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Volatiles
Pre-eruptive volatile contents recorded by melt inclusions from ocean island settings such as Hawaii constrain
the extent of deep Earth outgassing on geologic timescales by mantle plume activity. However, melt inclusions
trapped from a partially degassed magma will not reflect the original volatile content of the primary melt, and
relatively silicic (>45wt% SiO2) shield-stage tholeiites are more likely to have been affected by degassing during
fractionation at shallow depths. In contrast, magmas associated with post-shield volcanoes erupt volatile-rich
melts that ascend quickly from the source region and crystallize in deep reservoirs. As a result, melt inclusions
frompost-shield volcanoesmay bemore likely to preserve undegassedmelt compositions that can be used to de-
termine the primarymelt and source volatile contents. In this study, we analyzedmelt inclusions fromHaleakala
Volcano (East Maui, Hawaii) to estimate the volatile budget of Hawaiian post-shield magmas. Melt inclusions
from Haleakala contain up to 1.3 wt% CO2, 1.2 wt% H2O, and about 2000 ppm S. We calculate that melts from
Haleakala were derived from a parental melt with ~0.7 wt% H2O and ~0.7 wt% CO2 and experienced ~15–40%
polybaric, fluid-saturated crystallization starting at 5–7 kbar. Post-shield melt inclusions from Haleakala have
H2O/Ce and CO2/Ba compositions that are intermediate between shield-stage melt inclusions from Kilauea and
the alkalineNorth ArchVolcanic Field, which is consistentwith a scenario inwhich primarymelts fromHaleakala
are influenced by the volatile-rich auto-metasomatized periphery of the composite plume source.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Mantle plumes and Hawaiian magmatism

Mantle plumes are thought to transfer volatiles from the deep Earth
to the surface, and thus represent an importantmechanism of planetary
outgassing (Dasgupta and Hirschmann, 2010; Dasgupta et al., 2013).
Many oceanic island volcanoes are situated above mantle plumes
which are inferred to rise from the deep lower mantle to the base of
the lithosphere to feed hot-spot melting (French and Romanowicz,
2015), and the compositions of the related ocean island basalts (OIBs)
have been used to assess the composition of deep mantle materials
(Hofmann andWhite, 1982; Hofmann, 2003). Additionally, alkaline ba-
salts from OIB settings may be derived from partial melting of a CO2-
rich, ultramafic mantle source (Edgar, 1987; Hémond et al., 1994;
Dasgupta et al., 2007). Therefore, understanding the nature of plume
melting and volcanism – especially alkaline volcanism from OIBs – is
crucial to understanding planetary degassing.
Tech, 926 West Campus Drive,
Hawaii is perhaps the best-characterized volcanic setting on the
planet and is a natural laboratory for studying plumemelting. As the Pa-
cific platemoves across the hot spot belowHawaii, the islands that form
evolve through a progression of volcanic stages which are characterized
by changes in eruptive volume, eruptive style, and melt composition
(Peterson and Moore, 1987). Island growth begins with a “pre-shield”
seamount stage, which is characterized by a relatively low volume of al-
kaline melt. This is followed by a voluminous “shield stage” during
which most of the volume of the island is generated by the eruption of
tholeiitic lava. The output volume of the volcano progressively de-
creases with time, and erupted material becomes more alkaline as the
island transitions into a “post-shield” or “capping” stage as deeper and
more ephemeral magma chambers develop (Frey et al., 1990). Volcanic
activity may cease entirely after this stage, and the volume of the island
decreases with time because material removed by erosion is not
replenished by new volcanic material. Intermittent volcanic activity
may continue during or after this erosion-dominatedperiod, and islands
that have experienced low-volume eruptions of highly alkaline, silica-
undersaturated lava after a significant amount of erosion has occurred
are said to be in the “rejuvenated” or “post-erosional” stage (Clague
and Dalrymple, 1987). Subaerial rejuvenated volcanism is similar in
composition to explosive, highly alkaline submarine volcanic deposits
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which are present in a positive topographic anomaly located near O'ahu
and Kaua'I, approximately 500 km from the plume center. Arguably the
most well-characterized of these localities is the North Arch Volcanic
Field (e.g. Frey et al., 2000; Dixon et al., 1997) located ~200 km north
of Oahu.

In addition to geochemical and petrologic variation in volcanic be-
havior, the Hawaiian plume is also isotopically heterogeneous over
space and time. Volcanic edifices are isotopically diverse (Tatsumoto,
1978) and may be divided into two parallel groups along the island
chain based on their Pb isotopic compositions (KEA and LOA endmember
compositions; Abouchami et al., 2005). In addition to the LOA and KEA
endmember compositions shared by shield-stage melts, rejuvenated
and post-shield stage melts also contain a proportion of an isotopically-
depleted endmember component (e.g. Bizimis et al., 2013; Phillips
et al., 2016), which increases with time based on stratigraphic position
and with distance from the hot spot (Garcia et al., 2010; Clague and
Sherrod, 2014). Models invoked to explain isotopic variations have had
features that include 1) progressive incorporation of external oceanic
material into the plume with time (e.g. Frey et al., 1990), 2) randomly-
or laterally-distributed regions of isotopically distinct material within
the plume (e.g. Ito and Mahoney, 2005; Hofmann and Farnetani, 2013)
which are preferentially sampled depending on the degree of melting
(e.g. Garcia et al., 2010), 3) orientation of the plume relative to platemo-
tion (Jones et al., 2017), and 4) temporal variations related to internal
mixingwithin the plume (Ballmer et al., 2013). These proposed scenarios
have evolved over recent decades to accommodate an increasing num-
ber of geologic, geochemical, and geophysical observations.

While the combined volcano-stage model and geodynamic plume
models together provide a robust framework which can explain the
geologic and geochemical properties of the Hawaiian islands, the
transitions between each stage of growth and their causes are not as
well understood. The gradual changes in melt composition between
the pre-shield, shield, and post-shield stages can be explained by vari-
able degrees of melting as a function of distance from the hot spot
(Liu and Chase, 1991). In contrast, explaining the eruptive hiatus from
the post-shield stage to the rejuvenated stage requires additional pro-
cesses such as crustal flexure (Bianco et al., 2005) and/or secondary
melting of mantle source material (Ribe and Christensen, 1999). How-
ever, the transitions between the stages of volcanic activity can be grad-
ual rather than punctuated (Clague and Sherrod, 2014), and inferred
changes in melt supply may also be accompanied by changes in source
composition – even within the same volcanic edifice (Chen et al., 1991;
Blichert-Toft et al., 2003; Xu et al., 2005; Garcia et al., 2010).

Geodynamic modeling has suggested that differences in both erup-
tive behavior and isotopic heterogeneity are related to compositional
variationwithin the plume,which can give rise to complex upwelling be-
havior and variable melt output (Ballmer et al., 2013) due to the pres-
ence of a recycled eclogite component within the plume (Hofmann and
Jochum, 1996; Hauri, 1996). This recycled eclogite component is thought
to beginmelting deeper than ~150 km (Sobolev et al., 2005) and contrib-
ute to concentric chemical zonation of the plume observed in the geo-
graphic distribution of trace element enrichment of erupted melts
(Dixon and Clague, 2001). In particular, it is thought that the outer por-
tion of the Hawaiian plume is enriched in volatiles as a result of auto-
metasomatism by fluids derived from deep eclogite melting within the
Hawaiian plume (Dixon and Clague, 2001; Dixon et al., 2008), and this
zonation should be reflected in the volatile budgets ofmagmas crystalliz-
ing at different distances from the center of the plume.

