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Abstract: An enigmatic record of light lithophile element (LLE) zoning in pyroxenes in basaltic
shergottite meteorites, whereby LLE concentrations decrease dramatically from the cores to the rims,
has been interpreted as being due to partitioning of LLE into a hydrous vapor during magma ascent to
the surface on Mars. These trends are used as evidence that Martian basaltic melts are water-rich
(McSween et al., 2001). Lithium and boron are light lithophile elements (LLE) that partition into
volcanic minerals and into vapor from silicate melts, making them potential tracers of degassing
processes during magma ascent to the surface of Earth and of other planets. While LLE degassing
behavior is relatively well understood for silica-rich melts, where water and LLE concentrations are
relatively high, very little data exists for LLE abundance, heterogeneity and degassing in basaltic melts.
The lack of data hampers interpretation of the trends in the shergottite meteorites. Through a
geochemical study of LLE, volatile and trace elements in olivine-hosted melt inclusions from Kilauea
Volcano, Hawaii, it can be demonstrated that lithium behaves similarly to the light to middle rare Earth
elements during melting, magma mixing and fractionation. Considerable heterogeneity in lithium and
boron is inherited from mantle-derived primary melts, which is dominant over the fractionation and
degassing signal. Lithium and boron are only very weakly volatile in basaltic melt erupted from Kilauea
Volcano, with vapor-melt partition coefficients <0.1. Degassing of LLE is further inhibited at high
temperatures. Pyroxene and associated melt inclusion LLE concentrations from a range of volcanoes
are used to quantify lithium pyroxene-melt partition coefficients, which correlate negatively with melt
H20 content, ranging from 0.13 at low water contents to <0.08 at H20 contents > 4 wt%. The observed
terrestrial LLE partitioning behavior is extrapolated to Martian primitive melts through modeling. The
zoning observed in the shergottite pyroxenes is only consistent with degassing of LLE from a Martian
melt near its liquidus temperature if the vapor-melt partition coefficient was an order of magnitude
larger than observed on Earth. The range in LLE and trace elements observed in shergottite pyroxenes
are instead consistent with concurrent mixing and fractionation of heterogeneous melts from the
mantle.
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Partitioning of light lithophile elements during basalt eruptions on

Earth and application to Martian shergottites
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Abstract

An enigmatic record of light lithophile element (LLE) zoning in pyroxenes in basaltic
shergottite meteorites, whereby LLE concentrations decrease dramatically from the cores to
the rims, has been interpreted as being due to partitioning of LLE into a hydrous vapor during
magma ascent to the surface on Mars. These trends are used as evidence that Martian
basaltic melts are water-rich (McSween et al., 2001). Lithium and boron are light lithophile
elements (LLE) that partition into volcanic minerals and into vapor from silicate melts, making
them potential tracers of degassing processes during magma ascent to the surface of Earth
and of other planets. While LLE degassing behavior is relatively well understood for silica-
rich melts, where water and LLE concentrations are relatively high, very little data exists for
LLE abundance, heterogeneity and degassing in basaltic melts. The lack of data hampers
interpretation of the trends in the shergottite meteorites. Through a geochemical study of
LLE, volatile and trace elements in olivine-hosted melt inclusions from Kilauea Volcano,
Hawaii, it can be demonstrated that lithium behaves similarly to the light to middle rare Earth
elements during melting, magma mixing and fractionation. Considerable heterogeneity in
lithium and boron is inherited from mantle-derived primary melts, which is dominant over the
fractionation and degassing signal. Lithium and boron are only very weakly volatile in basaltic
melt erupted from Kilauea Volcano, with vapor-melt partition coefficients <0.1. Degassing of
LLE is further inhibited at high temperatures. Pyroxene and associated melt inclusion LLE
concentrations from a range of volcanoes are used to quantify lithium pyroxene-melt partition
coefficients, which correlate negatively with melt H,O content, ranging from 0.13 at low water
contents to <0.08 at H,O contents > 4 wt%. The observed terrestrial LLE partitioning
behavior is extrapolated to Martian primitive melts through modeling. The zoning observed in
the shergottite pyroxenes is only consistent with degassing of LLE from a Martian melt near
its liquidus temperature if the vapor-melt partition coefficient was an order of magnitude
larger than observed on Earth. The range in LLE and trace elements observed in shergottite
pyroxenes are instead consistent with concurrent mixing and fractionation of heterogeneous

melts from the mantle.
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1. Introduction

