higher degrees of melting of a dominantly peridotitic lithology. This model is
based on previous work of Bizimis and Peslier [2015], who suggested that Ce has a
higher partition coefficient than H during crystallization of pyroxene-rich lithologies,
which would cause pyroxenites to generally have higher Ce and lower H,O/Ce than
peridotites.

This model can be tested using multiple previously suggested geochemical tracers
of pyroxenite vs. peridotite melting. For example, melts derived from a pyroxenite source
are predicted to have lower SiO, content, higher CaO/Al O, ratios, lower Na/Ti ratios,
and more radiogenic Pb-isotopic compositions than ambient mantle peridotite [Hauri,
1996; Putirka, 1999; Jackson and Dasgupta, 2008; Jackson et al., 2012]. If H,O/Ce ratios
track variations in source lithology, then H,O/Ce ratios should correlate with these
geochemical tracers of pyroxenite vs. peridotite melting. However, as previously
discussed, H,O/Ce ratios show no correlation with isotopic compositions within melts
calculated from pyroxene or in global OIB melt inclusions and glasses. H,O/Ce ratios of
melts calculated from pyroxene phenocrysts, as well as global melt inclusions, glasses
and MORB show no correlation with SiO, content, CaO/Al,O; ratios, and Na/Ti ratios
(Figure 12). These observations suggest that the global correlation between H,0O/Ce ratios
and Ce content is not likely the result of mixing between low degree melts of a
dominantly pyroxenite lithology and high degree melts of a dominantly peridotite
lithology, as previously suggested by Jackson et al [2015].

Alternatively, the negative global correlation between H,O/Ce ratios and Ce
content may be the result of H,O loss via degassing processes. Glasses from Tuvalu,
Society, Pitcairn, and Samoa span the largest range in Ce content within the global data
set, from ~50 ppm to greater than 300 ppm. If H,O were behaving as expected for a

conserved incompatible element, then samples with the lowest Ce content should also
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have the lowest H,O content and vice versa. However, glasses from these localities all
have consistently upper limits on H,O of ~1.5 to 2 wt%. For example, some glasses from
Samoa have Ce concentrations between 60 and 80 ppm and H,O concentrations between
1 and 2 wt%. In contrast some glasses from Tuvalu have Ce concentrations above 300
ppm, but also H,O concentrations between 1 and 2 wt %. Additionally, H,O should
correlate with alkalinity, in which high degree melts (theolitic basalts) should have higher
H,O and Ce concentrations than low degree melts (alkali basalts). Although Ce shows a
positive correlation with alkalinity, H,O does not. Therefore, the constant H,O content
observed in global OIB glasses, as well as the negative global correlation between
H,O/Ce ratios and Ce content may be the result of H,O loss via degassing processes. In
the following section we discuss the evidence and implications of H,O loss via magma

degassing.

6.5 Degassing Models for global OIB melt inclusions and glasses

Previous studies have suggested various mechanisms for H,O and CO, loss in
magmas (e.g. open and closed system degassing). In open system degassing models, each
individual gas bubble that is formed immediately leaves the system. During degassing in
natural systems, the solubility of CO, decreases more drastically than H,O until very low
pressures (< ~10 MPa). Therefore, as magmas ascend, they will lose CO, more rapidly
than H,O, which will then increase the H,O/CO, ratio in the magma. Therefore, previous
studies have argued that little H,O loss occurs during open system degassing until
pressures between 10 and 50 MPa [Dixon et al., 1995; Dixon, 1997; Jackson et al., 2015].
In closed system degassing models, individual gas bubbles do not leave the system until
eruption and the concentrations of CO, and H,O of the gas bubbles constantly

reequilibrates during magma ascent in order to maintain equilibrium with the ascending
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magma. Similar to open system degassing, the vapor has a high CO,/H,0 ratio relative to
the melt at high pressures. However, the increase of H,O in the vapor during ascent is
more pronounced than in open system degassing models because as the melt loses both
H,O and CO,, the CO,/H,0 ratio in the vapor decreases and thus increases the amount of
H,O in the vapor. Therefore, this model suggests that at relatively low pressures (between
10 and 50 MPa), significant H,O loss can occur [Dixon, 1997; Workman et al., 2006;
Kendrick et al., 2014; Jackson et al., 2015].

Because both open and closed system degassing models predict little H,O loss,
but do predict significant CO, loss at high pressures, there should not be a correlation
between CO, and H,O until pressures between 10 and 50 MPa depending upon initial
CO, concentrations. Glasses from Tuvalu, Pitcairn, and Samoa show no correlation
between CO, and H,O regardless of eruption pressures, which are estimated to be
between ~10 and 60 MPa. Additionally, based on their estimated initial CO, content,
open and closed system degasing models suggest that these glasses have not lost any
primary magmatic H,O. However, melt inclusions from Mangaia and the Azores directly
contradict the assumption that CO, and H,O should not correlate at pressure above 10 to
50 MPa. Mangaia melt inclusions from whole rock MGA-B-25 and MGA-B-47 show a
rough positive correlation between CO, and H,O for inclusions with saturation pressures
between 10 and 50 MPa. Additionally, melt inclusions from the Azores have saturation
pressures ranging from ~90 to 450 MPa and also show a strong positive correlation
between CO, and H,O. Because open and closed system degassing models cannot explain
the behavior of CO, and H,O in these systems, it is important to evaluate what other
processes can.

MeTrich et al. [2011] and [2014] suggested that the correlation between CO, and

H,O within melt inclusions from the Azores could be the result of CO, rich vapors
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generated at great depths (> ~500 MPa) that percolate through the volcanic system prior
to eruption. As the CO, rich vapors generated by melts at greater depths, with high
CO,/H,0, percolate through shallower melts; the CO,/H,O ratio of the shallow melts will
increase in order to maintain equilibrium. As this occurs, the melt will evolve along an
isobar at a given pressure. Then as the melt begins to ascend, and thus decrease in
pressure, the melts will evolve along an isopleth if CO, rich vapors with high CO,/H,0O
are continuing to percolate through the melt, thus increasing the CO,/H,O of the melt. We
will refer to this model as “sparging”.

In addition to the Azores melt inclusion studies, sparging has also been used to
explain the correlation between CO, and H,O in melt inclusions from Mt. Etna [Spilliaert
et al., 2006]. CO, and H,O concentrations of melt inclusions from these studies [MeTrich
et al., 2011 and 2014; Spillaert et al., 2006] do not fall along either open or closed system
degassing trends. Using the sparging model, melt inclusions from these studies evolve
along respective isobars until they are in equilibrium with the CO,/H,0O ratio of the vapor
generated at depth. Then, as the melt begins to ascend, which we assumed based on the
wide range of melt inclusion entrapment pressures from these studies (~ 87 to 470 MPa),
the melts will evolve along an isopleth of constant CO,/H,O as long as the CO2 rich
vapor generated from greater depths continues to percolate through the melt. This
suggests that the magma chambers in which these melt inclusions derive likely became
oversaturated in CO, due to the fluxing of a CO,-rich vapor from greater depths.

If sparging is the dominant control of CO, and H,O reported in global OIB glasses
and melt inclusions, then OIB sources should be CO,-rich. In fact, Saal et al. [1998]
reported carbonate globules in melt inclusions from Mangaia. They suggested that the
presence of this phase directly indicates a CO,-rich magma in the Cook-Austral chain.

Dupuy et al. [1992] suggested that the variable and unusually high Zr/Hf ratios reported
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in global oceanic basalts represents source heterogeneities caused by carbonatitic
metasomatism. This evidence is also consistent with work by Hauri et al. [1993], which
suggested that trace element compositions of clinopyroxene, spinel, and apatite in
peridotite xenoliths from Savai’i, Samoa and Tubuai, Australs were consistent with
formation in carbonatitic melts. Hauri et al. [1993] suggested that this evidence, in
conjunction with isotopic variations within these xenoliths, further supports the
hypothesis that HIMU and EM-2 represent recycled oceanic crust and sediments. There
are numerous other studies that also report evidence in support of carbon rich OIB melts.
For example, Nuemann et al. [2002] suggested that mantle xenoliths from Tenerife,
Canary Islands show evidence for metasomatism generated silicic carbonatite melts.
Other studies have also shown evidence for metasomatism generated silicic carbonatite
melts in mantle xenoliths from Lanzarote, Canary Islands [Siena et al., 1991; Nuemann et
al., 1995].

Because melt inclusions from various OIB localities fit along isopleths of constant
CO,/H,0 ratios, it is vital that in the future researchers evaluate if melt inclusions or
glasses from any locality have lost H,O not only through open and closed system
degassing, but also through sparging. Additionally, because sparging predicts significant
H,O loss at pressures below 400 MPa, previous estimates of H,O/Ce ratios in EM and
HIMU mantle sources may be too low given that their saturation pressures are < 400
MPa. Therefore, previous studies, which have suggested that low H,O/Ce ratios in melt
inclusions and glasses reflect a relatively “dry” source, should be reevaluated using

pyroxene phenocrysts.

6.6 Estimating source H,O content from pyroxene phenocrysts
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Because global OIB glasses show evidence of significant CO, and H,O loss via a
sparging model, OIB glasses are likely not reliable proxies for pre-eruptive magmatic
H,O contents. Additionally, because melt inclusions show evidence for post-entrapment
hydrogen diffusion, they are also not reliable proxies for pre-eruptive magmatic H,O
contents. Therefore, because previous studies have estimated the amount of H,O returned
to the deep mantle via H,O/Ce ratios of both melt inclusions and glasses, the amount of
H,O returned to the deep mantle may be underestimated.

Therefore, we proposed that clinopyroxene phenocrysts offer a more robust proxy
for pre-eruptive magmatic H,O contents than melt inclusions and glasses. However,
based on the observation that Ce behaves as expected for a conserved incompatible
element, and H,O does not, we suggest estimating magmatic H,O content from calculated
melts with <100 ppm Ce. In doing so, HIMU melts from this study have H,O/Ce ratios
ranging from 111 to 316 ppm, and an average H,O/Ce ratio of 222 (similar to that
H,O/Ce ratios reported by Cabral et al. [2014]). Assuming the same concentration of Ce
in the HIMU source as Cabral et al. [2014] (2.2 ppm), estimated average magmatic H,O
from pyroxene phenocrysts is 487 ppm. Melts with isotopic compositions within the EM-
2 field from this study have H,O/Ce ratios ranging from 64 to 409, and an average
H,0O/Ce ratio of 185. Assuming a source Ce concentration of 1.92 ppm [Workman et al.,
2004], estimated average magmatic H,O from pyroxene phenocrysts is 355 ppm. Given
that H,O loss can still occur in clinopyroxene phenocrysts, estimates of pre-eruptive
magmatic H,O content from melts inferred from pyroxene should be considered a
minimum.

In future studies it would be advantageous to compare H,O concentrations of
clinopyroxene-hosted melt inclusions to olivine-hosted melt inclusions. Based on

findings from this study, as well as that of Hirschmann et al. [2005], Warren and Hauri
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[2014] and Bucholz et al. [2013], we expect that clinopyroxene-hosted melt inclusions
would likely not lose H,O post-entrapment, and therefore have similar H,O
concentrations as melts calculated from pyroxene phenocrysts. If these expectations
prove to be true, then clinopyroxene-hosted melt inclusions would be the most ideal
proxies for determining pre-eruptive magmatic H,O content because they also record CO,
content. With both H,O and CO, from pyroxene-hosted melt inclusions, we can better
understand global degassing processes. Furthermore, because pyroxene phenocrysts do
show a correlation between H,O content and phenocryst size, larger pyroxene
phenocrysts or pyroxene melt inclusions are likely to more accurately record primary
melt compositions. Until future studies of H,O contents in pyroxene-hosted melt
inclusions are conducted, we believe that clinopyroxene phenocrysts are the most robust

proxy for pre-eruptive magmatic H,O contents.
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Chapter 7: Conclusions

Based on major, trace, and volatile compositions of pyroxene phenocrysts from

the Cook-Austral Islands, we conclude that:

Olivine-hosted melt inclusions are susceptible to post-entrapment hydrogen diffusion
and therefore are not reliable proxies for pre-eruptive magmatic H,O contents.

Global OIB glasses show evidence of significant CO, and H,O loss via a sparging
model, in which CO,-rich vapors generated at high pressures percolate into magma
chambers at lower pressures. This process results in degassing trends that approach
isopleths of constant CO,/H,0O. Therefore, OIB glasses are also likely not reliable
proxies for pre-eruptive magmatic H,O contents.

Because previous studies have estimated the amount of H,O returned to the deep
mantle via H,O/Ce ratios of both melt inclusions and glasses, the amount of H,O
returned to Earth’s mantle may be underestimated.

Clinopyroxene phenocrysts offer a new and more robust proxy for pre-eruptive
magmatic water contents than melt inclusions and glasses

We estimate that melts calculated from pyroxene phenocrysts, from this study, with
isotopic compositions within the HIMU field, have an average magmatic H,O content
of ~487 ppm. This estimate is very similar to the estimate of Cabral et al. [2014],
which suggested that the HIMU source had a H,O content of ~440 ppm.

We estimate that melts calculated from pyroxene phenocrysts, from this study, with
isotopic compositions within the EM-2 field from this study have an average
magmatic H,O content of ~355 ppm, which is significantly higher than previous

estimates for EM (e.g. 160 ppm from Bizimis and Peslier [2015]).
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Figure 1: (a) Cpx phenocryst Mg# vs. whole rock Mg#. Solid and dashed black lines
represent the expected Mg# of a melt in equilibrium with cpx assuming a K;, value of
0.28 = 0.02 [McKenzie and O’Nions, 1991] (b) Cpx Mg# vs. host melt Mg#. Melt
compositions were calculated by subtracting out the observed abundance of phenocrysts

from whole rocks. Whole rock compositions from Woodhead et al. [1996], Lassiter et al.
[2003], and Chan et al. [2009].
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from McDonough and Sun [1995]. Grey field represents whole rock compositions (see
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Figure 3: Average cpx Mg# vs. olivine Mg#. Samples RVV 310, RVV 318, RVV 370
and MG1001 fall along the equilibrium line, which suggests that both phases grew in
equilibrium. Several other samples (e.g. RVV 321) do not fall along the equilibrium line
and olivine phenocrysts are likely more primitive than pyroxene phenocrysts. Phase
equilibrium line was generated assuming a cpx (Fe/Mg) K, value of 0.28 [McKenzie and
O’nions, 1991] and an olivine (Fe/Mg) K, value of 0.3 + 0.02 [Ford et al. 1983; Hauri
1996].
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Cabral et al. [2014]. Other studies: Black outlined square symbols represent H,O
concentrations of both melts calculated from clinopyroxene phenocrysts and olivine-
hosted melt inclusions from San Miguel, Azores [Turner et al., 2017]. Melt inclusions
from this study also have systematically lower H,O concentrations than melts calculated
from pyroxene, which further supports post-entrapment H,O loss in melt inclusions. The
black outlined circle represents H,O concentrations of olivine-hosted melt inclusions
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Figure 6: Whole rock **Pb/***Pb vs. average H,0/Ce ratios of melts in equilibrium with
cpx, olivine-hosted melt inclusions, and global OIB glasses and MORB. Error bars
represent standard deviation of mean. “HIMU" H,0/Ce estimate from Cabral et al
[2014], “HIMU® estimate from Jackson et al. [2015]. Sample information: MORB from
Dixon [2002] and Kendrick et al. [2017] (and references therein); Azores from MeTrich
et al. [2014]; Pitcairn and Society from Kendrick et al. [2014]; Mangaia (MGA and
MG1001) from Cabral et al. [2014]; Tuvalu glasses from Jackson et al. [2015]; Discovery
and Shona from Dixon et al. [2002]; Samoa from Workman et al. [2006]; Santiago from
Koleszar et al. [2009]; Loihi from Dixon and Clague [2001]; ESC from Simmons et al.
[2002].
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ratios. Global OIB glasses and melt inclusions, as well as global MORB also show a
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that Ce 1s behaving as expected for a conserved incompatible element, but H,O is not.
See Figure 6 for OIB and MORB references.
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Figure 9: (A) Calculated H,O of melts in equilibrium with cpx vs. calculated Sm of
melts in equilibrium with cpx. There is no observed correlation between magmatic H,O
and Sm. Global OIB glasses and melt inclusions (grey fields) also show no correlation
between H,O and Sm. However, global MORB (field of dashed black and white lines) do
show a correlation between H,O and Sm. (B) Calculated Ce contents of melts in
equilibrium with cpx vs. calculated Sm of melts in equilibrium with cpx. Overall there is
a positive correlation between magmatic Ce content and Sm. Global OIB glasses and
melt inclusions, as well as global MORB also show a positive correlation between Ce
content and Sm content. These observations further suggest that Ce is behaving as
expected for a conserved incompatible element, but H,O is not. See Figure 6 for OIB and
MORB references.
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Figure 10: (A) H,O (wt%) vs. Ce (ppm) of calculated melts from the Cook-Austral
Islands, and their corresponding melt inclusions, as well as global OIB and MORB. H,O
concentrations of melts calculated from pyroxene extend to much higher values than
corresponding melt inclusions. Glasses from Pitcairn, Tuvalu and Society extend to the
highest Ce content and to very low H,O/Ce ratios. Figure modified from Cabral et al.
[2014] and Jackson et al. [2015]. (B) H,O (wt.%) of calculated melts from the Cook-
Austral Islands, and their corresponding melt inclusions, as well as calculated melts from
the Canary Islands vs. corresponding whole-rock K,O (wt.%). Measured H,O and K,O of
global OIB glasses, melt inclusions, and MORB are also plotted in this figure. H,O
concentrations of melts calculated from pyroxene (this study) extend to much higher
values than the global data set for a given K,O value. See Figure 6 for OIB and MORB
references. Canary Island H,O concentrations of melts calculated from pyroxene and
whole rock K,O from Weis et al. [2015] and references therein. A sub-set of Azores H,O
and K,O concentrations of olivine-hosted melt inclusions are from Turner et al. [2017].
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Na/Ti values of pyroxenite and peridotite follow the model outlined in Putirka [1999].
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Figure 13: CO, (ppm) vs. H,O (wt%) of melt inclusions from the Cook-Austral Islands,
as well as glasses and melt inclusions from other OIB. Dashed black lines represent open
and closed system degassing (with O wt% exsolved vapor), as well as an isopleth with a
fixed vapor composition of 109 mol% H,0O and 89.1 mol% CO, (CO,/H,0=8.17).
Degasing paths were generated from the program VolatileCalc_2.0. Inputs for each
model were 49 wt% Si0,, 2.5 wt% H,0, 4000 ppm CO,, and 1250 °C. See Figure 6 for
sample information. See Figure 6 for OIB references.
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Figure 14: Saturation pressure vs. H,O/Ce ratios of melt inclusions from the Cook-
Austral Islands, as well as glasses and melt inclusions from other OIB. Dashed black
lines represent open and closed system degassing (with 0 wt% exsolved vapor), as well as
an isopleth with a fixed vapor composition of 10.9 mol% H,O. Each model follows the
same parameters outlined in Figure 14. Additionally, a constant Ce concentration of 83
ppm was assumed for each model based on H,O/Ce ratio of 300 and 2.5 wt% H,O. See
Figure 6 for OIB references.
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Table 1: Average major element compositions of clinopyroxene phenocrysts
RVV 310 RVV316 RVV318 RVV321l RVV343 RVV 346