Constraining the volatile budget of melts from the Hawaiian plume
is challenging owing to the strong pressure dependence of volatile sol-
ubility in silicatemelts,which controls the depth atwhich degassing be-
gins within the volcanic “plumbing system” (e.g. Dixon and Clague,
2001). Submarine lavas provide a crucial source of petrologic informa-
tion about the pre-eruptive volatile content of the melt and mantle
source owing to limited degassing at hydrostatic pressure. This is in
contrast to subsequent, more enhanced open-system degassing which
2

occurs when volcanoes breach the water surface (e.g. Moore, 1965).
For example, analyses of submarine samples collected at Puna Ridge in-
dicate that early mixing of previously degassed and more volatile-rich
undegassedmelts exert an early control on the volatile content of prim-
itivemagmas (Dixon et al., 1991). As the pre-eruptive volatile content of
the magma is increased by crystallization, the volatile content of the
source can be estimated from analyses of picritic glasses by modeling
the process of olivine crystallization (e.g. Clague et al., 1991). Addition-
ally, based partly on 1) the propensity for strongly alkaline melts to ex-
perienceminimal degassing compared to tholeiitic magmas (e.g. Dixon,
1997) and 2) the significant hydrostatic pressure (~400 bar) at the site
of eruption, the North Arch Volcanic Field (NAVF) was investigated to
explore the phenomenon of volcanism at the periphery of the plume
where alkaline lavas were found erupting in equilibrium with a CO2-
rich exsolved fluid (Dixon et al., 1997). Data collected from submarine
samples distributed across the plume have informed a family of melting
models that involve a variablymixed composite of the volatile-poor Ha-
waiian plume core, a relatively volatile-rich “sheath,” and
metasomatizing silicic and carbonatitic fluids (Dixon et al., 2008). This
inferred auto-metasomatism on the periphery of the plume is inferred
to be expressed isotopically as the KOO (Koolau) endmember compo-
nent in contrast to the relatively dry plume component inferred to be
associated with Loihi at the center of the plume (Dixon and Clague,
2001).

1.2. Melt inclusions and degassing

A complementary approach to the analysis of submarine and subaer-
ial lava samples is to analyze melt inclusions trapped in minerals that
crystallized at depth, which ideally have trapped a sample of melt that
had experienced minimal degassing, and which have remained closed
from the ambient environment. In general,mineral crystallizationdepths
are inferred to occur at greater pressures than those present on the sea-
floor (e.g. Hammer et al., 2016). Previous inferences of the relatively dry
composition of the Hawaiian plume core were made by comparing bulk
analyses of olivine-hosted melt inclusions (Delaney et al., 1978) to anal-
yses of glassy rinds on dredged pillow basalts (e.g. Moore, 1970). In cases
where melt inclusions are trapped during degassing at fluid-saturated
conditions, the volatile contents of melt inclusions can be used to deter-
mine the pressure at the time of crystallization using an experimentally
defined volatile-melt solubility relationship (Metrich and Wallace,
2008). Using this approach, individual microanalyses of melt inclusions
in olivine phenocrysts from Kilauea have improved the general under-
standing that the observed volatile content of shield-stage magmas is
dominated by shallow degassing and mixing processes (e.g. Dixon
et al., 1991; Anderson and Brown, 1993) where re-mixing of degassed
magma by drainback can deplete the bulk volatile contents of basaltic
magmas in shallow storage reservoirs at Kilauea – both in the summit re-
gion and along the rift zones (Wallace and Anderson, 1998).

While melt inclusions have been used to estimate the pre-eruptive
volatile contents of shield and post-shield stage melts from Hawaii
(e.g. Wallace and Anderson, 1998; Sobolev et al., 2011; Sides et al.,
2014; Tucker et al., 2019), obtaining accurate volatile contents is chal-
lenging because of CO2 lost to bubbles which form in the inclusion
after trapping (Roedder, 1979; Anderson and Brown, 1993; Steele-
MacInnis et al., 2011; Moore et al., 2015). Tucker et al. (2019) recently
reported analyses of melt inclusions from several Hawaiian volcanoes
with CO2 contents determined using an equation of state to estimate
the amount of CO2 contained in the bubble. In this study, we use
Raman spectroscopy to measure the CO2 content of melt inclusion bub-
bles in situ as has been done in several recent studies (e.g. Esposito et al.,
2011; Hartley et al., 2014;Moore et al., 2015; Aster et al., 2016). This ap-
proach has the advantage of avoiding uncertainties associated with
nonequilibrium volume exsolution related to contraction of the bubble
during eruption as discussed by Wallace et al. (2015) and Moore et al.
(2015, 2018). This Raman approach also has the disadvantage that the
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observed density of CO2 in the vapor bubblemay have beenmodified by
subsolidus reactions between the fluid in the bubble and the surround-
ing glass to produce carbonate phases, as has been observed in otherMI
studies (c.f., Esposito et al., 2016). Further details are discussed below
and in supplementary material.

To explore the relationship between the volatile budget of Hawai-
ian volcanoes at different growth stages, we used melt inclusions
from Haleakala Volcano to estimate the source volatile content and
melt degassing behavior during crystallization. Haleakala is a ~2 mil-
lion-year old volcanic complex on East Maui that has experienced all
of the stages of volcanic growth through the end of the post-shield
stage (Sherrod et al., 2003, 2007). The most recent volcanism at
Haleakala (~1 Ma to present) consists of monogenetic volcanic
vents that cut across a deeply incised erosional surface. However, de-
tailed stratigraphic age dating indicates that Haleakala has yet to ex-
perience an eruptive hiatus that is indicative of the transition from
post-shield to rejuvenated volcanism, but can be considered to be
approaching the end of its post-shield stage based on 1) the duration
of post-shield volcanism present on other Hawaiian islands and
2) discrete lapses in volcanic activity evident in the stratigraphic re-
cord (Sherrod et al., 2003). Additionally, isotopic compositions of
melts from Haleakala's Hana and Kula post-shield volcanism suggest
amixed composition between a KEA-like composition and a depleted
composition (Phillips et al., 2016). Haleakala therefore represents
the oldest and most distal site of post-shield volcanism on Hawaii
with respect to the center of the plume, with a composition influ-
enced by an isotopically-defined depleted rejuvenated mantle
endmember component (DRC; e.g. after Bizimis et al., 2013) which
also provides opportunities to sample melt inclusions from fresh,
monogenetic cinder cones. This is important because rapidly-
quenched melt inclusions are less likely to have experienced
significant post-entrapment crystallization (Roedder, 1979; Bodnar
and Student, 2006; Steele-MacInnis et al., 2011) and H2O loss
(Danyushevsky et al., 2002; Lloyd et al., 2013). Because melts from
Haleakala are both relatively alkalic and crystallize deep within the
lithosphere (Hammer et al., 2016), melt inclusions are more likely
to trap a melt that is unaffected by significant degassing. Haleakala
is therefore an ideal location to find recently-erupted and unmodi-
fied, primitive melt inclusions that sampled melts derived by partial
melting of a volatile-enriched source. The goals of this study are to
estimate the conditions under which degassing occurs in the
“plumbing system” below Haleakala, to assess whether melt inclu-
sions from Haleakala record evidence of a transition to a volatile-
enriched plume source, and to apply information about the volatile
content of the source material that is preserved by melt inclusions
to improve upon existing models of Hawaiian island evolution.
Fig. 1.Geologicmap of sample locations. Geologicmap and lithologic unit abbreviations after Sh
Kula volcanics: Qkuv – vent deposits, Qkul – lava flows; Qa: Holocene alluvium. Symbols indic
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2. Materials and methods