Decreasing light lithophile element (LLE; lithium, boron, beryllium) concentrations in
pyroxenes, from core to rim, have been observed in Martian basaltic shergottite meteorites.
These trends have been interpreted to be the result of degassing of the LLE into hydrous
vapor during magma decompression towards the Martian surface (Herd et al., 2005; Lentz et
al., 2004; McSween et al., 2001; Udry and McSween, 2014). These observations have
formed a basis for proposing that Martian primary basaltic melts were H,O-rich (Beck et al.,
2004; Lentz et al., 2001; McSween et al., 2001). The role of H,O during the petrogenesis of
Martian magmas has critical implications for understanding hydrogen distribution during
planetary accretion, rheological structure of the Martian mantle, for mantle oxidation state,
outgassing and climate, as well as for shaping the surface of the planet. It is not yet clear
whether degassing is the correct explanation for these trends, as the partitioning of LLE
between melt and vapor during magma decompression is not well understood for basaltic
melts. There exist a range of alternative explanations: solid state diffusion of LLE through the
crystal during late-stage degassing of the carrier liquid; or fractionation of pyroxene
accompanying mixing of liquids, each with distinctive trace element and isotopic
characteristics. In this paper the behaviour of lithium and boron is compared to other trace
elements and volatiles in primitive melts on Earth and the degassing mechanism is explored

in detail.

Lithium and boron are present in basaltic magmas in low concentrations. Owing to their low
atomic masses, they are volatile and may exsolve from melts during ascent and eruption.
Lithium and boron have an affinity for hydrous fluids in evolved silicic systems during late
stage degassing (Webster et al., 1996), in differentiates from Piton de la Fournaise (Vlastélic
et al., 2011) and in granitic melts coexisting with fluids (Whitworth and Rankin, 1989). Their
abundance in the mantle is influenced strongly by the subduction of lithium-rich sediments
into the mantle, inducing heterogeneity both in abundance and in isotopic composition
(Kobayashi et al.,, 2004). Lithium and boron are key tracers for understanding arc
geochemical cycling, as they behave like volatile elements during devolatilization, partitioning
into fluids at high pressures (Moriguti et al., 2004). Lithium and boron partition weakly into
minerals crystallizing from silicate melts, such as pyroxene and plagioclase (Herd et al.,
2004), which allows for an observable record of melt lithium and boron contents to be

preserved in crystals. If lithium and boron were non-volatile, their abundance in minerals from



74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

core to rim in a closed system would increase inversely proportional to the fraction of liquid
remaining, for a fixed partition coefficient. Lithium is enriched in the rims of plagioclase and
amphiboles from dacitic lava dome rocks from Mount St Helens, inferred to be due to
enrichment in the melt shortly before eruption due to the transfer of vapor from depth (Berlo
et al., 2004; Kent et al., 2007b). Little is known, in contrast, about the behavior of LLE in
water-poor basalts during low-pressure differentiation and degassing. It has been
demonstrated that fluid-melt partition coefficients for lithium and boron are >1 for rhyolites
(Webster et al., 1996) and <1 for boron in basalts (Hervig et al., 2002), but there is only
limited data on the basaltic end member and no data on lithium partitioning into fluids at low
pressures and activities of water. Despite this, their dramatic depletion in pyroxenes from
core to rim in Martian basaltic shergottite meteorites has been ascribed to their partitioning
into hydrous vapour and hence used as evidence for water in Martian melts (Lentz et al.,
2004; Lentz et al., 2001; McSween and Stolper, 1978; McSween et al., 2001; Udry and
McSween, 2014).