n=9 n=1 n=18 n=9 n=6 n=11
SiO, 49.63 46.17 48.79 46.33 49.04 47.13
(1.35) § (1.06) 0.71) (1.04) (2.35)
TiO, 0.95 2.13 1.29 1.95 1.31 1.88
(0.43) § 0.32) 0.32) 0.27) (0.75)
ALO, 5.33 8.20 5.76 8.78 5.07 741
(1.12) . (1.00) (0.78) 0.71) (1.87)
Cr,0, 0.92 0.01 0.51 0.20 0.20 047
0.21) § 0.28) 0.17) (0.03) (0.28)
FeO 6.02 10.56 5.67 7.05 8.48 6.41
0.23) § (0.64) (0.52) 0.37) (0.90)
MnO 0.12 0.29 0.10 0.11 0.18 0.12
(0.03) § 0.02) 0.02) 0.02) 0.03)
MgO 15.38 9.90 14.55 12.74 14.46 13.50
(0.92) - (0.86) (0.62) 0.32) (1.48)
CaO 21.36 22.44 23.11 22.12 20.97 22.85
(0.83) § (0.38) 0.27) 0.21) (0.35)
Na,O 0.38 0.66 0.37 0.73 045 0.44
0.07) - (0.06) (0.09) (0.04) (0.06)
K,O 0.01 0.00 - 0.01 - 0.01
0.01) § . 0.01) § 0.01)
NiO 0.03 - 0.03 0.02 0.02 0.03
0.02) § 0.02) 0.02) 0.01) 0.02)
Total 100.11 100.36 100.19 100.01 100.19 100.22
(1.40) § (0.82) 0.81) (0.85) (0.95)
Mg# 82 63 82 76 75 79
(1) - (2) (2) (1) )
H,O (ppm) 148 111 684 756 90 292
(29) - (198) (100) (13) (61)
DH20 0.03 0.04 0.03 0.05 0.03 0.04
Size (mm) 3.22 0.79 6.33 4.00 3.22 2.33
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Table 1 (continued): Average major element compositions of clinopyroxene phenocrysts
RVV 370 RPA367 RPA414 RPA488 RPAS02 MG1001

n=8 n=11 n=9 n=7 n=>5 n=15
(\Eflt??;) 50.30 49.60 49.64 48.66 4791 49.78
(0.99) (1.49) (1.49) (1.02) (1.94) (0.73)
TiO, 0.98 1.42 1.30 1.70 2.04 1.06
(0.25) (0.58) (0.46) 021) (0.35) (0.26)
ALO, 445 472 5.15 6.07 6.28 437
(0.74) (1.10) (0.92) 0.61) (0.97) (0.56)
Cr,0;, 0.98 0.66 0.70 0.86 0.61 0.85
0.12) (0.46) (0.19) (0.35) (0.14) (0.19)
FeO 5.50 6.15 5.62 5.86 6.12 5.27
0.31) (134) 0.31) 0.47) (0.30) (0.25)
MnO 0.12 0.13 0.10 0.11 0.10 0.10
0.02) (0.04) 0.02) 0.02) 0.02) 0.02)
MgO 15.82 15.11 15.29 14.87 14.45 1541
(0.40) (1.17) (0.74) 0.28) 0.51) (0.65)
CaO 21.67 21.70 22.04 21.94 22.22 22.78
(0.30) 0.51) 0.61) (0.25) (0.46) (0.42)
Na,O 0.37 042 0.40 042 047 0.37
(0.08) (0.06) (0.09) (0.03) (0.03) (0.04)
K,O 0.00 0.00 0.00 0.01 - 0.00
(0.00) (0.00) (0.00) . . (0.00)
NiO 0.03 0.04 0.03 0.04 0.03 0.03
0.01) (0.03) 0.01) 0.02) 0.02) 0.01)
Total 100.21 99.93 100.25 100.52 100.23 100.00
(0.75) (0.78) (0.83) (1.23) (1.29) (1.19)
Mg# 84 81 83 82 81 84
(1) (4) () (D (H (H
H,O(ppm) 425 263 271 498 382 404
(122) (138) (106) (84) (80) (1)
DH20 0.02 0.03 0.03 0.03 0.04 0.03
Size (mm) 5.56 2.78 4.89 2.44 4.11 6.33

53



Values in parentheses refer to 1 standard deviation from sample average.

“n=""refers to number of pyroxene grains analyzed from each sample.

“RVV” refers to whole rock samples from Raivavae Island; “RPA” refers to whole rock

samples from Rapa Island; “MG” refers to whole rock samples from Mangaia.

Mg

Mg# = 10—+ 100
Cr#t=—<" %100
(Cr+Al)

FeO* refers to total iron content (FeO* = FeO + Fe,0,)

Dy, ¢ refers to the calculated partition coefficient of H,O via the methods from Hauri et

al. [2006]: Dy, = (0.326 x %) -0.0016

Size (mm) refers to the average of 10 rim-to-rim length measurements of pyroxene

phenocrysts from each sample.
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Table 2: Average trace element compositions of clinopyroxene phenocrysts
RVV 310 RVV316 RVV318 RVV321 RVV343 RVV 346

Sr (ppm) 45 .38 135.10 53.70 78.36 35.95 63.76
(13.31) - (5.37) (11.26) (1.62) (12.18)

Y 8.69 15.78 9.18 12.88 12.62 13.13
(1.88) - 221) (1.93) (2.17) (5.61)
Zr 23.76 144 .40 36.69 53.76 27.13 69.30
(13.92) - (12.91) (12.75) (6.96) (48.88)

Nb 0.17 2.49 044 0.73 0.16 0.83
(0.09) - 0.32) (0.16) (0.05) 0.72)

Ba 0.03 1.74 0.24 0.14 0.00 0.14
0.07) - (0.78) (0.30) (0.00) 0.28)

La 1.50 9.24 3.06 432 1.62 476
(0.76) - 0.77) (0.90) 0.24) (2.63)

Ce 6.24 34.50 11.37 16.59 7.01 17.31
(3.04) - (2.67) (3.19) (1.13) (9.07)

Pr 1.08 542 1.86 2.69 1.23 2.78
0.51) - 0.42) (0.56) 0.17) (1.39)
Nd 641 26.80 9.98 14.61 7.64 14.46
(2.88) - (2.22) (2.99) (1.28) (6.99)

Sm 2.03 6.67 2.70 4.03 2.68 3.92
(0.79) - (0.66) (0.75) (0.44) (1.77)

Eu 0.73 1.99 0.86 1.32 0.94 1.27
(0.25) - ©021) (0.25) (0.14) (0.55)

Gd 2.26 5.44 2.56 3.83 3.05 3.72
(0.68) - (0.58) (0.69) (0.52) (1.67)

Tb 0.34 0.75 0.36 0.54 046 0.54
(0.10) - (0.08) (0.08) (0.08) 0.24)

Dy 2.07 4.19 2.19 3.17 291 3.16
(0.52) - (0.53) (0.49) (0.48) (1.29)

Ho 0.37 0.69 0.38 0.54 0.52 0.56
(0.09) - (0.10) (0.09) (0.10) 0.24)

Er 0.87 1.54 0.94 1.32 1.30 1.34
021) - (0.23) (0.20) 021) (0.56)

Tm 0.10 0.18 0.12 0.15 0.15 0.16
0.02) - (0.03) 0.02) (0.03) 0.07)

Yb 0.63 1.09 0.73 091 0.95 0.97
0.12) - (0.19) (0.16) (0.14) 0.42)

Lu 0.08 0.15 0.09 0.12 0.12 0.13
0.02) - 0.02) 0.02) 0.02) (0.06)
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Table 2 (continued): Average trace element compositions of clinopyroxene phenocrysts
RVV 370 RPA367 RPA414 RPA488 RPAS02 MG1001

Sr (ppm) 41.99 68.62 59.77 71.92 82.78 50.06
(4.39) (19.15) (12.91) (5.05) (2.74) (6.56)

Y 8.72 12.34 9.02 10.17 11.14 7.18
(1.15) (4.68) (2.36) (1.76) (1.10) (1.03)
Zr 21.99 52.55 32.71 41.06 55.45 25.32
(5.17) (31.83) (13.88) (9.79) (8.96) (8.79)

Nb 0.14 0.33 0.24 0.24 041 0.17
(0.04) (0.18) 0.22) (0.05) (0.05) (0.09)

Ba 0.00 0.11 0.09 0.01 0.14 0.17
0.01) 021) (0.19) (0.03) 0.23) (0.38)

La 1.55 3.16 1.99 2.32 2.95 1.87
(0.38) (1.58) (0.86) 0.42) (0.35) (0.53)

Ce 6.49 12.96 8.13 9.69 11.99 7.56
(1.45) (6.47) (2.93) (1.48) (1.44) (1.89)

Pr 1.15 2.25 1.44 1.77 2.15 1.29
(0.26) (1.14) (0.50) (0.30) 0.27) (0.30)

Nd 6.82 12.73 8.31 10.73 12.46 7.15
(1.42) (6.19) (2.87) (1.80) (1.42) (1.38)

Sm 2.24 3.95 2.55 3.27 3.85 2.15
(0.34) (1.84) (0.78) (0.53) 0.41) 0.47)

Eu 0.75 1.26 091 1.14 1.30 0.71
0.12) (0.56) (0.26) 0.17) (0.13) 0.12)

Gd 2.37 3.87 2.63 3.40 3.73 2.14
(0.38) (1.72) (0.80) (0.69) 0.41) 0.42)

Tb 0.35 0.53 0.37 046 0.52 0.30
(0.06) (0.23) (0.10) (0.08) (0.06) 0.04)

Dy 2.08 3.09 2.16 2.67 2.83 1.74
(0.26) (1.19) (0.54) (0.47) 0.32) 0.22)

Ho 0.36 0.51 0.37 042 046 0.30
(0.05) (0.19) ©.11) 0.07) (0.06) 0.04)

Er 0.90 1.19 0.88 0.99 1.07 0.72
©.11) (0.45) 0.23) 0.17) (0.15) (0.10)

Tm 0.10 0.14 0.10 0.11 0.12 0.09
©0.01) (0.05) (0.03) 0.02) 0.02) ©0.01)

Yb 0.62 0.81 0.60 0.62 0.67 0.51
(0.09) 031) (0.15) 0.12) (0.08) (0.09)

Lu 0.08 0.10 0.07 0.08 0.08 0.07
0.01) (0.04) 0.02) 0.02) 0.02) ©0.01)
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Values in parentheses refer to 1 standard deviation from sample average.

“n=""refers to number of pyroxene grains analyzed from each sample.

See Table 1 for sample naming scheme.
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Table 3: Average composition of melts calculated from pyroxene phenocrysts.
RVYV 310 RVYV 318 RVYV 321 RVYV 343 RVYV 346

Mg# 0.56 0.57 048 0.46 0.51
(0.02) (0.05) (0.03) (0.02) (0.06)

H,0 (wt%) 0.55 2.13 1.67 0.31 0.73
(0.13) (0.64) 0.31) (0.06) (0.16)

Temp (°C) 1216 1139 1176 1192 1154
(25) (54) (22) (11) (58)

La (ppm) 253 32.6 420 209 38.7
(8.8) (3.8) (8.3) (3.0) (11.8)

Ce 58.7 66.6 87.9 50.0 77.1
(20.4) (75) (14.6) (8.8) (20.8)

Nd 32.5 304 399 28.4 334
(11.8) (33) (6.6) (4.8) (1.7)

Sm 7.8 6.0 8.0 7.3 6.7
(2.9) (0.8) (1.0) 0.9) (14)

Eu 2.6 1.7 24 2.3 2.0
(1.0) 0.2) 0.3) 0.3) 0.4)

Gd 7.6 4.7 64 7.0 53
(34) 0.4) 0.7) (1.0) (1.1)

Dy 6.4 37 4.9 6.1 42
(2.9) (0.5) (0.5) 0.9) (0.8)

Ho 1.1 0.6 0.8 1.0 0.7
0.4) 0.1) 0.1) 0.2) 0.1)

Er 2.6 1.6 2.0 2.7 1.7
(1.1) 0.2) 0.2) 0.4) 0.4)

Tm 0.3 0.2 0.2 0.3 0.2
0.2) 0.0) 0.0) 0.0) 0.0)

Yb 2.0 1.3 14 2.0 1.3
0.9) 0.2) 0.2) 0.2) 0.3)

Lu 0.3 0.2 0.2 0.3 0.2
0.1) 0.0) (0.0) 0.0) 0.0)
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Table 3 (continued): Average calculated melt composition

RPA 367 RPA 488 RPA 502 MG1001

Mg# 0.55 0.56 0.54 0.60
0.07) 0.02) 0.02) 0.02)

H,0 (wt%) 1.08 1.49 1.06 1.55
0.67) (0.36) (0.33) (0.40)
Temp (°C) 1161 1161 1210 1270
(73) (24) (16) (22)

La (ppm) 44.6 29.6 335 26.5
(14.5) 4.5) (1.5) (7.5)
Ce 100.8 67.9 74.6 59.8
(33.1) 8.2) 39 (17.2)
Nd 520 39.2 404 29.8
(16.6) 4.8) 24 84

Sm 12.1 8.8 92 6.6
(3.9) (1.1) (0.6) (1.7)

Eu 35 2.7 2.8 19
(1.1 0.3) 0.2) 0.5)

Gd 99 7.6 74 55
3.1 (1.2) 0.5) (1.7)

Dy 7.5 55 52 4.1
(2.6) 0.6) 0.4) (1.2)

Ho 1.2 0.8 0.8 0.7
04 0.1 0.1 0.2)

Er 2.8 2.0 19 1.7
(1.0) 0.3) 0.2) 04

Tm 03 0.2 0.2 0.2
0.1 0.0) 0.0) 0.1

Yb 2.0 1.3 1.3 1.2
©.7 0.2) 0.2) 0.3)

Lu 0.2 0.2 0.2 0.2
©.1) 0.0) (0.0) ©.1)
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Values in parentheses refer to 1 standard deviation from sample average.

“n=""refers to number of pyroxene grains analyzed from each sample.

See Table 1 for sample naming scheme.

Melt major element compositions calculated by subtracting olivine and pyroxene

phenocryst in their observed abundances from whole rock compositions.

___ Mg
Mg# = (1g+Fe) * 100

FeO* refers to total iron content (FeO* = FeO + Fe,0,)

Melt H,O concentrations calculated using parameters outlined in Hauri et al. [2006] (see

Table A5 information).
Melt temperatures calculated from Equation 2 of Putirka et al. [2007] using olivine major
element compositions calculated to be in equilibrium with pyroxene phenocrysts from the

same samples.

Melt trace element compositions calculated using pyroxene/melt partition coefficients

calculated from the program BigD.

60



Appendix

Full Methods Description

Sample Preparation:

Nine mounts of 10 samples from the Cook-Austral Islands (Raivavae, Rapa, and
Mangaia) were created in the following way: Whole rock samples were crushed and
sieved for mineral separates. Pristine and inclusion free clinopyroxene minerals were
picked and then mounted in crystal bond on glass slides. Grains were polished with grit
paper from 65 to 13 pm and then polished to 1 pm using diamond paste. The crystal
bond, in which the polished grains were mounted, was dissolved in an acetone bath.
Individual polished grains were then washed in a series of baths: clean acetone, ethanol,
and deionized water.