Ash and lapilli samples were collected from post-shield lava flows
andmonogenetic cinder cones at Haleakala Volcano onMaui, specifically
targeting fresh, unalteredmaterial that was likely to contain olivine phe-
nocrysts. Fresh tephra samples were collected from Haleakala crater
(Fig. 1), and lava samples were collected from Hana volcanic flows
(Qhn6) on the southwestern coast of East Maui and from Lahaina Volca-
nic unit Qlhl onWestMaui (Fig. 1 inset). Two of the tephra samples (HA-
16-6 and HA-16-7; Hana volcanics) were found to contain abundant ol-
ivine phenocrysts containing glassy melt inclusions, and these samples
were selected for melt inclusion analysis. GPS locations and sample de-
scription provided in Table S7 (Supplementary Materials).

Whole rock samples were crushed, washed in an ultrasonic bath
with deionized water, and oven dried at 120 °C. Approximately 30 g of
the cleaned bulk sample material was hand-picked under a binocular
microscope to remove altered material and the cleaned material was
analyzed for major and trace elements at Washington State University.
Whole rock samples were analyzed using a combination of X-ray fluo-
rescence (XRF) and solution inductively coupled plasma mass spec-
trometry (methods described by Johnson et al., 1999). New whole
rockmajor and trace element compositions are listed in Supplementary
Tables S1 and S2 respectively.

The remaining sample material was sieved to identify the grain size
fraction containing the most abundant olivine grains, and these grains
were hand-selected under a binocular microscope. All melt inclusions
contained glass and fluid bubbles with some also containing small
(<0.1 vol%) opaque particles that are likely sulfide globules or spinel
crystals. Bubbles were analyzed by Raman spectroscopy at Virginia
Tech using the methods described by Moore et al. (2015) and
Lamadrid et al. (2017). Following Raman analyses, crystals containing
melt inclusions were polished to expose the glass at the surface and
pressed into a 1-in. diameter indium mount. Volatile concentrations of
melt inclusion glasseswere determined using Secondary IonMass Spec-
trometry (SIMS) at the Woods Hole Oceanographic Institute (methods
described by Shimizu et al., 2009), and major element concentrations
of melt inclusion glasses as well as host olivine grains were determined
using electron probe microanalyses (EPMA) at Syracuse University. Fi-
nally, melt inclusion and host olivine grains were analyzed at Virginia
Tech using laser ablation inductively coupled plasma mass spectrome-
try (LA-ICP-MS) to determine trace element concentrations. Melt inclu-
sion and host olivinemajor and trace element compositions are listed in
Supplementary Tables S3 and S4, respectively. Volatile contents of melt
inclusions are listed in Supplementary Table S5.

Melt inclusion compositions were corrected for post-entrapment
crystallization using the Petrolog3 program (Danyushevsky and
errod et al. (2007). Hana volcanics: Qhnt - tephras, Qhnv - vent deposits, Qhn5– lavaflows;
ate sample type as in Fig. 2.
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Plechov, 2011). For these calculations, we used the Ford et al. (1983)
olivine-melt model, the Lange and Carmichael (1990) melt density
model, and a QFM buffer to control oxygen fugacity. To correct for Fe-
loss, we used the total Fe concentration from whole rock analyses.
Melt fO2 was estimated for melt inclusions using the V partitioning
proxy described by Canil (2002).

After analyzing melt inclusions using LA-ICP-MS, we used the
PEC-corrected Al2O3 concentration for each inclusion as the internal
standard (normalizing element) so that the calculated trace element
concentrations would reflect a PEC-corrected value (uncorrected trace
element concentrations of melt inclusions are included in Supplemen-
tary Table S4). Because of the small size of the melt inclusions
(~50 μm), and because themelt inclusions had been previously exposed
to the surface by polishing, several of the laser ablation analyses in-
cluded a mixture of glass and ablated host olivine, and these analyses
were discarded as a precaution and because the LA-ICP-MS signal pro-
cessing algorithm used in this study does not support deconvolution
of a mixed host/inclusion signal.

Additional information regarding sample preparation and analytical
methods is included in the supplementary methods description. Note
that all reported melt inclusion compositions described in the results
and discussion have been corrected for PEC and exsolution of CO2 into
bubbles except when stated otherwise.
3. Results

3.1. Major elements

Major element compositions of the whole rock samples are consis-
tent with previously analyzed samples from Haleakala (Fig. 2) and
with other Hawaiian post-shield-stage volcanoes. The compositions
are alkalic and plot within the basalt, trachybasalt, and basanite fields
Fig. 2.Whole rock andmelt inclusion compositions comparedwithMELTSmodels. Haleakala sh
mpch-mainz.gwdg.de/georoc/) are shown for comparison. a) Olivine host Fo# and melt inclus
show compositions corrected for PEC only. b-d) comparison of melt inclusion, whole rock, an
melt with ~16 wt% MgO.
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on a total alkali vs silica (TAS) diagram (Fig. 2b). Forsterite contents
[Fo# = 100 × molar Mg/(Mg + Fe)] of olivine host phenocrysts range
from 68 to 87, and melt inclusions from one tephra sample (HA-16-6,
host Fo# 79–87, mean = 82) are significantly more primitive than the
other (HA-16-7, host Fo# 73–87,mean=75). Melt inclusions generally
experienced ~2–15% (interquartile range) post-entrapment crystalliza-
tion (PEC), and inclusion major element compositions (after correcting
for PEC) are consistent with the range of Haleakala whole rock compo-
sitions. An exception is that TiO2 concentrations of melt inclusions
(~1–3 wt%) are lower than those of the whole rocks (3–4 wt%).
3.2. Trace elements

Trace element concentrations of the lava and tephra whole rock
samples are consistent with previous studies of Haleakala and other
post-shield-stage volcanoes from Hawaii (Fig. 3). Both sample types
are enriched in light rare earth elements (REEs), which is typical of an
OIB derived from a low degree of partial melting. This is in contrast to
melts from Haleakala's shield stage, which are generally interpreted to
have originated from a higher degree of melting (Chen et al., 1991).
Whole rock and melt inclusion samples also show depleted heavy REE
concentrations, which are generally interpreted to reflect a garnet-
bearing source (Hofmann et al., 1984; Wagner et al., 1998; Ren et al.,
2004).