Other published data have potential to cast light onto the problem of whether Martian basaltic
melts are water-rich. The lithium isotopic composition of the pyroxenes, and trends in lithium
isotopes from core to rim are expected to indicate either a) diffusive loss of lithium from the
crystal through solid state diffusion, which has a characteristic large fractionation factor
owing to the large mass difference between the two isotopes, with °Li expected to diffuse
faster (Beck et al.,, 2004) or b) trends in lithium isotopes consistent with fractionation
accompanying degassing of lithium from the melt. In fact the isotopic measurements are
inconclusive: 8’Li increases from core to rim, with a magnitude not consistent with solid state
diffusive loss of lithium (Beck et al., 2004). This trend is consistent with the preference for °Li
in the gas phase during kinetic fractionation of isotopes (Beck et al., 2004), albeit of a lesser
magnitude than predicted; but is not consistent with experiments at high pressures (GPa)
illustrating chemical (rather than kinetic) fractionation effects, which show that ’Li is
preferentially fractionated into the fluid phase (Vlastélic et al., 2011; Wunder et al., 2006).
This latter mechanism appears to be the mechanism at work for transferring light lithium into
the mantle in subduction zones (Zack et al., 2003). An alternative and equally viable
explanation for the lithium isotope trends is concurrent melt mixing (between melts with

distinctive lithium isotope composition) and fractionation of pyroxene.

The concentrations in the pyroxenes, and the pyroxene-melt partition coefficient for lithium
inferred from experiments of ~0.2 (Herd et al., 2004), suggest that the primary melt would
have had >20 ppm, which is far higher than the lithium content of the whole rocks (Herd et

al., 2004). Experiments to reproduce the magnesian cores of the pyroxenes in the
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shergottites suggest melt water concentrations of ~1.8 wt% H,O (Dann et al., 2001),
although it has been suggested that the melts may have been chlorine-rich instead (Allard et
al., 2005). A role for halogens is supported by the fact that most martian hydrous minerals
generally have the relevant sites filled with Cl and F instead of H (Patifio Douce and Roden,
2006). Recent studies of nominally anhydrous minerals (Boctor et al., 2003), amphiboles
(McCubbin et al., 2010), and apatites (McCubbin et al., 2012; McCubbin et al., 2014) from
Martian meteorites suggest that the martian mantle is as hydrous as that of the Earth. In
contrast, olivine melt inclusions in shergottites have undegassed D/H signatures and low
total H,O contents, leading to the conclusion that the Martian mantle is much drier than on
Earth (Usui et al., 2012) and would therefore produce relatively dry primary melts. Although
both “enriched” and “depleted” shergotites exist, they were both derived from parental
magmas with water contents of up to 0.3 wt% and the water contents of their mantle sources

were probably somewhat similar (McCubbin et al., 2014).

It is not clear that degassing is the correct explanation for the LLE zoning patterns in
shergottite pyroxenes, primarily because we have a poor understanding of the behavior of
these elements in basaltic volcanic systems. In order to test the hypothesis, an analogous
basaltic system on Earth is used here to quantify the LLE heterogeneity inherited from the
mantle and the behavior of lithium and boron during magma decompression, fractionation
and degassing. Kilauea Volcano, Hawaii, has oft been cited as a terrestrial analogue to
Martian basaltic volcanic system, with its “type I” volcanic gas composition (Gerlach and
Graeber, 1985) used to estimate the composition of outgassing volatiles on Mars (Craddock
and Greeley, 2009). Kilauea basaltic melts have ~0.7 wt% H,O prior to degassing (Dixon et
al., 1991; Edmonds et al., 2014; Wallace, 1998). Kilauean basaltic melt inclusions, which
represent “snapshots” of pre-eruptive melt, contain up to 6.6 ppm Li, up to 3.5 ppm B and up
to 330 ppm CI (Sides et al., 2014b). The behavior of volatile species during magma
decompression, fractionation and mixing at Kilauea is well understood (Dixon et al., 1991;
Edmonds et al., 2014).