Indium was used as the final mounting material for samples to minimize H,O
contamination during SIMS analysis at Arizona State University. The indium was held in
1 inch aluminum rounds with a cylindrical depression of 0.75 inches in diameter at the
center. Prior to placement of the clinopyroxene grains, the indium mounts were prepared
using the following procedure. Solid indium was placed in the center of the mounts and
heated to 250 °C on a hot plate in order to melt the indium into the mount. To ensure no
organic material was incorporated into the mount, temperatures above the melting
temperature of indium were used to oxidize any organics. Indium oxidizes in the presence
of oxygen, thus an oxide coat was formed on the surface of the mounts, which was
scraped off prior to cooling. Lastly, the mounts were places between two plastic sheets
and pressed to 5 tons of force using a hydraulic press at the University of Texas at Austin.
This ensured that the mounts had a level and flat surface. However, five tons of force was

fairly excessive and resulted in the deformation of our mounts (each mount widened by a
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few millimeters). The aluminum sides of these mounts had to then be ground in order to
fit into the 1 inch EMPA and SIMS mount holders. Each mount was then carbon coated
prior to major element analysis.

Cleaned grains were picked and loaded onto mounts and pressed into place with a
clean glass microscope slide. Once grains and standards were placed, the mounts were
pressed with the hydraulic press using the same procedure as before. Lastly, the mounts
were lightly polished using a 1 pm diamond suspension and polishing cloth to remove
surficial material. The mounts were then sonicated for 10 sec in 18M() water and stored

in an oven at 80 °C.

Major Element Analysis:

Following sample preparation, grains within these nine mounts were analyzed for
major elements using the JEOL JXA-8200 EPMA at the University of Texas at Austin.
EMPA analysis were conduced using a 20 nA beam current, 15 kV accelerating voltage,
and a 10 um defocused beam. Count times were 30 to 40 seconds on peak and 15 to
20 seconds off peak. Precision of repeated analysis on the secondary standard
NMNH Cr-Augite 164905 is given in Appendix Table Al. For elements with
concentrations greater than 1 wt. %, reproducibility of Cr-Augite 164905 was better than
2%. For elements with concentrations less than 1 wt%, reproducibility ranged from better
than 5% for Cr,0;, 11% for Na,O, MnO, TiO,, and better than 12% for MnO. Averaged
analyses of NMNH Cr Augite were accurate within 5% of published values for all
elements, except for Mn (within 8%) (Jarosewich et al., 1980). Cr-Augite NMNH 164905
is a true secondary standard for Mounts F, G, H, and I. However, for Mounts A through
E, Al was calibrated using Cr-Augite as a primary standard, therefore NMNH Kakanui

Hornblende 143965 was used as a secondary standard for this element. Repeated analyses
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of Kakanui Hornblende were reproducible better than 2% for Al. Furthermore, Cr-Augite
was used as the primary standard for Mg, Si, Ca and Fe for Mount A, B, and C. Thus, for
these mounts, Kakanui Hornblende was used as the secondary standard for Mg, Si, Ca
and Fe. Reproducibility for these elements was also better than 2%. Averaged analyses of
NMNH Kakanui Hornblende were within 3% of published values for Al,O,, FeO, CaO,
MgO, Si0O,.

Volatile Content Analysis:

Following major element analysis, samples were analyzed for H,O contents using
the Cameca IMS 6f Secondary Ion Mass Spectrometer at Arizona State University.
Mounts were left in the SIMS anti-chamber at 2x10® torr for roughly 24 hours prior to
analysis in order to minimize the background signal. Main chamber pressures ranged
from 2.5 x10™"° to 4x10™" torr during analysis and a 10 nA rastered Cs+ beam was used
for analysis. Energy filtering was conducted with a 75V offset. Mass resolving power
was approximately 5000. A 20 pm primary beam was rastered across a 40 pm square
area. However, only an 8 pm circular area in the center of the rastered area was sampled.
Intensities of '°O'H, 'O, "F, *Si, and *Cl were measured by an electron multiplier.
Although a majority of the measured grains are inclusion free, intensities of '°O'H and
*Cl over the duration of individual analyses were used to monitor for possible inclusions
or contamination that contain much higher H,O content than the host pyroxene. See
Appendix Figure Alla for an example of a spot analysis containing an inclusion, as well
as Appendix Figure A11b for an inclusion free spot analysis.

We analyzed the exact same (or as close as possible) spots from EPMA
measurements to maintain consistency across all data sets (from major elements, to H,O

content, and to trace elements). Mosenfelder and Rossman [2013 B] suggested there is
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little to no matrix effects between olivine, orthopyroxene, and clinopyroxene. Therefore,
we used matrix matched olivine and pyroxene standards. The well-correlated calibration
curves generated from our analyses further demonstrate that there is no matrix effect
between olivine, orthopyroxene, and clinopyroxene. Two to three standards were placed
at the center of each mount, these standards include PMR 53, JLM 77, CITI7210,
62047708, GRR2334a, GRR16506 [Mosenfelder and Rossman, 2013 B]. In addition to
standard, a blank was also placed at the center of each mount. Blanks used are San Carlos
and GRR1017 [Mosenfelder and Rossman, 2013 A]. Background OH7/Si intensities were
determined via the analysis of either San Carlos or GRR1017. GRR1017 is a true blank
standard with reported FTIR values of O ppm H20 [Mosenfelder and Rossman, 2013 A].
Measurements conducted by Edward Marshall via the Thermo Electron Nicolet 6700
FTIR spectrometer at the University of Texas at Austin, show that San Carlos has <3
ppm H,O, below detection limits for FTIR. Therefore, we cannot definitively say that San
Carlos is a true blank.

A single mount was measured each day. A block of standards were run at the
beginning of each analytical sequence, at the end, and between every ~10 sample
analyses. Blank background intensities were subtracted from standards and samples
within each calibration block. The blank corrected standard intensities were then
regressed against their published values (see Appendix Table A2 for published values and
references). This regression was forced through zero and the resulting regression function
was used to calculate sample intensities between each standard block. Any calibration
curve that produced an R* value less than 0.90 was subsequently rejected along with the
sample analyses associated with said calibration curve. See Appendix Figure A12 for all

calibration curves.
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Several studies of the standard PMR 53 have reported a large range in H,O
concentrations from 202 ppm [Aubaud et al. 2007] to 333 [Mosenfelder and Rossman,
2013 B]. Therefore, PMR 53 was used as a secondary standard for any mounts with three
or more standards, not including PMR 53. For these mounts, PMR 53 was treated in the
same manner as a sample, where a regression function generated from a calibration curve
was used to calculate intensity. All calculated intensities of PMR 53 were then averaged
together (see Appendix Table A3) and was then used in any calibration curve that did not
contain more than three standards other than PMR 53.

Individual grain H,O contents were averaged together for each sample. Any
individual grain analyses that resulted in H,O contents outside a 20 standard deviation
for that sample were removed from the data set and not considered in the average.
Furthermore, any samples that had high standard error relative to poisson error
(SE/PE > 5) were removed. This is only the case for two analyses, where SE/PE is

>800 in addition to no detectable 35Cl.

Trace Element Analysis:

Trace element concentrations were measured via Excimer LA-ICP-MS with a
New Wave UP-193FX laser system coupled to an Agilent 7500Ce quadrupole at the
University of Texas at Austin. Again, we analyzed the exact same spots (or as close as
possible) from EPMA and SIMS measurements to maintain consistency across all data
sets. All grains were pre-abalted with a 100 um spot size. Each analysis used a 90 pm
spot size at 40% power and a 10 Hz rep rate. A 45 second gas blank was collected before
each analysis followed by a 60 second laser dwell time. Ablated material was transported
with a He sweep gas flow rate of 750 mL/min and an Ar carrier gas flow of 900 mL/min.

A total of 121 spot analyses were conducted, including standards. NIST 612 (a synthetic
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glass) was used as a primary standard and BCR 2G (a USGS basalt) was used as a
secondary standard. Three spots of NIST 612 and BCR 2G were analyzed at the
beginning and end of the sequence, as well as between every hour of analyses. Analyses
of BCR-2G were accurate within 6% of published values for all elements other than Ti
(7.6%) and Pb (6.8%) (see Appendix Table A4). Repeated analyses of BCR-2G were
reproducible within 5% (1) for all elements other than Tm (12.6%), Lu (11.3%), and U

(5.5%).
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Figure Al: (A) Measured H,O vs. Mg# of clinopyroxene phenocrysts. Overall there is no
correlation between H,0 and Mg#. (B) Measured Ce vs. Mg# of clinopyroxene

phenocrysts. There is a negative correlation between Ce content and Mg#.
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Figure A2: (A) Measured H,O vs. La/Sm ratios of clinopyroxene phenocrysts. Overall
there is a weak positive correlation between H,O and La/Sm. (B) Measured Ce vs. La/Sm
ratios of clinopyroxene phenocrysts. There is a positive correlation between Ce content

and La/Sm.

68



160
120 -
S
>
[
o
T 80+
o
&
O
@)
40 -
O* ] | | | |
0 40 80 120 160

Ce (ppm) WR - Oli - Cpx

Figure A3: Average Ce concentrations of melts calculated from pyroxene and olivine-
hosted melt inclusions from the same samples vs. average whole rock Ce concentrations.
Melt inclusions from samples RVV 318, RVV 321, RVV 343, RVV 346 and MG1001
have systematically higher Ce concentrations than corresponding melts from pyroxene
phenocrysts. Melt inclusions data from Lassiter et al. [2002], Szramek [2010], and Cabral
et al. [2014].
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Figure A4: Cpx phenocrysts/Total phenocrysts vs. whole rock *Pb/***Pb. Cpx
phenocryst represents the % phenocrysts observed in the rock and total phenocryst
represents the total % of olivine and clinopyroxene phenocrysts in the rock. There is a
general correlation between cpx phenocrysts/total phenocrysts and isotopic values.
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Figure AS: Calculated pyroxene/melt K, values of a representative pyroxene grain at
different temperatures. K, values calculated from the program BigD [Nielsen, 1992]. K,

values generated from BigD are insensitive to temperature for all elements other than
Eu™*.
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Figure A6: (A) Measured H,O concentrations of pyroxene phenocrysts vs. calculated
pyroxene/melt K, (H,O) values. There is no correlation between pyroxene H,O and K,
values, which suggest K, values are not dependent of pyroxene H,O content. (B) H,O
content of melts calculated from pyroxene phenocrysts vs. calculated pyroxene/melt K,
(H,O) values. There is no correlation between melt H,O and K, values, which suggests
melt H,O content is not dependent on K, values. K, values calculated from parameters
outline in Hauri et al. [2006].

72



2.0=

1.5
< —/\ :
B
S _
m” 1.0 =
< . 0 .

1
0.5 - .
: —
0.0 = ' .
0.02 0.03 0.04 0.05
K HO

Figure A7: AH,O (wt%) vs. calculated pyroxene/melt K, (H,0). AH,O represents the
difference between average magmatic H,O calculated from pyroxene phenocrysts and
average olivine-hosted melt inclusion H,O from the same samples. Pyroxene/melt K
values calculated from parameters outlined in Hauri et al. [2006]. There is no observed
correlation between AH,0 and K, values. Melt inclusions data from Lassiter et al.
[2002], Szramek [2010], and Cabral et al. [2014].
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Figure A8: H,O (wt%) in melt inclusions vs. melt inclusion diameter (long axis). Figure
modified from Cabral et al. [2014]. Solid black lines represent trend lines through
individual samples. Melt inclusions data from Lassiter et al. [2002], Szramek [2010], and

Cabral et al. [2014].
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Figure A9: Average phenocryst size vs. average phenocryst H,O content. Phenocryst
size refers to the average of 10 rim-to-rim length measurements of pyroxene phenocrysts
from each sample. There is a broad correlation between H20 content and phenocrysts
size.
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Figure A10: Core to rim transects of H,O content in six pyroxene phenocrysts. (A) RVV
370 and (B) RPA 367 shows no clear correlations between H,O content and distance
from rim (C) MG1001 (D) RVV 321 (E) RVV 318 shows a weak correlation between
H,O content and distance from rim. However, the trend is opposite of what is expected,
with an increase in H,O towards to rim rather than a decrease. Phenocryst (C) shows a
decrease in H,O by 54 ppm (11% increase). Phenocryst (D) shows a decrease in H,O by
25 ppm (3% increase). Phenocryst (E) shows an increase in H,O by 184 ppm (21%
increase). (F) RPA 502 shows a decrease in H20 content from core to rim, as expected,
by 131 ppm (20% decrease).
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Table Al: Precision and accuracy of secondary standard Cr-Augite and Kakanui

Hornblende.
Cr-Augite NMNH 164905 NMNH Kakanui Horblende 143965
Average  Published %Diff %RSD | Average Published %Diff %RSD

Na,O 0.82 0.84 3% 11% - - - -
Al,03 7.93 8.03 1% 1% 14.96 14.90 04% 1%

Cr,03 0.89 0.85 5% 4% - - - -
FeO 4.79 4.69 2% 2% 10.77 10.92 14% 1%
Ca0 17.33 17.30 0% 1% 10.03 10.30 26% 1%
MgO 17.26 17.32 0% 2% 12.61 12.80 14% 2%
Sio, 49.92 50.48 1% 1% 39.92 40.37 1.1% 1%

MnO 0.13 0.12 8% 12% - - - -

K,O 0.00 - - - - - - -

NiO 0.05 - - - - - - -

TiO, 0.49 0.51 4% 11% - - - -
Total 99.60 100.14 1% 1% 96.22 100.06 0.04 1%
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Table A2: Blank corrected OH/Si intensities and known H,O concentrations of standards

used for SIMS analyses.

Blank Known H,0
Sample ID: Correcte ( m)z Reference
d OH/si PP
M tA:
ount A: Standard San Carlos-Ala | 3.48E-05 3 Ed Marshall by FTIR
Block 1
JLM77-Ala 1.76E-03 217 &O;e”fe'der' 2013 (part 2),
PMR53-Ala 2.40E-03 291 Averaged Calculated PMR53
GRR1017-Ala 0 0 Mosenfelder. 2011
Mount A: Standard ILM77-A1b 1.70E-03 217 Mosenfelder, 2013 (part 2),
Block 2 L&R
PMR53-Alb 2.33E-03 291 Averaged Calculated PMR53
GRR1017-Alb 0 0 Mosenfelder. 2011
Mount A: Standard ILM77-Alc 1.74E-03 217 Mosenfelder, 2013 (part 2),
Block 3 L&R
PMR53-Alc 2.75E-03 291 Averaged Calculated PMR53
GRR1017-Alc 0 0 Mosenfelder. 2011
Mount B: Standard PMR53-Bla 1.67E-03 291 Averaged Calculated PMR53
Block 1
PMR53-B1b 1.44E-03 291 Averaged Calculated PMR53
San Carlos-Bla 0 3 Ed Marshall by FTIR
CITI7210-Bla | -4.02E-04 29 &O;e”fe'der' 2013 (part 2),
Mount B: Standard San Carlos-B1b 0 3 Ed Marshall by FTIR
Block 2
PMR53-Blc 1.70E-03 291 Averaged Calculated PMR53
CITi7210-B1b | -1.94E-04 29 &O;e”fe'der' 2013 (part 2),
M tB:S
oun tandard San Carlos-Blc 0 3 Ed Marshall by FTIR
Block 3
PMR53-B1d 1.70E-03 291 Averaged Calculated PMR53
CITI7210-Blc | -2.72E-04 29 Mosenfelder, 2013 (part 2),

L&R

80




Table A2 (continued): Blank corrected OH/Si intensities and known H,O concentrations

of standards used for SIMS analyses.

Sample ID: Blank Corrfacted Known H,0 Reference
OH/Si (ppm)
xg:c?;rz: Block 4 PMRS3-Ble 1.82E-03 291 é:iflif:d PMR53
San Carlos-B1d 0 3 :E:ll';/'a“ha” by
CITI7210-B1d 1.09E-03 29 :\s::f;)felie; 2013
’S\gg:cri];rfi: Block 1 San Carlos-Cla 0 3 E:”':lamha” by
PuRe3Cle 2A1E03 291 é:iﬁif:d PMR53
62047708-Cla 7.76E-04 122 ?s::f;)feiie; 2013
Sl\t/]a?'lliir;trc(i::Block 2 PMR53-C1b 2.76E-03 291 é:iflii:d PMRS3
San Carlos-C1b 0 3 E:“';/'a“ha” by
62047708-C1b 8.85E-04 122 ?s::f;)feiie; 2013
Sl\t/]a?'lliir;trc(i::Block 3 | PMRS3-Cle 2.72E-03 291 é:iflii:d PMRS3
San Carlos-Clc 0 3 :E:ll';/'a“ha” by
62047708-C1c 1.00E-03 122 ?s::f;)feiie; 2013
’S\fg:cri];rz:Block 1 San Carlos-D1a 0 3 E:“':lamha” by
GRR2334a-D1a 6.39E-04 74 :\s::f:)felie; 2013
GRR1650b-D1a 7.57E-04 119 ?s::f;‘)feiie; 2013
’S\fg:cri];rz:Block 2 San Carlos-D1b 0 3 E:“':lamha” by
GRR2334a-D1b 8.33E-04 74 :\s::f:)felie; 2013
GRR16506-D1b 1.33E-03 119 ?s::f;‘)feiie; 2013
’S\fg:cri];rz:Block 3 San Carlos-D1c 0 3 E:”':lamha” by
GRR2334a-D1c 7.21E-04 74 ?s::f;)felie; 2013
GRR16506-D1c 8.54E-04 119 Mosenfelder, 2013

(part 1), L&R
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Table A2 (continued): Blank corrected OH/Si intensities and known H,O concentrations

of standards used for SIMS analyses.

sample ID: Blank Corrfacted Known H,0 Reference
OH/Si (ppm)

212:3;2: Block 1 San Carlos-E1a 0 3 E:llll/larshall by
GRR2334a-Ela 9.51E-04 74 :\s::f;)felie; 2013
JLM50-E1a 2.20E-04 36 :\s::f:)feae; 2013

Sl\t/]a?'lliir;tr::Block 2 San Carlos-E1b 0 3 E:”':lamha” by
JLM50-E1b 3.15E-04 36 :\s::f:)felie; 2013
GRR2334a-Elb 5.59E-04 74 :\s::f:)felie; 2013

Sl\t/]a?'lliir;tr::Block 3 San Carlos-Elc 0 3 E:”':lamha” by
JLM50-Elc 3.09E-04 36 :\s::f:)felie; 2013
GRR2334a-Elc 5.80E-04 74 :\s::f:)felie; 2013
212:2;2 Block 1 | 'tM77-F1a 1.44E-03 217 ;\F")::f;)felie; 2013
GRR2334a-Fla 4.73E-04 74 :\s::f;)felie; 2013

San Carlos-F2a 0 3 E:“';/'a“ha” by
Sl\t/]a?'lliir;trs:Block 2 JLM77-F1b 1.42E-03 217 ;\s:rs:;)f,ell_ieﬁr’ 2013

San Carlos-F2b 0 3 E:“';/'a“ha” by
GRR2334a-F1b 4.71E-04 74 :\s::f:)felie; 2013

Sl\t/]a?'lliir;trs:Block 3 San Carlos-F2c 0 3 E:“':lamha” by
GRR2334a-F1c 5.03E-04 74 :\s::f:)felie; 2013
JLM77-F1c 1.38E-03 217 Mosenfelder, 2013

(part 2), L&R
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Table A2 (continued): Blank corrected OH/Si intensities and known H,O concentrations

of standards used for SIMS analyses.