Trace element concentrations of melt inclusions and whole rock
samples are similar (Fig. 3a) with melt inclusions from Haleakala sam-
ple HA-16-6 and Maui lava samples having lower REE concentrations
compared to melt inclusions from Haleakala sample HA-16-7 and
Haleakala tephra samples. Based on a similar relationship observed in
our major element data, it is likely that this variation in light REE con-
centrations is due to differences in the degree of fractional crystalliza-
tion. Light REE concentrations are also consistent with those observed
ield and post-shield stage whole rock compositions from GeoRoc database (http://georoc.
ion Mg# used to correct for post-entrapment crystallization (PEC); all subsequent figures
d calculated liquid lines of descent (LLDs) reflect crystallization from a common parental

http://georoc.mpch-mainz.gwdg.de/georoc/
http://georoc.mpch-mainz.gwdg.de/georoc/


Fig. 3. Trace element compositions of melt inclusion samples HA-16-6 (red lines) and HA-16-7 (green lines) fromHaleakala compared to a) whole rock lava (orange) and tephra (yellow)
samples. b) shield stage (green), post-shield stage (blue), and c) North Arch Volcanic Field (NAVF) compositions (tan) compiled from the GeoRoc database are shown for comparison and
filtered to show only the interquartile range.
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from previously analyzed whole rock samples from Maui and interme-
diate between trace element compositions of previously-analyzed
shield- and post-shield-stage lavas (Fig. 3b). Previously analyzed
whole rock compositions from the NAVF (Fig. 3c) are similar tomelt in-
clusions fromHaleakala sample HA-16-6 but havemore depleted heavy
REE concentrations. This has been previously attributed to the presence
of a garnet-bearing source in rejuvenated-stage lavas.

The melt inclusion trace element concentrations are significantly
more variable than those of whole rocks, and two melt inclusions
show consistently low trace element concentrations. It is not clear
whether these anomalously depleted melt inclusion compositions are
a result of olivine host contamination or evidence of a depleted melt
composition similar to what has been previously reported for melt in-
clusions fromMauna Loa by Sobolev et al. (2011). Because the variabil-
ity of the trace element abundances in melt inclusions increases with
increasing compatibility in olivine, it is likely that some of the uncer-
tainty may be related to contamination of the analytical volume by
host olivine. Evaluating the effects of these processes on the observed
heavy REE concentrations is beyond the scope of this study, and there-
fore we limit our discussion to exclude the heavy REE concentrations
of individual melt inclusions.
5

3.3. Volatile components

Melt inclusions from Haleakala contain 500–2500 ppm F,
200–800 ppm Cl, 700–2500 ppm S, 0.2–1.2 wt% H2O, and 0.3–1.3 wt%
CO2 (after correctingmelt inclusion CO2 compositions to account for ex-
solution into shrinkage bubbles, Fig. 4a). We note that other volatile
components, such as S and H2O, may have exsolved into fluid bubbles
as has been reported previously (e.g. Esposito et al., 2016; Moore
et al., 2018), but evidence of other exsolved components either as
daughter crystals precipitated on the glass/fluid interface or as a compo-
nent in the fluid was not observed during Raman analyses of the inclu-
sions considered in this study. We also note that the CO2-bearing fluid
bubbles contained a mixture of liquid and vapor, and melt inclusions
were analyzed at ~35 °C so that the fluid analyte would be homogenous
during Raman analysis. Further details of this approach are discussed in
the supplementary material.

To determine the extent to which the melt had degassed prior to
trapping, melt inclusion volatile contents were compared to an incom-
patible element that is not likely to have been partitioned into amineral
or fluid phase given the compositional range over which olivine-hosted
melt inclusions were being trapped. Fluorine was selected as the



Fig. 4. (a–d) MI volatile concentrations with linear regression of presumably undegassed volatile concentrations indicating fractional crystallization. Light-colored symbols indicate MI
glass compositions not corrected to include CO2 exsolved into bubbles. A representative error bar is shown for CO2 vs F. (e) Volatile-melt saturation pressures and MI host
compositions compared with MELTS model results; pressures are calculated for each melt inclusion based on the trapping temperature and major element and volatile composition
using the volatile-melt solubility model described by Iacono-Marziano et al. (2012).
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incompatible element for comparison because it was collected simulta-
neously with the other volatile elements during SIMS analyses. Cl and F
are highly correlated: it is therefore unlikely that the compositions of ei-
ther of these elements were depleted by degassing during fractional
crystallization (Fig. 4a). S and H2O are well-correlated with F for inclu-
sions with less than 1000 ppm F and poorly correlated for inclusions
with greater than 1000 ppm F: we interpret this to indicate that both
S andH2Owere initially enriched in themelt by fractional crystallization
and then depleted by degassing when the melt became volatile-
saturated (Fig. 4b, c). Additionally, the good correlation between H2O
and F suggests that melt inclusions experienced little diffusive loss of
H2O. Assessing whether CO2 concentrations of melt inclusions were af-
fected by degassing is more difficult because of the large (~50% relative)
uncertainty associated with determining the volume of shrinkage bub-
bles petrographically (Moore et al., 2018; supplementary material).
Thus, the variation in CO2 (Fig. 4d) could potentially be explained either
by propagated analytical error or by degassing, and additional informa-
tion is required to determinewhether the population of melt inclusions
with F < 1000 ppm trapped a volatile-saturated melt.

The range of volatile contents that we determined is significantly
larger than is observed for the shield stage. For comparison, Sides
et al. (2014) report that melt inclusions from Kilauea contain to 0.8 wt
% H2O, up to 400 ppm F, 50–250 ppm Cl, and up to 1800 ppm S.
Moore et al. (2015) report that melt inclusions from Kilauea contain
up to 0.2 wt% CO2 when the CO2 contained in shrinkage bubbles is in-
cluded. This difference in volatile abundances is likely related to a com-
bination ofmelt inclusion trapping at greater depths (higher pressures),
and a more alkalic melt composition. It is likely that the concentrations
of (incompatible) volatile components in themelt would have been ini-
tially higher than those in the shield stage owing to a lower degree of
partialmelting or the participation of a different source, and then subse-
quently enriched by fractional crystallization. These processes are eval-
uated further, as described below.
3.4. Oxygen fugacity

To estimate the oxygen fugacity of melts from Haleakala, we used
the olivine-melt V-partitioning oxybarometer described by Canil
6

(2002), in which the oxygen fugacity of melts is correlated with the V
olivine/melt partition coefficient (DV). For melt inclusions from
Haleakala, the range of DV is ~0.02–0.04, which corresponds to approx-
imately ΔQFM −1 to +0.5 (relative to quartz + fayalite + magnetite
buffer at 1200 °C) or a ratio of ferric to total Fe (Fe3+/ΣFe) of 0.15 to
0.25 (Fig. 5a). This range is consistent with previous measurements of
Fe speciation for Kilauea (Moussallam et al., 2016), Mauna Kea
(Brounce et al., 2017), and the NAVF (Dixon, 1997). DV is positively cor-
related with the composition of the host olivine (Fig. 5b), negatively
correlated with incompatible elements F and S (Fig. 5c, d), and poorly
correlated with volatile components H2O, Cl, and CO2. This suggests
that the oxidation state of the melt, as recorded by the DV proxy, is con-
trolled by preferential incorporation of Fe2+ into crystallizing olivine,
and is not significantly affected by degassing.
3.5. Parental melt composition modeling

To reconstruct the composition of parental melts derived from early
melting of themantle source belowHaleakala,we used the silica activity
thermobarometer of Lee et al. (2009) to incrementally add equilibrium
olivine until the calculated melt composition is in equilibrium with
mantle olivine. We used this model because it is more appropriate for
low-SiO2 samples (<45 wt%; e.g. compared to PRIMELT; Herzberg
and Asimow, 2008) and allows greater flexibility for multiple samples
with variableH2O contents. However, given the uncertainties associated
with assessing equilibriumbetween potential source lithologies and our
calculated parental melts, we evaluate whether our calculated parental
melts are similar to other estimated primary melt compositions sepa-
rately below (Sections 4.2 & 4.4). Samples with MgO < 8 wt% were ex-
cluded from the calculation to increase the likelihood that only melts
crystallizing olivine would be used in our model. We assumed a molar
Fe3+/Fetotal = 0.2 based on the calculated ƒO2 from the DV

oxybarometer described above, Kd
Fe/Mg= 0.3, and an assumed mantle

Fo# = 90, which is consistent with the most primitive olivines from
Maui (Ren et al., 2004). For whole rock samples, we assumed an H2O
concentration of 1.2 wt% based on the range of H2O concentrations de-
termined for melt inclusions, and calculated the composition of olivine
that would precipitate using the correlation between melt inclusion



Fig. 5. Olivine-melt V partitioning and calculated oxidation state for melt inclusions from Haleakala. a) Contours of oxygen fugacity relative to quartz-fayalite-magnetite (QFM) buffer
calculated using the relationship described by Canil (2002). DV is positively correlated with host olivine forsterite content (b) and negatively correlated with F and S concentration in
the glass.