Recently, a dataset comprising > 450 olivine-hosted melt inclusion analyses was generated,
spanning 25 eruptions over 600 years of eruptive history (for details of the eruptions sampled
see (Sides et al., 2014b). This dataset provides a rich resource for understanding the
controls on lithium and boron partitioning (not published previously) and degassing in
relatively H,O-poor (relative to arcs) basalts on Earth. Kilauea lavas do not contain
phenocrystic pyroxenes and therefore a synchronous study of lithium partitioning into
pyroxene is not possible within this system. However, a collection of mafic pyroxenes (augite

and enstatite) from Merapi (Indonesia), Karymsky (Russia) and South Soufriere Hills
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(Montserrat, Lesser Antilles), were analyzed for lithium and H,O in pyroxenes and in their
melt inclusions. These data allow assessment of apparent lithium partitioning between
pyroxenes and melt at a range of pressures and melt compositions. Empirical models are
developed to describe the degassing and partitioning behavior of lithium between melt,

pyroxene and vapor, which are used to revisit the data from Martian Shergottite meteorites.

2. Methods

Olivine-hosted melt inclusions were analyzed for major (using electron microprobe), trace
(using laser ablation ICP-MS) and volatile (using secondary ion mass spectrometry; SIMS)
elements. The major, trace and volatile data were corrected for post-entrapment
crystallization (PEC) using Petrolog (which in general resulted in <5% addition of olivine)
(Danyushevsky and Plechov, 2011) and, excluding the light lithophile element data, have
been published previously (Sides et al., 2014b). The PEC corrections assume that the LLE
are similarly compatible to hydrogen in olivine (Kent and Rossman, 2002). The Li, H,O and B
concentrations of olivine- and pyroxene-hosted melt inclusions and in pyroxenes were

analyzed using a Cameca IMS-4F ion microprobe at the NERC ion probe facility using a O-

primary beam with a net energy of ~17 KeV and a 20 um spot diameter. Positive secondary

ions were extracted and accelerated to ~4.5 KeV. NIST glasses were used as standards and
repeat analysis indicates a precision of < 10% and accuracy of < 12%. Lithium and boron-
free crystals of forsterite and diopside were analysed and count rates were indistinguishable

from background after 3 minutes of sputtering. Minimum detection limits, calculated as three

standard deviations above the background count rate are ~200 ppb for boron and ~25 ppb
for lithium. The major element composition of the pyroxenes, minerals and glass were
analysed using the Cameca electron microprobe at the university of Cambridge. Pyroxene
major element composition was analysed with a 15 kV, 10 nA beam focused to a 2 ym spot.
Glasses were analysed using a 15 uym, 15 kV beam with 2—4 nA beam current for major
elements, and 10 nA beam for minor elements. Na and Si were analysed first with short
counting times in order to reduce migration of alkalis (Blundy and Cashman, 2005; Devine et
al., 1995; Humphreys et al., 2006).

3. Results

3.1. Lithium and boron relative abundance in melt inclusions
The full set of geochemical data (Cl, H,O, LLE and trace elements) for the olivine-hosted
melt inclusions from Kilauea is given in a supplementary data file. A matrix showing the
Pearson correlation coefficients, r, characterizing the relationships between lithium and boron

and a range of trace elements in the melt inclusions is shown in Fig 1. Lithium and boron
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behave differently to one another and correlate with a different set of elements. Lithium has a
correlation coefficient profile most similar to the light to the rare Earth elements Pr, Nd, Yb
and Sm. This finding is consistent with previous work which suggests that lithium and Yb are
not fractionated from one another during partial melting (Ryan and Langmuir, 1987). Boron,
on the other hand, is most similar, in terms of its correlation coefficient profile, to Hf, U and
Rb. Lithium does not correlate strongly with any other element. It displays a weak (r=0.55)
correlation with Ba. Boron correlates (with r>0.8) positively with U, Hf, Rb, Zr and negatively
(r<-0.8) with Sc, Ti, V and Sr. A plot of lithium versus Yb (Fig 2) shows that Kilauea Li/Yb
ratios extend to lower and higher values than for MORB (data from (Jenner and O'Neill,
2012)), which are typified by a Li/Yb of ~ 1.7. Previous work has suggested that ocean
islands have a Li/Yb > 1.7, based on analyses of whole rock basalts from Pribilof Islands and

Kilauea (marked on Fig 2b) (Ryan and Langmuir, 1987).