Sample ID: Blank Corrfacted Known H,0 Reference
OH/si (ppm)
212:3;2 Block 4 San Carlos-F2d 0 3 E:lg/larshall by
GRR2334a-F1d 5.42E-04 74 :\s::f;)felie; 2013
JLM77-F1d 1.35E-03 217 ?s::f;)feiie; 2013
’S\fg:cri];rcc;i:Block 1 San Carlos-Gla 0 3 E:”':lamha” by
JLM77-G1a 1.43E-03 217 ?s::f;)feiie; 2013
GRR2334a-Gla 4.73E-04 74 :\s::f:)felie; 2013
’S\fg:cri];rcc;i:Block 2 San Carlos-G1b 0 3 E:“':lamha” by
JLM77-G1b 1.34E-03 217 ?s::f;)feiie; 2013
GRR2334a-G1b 4.78E-04 74 :\s::f:)felie; 2013
Sl\t/]a?'lliir;trc?:BIock 3 San Carlos-Glc 0 3 E:“':lamha” by
ILM77-G1c 1.23£-03 217 ?s::f;)fe&e; 2013
GRR2334a-Glc 4.70E-04 74 :\s::f:)felie; 2013
’S\fg:cri];r?Block 1 San Carlos-H1a 0 3 E:“':lamha” by
GRR1650b-H1a 4.22E-04 119 ?s::f;‘)feiie; 2013
62047-70B-H1a 6.35E-04 122 ?s::f;)feiie; 2013
CITI7210-H1a 2.35E-04 29 :\s::f;)felie; 2013
GRR1650b-H1b 3.57E-04 119 ?s::f;‘)feiie; 2013
Sl\t/]a?'lliir;tr::Block 2 San Carlos-H1b 0 3 E:”':lamha” by
GRR1650b-H1b 6.00E-04 119 ?s::f;‘)fe&e; 2013
62047-70B-H1b 7.82E-04 122 ?s::f;)feiie; 2013
CITI7210-H1b 2.46E-04 29 Mosenfelder, 2013

(part 2), L&R
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Table A2 (continued): Blank corrected OH/Si intensities and known H,O concentrations

of standards used for SIMS analyses.

samble ID: Blank Corrected Known H,0 Reference
pie 1L OH/Si (ppm)
Mount H: Mosenfelder, 2013
Standard Block 3 GRR1650b-H1c >-008-04 o (part 1), L&R
Ed Marshall by
San Carlos-H1c 0 3 FTIR
Mosenfelder, 2013
62047-70B-H1c 7.40E-04 122 (part 2), L&R
Mosenfelder, 2013
CITI7210-H1c 2.05E-04 29 (part 2), L&R
Mount I: GRR1017-11a 0 0 Mosenfelder. 2011
Standard Block 1 .
San Carlos-l1a 2.50E-06 3 £d Marshall by
FTIR
Mosenfelder, 2013
GRR2334a-I1a 5.87E-04 74 (part 1), L&R
Mosenfelder, 2013
CITI7210-11a 2.30E-04 29 (part 2), L&R
Mount |: GRR1017-l1b 0 0 Mosenfelder. 2011
Standard Block 2 .
San Carlos-11b 1.47E-05 3 £d Marshall by
FTIR
Mosenfelder, 2013
GRR2334a-I11b 5.84E-04 74 (part 1), L&R
Mosenfelder, 2013
CITI7210-11b 2.58E-04 29 (part 2), L&R
Mount I: GRR1017-I1c 0 0 Mosenfelder. 2011
Standard Block 3 .
Mosenfelder, 2013
GRR2334a-I1c 5.71E-04 74 (part 1), L&R
Mosenfelder, 2013
CITI7210-11c 2.63E-04 29 (part 2), L&R
San Carlos-11c 1.53E-05 3 Ed Marshall by

FTIR

84




Table A3: Individual and averaged calculated intensities of secondary standard PMR 53.

Calculated

Sample ID: H,0 (ppm)
PMR53-Dla 339.4
PMR53-D1b 234.1
PMR53-Di1c 271.3
PMR53-Ela -
PMR53-E1b 244.7
PMR53-Elc 236.1
PMR53-E1d 249.2
PMR53-F3a 323.5
PMR53-F3b 335.9
PMR53-F3c 298.7
PMR53-F3d 315.5
PMR-53-G3a 314.4
PMR-53-G3b 313.7
PMR53-G3c -
PMR53-H1a -
PMR53-H1b 336.1
PMR53-H1c 338.4
PMR53-11b 278.6
PMR53-11a 304.9
PMR53-11c 257.5
PMR53-11d 253.3

AVERAGE 291

to 38.2
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Table A4: Average measured trace element composition of LA-ICP-MS secondary

standard BCR-2G compared to published values.

Accuracy to

BCR-2G Average o Published Standard %RSD
Na 23803 232 23962 0.7% 1.0%
Ca 50124 742 50457 0.7% 1.5%
Ti 13032 387 14100 7.6% 3.0%
Vv 436 5.21 425 2.6% 1.2%
Rb 47.3 0.67 47.0 0.6% 1.4%
Sr 326 7.58 342 4.8% 2.3%
Y 33.2 1.13 35.0 5.2% 3.4%
r 180 4.89 184 2.2% 2.7%
Nb 12.9 0.25 12.5 3.5% 1.9%
Ba 665 13.83 683 2.7% 2.1%
La 24.4 0.70 24.7 1.2% 2.9%
Ce 51.2 1.12 53.3 3.9% 2.2%
Pr 6.37 0.19 6.70 4.9% 3.0%
Nd 28.1 0.86 28.9 2.7% 3.1%
Sm 6.62 0.21 6.59 0.4% 3.2%
Eu 1.95 0.08 1.97 1.0% 4.0%
Gd 6.45 0.25 6.71 3.8% 3.8%
Tb 1.00 0.05 1.02 2.3% 5.0%
Dy 6.35 0.23 6.44 1.4% 3.7%
Ho 1.27 0.05 1.27 0.2% 4.0%
Er 3.58 0.11 3.70 3.3% 3.2%
Tm 0.54 0.07 0.51 5.5% 12.6%
Yb 3.41 0.11 3.39 0.5% 3.3%
Lu 0.51 0.06 0.50 1.2% 11.3%
Hf 4,58 0.17 4.84 5.3% 3.8%
Pb 10.3 0.30 11.0 6.8% 2.9%
Th 5.99 0.19 5.90 1.5% 3.2%
u 1.75 0.10 1.69 3.4% 5.5%
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Table AS: Individual clinopyroxene major, trace, and volatile compositions
RVYV 310- RVYV 310- RVYV 310- RVYV 310- RVYV 310-

Ala Alb Bla Cla Dla
SiO, (Wt %) 48.54 47.92 51.14 50.17 50.50
TiO, 0.98 1.14 0.28 0.61 0.62
ALO;, 4.78 6.38 4.22 4.30 4.30
Cr,0, 091 0.87 1.27 1.05 1.01
FeO 5.86 6.11 5.66 6.08 593
MnO 0.17 0.12 0.10 0.14 0.14
MgO 1591 14.12 16.01 16.67 1591
CaO 20.27 21.64 20.59 20.76 20.70
Na,O 0.33 0.27 0.36 0.36 0.33
K,O 0.01
NiO 0.00 0.02
Total 97.76 98.55 99.65 100.15 99 47
Mgi# 0.83 0.80 0.83 0.83 0.83
Cr# 0.11 0.08 0.17 0.14 0.14
H,O (ppm) 157.81 162.41 77.12 148.36 157.97
Sr 39 40.3 28.27 29.94 533
Y 8.34 7.8 6.14 7 9.8
Zr 18.95 18.95 8.91 10.52 26.01
Nb 0.12 0.14 0.07 0.06 0.20
Ba 0.00 0.18
La 1.26 1.29 0.57 0.74 1.80
Ce 5.10 5.40 2.50 3.31 745
Pr 0.93 091 0.44 0.56 1.30
Nd 553 5.57 3.06 3.36 7.52
Sm 1.79 1.65 1.13 1.31 2.14
Eu 0.66 0.61 042 048 0.84
Gd 2.13 1.94 1.47 1.64 2.69
Tb 0.35 0.30 0.22 0.24 0.39
Dy 1.94 1.82 1.46 1.57 2.37
Ho 0.35 0.35 0.23 0.29 041
Er 0.90 0.78 0.59 0.72 0.97
Tm 0.11 0.10 0.08 0.08 0.11
Yb 0.60 0.60 0.49 048 0.72
Lu 0.08 0.07 0.06 0.07 0.10
Hf 092 0.79 043 0.46 1.20
Pb 0.03
Th 0.02 0.02 0.01 0.02

U
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions

RVV 310-Gla RVV 310-Hla RVV310-Ila RVV 316-Bla

SiO, (Wt%) 51.78 4901 49.50 46.17
TiO, 0.70 1.60 1.36 2.13
ALO, 4.50 6.31 6.07 8.20
Cr,0;, 1.02 0.50 0.82 0.01
FeO 5.80 6.42 6.05 10.56
MnO 0.12 0.11 0.09 0.29
MgO 16.00 14.22 14.70 9.90
CaO 21.61 22.62 2243 22 .44
Na,O 041 0.44 0.40 0.66
K,O
NiO 0.04 0.04 0.06
Total 101.98 101.25 101.49 100.36
Mg# 0.83 0.80 0.81 0.63

Cr# 0.13 0.05 0.08 0.00

H,O (ppm) 154.39 178.89 137.02 111.26

Sr 36.73 63.31 59.51 135.1
Y 7.74 12.53 9.32 15.78
Zr 14.1 53.5 33.16 144 .4
Nb 0.09 0.35 0.24 2.49
Ba 1.74
La 0.88 2.94 2.08 9.24
Ce 3.84 12.06 8.51 34.50
Pr 0.70 2.05 143 542
Nd 429 12.09 8.49 26.80
Sm 1.47 3.63 2.52 6.67
Eu 0.57 1.21 0.89 1.99
Gd 1.76 3.68 2.50 544
Tb 0.28 0.56 0.38 0.75
Dy 1.78 3.18 2.27 4.19
Ho 0.32 0.55 0.40 0.69
Er 0.72 1.32 0.92 1.54
Tm 0.09 0.15 0.10 0.18
Yb 0.59 0.86 0.66 1.09
Lu 0.08 0.11 0.09 0.15
Hf 0.65 2.38 1.45 5.68
Pb 0.11
Th 0.01 0.03 0.03 0.15
U 0.03
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions

RVV 318-Clc RVV 318-Cld RVV318-Clg RVV 318-Clh

Si0, (Wt%) 4973 4930 50.02 49.62
TiO, 0.88 1.05 0.81 0.86
ALO, 4.55 5.20 4.23 427
Cr,0, 0.97 0.67 0.74 0.73
FeO 4.95 5.10 4.63 4.73
MnO 0.08 0.08 0.11 0.09
MgO 15.49 15.11 15.70 15.73
CaO 23.15 23.18 23.43 2323
Na,O 0.31 0.38 0.42 0.32
K,O
NiO 0.01 0.07 0.04 0.02
Total 100.13 100.12 100.12 99.61
Mg# 0.85 0.84 0.86 0.86

Cr# 0.13 0.08 0.11 0.10

H,0 (ppm) 542.03 76731 47432 45437

Sr 48.7 50.8 46.4 47.6
Y 6.68 7.72 581 6.07
Zr 23.61 284 20.36 2126
Nb 0.21 0.43 0.16 0.18
Ba 0.05 0.06 0.05 0.00
La 2.30 2.67 2.04 2.17
Ce 9.16 9.88 8.09 831
Pr 1.49 1.65 132 131
Nd 7.74 8.69 7.13 737
Sm 1.99 221 1.83 1.85
Eu 0.60 0.68 0.58 0.59
Gd 2.04 223 1.73 1.74
Tb 0.27 0.32 0.25 0.25
Dy 1.60 1.74 1.45 1.40
Ho 0.28 0.33 0.25 0.25
Er 0.67 0.83 0.57 0.69
Tm 0.09 0.09 0.08 0.09
Yb 0.56 0.64 0.43 0.45
Lu 0.06 0.08 0.06 0.06
Hf 1.12 141 1.02 1.03
Pb 0.02 0.03 0.02 0.01
Th 0.02 0.03 0.01 0.01
U 0.00
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions

RVV 318-Dla RVV 318-Ela RVV318-Fla RVV 318-Gla

Si0, (Wt %) 4793 4938 47.60 4859
TiO, 1.61 127 1.74 1.66
ALO, 6.93 531 7.10 6.93
Cr,0, 0.28 0.93 0.14 0.26
FeO 5.99 5.79 6.70 6.06
MnO 0.12 0.11 0.10 0.11
MgO 14.38 15.54 13.33 13.94
CaO 22.72 21.86 23.52 23.06
Na,O 0.43 0.54 0.37 0.45
K,O
NiO 0.05 0.06 0.01 0.02
Total 100.44 100.78 100.59 101.08
Mg# 0.81 0.83 0.78 0.80
Cr# 0.03 0.10 0.01 0.02
H,0 (ppm) 570.34 358.20 787.89 614.15
Sr 61.5 51.8 55.3 61.25
Y 11.72 9.87 1141 12.81
Zr 47.1 29.75 53.44 51.72
Nb 0.49 0.22 0.60 0.51
Ba 0.00
La 3.76 2.30 3.76 3.79
Ce 13.57 9.04 14.38 14.05
Pr 2.32 1.50 223 2.34
Nd 12.17 9.38 12.97 12.51
Sm 335 2.87 3.37 3.57
Eu 1.11 1.00 1.09 1.15
Gd 322 2.77 3.29 333
Tb 0.45 0.42 0.47 0.48
Dy 2.81 2.54 275 3.00
Ho 0.47 041 0.49 0.53
Er 1.19 0.96 1.09 1.38
Tm 0.15 0.12 0.15 0.17
Yb 0.98 0.69 0.90 1.05
Lu 0.12 0.08 0.13 0.12
Hf 221 1.35 2.55 2.36
Pb 0.02
Th 0.05 0.02 0.06 0.05
U
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions

RVV 318-H2a RVV 318-H2b RVV 318-H2¢ RVV 318-H2d

Si0, (Wt%) 46.81 4920 4854 4922
TiO, 1.58 121 141 126
ALO, 6.28 572 6.33 5.83
Cr,0, 0.30 0.35 0.29 0.29
FeO 6.42 563 6.24 5.84
MnO 0.13 0.11 0.12 0.09
MgO 13.02 1457 13.95 14.18
CaO 2271 2322 2331 2333
Na,O 0.37 0.35 0.35 0.34
K,O
NiO 0.01 0.05 0.05 0.04
Total 97.63 100.41 100.60 100.44
Mg# 0.78 0.82 0.80 0.81
Cr# 0.03 0.04 0.03 0.03
H,0 (ppm) 873.60 876.04 1019.37 808.38
Sr 60.8 53.64 51.99
Y 9.69 10.65 8.89
Zr 42.1 48 36.62
Nb 1.54 0.47 0.39
Ba 3.05 0.05 0.07
La 4.11 3.39 2.92
Ce 13.73 12.85 10.74
Pr 2.04 2.13 1.78
Nd 10.71 11.73 9.62
Sm 272 3.10 2.54
Eu 0.88 1.02 0.89
Gd 2.70 272 2.50
Tb 0.37 041 0.35
Dy 223 272 2.18
Ho 0.42 0.45 0.38
Er 0.97 1.15 0.92
Tm 0.12 0.13 0.12
Yb 0.80 0.96 0.74
Lu 0.10 0.12 0.09
Hf 1.87 227 1.90
Pb
Th 0.15 0.04 0.03
U
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RVV 318-H2f RVV 318-Ila RVV 321-Ala RVV 321-Alb