L.R. Moore, E. Gazel and R.J. Bodnar Journal of Volcanology and Geothermal Research 410 (2021) 107144
host olivine composition and Al2O3 concentration. Parental melt com-
positions calculated from whole rock and melt inclusion samples are
consistent, and indicate that ~5–30 wt% of olivine fractionation had oc-
curred before melt inclusions were trapped. We used newmass of melt
that is based on the calculated amount of olivine addition to themelt to
correct volatile concentrations of primitive (MgO > 8) samples for oliv-
ine fractionation assuming perfect incompatibility with respect to the
crystallizing melt. This assumption appears to be valid based on linear
correlations observed between trace element concentrations and MgO
Fig. 6. Trace element concentrations inwhole rock samples fromMaui. Haleakala shield andpos
gwdg.de/georoc/) are shown for comparison.
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concentration, and a lack of observed correlation between trace element
ratios andMgO (Fig. 6). The observed input and calculated output com-
positions involved in this calculation are listed in Supplementary
Table S6. Table 1 lists the average parental melt composition calculated
using the Lee et al. (2009) thermobarometer, and this composition was
used as the startingmelt composition for theMELTSmodels of fractional
crystallization described below. The average calculated volatile content
of the parental melt is 400 ppm Cl, 1500 ppm S, 7000 ppm H2O, and
7000 ppm CO2. However, because of the likely possibility that CO2
t-shield stagewhole rock compositions fromGeoRoc database (http://georoc.mpch-mainz.

http://georoc.mpch-mainz.gwdg.de/georoc/
http://georoc.mpch-mainz.gwdg.de/georoc/


Table 1
Calculated parental melt composition.

SiO2 TiO2 Al2O3 Cr2O3 FeO Fe2O3 MgO MnO CaO Na2O K2O H2O CO2

44.18 1.94 11.20 0.06 10.69 2.45 16.12 0.16 9.37 2.36 0.70 0.70 0.70

Oxide concentrations in wt%.
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degassed from themelt before themelt inclusions analyzed in this study
were trapped (discussed below),we note that the CO2 concentration re-
ported here reflects a minimum estimate.

4. Discussion

4.1. Mineral and fluid fractionation assessment

Previous studies of material erupted fromHaleakala suggest that the
observed range in major element compositions reflects olivine and py-
roxene fractionation at various depths within the lithosphere
(Bergmanis et al., 2000; Hammer et al., 2016). We used the program
RhyoliteMELTS (Gualda et al., 2012) to calculate the range of major ele-
ment compositions produced by fractional crystallization at conditions
appropriate for the Haleakala system. Melt liquid lines of descent
(LLDs) were calculated using the parental composition shown in
Table 1 and an oxygen fugacity buffered by QFM (within the range esti-
mated using DV). The starting pressures for the calculationswere 3, 5, 7,
and 9 kbar (corresponding to approximately 10 to 30 km depth), with a
decompression gradient of 75 bar/°C. This range of gradients was se-
lected 1) because of an observed correlation between host Fo# and cal-
culated trapping pressure (discussed below) and 2) on account of good
agreement between observed and modeled melt major element con-
centrations andhost Fo#. Of the various input parameters, the trajectory
of the LLDs for a given parental melt composition was most dependent
on the initial pressure and decompression rate, while the initial H2O
concentration of the melt and oxygen fugacity had a minimal impact
on the results.

To compare themelt inclusion trapping conditions to the conditions
simulated by the model, we used the volatile-melt solubility model of
Iacono-Marziano et al. (2012),which is calibrated for alkalinemelt com-
positions similar to those observed in this study, to calculate saturation
pressures for eachmelt inclusion as a function of themajor element and
volatile composition and compared the results to other pressure con-
straints. Calculated volatile-melt saturation pressures are ~2 to 7 kbar,
which correspond to depths of ~7 to 24 km assuming a 3.5 km/kbar
lithostatic pressure gradient. The volatile-melt saturation pressures
that we calculate for our melt inclusions are correlated with the
forsterite contents of the phenocrysts which host them, and this cor-
relation can be directly compared to the LLDs calculated using
RhyoliteMELTS. The LLDs showing olivine composition as a function of
pressure calculated based on a 75 bar/°C decompression gradient from
3 and 5 kbar starting pressures are consistent with the range of inclu-
sion/host pairs (Fig. 4e). Because the crystallization model is both de-
pendent on pressure and consistent with the major element
compositions of the whole rock and melt inclusion samples that we
have analyzed, it is likely that the pressures supplied to the model are
valid.

To further evaluate the validity of our calculated trapping pressures,
we compare our fractional crystallization modeling results and calcu-
lated volatile-melt saturation pressures to previous results reported
for Haleakala. Previous studies have used petrologic modeling
(Bergmanis et al., 2000) and clinopyroxene geobarometry (Chatterjee
et al., 2005; Hammer et al., 2016) to determine crystallization depths
for magma reservoirs in the lithosphere below Haleakala. Based on pet-
rologic modeling, Bergmanis et al. (2000) report crystallization
pressures of ~3 kbar, but Chatterjee et al. (2005) report pyroxene crys-
tallization pressures up to 10 kbar. More recently, Hammer et al. (2016)
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used an X-ray mapping technique to relate calculated trapping pres-
sures to petrographic features within individual clinopyroxene pheno-
crysts and grain morphology and report a range of saturation
pressures from 3.6 to 7.1 kbar. Furthermore, Hammer et al. (2016)
also demonstrate that pressures obtained from pyroxene geobarometry
are highly model-dependent, and pyroxene/melt compositions re-
ported by Hammer et al. (2016) and by Chatterjee et al. (2005) yield
mutually consistent pressures (up to ~9.5 kbar) when the same model
is used.

The range of pressures obtained from pyroxene geobarometry and
petrologic modeling described above is consistent with our petrologic
modeling results and volatile-melt saturation pressures based on melt
inclusions. We also note that the range of pyroxene Mg# for pyroxenes
analyzed by Hammer et al. (2016) is consistentwith the range of olivine
host Fo# observed in this study. Thus, the mutual consistency between
calculated volatile-melt saturation pressures, pyroxene crystallization
pressures, and the observed and modeled range of major element com-
positions (which are also a function of pressure) strongly suggests that
the volatile-melt saturation pressures reflect melt inclusion trapping
pressures. If this is the case, then themelt trapped by themelt inclusions
must have been volatile-saturated, and it is likely that the volatile con-
centrations that we report represent the concentrations after some por-
tion of the original volatile budget was lost through degassing.