The abundances of lithium and boron in melt inclusions hosted by olivine in basalts
worldwide from the Georoc database (which happen to be only from arc settings), are shown
in Fig 3, along with the Kilauea data from this work. The data show that the Kilauea melts
inhabit the high Mg, low water part of the global dataset. Their abundances, at first glance,
appear tightly controlled by fractionation with little degassing and little enrichment due to
vapor transport, which has been shown to be important for some of the more water-rich,
evolved melts (Kent et al., 2007a; Rowe et al., 2008). It is exactly this part of the
compositional space and LLE spectrum of behaviors that is relevant for the Martian melts

that formed the shergottite meteorites.

3.2. Lithium and boron behavior in basaltic melts during differentiation and degassing
Melt inclusions are hosted by olivines with a range in forsterite (Fo) content from 78 to 89
mol% (Fig 4). Kilauea melts are subject to olivine-only fractionation (vectors marked on Fig
4) to melt MgO contents of ~ 7 wt%, or olivine Fo contents of ~ 82 mol%. The concentrations
of incompatible elements such as Ce in the inclusions span a range of >120% at a fixed
olivine forsterite content. The melt inclusions with the highest LREE concentrations are also
those with the highest Nb/Y, which ranges from 0.3 to 1.0 (Fig 4a) and cannot be explained
by olivine fractionation. These relationships indicate that the sample set includes both
enriched and depleted melts which reflect either a range in the degree of partial melting,
and/or a range in mantle source composition, consistent with recent work (Pietruszka and
Garcia, 1999; Sides et al., 2014b). Chlorine concentrations reach 500 ppm in melt inclusions
and in general decrease with Fo content, consistent with degassing occurring in tandem with
fractionation (Fig 4b). Lithium concentrations range from 1.0 to 6.6 ppm in the melt

inclusions (Fig 4c) and 2.6 to 6.4 ppm in the matrix glasses. Lithium concentrations increase
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broadly with decreasing Fo content, consistent with fractionation (Fig 4c), but there is a
significant range in lithium at a fixed Fo, consistent with heterogeneity inherited from the
mantle. The H,O content of the melt inclusions exhibits a broad range (0.2 to 0.7 wt%)
across the entire olivine compositional range, indicating both primary melt heterogeneity and
variable degrees of degassing and/or hydrogen loss from the melt inclusions (Sides et al.,
2014b). Low lithium concentrations generally correspond to low H,O concentrations in melt
inclusions, suggesting that lithium is degassing to some degree, but this degassing is
partially obscured by fractionation and melt heterogeneity. The concentrations of B in the
melt inclusions exhibits a large vertical range when plotted against host Fo content (Fig 4d);

neither fractionation nor degassing trends are clear.

3.3. Lithium abundance in pyroxenes and their melt inclusions
While experimental data exist for the partitioning of lithium between melts and pyroxenes
(Brenan et al., 1998a), there are few reports of measurements on natural samples from the
literature. Pyroxenes in this study are augites and enstatites from the volcanoes Karymsky
(Kamchatka, Russia), Merapi (Indonesia) and South Soufriere Hills (Montserrat, West Indies)
and have Mg numbers of 72 to 81 (Tab 1). H,O concentrations reach 190 ppm and lithium
concentrations range from 1 to 52 ppm. There are no clear correlations between water and
lithium concentrations in the pyroxenes or with any of the pyroxene major element
concentrations, apart from a weak correlation between lithium concentration and Mg# (with a

correlation coefficient of 0.65 for Karymsky pyroxenes; Tab 1).