Si0, (Wt%) 50.18 4775 46.46 46.15
TiO, 1.12 1.73 1.67 1.62
ALO, 523 7.36 8.62 9.04
Cr,0, 0.42 0.14 0.11 0.18
FeO 5.39 6.64 6.70 6.88
MnO 0.10 0.10 0.14 0.09
MgO 14.92 13.40 13.11 12.33
CaO 23.14 23.40 21.87 21.94
Na,O 0.34 0.34 0.83 0.58
K,O 0.01 0.01
NiO 0.00 0.03
Total 100.83 100.89 99.52 98.82
Mg# 0.83 0.78 0.78 0.76
Cr# 0.05 001 0.01 0.01
H,O (ppm) 639.63 638.69 918.87 809.93
Sr 47.84 55.84 74.9 58
Y 6.92 11.26 12.25 9.63
Zr 20.95 54.1 51.6 37.8
Nb 0.21 0.57 0.75 0.45
Ba 0.04 0.04
La 235 3.68 443 3.00
Ce 8.24 14.08 16.96 11.55
Pr 1.35 2.32 261 1.85
Nd 6.97 11.76 13.98 10.12
Sm 1.86 3.40 3.94 2.94
Eu 0.61 1.08 1.25 0.92
Gd 1.98 333 3.65 2.80
Tb 0.26 0.43 0.51 0.40
Dy 1.60 2.58 3.03 2.38
Ho 0.28 0.46 0.54 0.40
Er 0.68 1.16 136 1.02
Tm 0.10 0.14 0.15 0.12
Yb 0.55 0.86 0.87 0.70
Lu 0.07 0.11 0.12 0.09
Hf 0.99 2.48 2.40 1.82
Pb 0.02 0.02
Th 0.02 0.05 0.08 0.04
U 0.01 0.01 0.01
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RVV 321-Cla RVV 321-Dla RVV 321-Ela RVV 321-Fla

Si0, (Wt%) 4587 4735 4555 46.01
TiO, 2.19 1.45 2.29 2.39
ALO, 9.11 7.59 9.35 9.72
Cr,0, 0.22 0.54 0.02 0.04
FeO 721 6.07 771 7.56
MnO 0.10 0.10 0.15 0.10
MgO 12.90 14.03 12.49 12.29
CaO 22.06 22.12 2228 2221
Na,O 0.84 0.63 0.77 0.73
K,O
NiO 0.02 0.04 0.00
Total 100.52 99.92 100.61 101.06
Mg# 0.76 0.80 0.74 0.74

Cr# 0.02 0.05 0.00 0.00

H,0 (ppm) 713.44 682.57 57732 74400

Sr 83.1 64.3 82.4 78.6
Y 14.22 9.7 14.24 14.14
Zr 575 30.1 65.7 53.7
Nb 0.76 0.51 0.91 0.77
Ba 0.06 0.75 0.02
La 4.55 2.97 4.95 4.00
Ce 17.80 11.33 19.01 16.27
Pr 2.87 1.79 3.11 2.64
Nd 15.82 9.57 17.22 14.90
Sm 4.56 261 481 4.19
Eu 1.52 0.90 1.55 136
Gd 4.24 2.56 4.44 4.20
Tb 0.59 0.39 0.59 0.58
Dy 3.40 231 3.59 3.44
Ho 0.58 0.40 0.65 0.57
Er 1.46 0.98 1.56 138
Tm 0.17 0.12 0.17 0.17
Yb 1.04 0.63 0.99 0.96
Lu 0.13 0.09 0.14 0.13
Hf 2.64 1.49 3.08 2.57
Pb 0.05 0.03

Th 0.05 0.05 0.08 0.06
U 0.01
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RVV 321-Hla RVV 343-Ala RVV 343-Cla RVYV 343-Fla

Si0, (Wt%) 4721 48.64 47.46 50.18
TiO, 1.84 1.00 1.46 1.03
ALO, 7.83 4.94 5.53 3.96
Cr,0, 0.16 0.24 0.16 0.19
FeO 7.48 8.51 8.56 7.97
MnO 0.13 0.20 0.19 0.15
MgO 12.75 1457 14.48 14.89
CaO 22.20 21.05 20.64 21.10
Na,O 0.73 0.48 0.40 0.43
K,O
NiO 0.01 0.02 0.01
Total 100.34 99.63 98.90 99.90
Mg# 0.75 0.75 0.75 0.77
Cr# 0.01 0.03 0.02 0.03
H,O (ppm) 849.44 105.46 84.45 7243
Sr 90.8 35.7 35 33.69
Y 14.33 11.47 15.49 10.25
Zr 70.5 245 35.1 19.34
Nb 0.89 0.11 0.20 0.10
Ba 0.03
La 578 1.59 1.83 1.33
Ce 20.79 725 8.20 542
Pr 3.47 122 1.40 1.02
Nd 18.44 7.67 8.96 6.13
Sm 4.48 2.48 3.29 2.18
Eu 152 0.89 1.11 0.79
Gd 423 2.86 371 2.56
Tb 0.61 0.43 0.57 0.38
Dy 3.56 271 343 2.48
Ho 0.60 0.49 0.65 0.43
Er 147 126 157 1.05
Tm 0.18 0.14 0.18 0.11
Yb 1.11 0.82 1.08 0.85
Lu 0.12 0.11 0.14 0.10
Hf 3.08 1.18 1.61 0.95
Pb 0.01
Th 0.06 0.01 0.02 0.01
U
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RVV 343-Il1a RVV 343-I1b RVV 346-Ala RVV 346-A1b

Si0, (Wt%) 49.02 4877 4339 43.09
TiO, 1.56 1.61 2.73 3.48
ALO, 563 5.79 10.14 10.54
Cr,0, 0.22 0.22 0.02 0.03
FeO 8.79 8.93 8.00 7.96
MnO 0.18 0.17 0.13 0.14
MgO 14.07 14.12 11.42 11.35
CaO 21.02 20.80 22.53 22.38
Na,O 0.47 0.49 0.44 0.46
K,O 0.00 0.02
NiO 001 0.03
Total 100.96 100.94 98.79 99.44
Mg# 0.74 0.74 0.72 0.72

Cr# 0.03 0.03 0.00 0.00

H,0 (ppm) 78.53 98.80 363.45 278.87

Sr 38.5 36.06 775 79.1
Y 13.13 14.7 22.46 23.58
Zr 27.11 35.73 1453 1725
Nb 0.18 0.23 1.81 248
Ba 0.06 0.78
La 1.68 1.92 9.03 9.64
Ce 7.30 8.01 31.54 3441
Pr 126 1.44 4.96 538
Nd 7.84 9.06 25.78 27.04
Sm 291 2.96 6.77 7.15
Eu 0.95 1.10 2.13 227
Gd 3.08 3.60 6.41 6.86
Tb 0.46 0.53 0.94 0.99
Dy 2.99 3.49 523 5.60
Ho 0.54 0.60 091 1.04
Er 1.35 1.51 2.28 2.36
Tm 0.16 0.19 0.27 0.31
Yb 0.99 1.14 1.67 1.67
Lu 0.11 0.15 0.23 0.23
Hf 142 1.72 5.65 6.84
Pb 0.16 0.01
Th 0.02 001 0.18 0.20
U 001 0.02 0.01
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RVV 346-Blb RVV346-Cla RVV 346-Dla RVV 346-Ela
Si0, (Wt%) 4858 46.74 51.14 4934
TiO, 1.39 1.63 0.71 1.10
ALO, 6.69 6.72 3.80 5.69
Cr,0, 0.87 0.43 0.92 0.42
FeO 542 6.19 505 5.94
MnO 0.10 0.12 0.11 0.11
MgO 13.79 13.83 16.49 15.32
CaO 22.88 22.93 22.48 22.50
Na,O 0.58 0.41 0.37 0.37
K,O 001
NiO 0.04 0.02
Total 10031 98.99 101.12 100.80
Mg# 0.82 0.80 0.85 0.82
Cr# 0.08 0.04 0.14 0.05
H,0 (ppm) 200.07 301.11 225.42 205.07
Sr 66.9 58.2 34.9 57.2
Y 12.3 10.99 6.08 8.94
Zr 63.9 46.5 13.19 34.4
Nb 0.72 0.43 0.07 0.37
Ba 0.02
La 4.66 3.24 1.09 2.83
Ce 16.88 12.58 4.48 10.73
Pr 2.86 2.05 0.77 1.80
Nd 13.77 11.48 4.39 9.51
Sm 3.85 3.04 1.50 2.69
Eu 123 101 0.48 0.87
Gd 3.49 3.00 1.37 2.76
Tb 0.51 0.46 0.24 0.38
Dy 2.95 271 1.53 2.24
Ho 0.53 0.45 0.24 0.41
Er 1.30 1.12 0.66 0.93
Tm 0.16 0.14 0.07 0.11
Yb 0.92 0.85 0.42 0.62
Lu 0.11 0.10 0.06 0.09
Hf 2.62 2.14 0.66 1.69
Pb 001 001 0.02
Th 0.06 0.04 0.01 0.03
U 001
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RVV 346-Glb RVV 346-Hla RVV346-Ila RVV 370-Ala
Si0, (Wt%) 4691 4723 47.63 50.74
TiO, 2.05 2.02 1.93 1.05
ALO, 781 7.60 7.87 3.66
Cr,0, 0.52 0.50 0.36 0.90
FeO 6.49 6.45 6.53 522
MnO 0.10 0.08 0.10 0.14
MgO 13.16 13.16 13.34 16.20
CaO 23.41 23.12 23.03 21.68
Na,O 0.48 0.44 0.49 0.34
K,O
NiO 0.05 0.03 0.02
Total 100.99 100.61 101.30 99.91
Mg# 0.78 0.78 0.78 0.85
Cr# 0.04 0.04 0.03 0.14
H,0 (ppm) 279.36 363.98 300.29 458.14
Sr 715 60.02 717 42
Y 16.86 8.55 12.87 8.71
Zr 90.8 36.49 63.9 2251
Nb 1.13 0.38 0.77 0.15
Ba 0.09 0.02
La 6.46 3.26 4.86 1.69
Ce 23.35 11.68 17.62 6.96
Pr 3.65 1.86 2.84 121
Nd 19.50 9.68 15.04 7.00
Sm 522 2.58 4.00 233
Eu 1.68 0.84 1.37 0.80
Gd 4.65 233 391 2.52
Tb 0.67 0.37 0.53 0.35
Dy 4.06 2.04 3.18 2.20
Ho 0.72 0.38 0.55 0.37
Er 1.75 0.86 132 0.86
Tm 022 0.11 0.15 0.10
Yb 1.35 0.64 0.96 0.60
Lu 0.15 0.08 0.13 0.08
Hf 371 1.51 251 0.99
Pb 0.01
Th 0.09 0.04 0.06 0.02
U
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RVV 370-Blb RVV370-Cla RVV370-Ela RVV 370-Fla
Si0, (Wt%) 50.45 48.19 50.17 51.19
TiO, 0.55 1.12 1.10 0.66
ALO, 5.06 5.37 4.59 325
Cr,0, 0.96 0.92 101 1.20
FeO 5.38 577 5.64 4.99
MnO 0.15 0.14 0.10 0.12
MgO 15.60 15.44 16.05 16.27
CaO 21.12 21.73 21.81 21.71
Na,O 0.34 0.37 0.50 0.38
K,O 0.00
NiO 0.04 0.02 0.02
Total 99.61 99.09 101.01 99.79
Mg# 0.84 0.83 0.84 0.85
Cr# 0.11 0.10 0.13 0.20
H,0 (ppm) 262.69 486.36 302.67 512.13
Sr 47.1 39.6 41.6 38.11
Y 9.96 9.99 7.44 8.33
Zr 27.7 24.2 17.14 19.26
Nb 0.18 0.16 0.14 0.09
Ba 0.02
La 2.11 1.50 127 127
Ce 8.63 6.34 541 5.14
Pr 1.49 1.19 0.92 0.94
Nd 8.32 7.38 6.03 5.62
Sm 2.62 2.39 1.95 2.06
Eu 0.88 0.80 0.61 0.71
Gd 2.83 2.56 2.00 2.18
Tb 0.43 0.37 0.29 0.33
Dy 2.34 227 1.81 1.95
Ho 0.40 0.43 0.31 0.35
Er 1.05 1.00 0.79 0.86
Tm 0.12 0.12 0.09 0.10
Yb 0.69 0.77 0.52 0.61
Lu 0.10 0.10 0.07 0.07
Hf 1.23 1.15 0.81 0.84
Pb 0.01 0.03
Th 0.02 0.02 0.02 0.01
U
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RVV 370-Il1a RPA 367-Ala RPA 367-A1b  RPA 367-Blc

Si0, (Wt%) 5141 4731 48.05 50.09
TiO, 0.92 2.04 2.24 1.00
ALO, 4.08 5.86 5.97 4.68
Cr,0, 1.05 0.03 001 1.00
FeO 534 8.24 8.27 5.60
MnO 0.11 0.20 0.15 0.14
MgO 15.97 13.69 13.17 15.43
CaO 2201 21.53 21.90 2136
Na,O 0.38 0.47 0.47 0.34
K,O 0.00
NiO 0.05
Total 10133 99.37 10021 99.63
Mg# 0.84 0.75 0.74 0.83
Cr# 0.15 0.00 0.13
H,0 (ppm) 38391 198.43 284.42 42797
Sr 42.17 80.1 78.6 40.1
Y 7.1 19.49 196 8.6
Zr 17.32 99 4 98.9 18.46
Nb 0.10 0.61 0.55 0.39
Ba 0.59
La 1.35 5.56 5.54 137
Ce 5.80 22.69 22.49 5.50
Pr 1.00 4.00 3.88 0.93
Nd 577 22.09 21.46 5.36
Sm 1.95 6.57 6.48 1.85
Eu 0.64 2.04 2.05 0.63
Gd 2.00 6.38 6.52 2.06
Tb 0.30 0.89 0.82 0.31
Dy 1.78 4.95 4.77 201
Ho 0.29 0.79 0.81 0.36
Er 0.76 191 1.89 0.83
Tm 0.09 0.22 0.22 0.10
Yb 0.51 1.28 1.23 0.61
Lu 0.07 0.16 0.15 0.08
Hf 0.82 3.98 4.14 0.78
Pb 0.03 0.04 0.03
Th 0.01 0.07 0.05 0.02
U 0.01 0.01
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RPA 367-Ble  RPA 367-Cla  RPA 367-Dla RPA 367-Ela

Si0, (Wt%) 50.67 47770 4998 50.49
TiO, 0.61 201 1.69 122
ALO, 343 621 3.46 4.25
Cr,0, 1.13 0.69 0.00 126
FeO 4.66 5.82 7.88 4.96
MnO 0.14 0.10 0.15 0.09
MgO 15.81 14.70 14.78 16.09
CaO 2191 2207 22.00 2193
Na,O 0.29 0.45 0.43 0.43
K,O
NiO 0.01 0.01 0.09
Total 98.65 99.76 10036 100.81
Mg# 0.86 0.82 0.77 0.85
Cr# 0.18 0.07 0.17
H,0 (ppm) 288.18 185.76 12481 118.58
Sr 40.2 87.5 76.5 83.6
Y 72 12.81 14.76 791
Zr 16.38 67.7 63.3 343
Nb 0.09 0.42 0.26 0.20
Ba 0.01 0.01
La 1.49 3.81 4.00 245
Ce 5.80 15.80 16.22 10.34
Pr 0.95 271 2.90 1.76
Nd 6.07 15.00 16.61 9.82
Sm 1.73 4.46 525 3.07
Eu 0.58 147 1.59 0.97
Gd 1.92 4.45 4.79 2.69
Tb 0.29 0.58 0.69 0.36
Dy 1.65 3.38 3.82 2.12
Ho 0.29 0.53 0.64 0.32
Er 0.71 1.18 142 0.76
Tm 0.08 0.15 0.16 0.10
Yb 0.45 0.76 0.92 0.47
Lu 0.06 0.08 0.11 0.06
Hf 0.77 2.87 2.76 1.59
Pb 0.02 0.03
Th 0.01 0.04 0.02 0.02
U
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RPA 367-Hla RPA 367-I1a RPA 414-Ala RPA 414-A1b

Si0, (Wt %) 4873 52.15 50.78 50.53
TiO, 1.95 0.75 0.54 1.04
ALO, 5.95 3.92 3.95 4.88
Cr,0, 0.75 0.86 0.67 0.62
FeO 5.89 4.89 5.4 5.54
MnO 0.10 0.07 0.09 0.14
MgO 14.25 17.19 16.63 15.35
CaO 22.60 20.65 20.97 21.59
Na,O 0.46 0.43 0.35 0.33
K,O 0.00
NiO 0.05 0.04
Total 100.73 100.94 99.21 100.01
Mg# 0.81 0.86 0.85 0.83
Cr# 0.08 0.13 0.10 0.08
H,0 (ppm) 240.78 189.40 167.59 168.79
Sr 85.8 56.1 46.4 415
Y 1491 6.88 6.44 5.55
Zr 72.9 16.75 16.73 11.96
Nb 0.43 0.08 0.08 0.07
Ba 0.04 0.03
La 3.89 1.28 1.16 0.81
Ce 16.05 532 503 3.90
Pr 2.82 0.94 091 0.70
Nd 15.72 5.82 522 3.89
Sm 503 1.93 1.72 134
Eu 1.60 0.63 0.65 0.50
Gd 471 201 1.75 1.49
Tb 0.66 0.27 0.28 0.21
Dy 3.66 1.69 1.64 133
Ho 0.64 0.28 0.25 021
Er 1.40 0.67 0.64 0.59
Tm 0.17 0.08 0.08 0.05
Yb 1.10 0.48 0.42 041
Lu 0.12 0.05 0.05 0.05
Hf 2.97 0.67 0.75 0.52
Pb
Th 0.04 0.01 0.01 0.01
U
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RPA 414-Cla  RPA 414-Dla RPA414-Ela RPA 414-Fla