4.2. Melting and source H2O content

Given the melt inclusion volatile contents presented in this study,
the volatile content of the source can be constrained based on bulkmin-
eral/melt partitioning behavior of volatiles and an assumed degree of
melting. While the link between melt inclusion CO2 and source compo-
sition is tenuous owing to the likelihood of significant degassing, the
correlation between H2O and other incompatible elements (e.g. fluo-
rine, Fig. 4) suggests that some of the melt inclusions (<1000 ppm F)
were trapped before a significant amount of H2O had exsolved from
the melt, and therefore estimation of the source H2O concentration is
possible provided that the necessary melting parameters can be
constrained. The uncertainty associated with the estimated degree of
melting, which has been estimated previously for the shield, post-
shield, and rejuvenated stages propagates to a large degree of uncer-
tainty in the calculated source volatile contents (Table 2). Although
constraining mineral/melt partitioning behavior is non-trivial, bulk
mineral/melt partitioning behavior of H2O is relatively well-
constrained for peridotite (DH2O ≈ 0.01; Aubaud et al., 2004), and the
overall uncertainty of the source volatile content is dominated by uncer-
tainty associated with the degree of melting because of the highly in-
compatible nature of the volatile elements in mantle lithologies.

Based on these parameters, we can calculate the H2O concentration
of the sourcematerial that melted to produce the shield and post-shield
stages for comparison. Using the relationship between K2O and degree
of melting proposed by Dixon et al. (1997), the degree of melting expe-
rienced by the primarymelts calculated in this study were generated as
a result of approximately 6.5 to 8% partialmelting of the sourcematerial
(Chen et al., 1991). Using this degree of melting and a bulk partition co-
efficient DH2O

Peridotite/melt = 0.011, we calculate that the minimum pri-
mary melt H2O concentration inferred from our analyses of melt
inclusions (~0.7wt%) could be produced bymelting a source containing
580 ± 50 ppm H2O. Previous analyses of seafloor basalts (Dixon et al.,
1997) imply that the primary melt would have had a CO2/H2O ratio of



Table 2
Calculated source H2O concentrations.

Location Stage Reference Primary melt H2O (wt%) Melt fraction (%) Mantle H2O (ppm)

Loihi Tholeiite Dixon and Clague (2001) ~0.3 10 ~400
Kilauea Tholeiite Clague et al. (1991) 0.35 8 to 10 350 ± 35
Kilauea Tholeiite Wallace and Anderson (1998) 0.4 5 to 10 350 ± 100
Mauna Kea Tholeiite Herzberg & Asimow (2008) 0.2 to 0.4 5 to 25 460 ± 280
Haleakala Alkali basalt This study, Chen et al. (1991) ~0.7 6.5 to 8 580 ± 50
North Arch Alkali basalt Dixon et al. (1997) 0.5 to 2.0 1.6 to 9 525 ± 75
Rejuvenated stage (Model 1) Alkali basalt Dixon et al. (2008) 0.3 to 1.2 1 to 9 255
Rejuvenated stage (Model 2) Alkali basalt Dixon et al. (2008) 0.5 to 2.6 1 to 9 540
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about 2.5, which provides a means to estimate the source CO2 concen-
tration alternative to using the CO2 content of melt inclusions, which
were likely trapped after degassing of a CO2-rich vapor had occurred.
Using the a CO2/H2O ratio of 2.5, the calculated primary melt CO2 con-
centration would be 1.75 wt%, which yields a source CO2 concentration
for Haleakala of approximately 1760 ppm based on a bulk partition co-
efficient of DCO 2

Peridotite/melt = 0.00055 ± 0.00025 (Rosenthal et al.,
2015).

Our results are consistent with the range of volatile contents esti-
mated previously for the sources of rejuvenated stage magmas (Dixon
et al., 2008; Table 2) which range from approximately 255 ppm to
540 ppm H2O depending on the degree of mixing between a Hawaiian
mantle component, incipient silicic melts produced by different extents
of previous melting, and the addition of deeply sourced carbonatitic
fluids. Similarly, previous studies have estimated the source volatile
content associated with the shield melting stage at the center of the
plume. These include 350 ± 100 ppm H2O for Kilauea (Clague et al.,
1991; Wallace and Anderson, 1998) estimated based on ~5–10% melt-
ing, and approximately 400 ppm H2O for submarine (pre-shield stage)
lavas at Loihi based on a model with 10% melting (Dixon and Clague,
2001). The source H2O concentration that we calculate is intermediate
between the enriched concentrations for the rejuvenated stage (e.g.
“Model 2” from Dixon et al., 2008) and the North Arch Volcanic Field
and the relatively depleted H2O concentrations associated with Kilauea
and Loihi. This result is consistentwith the trace element concentrations
of our whole rock and melt inclusion samples (Fig. 3b), which are also
intermediate between shield- and rejuvenated-stage compositions. In
contrast, petrologicmodeling byHerzberg andAsimow (2008) suggests
that the degree of melting varies substantially over short distances
(~10s of km), and the degree of melting could be 5–25% at the center
of the plume. Using this higher degree ofmelting implies that the source
volatile content associated with the shield stage could contain 460 ±
280H2O. This example illustrates that the high degree of uncertainty as-
sociated with estimating themelt fraction and the sensitivity of the cal-
culated source volatile content to that parameter limits our ability to
make direct comparisons of the volatile content between different
source materials.

4.3. Source composition constraints from volatile component/trace element
ratios

Ratios of volatile components and incompatible trace elements are
useful for comparing the volatile contents of melts derived from differ-
ent environments that may have experienced different degrees of par-
tial melting. H2O is thought to have a bulk solid/melt partition
coefficient that is similar to that of Ce (Michael, 1995), andNb is thought
to behave similarly to CO2 (Saal et al., 2002) However, more recent ex-
perimental evidence suggests that CO2 may be more incompatible than
Nb and have an average mineral/melt partition coefficient in basalts
that is closer to that of Ba (Rosenthal et al., 2015). Regardless, given
that the bulk melt partition coefficients of these volatile/trace element
pairs are similar, it is possible to compare the volatile contents of differ-
ent melt sources in a manner that is not affected by different degrees of
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melting and crystal fractionation by normalizing volatile elements to an
incompatible element with a similar solid/melt partition coefficient.
However, volatile/trace element ratios of melt inclusions from
Haleakala (Fig. 7) are positively correlated with the forsterite content
of the olivine. We do not observe a significant correlation between the
forsterite content of host olivine crystals and the H2O and CO2 contents
of melt inclusions owing to both a variable amount of H2O partitioning
into the fluid phase (Fig. 4c) and a significant amount of scatter in CO2

concentrations due to degassing and/or the high degree of relative un-
certainty associated with quantifying CO2 in vapor bubbles (Fig. 4d).
Therefore, the correlation between volatile/trace element ratios is likely
to be a result of enrichment of Ce, Nb, and Ba in themelt by crystal frac-
tionation (i.e. affecting the numerator as opposed to the denominator in
the ratio). Regardless of the cause, the correlation with Fo# suggests
that the assumption that these ratios are unaffected by crystal fraction-
ation may not be entirely appropriate in this case and that the volatile/
trace element ratios of our most primitive melt inclusions are the most
suitable for comparison to other inclusions potentially derived from dif-
ferent source compositions.