SiO, (Wt%) 47.37 47.75 48.77 50.87
TiO, 2.13 1.69 1.39 0.92
ALO, 6.07 6.20 6.08 431
Cr,0;, 0.37 0.98 0.59 0.76
FeO 6.28 5.90 545 5.63
MnO 0.12 0.09 0.11 0.11
MgO 14.58 14.85 14.81 15.98
CaO 21.90 22.27 23.09 21.69
Na,O 0.54 0.30 0.35 0.42
K,O
NiO 0.02 0.01 0.03 0.03
Total 99.39 100.05 100.66 100.71
Mg# 0.81 0.82 0.83 0.84

Cr# 0.04 0.10 0.06 0.11

H,O (ppm) 224 .38 196.78 37322 391.34

Sr 83.6 61.7 534 73.8
Y 13.04 10.55 9.72 10.83
Zr 54.6 419 39.1 43.66
Nb 0.30 0.23 0.79 0.26
Ba 0.37
La 301 2.23 343 2.37
Ce 12.02 942 12.03 0.88
Pr 2.16 1.70 1.97 1.83
Nd 12.80 9.96 10.56 10.23
Sm 3.90 301 2.59 3.29
Eu 1.34 0.98 1.03 1.13
Gd 4.01 2.97 2.66 353
Tb 0.54 0.45 0.36 0.44
Dy 3.10 2.46 2.16 2.60
Ho 0.55 0.39 0.43 0.47
Er 1.27 0.94 1.13 1.02
Tm 0.15 0.11 0.13 0.12
Yb 0.86 0.69 0.74 0.69
Lu 0.09 0.09 0.10 0.10
Hf 2.39 1.97 1.73 2.02
Pb 0.08 0.01
Th 0.02 0.03 0.07 0.02
U
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RPA 414-Hla RPA 488-Ala RPA 488-Cla RPA 488-Dla

SiO, (wt%) 50.12 49.50 47.00 47.63
TiO, 1.43 1.65 1.44 2.01
ALO;, 529 5.98 5.18 6.68
Cr,0, 0.63 0.76 1.23 0.35
FeO 5.57 5.74 548 6.70
MnO 0.09 0.14 0.10 0.10
MgO 15.29 15.05 15.31 14.61
CaO 22.03 21.74 21.89 21.51
Na,O 0.40 0.38 0.39 042
K,O 0.01
NiO 0.05 0.06
Total 100.89 100.95 98.08 100.05
Mgi# 0.83 0.82 0.83 0.80
Cr# 0.07 0.08 0.14 0.03
H,O (ppm) 335.33 451.32 509.39 35993
Sr 58.43 71.3 73.1 65
Y 747 8.69 9.46 11.09
Zr 22.1 339 36.6 449
Nb 0.13 0.20 0.23 0.24
Ba
La 1.37 2.08 2.18 2.19
Ce 5.83 8.95 9.20 9.74
Pr 1.08 1.58 1.62 1.80
Nd 6.29 9.59 9.72 11.27
Sm 2.15 291 3.05 3.39
Eu 0.74 1.00 1.03 1.28
Gd 2.16 3.09 3.06 3.53
Tb 0.29 041 042 0.49
Dy 1.73 2.34 2.50 3.06
Ho 0.31 0.39 042 048
Er 0.70 0.87 091 1.03
Tm 0.08 0.10 0.09 0.12
Yb 0.53 0.59 0.51 0.62
Lu 0.06 0.06 0.08 0.08
Hf 0.97 1.50 1.62 2.35
Pb 0.02 0.02 0.02
Th 0.02 0.02 0.01 0.02
U 0.01 0.00
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RPA 488-Gla RPA 488-Hla  RPA 488-Ila  RPA 502-Cla

Si0, (Wt%) 48.76 49 81 4924 4632
TiO, 1.94 1.54 1.70 2.20
ALO, 6.95 5.58 6.25 6.15
Cr,0, 0.46 0.88 1.14 0.72
FeO 6.30 578 5.59 6.05
MnO 0.13 0.10 0.10 0.10
MgO 14.44 14.93 14.89 14.39
CaO 22.07 22.13 2223 22.70
Na,O 0.46 0.45 0.41 0.48
K,O
NiO 0.04 0.02 0.02 0.03
Total 101.56 101.22 101.58 99.14
Mg# 0.80 0.82 0.83 0.81
Cr# 0.04 0.10 0.11 0.07
H,0 (ppm) 548.15 624.86 461.56 431.70
Sr 81.64 724 70.8 812
Y 13.72 8.89 9.34 11.65
Zr 60.96 31.66 40.47 62.2
Nb 0.34 0.18 0.24 0.45
Ba 0.54
La 322 2.00 2.18 3.11
Ce 12.92 8.45 9.02 12.54
Pr 241 1.60 1.58 2.29
Nd 14.52 9.36 10.00 12.99
Sm 4.40 2.87 3.19 3.95
Eu 147 1.02 1.10 1.30
Gd 4.92 2.96 3.05 3.81
Tb 0.64 0.40 0.41 0.55
Dy 3.54 2.20 245 3.04
Ho 0.55 0.35 0.37 0.51
Er 136 0.84 0.96 1.23
Tm 0.14 0.09 0.10 0.14
Yb 0.87 0.52 0.59 0.72
Lu 0.11 0.06 0.07 0.09
Hf 2.68 1.40 1.92 2.79
Pb 0.03
Th 0.04 001 0.03 0.04
U 0.01
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

RPA 502-Ela  RPA 502-Gla RPA 502-I1a  MG1001-Ala

Si0, (Wt%) 4840 50.78 48.16 50.23
TiO, 2.05 1.51 1.95 0.50
ALO, 6.96 4.68 7.11 3.34
Cr,0, 0.78 0.57 0.55 0.72
FeO 6.18 5.67 6.24 5.11
MnO 0.13 0.09 0.08 0.14
MgO 14.44 1531 14.07 15.86
CaO 21.82 22.62 21.70 22.10
Na,O 0.46 0.46 0.50 0.39
K,O
NiO 0.04 0.04
Total 101.20 101.71 100.40 98.38
Mg# 0.81 0.83 0.80 0.85
Cr# 0.07 0.08 0.05 0.13
H,0 (ppm) 245 .84 397.43 389.31 495.19
Sr 80.8 80.7 84.3 41.7
Y 11.14 9.25 11.75 6.7
Zr 50.8 4353 54.7 20.66
Nb 0.35 0.45 0.36 0.10
Ba 0.05 0.05
La 2.86 245 291 1.46
Ce 11.86 10.02 11.56 6.29
Pr 2.10 1.79 2.06 1.09
Nd 1241 10.33 12.30 6.30
Sm 3.83 323 3.85 1.82
Eu 136 1.10 1.29 0.63
Gd 3.78 3.11 372 2.03
Tb 0.50 0.42 0.52 0.28
Dy 2.95 231 275 1.62
Ho 0.48 0.36 0.48 0.28
Er 1.03 0.83 1.16 0.61
Tm 0.14 0.10 0.12 0.09
Yb 0.77 0.56 0.64 0.45
Lu 0.10 0.06 0.09 0.07
Hf 2.18 1.88 2.28 1.08
Pb
Th 0.03 0.03 0.03 0.01
U 0.00
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

MG1001-Bla MG1001-Blc MG1001-Cla MG1001-Dl1a

Si0, (Wt%) 48.12 50.80 50.02 4898
TiO, 1.14 0.87 1.10 1.16
ALO, 4.61 4.64 4.79 4.57
Cr,0, 0.81 1.06 0.33 1.11
FeO 5.40 5.26 547 547
MnO 0.14 0.05 0.10 0.10
MgO 14.06 14.84 15.44 15.24
CaO 22.59 22.90 23.44 2297
Na,O 041 0.34 0.37 0.33
K,O
NiO 0.04
Total 97.27 100.74 101.04 99.97
Mg# 0.82 0.83 0.83 0.83
Cr# 0.11 0.13 0.04 0.14
H,0 (ppm) 409.54 41473 460.39 380.52
Sr 57.2 49.8 454 53
Y 7.56 6.72 7.96 6.75
Zr 29.5 19.85 275 23.13
Nb 0.19 0.11 0.32 0.14
Ba 0.02 1.10
La 2.28 1.66 2.07 1.95
Ce 9.33 6.94 8.11 7.46
Pr 1.52 121 1.40 134
Nd 8.74 6.68 7.25 7.16
Sm 2.36 2.07 2.14 1.87
Eu 0.79 0.68 0.70 0.70
Gd 223 2.09 2.17 2.02
Tb 0.31 0.30 0.31 0.26
Dy 1.84 1.80 1.85 1.56
Ho 0.31 0.31 0.33 0.27
Er 0.71 0.70 0.85 0.66
Tm 0.10 0.08 0.09 0.09
Yb 0.56 0.51 0.58 0.46
Lu 0.06 0.07 0.08 0.06
Hf 1.28 1.02 1.28 1.05
Pb 0.03 0.01 0.07 0.02
Th 0.02 0.01 0.03 0.01
U 0.01
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

MG1001-D1c  MG1001-D1d MG1001-Dle MG1001-Ela

Si0, (Wt %) 4957 49.96 4923 49.65
TiO, 0.88 0.87 1.16 1.06
ALO, 3.82 3.64 423 433
Cr,0, 0.96 0.94 0.90 0.88
FeO 4.96 481 525 523
MnO 0.10 0.10 0.09 0.12
MgO 16.02 16.20 15.64 15.72
CaO 22.20 22.56 22.69 22.59
Na,O 0.33 0.36 0.31 0.39
K,O
NiO 0.02 0.04 0.04 0.04
Total 98.86 99.47 99.55 100.01
Mg# 0.85 0.86 0.84 0.84

Cr# 0.14 0.15 0.13 0.12

H,0 (ppm) 303.84 286.18 338.49 369.32

Sr 40.26 41 54.7 47.4
Y 5.82 6.47 7.06 6.55
Zr 13.94 16.4 25.33 20.25
Nb 0.08 0.09 0.12 0.12
Ba 0.02
La 124 126 1.82 1.46
Ce 5.08 5.36 7.38 6.25
Pr 0.88 101 1.23 1.06
Nd 5.04 5.68 734 6.13
Sm 1.57 1.80 2.16 1.95
Eu 0.52 0.58 0.70 0.65
Gd 1.62 1.89 1.98 1.86
Tb 0.25 0.25 0.30 0.27
Dy 141 1.56 1.76 1.68
Ho 0.24 0.26 0.31 0.27
Er 0.59 0.65 0.73 0.63
Tm 0.07 0.07 0.09 0.09
Yb 0.42 0.40 0.47 0.42
Lu 0.06 0.06 0.07 0.05
Hf 0.59 0.82 1.20 1.03
Pb 0.02 0.01
Th 001 0.01 0.01
U
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Table AS (continued): Individual clinopyroxene major, trace, and volatile compositions.

MG1001-Elc MG1001-Fla MG1001-Gla
Si0, (Wt %) 50.14 4940 4941
TiO, 129 143 1.59
ALO, 4.71 5.13 543
Cr,0, 0.84 1.00 0.65
FeO 537 5.26 5.93
MnO 0.08 0.08 0.08
MgO 15.52 14.62 14.46
CaO 23.01 2322 23.60
Na,O 0.33 0.40 0.40
K,O
NiO 0.03 0.03 0.05
Total 10131 100.57 101.61
Mg# 0.84 0.83 0.81
Cr# 0.11 0.12 0.07
H,0 (ppm) 356.03 498.03 451.03
Sr 53.4 55.1 62.7
Y 6.87 7.72 9.9
Zr 24 4 31.66 482
Nb 0.17 0.19 0.36
Ba 0.09
La 1.82 2.15 3.15
Ce 735 831 12.06
Pr 1.20 1.49 201
Nd 6.77 7.85 10.30
Sm 2.05 251 3.51
Eu 0.73 0.79 0.99
Gd 2.07 231 3.37
Tb 0.31 0.34 0.37
Dy 1.63 1.98 222
Ho 0.26 0.34 0.40
Er 0.68 0.74 0.94
Tm 0.08 0.09 0.11
Yb 0.48 0.52 0.72
Lu 0.06 0.07 0.10
Hf 121 1.56 2.09
Pb
Th 0.01 0.02 0.03
U
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Table AS sample naming scheme: “RVV” stands for Raivavae Island, Austral Islands;
“RPA” stands for Rapa Iti Island, Austral Islands; “MG” stands from Mangaia, Cook

(T3

Islands; Numbers directly following island abbreviation and directly before refer to
whole rock samples from Lassiter et al. [2003], Chan et al. [2009], and Workman et al.
[2008]; the letters following the “-“ refer to the indium mount in which pyroxene grains
are mounted; the number and letter directly following refer to the grain number of that
sample and the spot analyses of that grain. For example: RVV 310-Ala refers to spot
analyses a (1 of 2) from pyroxene 1, mounted in “Mount A”, and from whole rock sample
RVV 310.

= M9 4100; Cr#t = —<
(Mg+Fe) (Cr+Al)

Mg# * 100; FeO* refers to total iron content (FeO* =

FeO + Fe,0;); Dy, ¢ refers to the calculated partition coefficient of H,O via the methods

from Hauri et al. [2006]: Dy o = (0.326 x %) -0.0016
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Table A6: Major, trace, and volatile compositions of melts calculated from individual
pyroxene phenocrysts.

RVYV 310- RVYV 310- RVYV 310- RVYV 310- RVYV 310-
Ala Alb Bla Cla Dla
SiO, (Wt%) 45.6 45.7 455 45.6 45.6
TiO, 2.7 2.8 2.6 2.7 2.7
ALO;, 14.9 15.6 14.7 14.9 152
FeO%* 11.2 11.0 11.2 11.2 11.1
MnO 0.2 0.3 0.2 0.2 0.2
MgO 7.8 6.6 8.2 7.8 74
CaO 11.1 11.3 11.0 11.1 11.2
Na,O 2.6 2.7 2.5 2.6 2.6
K,O 09 09 09 09 09
P,O; 04 04 04 04 04
Mg# 0.6 0.5 0.6 0.6 0.6
H,O 0.6 0.5 04 0.6 0.8
T (°C) 1236 1195 1252 1235 1217
Sr (ppm) 481.48 301.87 414.52 365.12 536.22
Y 20.19 17.89 48.54 28.97 40.15
Zr 110.62 104.18 242.78 115.86 282.72
Nb 8.44 9.06 15.56 7.35 24.17
Ba 0.00 0.00 0.03 0.00 4.37
La 18.54 18.06 29.95 18.93 4523
Ce 4143 41.57 74.18 46.95 104.49
Nd 23.53 22.44 48.49 25.23 55.83
Sm 5.63 491 13.42 7.31 11.81
Eu 1.86 1.62 442 2.39 4.10
Gd 5.59 4.82 14.29 7.61 12.35
Dy 4.68 4.15 12.47 6.63 9.90
Ho 0.81 0.78 1.85 1.16 1.64
Er 2.12 1.74 4.69 2.92 3.89
Tm 0.26 0.22 0.66 0.34 0.46
Yb 1.45 1.39 3.82 1.98 2.94
Lu 0.20 0.16 0.49 0.30 041
Hf 1.67 1.36 2.58 1.44 3.71
Pb 0.70
U
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.
RVYV 310- RVYV 310- RVYV 310- RVYV 310- RVYV 318-

Ela Gla Hla I1a C1b
SiO, (Wt%) 45.7 45.6 45.7 45.7 452
TiO, 2.8 2.7 2.8 2.8 2.3
ALO;, 15.6 14.9 15.8 155 13.3
FeO%* 11.0 11.2 11.0 11.1 9.6
MnO 0.3 0.2 0.3 0.2 0.3
MgO 6.6 7.8 6.1 6.8 7.7
CaO 11.3 11.1 114 11.3 159
Na,O 2.7 2.6 2.7 2.6 2.0
K,O 09 09 09 09 0.7
P,O; 04 04 04 04 0.3
Mg# 0.5 0.6 0.5 05 0.6
H,O 04 0.7 0.5 04 2.6
T (°C) 1195 1232 1177 1203 1177
Sr (ppm) 440.49 432.63 386.04 495.92 356.06
Y 18.91 27.83 20.41 17.33 13.03
Zr 139.77 130.68 201.73 144 .43 109.67
Nb 13.10 9.38 16.59 13.22 14.31
Ba 0.00 0.00 0.00 0.00 0.00
La 23.89 19.23 29.68 23.76 27.63
Ce 53.35 46.89 66.56 53.32 56.63
Nd 27.11 27.66 34.55 27.67 25.87
Sm 6.66 7.03 7.61 6.04 4.70
Eu 2.00 242 2.26 191 1.45
Gd 5.51 7.01 643 5.00 4.07
Dy 4.40 6.48 5.11 4.17 3.15
Ho 0.77 1.11 0.84 0.70 0.50
Er 1.84 2.54 2.07 1.66 1.38
Tm 0.21 0.32 0.24 0.18 0.16
Yb 1.31 2.13 1.41 1.23 1.01
Lu 0.16 0.27 0.19 0.18 0.13
Hf 2.01 1.77 292 2.04 1.72
Pb 0.15