Volatile/trace element ratios of melt inclusions from Haleakala pre-
sented in this study are compared to similar data from Hawaii and
Iceland, which represent the two most well characterized OIB locations
where undegassed melt volatile/trace element ratios have been re-
ported. Tucker et al. (2019) present a dataset of melt inclusion CO2/Ba
and CO2/Nb ratios from several Hawaiian islands; these compositions
were corrected for the presence of CO2 contained in shrinkage bubbles
using an equation of state. As yet, no other studies from Hawaii present
CO2/trace element ratios in melt inclusions which have been corrected
using in situ analysis of shrinkage bubbles with Raman spectroscopy,
so we also compare our results to a combination of melt inclusion
data from the 1959 Kilauea Iki eruption which includes 1) melt inclu-
sion glasses in which CO2, Ba, and Nb concentrations were measured
(Sides et al., 2014), and 2) CO2 contents of shrinkage bubbles deter-
mined using in situ Raman analyses (Moore et al., 2015). To provide fur-
ther comparison with glasses dredged from the NAVF, which represent
some of themostwell-characterized samples of volatile-rich submarine
lavas in Hawaii, we calculate volatile/trace element ratios using trace el-
ements reported by Frey et al. (2000) and undegassed volatile element
concentrations reported by Dixon et al. (1997). Additionally, we include
H2O/Ce ratios from Kaua'i-Oahu channel (KOC) submarine glass sam-
ples (Samples 2D and 4D; J. Dixon, personal communication), which ap-
proximate the volatile content of rejuvenated-stage lavas. Finally, we
also consider our results within the context of a growing dataset of esti-
matedmantle volatile/trace element ratios, including 14°Nmid-atlantic
ridge (MAR; Cartigny et al., 2008), Pacific mid-ocean ridge basalt from
the East Pacific Rise (EPR; Shimizu et al., 2016), and Borgarhraun
(Northern Iceland; Hauri et al., 2018).

Melt inclusions from Haleakala have an average H2O/Ce ratio of
~200, which is consistent with KOC glasses 2D and 4D (211 and 188 re-
spectively), 14°NMAR, and EPR; and higher than average H2O/Ce ratios
of shield-stagemelt inclusions fromKilauea (Sides et al., 2014; ~100) by
a factor of 2. H2O/Ce is correlated with host Fo content and approaches
an average value of ~400 at the host olivine composition Fo# = 90



Fig. 7. Volatile/light rare earth element ratios of melt inclusions and submarine lavas from Hawaii and Pacific lithosphere. Shaded ellipses show the 1σ probability interval for the mean
composition of each sample population as indicated by the open circle at the center. Horizontal lines indicate volatile/trace ratios of presumably undegassedmelts reported by Hauri et al.
(2018). Shaded horizontal bars show the range of compositions from dredged North Arch lavas using trace element compositions reported by Frey et al. (1990) and volatile element
concentrations estimated by Dixon et al. (1997) for alkali olivine basalts (gray), basanites (pink), and nephelinites (orange). Also shown for comparison are (a-c) melt inclusion
compositions from Kilauea using glass volatile and trace element concentrations from Sides et al. (2014), which have been corrected assuming a contribution of 2000 ppm of
additional CO2 from the bubble (Moore et al., 2015), and (b–c) melt inclusion volatile/trace element ratios from several Hawaiian volcanoes reported by Tucker et al. (2019) which
have been corrected to account for bubbles using an equation of state. The dark gray rectangle shows the compositional range of EPR host olivine and melt inclusions reported by
Wanless and Shaw (2012) based on the interquartile range of Ce, Nb, Ba, H2O and host Fo concentrations, and the upper quartile of CO2 concentrations.
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(Fig. 7a), which is consistent with the range predicted by undegassed
nephelinite North Arch melts (approximately 300–400) and lower
than the H2O/Ce for Borgarhraun.

Similarly, CO2/Nb ratios for ourmelt inclusions are higher on average
than previous reported values for Hawaii reported by Sides et al. (2014),
Moore et al. (2015), and Tucker et al. (2019). Correlated with Fo#, melt
inclusion CO2/Nb ratios approach a value of ~500 (Fig. 7b) which is con-
sistentwith Borgarhraun, 14°NMAR, andNAVF basanites and nephelin-
ites, and higher than EPR andNAVF basalts. In contrast, CO2/Ba ratios for
our melt inclusions are nearly identical to the corrected range for Ki-
lauea Iki (Sides et al., 2014; Moore et al., 2015) and closer to the range
of CO2/Ba reported by Tucker et al. (2019). CO2/Ba ratios of melt inclu-
sions from Haleakala are also correlated with host Fo# and approach
~70, which is consistent with the range of NAVF submarine lavas and
samples fromBorgarhraun, 14°NMAR, and EPR.We note that the incon-
sistency in relative CO2/Ba and CO2/Nb contents may be due to differ-
ences in the relative compatibility of CO2 and Nb (as discussed by
Rosenthal et al., 2015) and could be related to differences in the degree
of melting between Haleakala and Kilauea.

Although the method of comparing volatile/trace element ratios is
advantageous because it provides a means to control for variations in
the extent of melting and crystallization, it is still challenging to draw
conclusions about the relative CO2 content of the source material be-
cause of the potential effect of magmatic degassing which affect CO2/
Nb and CO2/Ba. Specifically, these effects include differences in magma
storage depth, and/or compositional variations which influence volatile
solubility. With increasing age and distance from the plume center,
magma chambers in the Hawaiian volcanoes are thought to occur at
greater depths (Clague and Sherrod, 2014); on this basis, crystallizing
magma stored below Haleakala is more likely to trap melt inclusions
with higher CO2/Nb and CO2/Ba compared to Kilauea even with the
same primary melt CO2 concentration. Additionally, CO2 is significantly
more soluble in alkaline melts than in tholeiitic melts (Dixon et al.,
1995, 1997), and therefore melts from Haleakala have the potential
to hold more CO2 than more silicic shield stage melts from Kilauea
even at the same pressure. Thus, the magmatic conditions present at
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Haleakala (alkaline melts; deep fractionation) permit fluid-saturated
melts to have higher CO2/trace element ratios than those likely to
occur in melt inclusions from Kilauea (relatively silicic melts; shallow
fractionation), and there is insufficient evidence to reject the simple hy-
pothesis that the CO2/trace element ratios thatwe observe are controlled
by the limit of shallow degassing and fractional crystallization in favor of
an alternative hypothesis that the elevated CO2/trace element ratios at
Haleakala are also influenced by differences in themelting environment.

In contrast, because of the correlation between H2O and F observed
among our less fractionated melt inclusion samples (Fig. 4c), it is less
likely that the H2O content of our inclusions is dominated by magmatic
processes, and more robust comparisons can be made between source
H2O/Ce contents of Haleakala and other localities. The observation
that melt inclusions from Haleakala have intermediate H2O/Ce ratios
betweenmelt inclusions fromKilauea and undegassedNAVF submarine
glasses is consistentwith a scenario inwhichHaleakala is partially influ-
enced by the H2O-enriched auto-metasomatized periphery of the Ha-
waiian plume (e.g. Dixon and Clague, 2001).