U
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.
RVYV 318- RVYV 318- RVYV 318- RVYV 318- RVYV 318-

Cle Cld Clg Clh C2a
Si0, (Wt%) 452 452 45.1 45.1 453
TiO, 22 2.3 22 22 24
ALO, 129 13.1 126 126 14.1
FeO* 9.7 9.7 9.8 9.8 95
MnO 0.3 0.3 0.3 0.3 0.3
MgO 8.5 8.1 9.2 9.2 6.1
CaO 15.7 158 155 155 163
Na,O 2.0 2.0 1.9 1.9 22
K,O 0.7 0.7 0.7 0.7 0.8
P,0, 0.3 0.3 0.3 0.3 0.3
Mg# 0.6 0.6 0.6 0.6 0.6
H,0 2.0 2.6 1.8 1.7 1.0
T (°C) 1210 1189 1233 1237 1148
Sr (ppm) 513.71 42905 650.77 68391 27778
Y 14.93 1631 14.63 13.52 17.57
Zr 126.05 14236 12430 113.09 159.49
Nb 13.62 26.65 1191 11.83 21.00
Ba 1.41 1.59 1.24 0.11 121
La 31.34 34.45 31.21 29.44 36.31
Ce 68.77 70.12 68.39 62.15 71.15
Nd 30.38 32.19 31.60 28.81 32.33
Sm 5.76 6.04 6.00 534 7.11
Eu 1.56 1.67 1.69 1.51 1.79
Gd 4.93 5.08 4.73 4.19 4.74
Dy 3.55 3.64 3.63 3.10 3.99
Ho 0.59 0.66 0.60 0.53 0.70
Er 1.44 1.70 138 148 1.63
Tm 0.19 0.18 0.20 0.19 0.20
Yb 126 136 1.08 1.02 136
Lu 0.13 0.17 0.15 0.14 0.17
Hf 1.89 225 1.94 1.73 241
Pb 0.26 0.39 0.32 0.21 0.22
U 0.09 0.16
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.
RVYV 318- RVYV 318- RVYV 318- RVYV 318- RVYV 318-

Dla Ela Fla Gla Hla
SiO, (Wt%) 453 453 454 45.3 45.3
TiO, 24 24 2.5 2.5 2.5
ALO;, 14.0 14.0 14.7 14.5 14.5
FeO* 9.5 9.5 9.3 9.3 9.3
MnO 0.3 0.3 0.3 0.3 0.3
MgO 6.3 6.3 4.8 52 52
CaO 16.2 16.2 16.6 16.5 16.5
Na,O 2.2 2.2 2.3 2.2 2.2
K,O 0.8 0.8 0.8 0.8 0.8
P,O; 0.3 0.3 0.3 0.3 0.3
Mg# 0.6 0.6 0.5 0.5 0.5
H,O 1.5 1.1 2.0 1.7 2.2
T (°C) 1151 1151 1078 1098 1090
Sr (ppm) 298.98 255.05 106.65 158.43 142.79
Y 16.29 16.92 15.63 17.67 16.40
Zr 149.90 118.57 167.37 163.26 180.45
Nb 20.00 11.16 24 .07 20.77 26.70
Ba 0.00 0.00 0.07 0.00 0.90
La 32.87 24.34 32.44 32.90 39.64
Ce 64.59 52.38 67.54 66.43 80.96
Nd 29.81 28.19 31.31 3042 3491
Sm 6.00 6.34 595 6.35 6.78
Eu 1.77 1.98 1.71 1.83 1.85
Gd 4.80 5.10 4.83 493 5.02
Dy 3.85 4.30 3.71 4.07 3.63
Ho 0.62 0.67 0.64 0.70 0.69
Er 1.60 1.59 1.44 1.84 1.67
Tm 0.20 0.19 0.20 0.23 0.21
Yb 1.37 1.19 1.24 1.46 1.24
Lu 0.17 0.15 0.19 0.17 0.15
Hf 2.31 1.75 2.63 245 2.76
Pb 0.21

U
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.
RVYV 318- RVYV 318- RVYV 318- RVYV 318- RVYV 318-

H2a H2b H2c H2d H2e
Si0, (Wt%) 454 453 453 453 452
TiO, 2.5 24 2.5 24 2.3
ALO, 147 14.1 145 143 133
FeO* 93 9.5 93 94 9.6
MnO 0.3 0.3 0.3 0.3 0.3
MgO 48 6.1 52 57 77
Ca0 16.6 163 165 164 159
Na,O 2.3 22 22 22 2.0
K,O 0.8 0.8 0.8 0.8 0.7
P,0, 0.3 0.3 0.3 0.3 0.3
Mg# 0.5 0.6 0.5 0.5 0.6
H,0 2.5 2.8 3.0 27 32
T (°C) 1069 1113 1079 1100 1160
Sr (ppm) 107.52 110.64 142.87 314.83
Y 13.67 17.72 15.24 19.71
Zr 136.03 185.26 145.95 160.74
Nb 64.17 22.89 19.55 18.91
Ba 75.68 133 171 151
La 36.40 34.91 30.90 37.68
Ce 66.23 72.39 62.22 79.45
Nd 26.60 34.24 2891 37.46
Sm 4.94 6.65 5.61 7.88
Eu 143 1.96 1.76 2.09
Gd 4.08 4.86 4.60 5.56
Dy 3.10 4.47 3.69 4.76
Ho 0.56 0.72 0.62 0.76
Er 132 1.85 153 2.06
Tm 0.17 0.21 0.20 0.27
Yb 1.13 1.61 127 143
Lu 0.15 0.20 0.16 0.21
Hf 1.98 2.84 245 2.46
Pb
U
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.
RVYV 318- RVYV 318- RVYV 321- RVYV 321- RVYV 321-

H2f Ia Ala Alb Bla
Si0, (Wt%) 453 454 419 418 418
TiO, 24 25 32 33 33
ALO, 139 14.7 15.6 15.9 16.2
FeO* 9.5 93 12.9 12.9 129
MnO 0.3 0.3 0.3 0.3 0.3
MgO 6.6 48 6.3 58 53
CaO 16.2 16.6 114 113 112
Na,O 2.1 23 34 35 36
K,O 0.8 0.8 1.2 1.2 13
P,O. 0.3 0.3 0.5 0.5 0.5
Mg# 0.6 0.5 0.5 0.5 0.4
H,0 2.6 1.6 2.1 1.9 1.7
T (°C) 1131 1083 1180 1169 1155
Sr (ppm) 200.67 115.71 508.49 338.98 393.97
Y 14.00 15.48 21.25 18.13 20.05
Zr 100.10 170.13 208.40 166.81 191.10
Nb 12.44 23.16 38.37 24.75 32.12
Ba 0.99 1.07 0.00 0.00 0.00
La 29.05 31.86 47.43 34.65 41.40
Ce 56.02 66.35 99.41 73.24 86.02
Nd 24.72 28.50 42.53 33.39 39.76
Sm 4.86 6.03 8.81 7.14 8.07
Eu 142 1.71 2.50 2.00 234
Gd 4.32 491 6.80 5.67 6.45
Dy 321 3.49 5.19 443 479
Ho 0.54 0.60 0.89 0.71 0.85
Er 1.33 1.54 2.29 1.86 1.87
Tm 0.19 0.19 0.26 0.21 021
Yb 1.13 1.19 1.53 1.33 1.44
Lu 0.15 0.15 0.22 0.17 0.19
Hf 1.51 2.57 3.14 2.58 2.79
Pb 0.26 0.28 0.31
U 0.19 0.16 0.20 0.19
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.
RVYV 321- RVYV 321- RVYV 321- RVYV 321- RVYV 321-

Cla Dla Ela Fla Gla
SiO, (Wt%) 41.8 42.1 41.8 41.8 419
TiO, 33 3.1 33 33 32
ALO;, 159 14.8 16.2 16.2 15.6
FeO* 12.9 12.8 12.9 12.9 12.9
MnO 0.3 0.2 0.3 0.3 0.3
MgO 58 7.5 53 53 6.3
CaO 11.3 11.7 11.2 11.2 114
Na,O 35 32 3.6 3.6 34
K,O 1.2 1.1 1.3 1.3 1.2
P,O; 05 05 0.5 05 05
Mg# 0.5 0.5 04 04 05
H,O 14 1.7 1.1 1.5 1.7
T (°C) 1178 1227 1167 1160 1189
Sr (ppm) 530.99 756.47 444 .44 397.37 682.22
Y 19.85 19.71 19.06 18.17 19.96
Zr 183.76 144 .57 200.73 157.25 200.82
Nb 31.23 30.72 36.01 29.17 3493
Ba 1.40 18.47 0.00 0.49 0.13
La 3991 36.89 41.84 32.63 42.63
Ce 85.05 77.39 87.40 72.09 91.30
Nd 38.90 34.09 40.65 33.84 41.00
Sm 8.20 6.85 8.30 6.95 8.29
Eu 2.44 2.11 2.39 2.01 2.54
Gd 6.35 5.61 6.37 5.79 6.68
Dy 4.67 4.65 4.73 4.35 497
Ho 0.76 0.78 0.82 0.69 0.77
Er 1.97 1.94 2.02 1.71 1.88
Tm 0.23 0.23 0.22 0.21 0.22
Yb 1.46 1.28 1.34 1.24 1.41
Lu 0.18 0.18 0.20 0.17 0.20
Hf 2.78 227 3.10 2.49 3.05
Pb 0.46 0.46
U 0.25
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.

RVYV 321- RVYV 343- RVYV 343- RVYV 343- RVYV 343-

Hla Ala Cla Fla Hla
SiO, (Wt%) 41.8 472 472 472 472
TiO, 33 3.0 3.0 2.9 2.9
ALO;, 16.1 14.0 14.0 13.7 13.8
FeO* 12.9 13.6 13.6 13.6 13.6
MnO 0.3 0.2 0.2 0.2 0.2
MgO 5.6 59 59 6.3 6.2
CaO 11.3 9.6 9.6 9.7 9.7
Na,O 3.6 3.1 3.1 3.1 3.1
K,O 1.3 0.8 0.8 0.8 0.8
P,O; 0.5 04 04 04 04
Mg# 0.5 0.5 0.5 05 05
H,O 2.1 0.3 0.2 0.3 04
T (°C) 1158 1192 1196 1205 1200
Sr (ppm) 460.21 240.57 241.88 264 .24 27431
Y 24 31 31.57 28.21 27.28 23.82
Zr 277.89 165.65 149 49 125.83 112.29
Nb 44.70 9.03 1091 7.73 8.55
Ba 0.68 0.00 0.00 0.00 0.00
La 60.59 26.52 20.49 21.49 18.46
Ce 119.28 67.07 50.37 48.44 43.92
Nd 54.86 37.27 28.61 28.77 24 .30
Sm 9.79 8.92 7.73 7.57 6.52
Eu 2.96 2.85 233 245 2.07
Gd 7.71 8.58 7.26 742 6.00
Dy 5.96 7.46 6.18 6.59 527
Ho 0.96 1.30 1.12 1.10 0.86
Er 242 3.39 2.77 2.72 2.37
Tm 0.29 0.38 0.32 0.29 0.31
Yb 1.90 227 1.98 2.26 1.81
Lu 0.22 0.30 0.27 0.26 0.24
Hf 3.94 244 2.21 1.89 1.64
Pb 0.15

U
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.
RVYV 343- RVYV 343- RVYV 346- RVYV 346- RVYV 346-

Ila I1b Ala Alb Bla
Si0, (Wt%) 472 472 438 438 43.7
TiO, 3.0 3.0 2.8 2.8 27
ALO, 143 143 17.0 17.0 162
FeO* 13.6 13.6 9.7 9.7 10.0
MnO 0.2 0.2 0.3 0.3 0.3
MgO 54 54 35 35 50
CaO 9.4 94 126 126 124
Na,O 32 32 36 36 34
K,O 0.9 0.9 1.1 1.1 1.1
P,0, 0.4 0.4 0.5 0.5 0.5
Mg# 0.4 0.4 0.4 0.4 0.5
H,0 0.3 0.3 0.6 0.5 0.8
T (°C) 1178 1178 1071 1074 1133
Sr (ppm) 216.05 199.89 120.40 126.50 218.12
Y 22.88 25.59 2146 17.50 13.28
Zr 110.02 144.83 311.67 285.08 127.05
Nb 9.38 11.95 51.13 54.51 14.56
Ba 0.00 0.00 135 17.22 0.00
La 18.06 20.63 57.26 50.31 29.72
Ce 4297 47.12 107.57 95.42 59.93
Nd 23.95 27.66 4431 37.01 25.20
Sm 6.53 6.64 8.43 7.02 4.93
Eu 191 2.20 2.37 1.99 147
Gd 5.77 6.73 6.59 5.52 4.08
Dy 5.15 6.00 491 4.09 3.19
Ho 0.90 0.99 0.82 0.72 0.50
Er 2.28 2.54 2.10 1.68 129
Tm 0.28 0.32 0.25 0.22 0.14
Yb 1.74 2.00 1.61 125 0.93
Lu 0.20 0.27 0.23 0.18 0.14
Hf 1.86 2.26 4.07 3.82 195
Pb 1.14 0.08 0.16
U 0.32 0.41 0.16 0.17
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.
RVYV 346- RVYV 346- RVYV 346- RVYV 346- RVYV 346-

Blb Cla Dla Ela Gla
Si0, (Wt%) 43.6 43.7 435 43.6 43.7
TiO, 2.6 2.6 24 2.6 2.6
ALO, 153 158 14.1 153 158
FeO* 103 10.1 10.8 10.3 10.1
MnO 0.3 0.3 0.3 0.3 0.3
MgO 6.7 58 8.9 6.7 58
CaO 122 123 118 122 12.3
Na,O 32 33 2.9 32 33
K,O 1.0 1.0 0.9 1.0 1.0
P,0, 0.5 0.5 0.4 0.5 0.5
Mg# 0.6 0.5 0.6 0.6 0.5
H,0 0.6 0.7 1.0 0.6 0.9
T (°C) 1205 1168 1270 1203 1164
Sr (ppm) 552.44 31223 638.03 466.94 324.73
Y 21.20 16.43 19.45 19.82 15.77
Zr 256.21 159.96 106.29 181.91 163.10
Nb 36.70 19.12 6.07 24.09 23.20
Ba 0.00 0.00 0.00 0.45 0.72
La 4957 30.25 21.15 38.24 32.02
Ce 98.37 64.09 4838 79.84 64.19
Nd 41.63 30.18 24.99 36.99 28.60
Sm 8.55 5.86 6.33 772 592
Eu 243 175 1.82 2.23 1.72
Gd 6.46 481 4.82 6.61 4.67
Dy 502 3.99 4.93 4.93 361
Ho 0.86 0.64 0.74 0.87 0.64
Er 2.17 1.61 2.06 201 151
Tm 0.27 0.20 0.23 0.24 0.18
Yb 1.59 127 133 139 127
Lu 0.20 0.16 0.20 0.20 0.17
Hf 3.40 241 1.59 2.83 2.50
Pb 0.17 0.10 0.51
U 0.16 0.00
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.

RVY 346- RVYV 346- RVY 346- RVYV 370- RVYV 370-

G1b Hla I1a Ala Bla
SiO, (wt%) 437 437 437 46.8 46.9
TiO, 2.7 2.7 2.7 2.5 2.5
ALO, 16.2 16.2 16.2 14.0 14.6
FeO* 10.0 10.0 10.0 10.9 10.8
MnO 03 03 03 03 03
MgO 50 50 50 8.5 73
CaO 12.4 12.4 12.4 10.5 10.7
Na,O 34 34 34 2.5 2.6
K,O 1.1 1.1 1.1 0.8 0.9
P,0, 0.5 0.5 0.5 04 04
Mg# 0.5 0.5 0.5 0.6 0.6
H,0 0.6 09 0.7 22 1.5
T (°C) 1137 1132 1134 1220 1196
Sr (ppm) 260.85 210.38 258.19 470.85 285.38
Y 20.35 10.79 17.26 19.93 15.97
Zr 248 .84 104.74 195.71 123 41 7797
Nb 40.21 14.28 30.55 10.13 5.65
Ba 2.15 0.53 0.00 0.00 0.00
La 49 88 26.14 41.15 23.57 13.02
Ce 97.78 50.87 81.16 53.46 32.58
Nd 41.72 21.60 35.58 28.14 17.61
Sm 8.14 4.20 6.92 691 4.62
Eu 2.35 1.22 2.11 2.11 1.40
Gd 6.02 3.15 5.62 6.24 4.10
Dy 4.82 2.53 4.20 5.00 352
Ho 0.82 0.45 0.70 0.80 0.60
Er 2.04 1.05 1.71 1.91 1.56
Tm 0.26 0.13 0.20 0.22 0.17
Yb 1.64 0.82 1.29 1.37 1.12
Lu 0.19 0.11 0.18 0.20 0.16
Hf 3.37 1.43 2.54 1.70 1.11
Pb 0.14

U
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.