While CO2/Nb and CO2/Ba ratios ofmelt inclusions fromHaleakala do
not provide definitive information about variations in the source compo-
sition, these ratios can alternatively be used to estimate and correct for
the potential effect of CO2 loss due to degassing. This approach requires
the use of an undegassed volatile/trace element ratio obtained from an
undegassed melt (e.g. Sides et al., 2014; Longpre et al., 2017; Hauri
et al., 2018). In this case,we used the Ba concentrations of ourmelt inclu-
sions and an assumed primary CO2/Ba ratio of 48.3 reported by Hauri
et al. (2018) to estimate the amount of CO2 that would be present in
the undegassed primary melt. This approach yields a range of calculated
CO2 concentrations from approximately 1–2 wt%. Given a primary CO2/
H2O ratio of 2.5 as reported by Dixon et al. (1997), this range of primary
CO2 corresponds to a primary melt H2O concentration of approximately
0.4–0.8wt%, which is consistent with the 0.7wt%H2O thatwe calculated
using the model from Lee et al. (2009). However, this range of CO2 con-
centrations is significantly higher than the parental melt CO2 concentra-
tion of 0.7 wt% estimated above, and suggests that approximately
30–70% of the primary CO2 content has been lost to degassing.



Fig. 8. Primarymelt CO2 concentrations calculated based on carbonated peridotitemelting
experiments. CO2 concentrationswere calculated fromHaleakala andMauna Kea primary
melt compositions and experimental data using a multiple linear regression model (see
Supplementary Methods for details). Also shown are CO2 concentrations calculated for
Haleakala melt inclusions using a primary CO2/Ba ratio of 48.5 (Hauri et al., 2018).
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An alternative possibility to degassing is that themelt inclusions orig-
inally trapped a more CO2-rich melt, but lost CO2 by systematic decrepi-
tation as a result of inclusion overpressure during ascent to shallower
depths in the lithosphere. This process has been invoked to explain
why volatile-melt saturation pressures calculated from melt inclusions
tend to systematically underestimate saturation pressures calculated
from pyroxene thermobarometry (Maclennan, 2017). Without addi-
tional information, this possibility is difficult to assess depending on
the extent to which decrepitation features, such as “haloes” of melt and
fluid inclusions (e.g. Sterner et al., 1995; Bodnar and Student, 2006) or
radial fractures surrounding melt inclusions – neither of which we ob-
served adjacent tomelt inclusions reported in this study – are able to an-
neal following decrepitation. As described above, volatile-melt
saturation pressures calculated in this study are consistent with
independently-calculated pressures from pyroxene thermobarometry
(Hammer et al., 2016). This suggests that the melt inclusions in this
study have not lost CO2 due to decrepitation.

4.4. CO2 in silica undersaturated melts

As an alternative to the geochemicalmethods described in the previous
section, direct comparison with experimentally derivedmelts provides an-
othermeans bywhich the original volatile content of themeltmay be esti-
mated. Experimental evidence suggests that low-silica alkalic OIBs, such as
those eruptedatHaleakala, canbepotentially derivedbypartialmeltingof a
carbonated ultramafic source material. While the presence of relatively
silica-poor, alkalinemeltsmaynotbe a sufficient condition to infer thepres-
ence of a CO2-rich parental melt, experimental melts produced from a car-
bonated source material represent the only petrologically viable primary
melt composition to date that could fractionate to produce relatively low-
SiO2 (≤45 wt%) OIB-like melt compositions (Eggler, 1978; Edgar, 1987;
Hémond et al., 1994; Dasgupta et al., 2007). For this reason, the major ele-
ment compositions of the samples analyzed in this study suggest the influ-
ence of a CO2-rich primary melt and mantle source. To explore this
possibility, we compared the major element compositions of the parental
melts calculated using the Lee et al. (2009) thermobarometer to a compila-
tion of data from experimental carbonated peridotite melting experiments
(Dasgupta et al., 2004; Dasgupta et al., 2007; Dasgupta et al., 2013), which
we have parameterized using a multiple linear regression model (Supple-
mentaryMaterial). Using this approach, the calculatedprimaryCO2 concen-
tration in the melt is approximately 8.0 ± 5wt% (2σ). For comparison, we
also used this approach to calculate the primarymelt CO2 concentration as-
sociated with Mauna Kea using primary melt compositions reported by
Herzberg and Gazel (2009). Primary melt CO2 concentrations calculated
for Mauna Kea contain approximately 5.5 ± 5 wt% (2σ) and are lower on
average than those calculated for Haleakala (Fig. 8).

Interpreting this result is challenging owing to both the high amount
of uncertainty from the lack of constraints on the pressure and tempera-
ture conditions atwhichmelting occurred aswell as the appropriateness
of directly comparing these particular experimental data to our inferred
primary melt compositions. Therefore, we interpret the calculated CO2

concentrations above to reflect differences in the capacity of the melts
to contain CO2 rather than the actual primary melt CO2 concentration.
This variation in the calculated CO2 concentration also does not imply
differences in the source composition and instead likely reflects a differ-
ence in the degree of melting at each location (Haleakala: ~5%; Mauna
Kea: ~15%).We also note that, given the ~0.7wt% H2O that we estimated
above, which is consistentwith the primary CO2 content estimated using
a presumably undegassed CO2/Ba ratio from Hauri et al. (2018), a pri-
mary melt composition of 8.0 ± 5 wt% requires a CO2/H2O ratio of ap-
proximately 2–9 which is consistent with the value of 2.5 ± 1.5
estimated by Dixon et al. (1997), and suggests that the CO2/H2O ratio
could be significantly greater. Alternatively, a discrepancy between the
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CO2/H2O ratio stated above (2–9) and the value estimated by Dixon
et al. (1997) could be explained by either case where 1) primary melts
below Haleakala contain significantly less CO2 than was in the
experimentally-derived melts, 2) the assumed mantle CO2/Ba ratio
used for the calculation does not describe the mantle source associated
with Haleakala's post-shield volcanism, or 3) the calculated parental
melt composition is inaccurate. As discussed by Rosenthal et al. (2015),
mineral/melt partitioning of CO2 likely depends on melt composition,
and it is possible that the CO2 concentrations in melts used by Hauri
et al. (2018) to estimate the source CO2/Ba ratio may not be appropriate
for melts from Haleakala, which are significantly more alkaline than
those considered by Hauri et al. (2018).With this in mind, we interpret
the result that calculated CO2 concentrations from Haleakala are greater
than those from Mauna Kea to be consistent with the previously pro-
posed model in which the outer portion of the Hawaiian plume is
more likely to preserve relatively volatile-rich source material that has
been previously auto-metasomatized by CO2-rich fluids.
5. Conclusions

We analyzed olivine-hosted melt inclusions from Haleakala volcano
(Hawaii) to estimate the pre-eruptive volatile content and melting and
crystallization conditions at the periphery of the Hawaiian plume. Melt
inclusions record evidence of volatile-saturated, polybaric fractional
crystallization starting at pressures of 5–7 kbar. We estimate that the
parental melt contains approximately 400 ppm Cl, 1500 ppm S, 0.7 wt
% H2O, and 0.7 wt% CO2, but note that the estimated CO2 concentration
may have been significantly affected by degassing of CO2 beforemelt in-
clusion entrapment and therefore reflects a minimum concentration.

Melt inclusions from Haleakala have H2O/Ce and CO2/Nb ratios sig-
nificantly higher than melt inclusions from Kilauea and EPR lavas, and
these observations suggest that melts from Haleakala's post-shield
stage are derived from a more H2O- and CO2-rich melt source than the
shield stage or Pacific ambientmantle. This is consistent with a scenario
in which the composition of post-shield melts from Haleakala are tran-
sitional between an isotopically enriched, volatile-poor shield compo-
nent and an isotopically depleted, volatile-rich rejuvenated component.
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