RVYV 370- RVYV 370- RVYV 370- RVYV 370- RVYV 370-

B1b Cla Ela Fla Hla
SiO, (Wt%) 46.8 46.9 46.8 46.7 46.9
TiO, 2.5 2.5 2.5 24 2.5
ALO;, 14.2 14.6 14.2 13.8 14.6
FeO* 10.9 10.8 10.9 11.0 10.8
MnO 0.3 0.3 0.3 0.3 0.3
MgO 8.0 73 8.0 9.0 7.3
CaO 10.6 10.7 10.6 104 10.7
Na,O 2.5 2.6 2.5 24 2.6
K,O 0.8 09 0.8 0.8 09
P,O; 04 04 04 04 04
Mg# 0.6 0.6 0.6 0.6 0.6
H,O 1.2 14 1.1 2.8 24
T (°C) 1227 1197 1231 1221 1180
Sr (ppm) 531.60 317.05 480.92 453.69 335.63
Y 45.65 20.71 15.74 26.08 19.14
Zr 347.12 118.80 86.04 151.30 138.06
Nb 2347 10.00 8.82 8.53 10.85
Ba 0.00 0.00 043 0.00 0.00
La 59.77 19.01 16.36 2423 24.70
Ce 136.77 44.18 38.45 54.28 55.50
Nd 69.86 26.83 22.37 31.26 31.01
Sm 16.38 6.40 5.33 8.49 6.87
Eu 4.90 1.92 1.50 2.62 2.03
Gd 14.69 5.72 4.57 7.49 6.02
Dy 11.01 4.67 3.79 6.14 4.58
Ho 1.80 0.86 0.63 1.05 0.72
Er 4.74 2.00 1.62 2.64 1.91
Tm 0.56 0.24 0.19 0.31 0.20
Yb 3.15 1.61 1.11 191 1.32
Lu 0.44 0.21 0.14 0.24 0.19
Hf 4.23 1.79 1.28 1.97 1.93
Pb 0.37 0.46

U
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.

RVV370- RPA367- RPA367- RPA367- RPA 367-
Ila Ala Alb Blc Bld
Si0, (Wt%) 46.8 473 473 46.9 46.9
TiO, 2.5 39 39 35 36
ALO, 14.1 16.8 16.9 15.3 15.4
FeO* 10.9 8.8 8.8 93 93
MnO 0.3 0.2 0.2 0.2 0.2
MgO 8.3 36 34 6.5 6.3
CaO 10.5 10.6 10.6 10.3 10.3
Na,O 2.5 32 32 2.9 2.9
K,O 0.8 1.5 1.5 1.4 1.4
P,O. 0.4 0.6 0.6 0.6 0.6
Mg# 0.6 0.4 0.4 0.6 0.6
H,0 1.8 0.5 0.8 1.8 2.5
T (°C) 1221 1064 1051 1169 1135
Sr (ppm) 466.48 114.12 93.57 219.25 184.80
Y 18.32 35.04 32.32 30.30 50.68
Zr 108.73 417.30 377.91 16691 387.87
Nb 773 32.06 26.84 4021 32.19
Ba 0.00 0.00 0.00 13.11 1.06
La 21.13 61.50 56.59 29.51 62.67
Ce 50.22 137.68 125.64 65.71 14453
Nd 26.23 69.62 62.08 33.80 73.57
Sm 6.55 15.23 13.76 8.66 17.81
Eu 1.92 4.23 3.88 261 544
Gd 561 12.33 11.54 8.03 15.25
Dy 4.59 8.80 7.76 7.16 13.39
Ho 0.72 1.35 126 1.23 2.19
Er 1.92 333 301 2.87 4.81
Tm 0.24 0.38 0.35 0.36 0.61
Yb 131 231 2.05 2.15 3.34
Lu 0.18 0.30 0.26 0.30 0.44
Hf 1.59 539 5.14 2.08 429
Pb 0.42 0.51 0.62 0.50
U 0.15 0.18
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.

RPA 367- RPA 367- RPA 367- RPA 367- RPA 367-
Ble Cla Dla Ela Fla
SiO, (Wt%) 46.6 46.9 472 46.7 46.9
TiO, 33 3.6 38 34 35
ALO;, 14.4 15.6 16.6 14.6 152
FeO* 9.7 92 8.9 9.6 94
MnO 0.2 0.2 0.2 0.2 0.2
MgO 8.2 6.0 4.1 7.9 6.7
CaO 10.1 10.3 10.6 10.1 10.3
Na,O 2.7 30 32 2.8 2.9
K,O 1.3 14 1.5 1.3 14
P,O; 05 0.6 0.6 05 0.6
Mg# 0.6 0.6 0.5 0.6 0.6
H,O 1.6 0.5 0.5 05 1.2
T (°C) 1264 1173 1091 1243 1183
Sr (ppm) 566.20 478.67 150.83 1050.25 525.19
Y 14.32 21.21 30.66 20.64 38.40
Zr 76.79 259.88 311.52 218.05 429.04
Nb 5.09 20.29 15.67 15.27 30.00
Ba 0.00 0.00 0.27 0.16 0.31
La 18.18 39.04 50.76 38.83 58.56
Ce 38.80 88.57 113.19 90.54 133.45
Nd 21.16 43.57 60.51 45.15 70.68
Sm 4.44 9.51 14.10 10.44 16.50
Eu 1.34 2.80 3.80 2.94 4.83
Gd 4.11 791 10.73 7.63 13.36
Dy 3.24 5.52 7.87 552 947
Ho 0.54 0.83 1.27 0.80 1.49
Er 1.37 1.89 2.86 1.93 3.67
Tm 0.16 0.24 0.32 0.25 043
Yb 0.90 1.26 1.92 1.24 2.71
Lu 0.13 0.14 0.24 0.16 0.33
Hf 1.15 3.58 4.32 3.12 5.46
Pb 0.28 042
U
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.
RPA 367- RPA 367- RPA 488- RPA 488- RPA 488-

Hla I1a Ala Cla Dla
SiO, (Wt%) 47.0 46.6 44 .5 44 .5 44.6
TiO, 3.6 33 3.7 3.6 38
ALO;, 15.8 14.3 14.5 14.3 15.1
FeO* 92 9.7 10.0 10.0 9.7
MnO 0.2 0.2 0.2 0.2 0.2
MgO 5.6 8.5 6.6 7.0 53
CaO 104 10.1 12.0 11.9 124
Na,O 30 2.7 2.1 2.1 2.2
K,O 14 1.3 1.2 1.2 1.2
P,O; 0.6 05 0.5 05 0.6
Mg# 0.5 0.6 0.6 0.6 05
H,O 0.7 1.1 1.5 1.3 09
T (°C) 1154 1248 1171 1187 1133
Sr (ppm) 380.32 784.62 426.95 530.09 232.23
Y 24 .87 30.04 17.99 22.39 19.99
Zr 282.12 197.29 166.18 208.31 189.05
Nb 21.03 10.38 12.38 16.11 12.65
Ba 0.81 0.70 0.00 0.00 0.00
La 40.14 34.27 26.30 31.41 24 31
Ce 90.63 80.00 62.24 73.07 59.21
Nd 45.99 46.34 34.81 40.42 35.61
Sm 10.81 11.43 7.78 9.37 7.88
Eu 3.08 3.32 2.38 2.83 2.65
Gd 843 9.88 6.90 7.84 6.84
Dy 6.02 7.55 4.80 5.89 545
Ho 1.01 1.21 0.77 0.95 0.82
Er 2.25 2.87 1.74 2.09 1.80
Tm 0.27 0.34 0.21 0.20 0.21
Yb 1.85 2.10 1.23 1.21 1.13
Lu 0.21 0.24 0.12 0.19 0.15
Hf 373 2.20 233 2.89 3.19
Pb 0.29 0.39 0.28
U 0.19 0.10
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.
RPA 488- RPA 488- RPA 488- RPA 488- RPA 502-

Fla Gla Hla I1a Cla
SiO, (wt%) 44.5 44.6 44 .5 44 .5 447
TiO, 3.6 38 37 37 4.1
ALO, 14.3 15.0 14.6 14.5 15.5
FeO%* 100 9.8 99 10.0 11.7
MnO 0.2 0.2 0.2 0.2 0.2
MgO 7.0 55 6.4 6.6 6.9
CaO 11.9 12.3 12.1 12.0 9.9
Na,O 2.1 22 2.1 2.1 2.9
K,O 1.2 1.2 1.2 1.2 1.4
P,0, 0.5 0.6 0.5 0.5 0.6
Mg# 0.6 0.5 0.6 0.6 0.5
H,0 1.6 1.5 2.1 1.4 1.0
T (°C) 1184 1130 1151 1172 1211
Sr (ppm) 483.24 292.30 347 .41 429 .35 755.35
Y 21.16 26.37 20.88 19.38 19.61
Zr 195.24 275.34 178.67 198.87 243.06
Nb 14.97 19.27 12.69 14.82 22.08
Ba 1.43 0.00 0.00 0.00 12.74
La 31.28 37.93 28.50 27.58 32.36
Ce 67.99 83.57 66.59 62.90 7141
Nd 39.40 4891 38.61 36.39 38.35
Sm 8.47 1091 8.74 8.55 8.56
Eu 2.73 3.26 2.77 2.64 2.52
Gd 7.32 10.18 7.53 6.82 6.88
Dy 5.39 6.73 5.14 5.04 5.05
Ho 0.83 1.01 0.78 0.73 0.81
Er 2.02 2.53 1.93 1.93 2.00
Tm 0.22 0.26 0.20 0.20 0.23
Yb 1.35 1.69 1.22 1.23 1.22
Lu 0.15 0.21 0.16 0.15 0.15
Hf 3.00 3.88 2.48 3.00 3.54
Pb 0.34
U 0.17
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.

RPA 502- RPA 502- RPA 502- RPA 502- MG1001-
Dla Ela Gla I1a Ala
SiO, (Wt%) 44.7 44.7 44.6 44.7 432
TiO, 4.2 4.1 39 4.1 2.6
ALO;, 15.8 155 14.9 15.7 11.2
FeO%* 11.7 11.7 11.8 11.7 12.8
MnO 0.2 0.2 0.2 0.2 0.2
MgO 6.4 6.9 8.0 6.6 10.1
CaO 99 99 99 9.9 14.8
Na,O 30 2.9 2.8 2.9 2.3
K,O 1.5 14 14 14 0.6
P,O; 0.6 0.6 0.6 0.6 03
Mg# 0.5 0.5 0.6 05 0.6
H,O 1.0 0.7 1.6 1.1 2.5
T (°C) 1193 1219 1232 1197 1264
Sr (ppm) 638.97 798 .42 992.62 666.93 887.23
Y 18.01 21.05 22.29 22.14 31.25
Zr 229.81 225.18 252.79 241.71 264 .87
Nb 19.60 19.44 31.34 19.94 12.97
Ba 091 0.00 1.20 1.08 0.00
La 32.17 33.18 35.92 33.64 42.05
Ce 71.90 75.49 81.00 73.35 101.62
Nd 37.92 41.11 43.75 40.62 53.94
Sm 8.55 9.34 10.11 9.36 11.60
Eu 2.53 2.95 3.07 2.79 3.56
Gd 6.89 7.69 8.12 7.54 10.74
Dy 4.63 552 5.54 512 7.75
Ho 0.69 0.85 0.83 0.86 1.30
Er 1.63 1.89 1.94 2.12 2.80
Tm 0.18 0.25 0.23 0.23 0.39
Yb 1.04 1.46 1.34 1.21 2.10
Lu 0.13 0.20 0.15 0.17 0.32
Hf 322 3.10 341 3.24 3.78
Pb 0.30
U
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.
MG1001- MG1001- MG1001- MG1001- MG1001-

Alb Bla Blc Cla Dla
SiO, (Wt%) 432 43.1 43.1 43.1 43.1
TiO, 2.6 2.8 2.7 2.7 2.7
ALO;, 11.3 11.9 11.7 11.7 11.7
FeO* 12.8 12.9 12.9 12.9 12.9
MnO 0.2 0.2 0.2 0.2 0.2
MgO 9.9 8.6 9.1 9.1 9.1
CaO 14.8 15.1 15.0 15.0 15.0
Na,O 2.3 24 24 24 24
K,O 0.6 0.7 0.7 0.7 0.7
P,O; 04 04 04 04 04
Mg# 0.6 0.6 0.6 0.6 0.6
H,O 2.2 1.5 1.9 1.6 1.2
T (°C) 1265 1244 1249 1256 1265
Sr (ppm) 1132.35 890.97 852.74 822.46 1029.13
Y 22.32 17.02 18.37 18.04 13.76
Zr 242 31 158.77 133.13 149.13 111.42
Nb 24.62 12.65 9.04 21.07 8.26
Ba 3.35 0.55 0.00 29.18 0.00
La 41.85 31.28 27.64 28.56 24 31
Ce 91.79 70.52 63.73 61.67 51.10
Nd 41.66 34.55 32.22 28.85 25.58
Sm 8.64 6.88 7.39 6.28 492
Eu 2.74 2.06 2.16 1.83 1.65
Gd 7.61 543 6.22 5.32 4.44
Dy 533 4.12 492 4.17 3.15
Ho 0.85 0.68 0.81 0.72 0.52
Er 2.17 1.55 1.87 1.86 1.30
Tm 0.22 0.21 0.21 0.21 0.17
Yb 1.68 1.26 1.40 1.31 0.95
Lu 0.21 0.15 0.18 0.19 0.14
Hf 348 2.17 2.10 2.18 1.61
Pb 0.35 0.44 0.27 1.15 0.30
U 0.13
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from
individual pyroxene phenocrysts.
MG1001- MG1001- MG1001- MG1001- MG1001-

D1b Dlc D1d Dle Ela
Si0, (Wt %) 432 432 433 432 432
TiO, 2.6 2.6 2.5 2.6 2.6
ALO, 112 11.1 109 113 113
FeO* 128 127 127 128 128
MnO 0.2 0.2 0.2 0.2 0.2
MgO 10.1 104 10.8 9.9 9.9
CaO 148 148 147 148 148
Na,O 23 22 22 2.3 2.3
K,O 0.6 0.6 0.6 0.6 0.6
P,0. 0.3 0.3 0.3 0.4 0.4
Mg# 0.6 0.6 0.6 0.6 0.6
H,0 14 12 1.1 12 1.3
T (°C) 1289 1298 1311 1288 1284
Sr (ppm) 1321.24 1160.23 1357.62 1370.93 1161.76
Y 1635 15.10 1625 13.82 14.07
Zr 125.18 88.06 99.82 116.73 103.42
Nb 8.90 6.14 6.62 701 7.48
Ba 0.00 0.00 0.00 0.00 0.48
La 24 84 19.57 19.27 21.82 19.12
Ce 57.01 4425 45.16 48.58 45.09
Nd 2931 23.03 25.10 25.18 23.11
Sm 6.55 531 5.88 5.46 542
Eu 1.81 1.56 1.68 157 1.61
Gd 5.09 457 5.15 4.17 431
Dy 4.15 3.65 3.89 341 3.59
Ho 0.64 0.60 0.63 0.57 0.54
Er 1.84 1.50 158 139 131
Tm 0.18 0.18 0.18 0.16 0.19
Yb 1.28 1.09 1.02 0.93 0.91
Lu 0.15 0.15 0.15 0.13 0.12
Hf 1.98 1.14 1.54 1.76 1.67
Pb 0.27 0.36 0.17

U
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Table A6 (continued): Major, trace, and volatile compositions of melts calculated from

individual pyroxene phenocrysts.

MG1001-Elb  MG1001-Elc MG1001-Fla MG1001-Gla
Si0, (Wt %) 432 43.1 43.1 43.0
TiO, 2.6 27 2.7 2.8
ALO, 112 11.6 117 122
FeO* 12.8 128 129 13.0
MnO 0.2 0.2 0.2 0.2
MgO 10.1 9.4 9.1 8.0
CaO 14.8 14.9 15.0 152
Na,O 23 23 2.4 2.5
K,O 0.6 0.7 0.7 0.7
P,0. 0.3 0.4 0.4 0.4
Mg# 0.6 0.6 0.6 0.5
H,0 1.7 13 1.7 1.4
T (°C) 1281 1271 1255 1229
Sr (ppm) 1088.45 1117.15 987.46 802.82
Y 1639 13.12 13.55 16.05
Zr 124.82 109.42 129.44 180.86
Nb 9.77 9.27 9.90 17.32
Ba 0.00 2.49 0.00 0.00
La 2133 21.30 23.28 31.66
Ce 53.09 4727 4926 66.30
Nd 28.05 22.66 24.15 29.30
Sm 5.94 505 5.68 733
Eu 1.88 1.61 1.59 1.85
Gd 5.13 425 435 5.86
Dy 3.88 3.09 343 3.55
Ho 0.62 0.48 0.56 0.62
Er 1.65 1.25 126 147
Tm 0.22 0.15 0.15 0.17
Yb 1.11 0.93 0.92 1.18
Lu 0.15 0.12 0.12 0.17
Hf 1.75 1.73 2.06 2.55
Pb
U
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Sample naming for Table A6 follows the same scheme as for Table A5, however
compositions presented in Table A6 refer to compositions of melts calculated from

pyroxene phenocrysts.

Melt major element compositions calculated by subtracting olivine and pyroxene

phenocryst in their observed abundances from whole rock compositions.

Melt trace element compositions calculated using pyroxene/melt partition coefficients

calculated from the program BigD.

Melt H,O concentrations calculated using parameters outlined in Hauri et al. [2006] (see

Table A5 information).
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