Major, LLE (Li, B by SIMS) and volatile element (H,O by SIMS and Cl by EPMA)
concentrations of the pyroxene-hosted melt inclusions are shown in Tab 2. The glass
inclusions are rhyolitic to andesitic in composition. The lithium and boron abundances in the
glass phase are meuch higher in the melt inclusions than in the pyroxenes, reaching 56.0
ppm lithium and 58.4 ppm B. In general, there is a relationship between lithium and boron
concentration and the H,O concentration in the melt inclusion, unlike the Kilauea case (Fig
3b). Lithium and boron decrease non-linearly with H,O concentration, with much of the
decrease occurring at low H,O concentrations, consistent with partitioning of the LLE into
hydrous vapor (Fig 5a) and with previous work (Kent et al., 2007b). Again, there are no clear
correlations between the LLE and major elements but there is a moderate correlation
between lithium and ClI concentrations in the melt inclusions (r=0.47 for the whole dataset).
Pyroxene-melt partition coefficients for lithium and boron (the concentration of the element in
the pyroxene over the concentration in the melt) may be calculated by linking the
concentrations in the host pyroxene with the included melts (Tab 3). Partition coefficients are

not correlated with pyroxene Mg# or Al,O; content (Tab 3), but correlate strongly with melt
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H,O content, with an r value of -0.89 (Fig 5b) such that for low melt H,O contents the
partition coefficient is ~0.15 and for melt H,O contents >4 wt% it is around half that value, at
0.08. Even though there are considerable compositional differences between the melts and
the pyroxenes studied and also with regard to the oxidation states of the various systems,
this does not appear to influence the partition coefficient, which is most strongly affected by
melt H,O content and therefore vapor pressure (assuming the melts are vapor-saturated).
These partition coefficients agree well with experimentally-derived partition coefficients for
lithium in pyroxenes of 0.1-0.2 (Brenan et al., 1998a; Herd et al., 2004).

4. Discussion

Trace element abundances in basaltic melts at Kilauea are influenced heavily by the effects
of mixing between heterogeneous melts and fractionation. It is clear that light lithophile
element abundances are controlled by the same processes, such that the degassing
behavior is not easy to quantify. There is considerable heterogeneity in Li/Yb, that cannot be
ascribed to fractionation of olivine. A small fraction of this heterogeneity is probably due to
degassing and lithium loss (described below), but the observation of a much larger range in
Li/Yb than for MORB (Jenner and O'Neill, 2012), extending to higher values, indicates mantle
source heterogeneity with regard to lithium, in common with heterogeneity in the Hawaiian
plume source in other elements and isotopes (Blichert - Toft et al.,, 2003; Hauri, 1996;
Marske et al., 2008; Pietruszka and Garcia, 1999). Quantifying the vapor-melt partitioning
behavior of lithium and boron using these data requires eliminating the effects of both

fractionation and melt heterogeneity.

4.1. Quantifying partitioning of lithium and boron between basaltic melt and vapour
Plots of elemental or molecular ratios show more clearly the effects of degassing by
eliminating both the effects of fractionation and mantle-derived heterogeneity (Fig 6). Ce/La
is effectively constant with H,O/La, as it is non-volatile (Fig 6a). Cl shows a degassing trend,
with Cl/La decreasing with H,O/La (Fig 6b), consistent both with observations of HCI gases
emitted from Kilauea and previous work on melt inclusion geochemistry (Anderson and
Brown, 1993; Edmonds et al., 2014). When color-coded for olivine host forsterite content
(related to melt MgO content, which is proportional to temperature (Helz and Thornber,
1987), there is no trend apparent (Fig 6b), suggesting that melt temperature does not
influence degassing, consistent with experiments (Webster et al., 1999). Lithium and boron,
by contrast, show a large range in Li/La and B/La for a fixed H,O/La (Fig 6c, d). If the data
were taken at face value without further graphical differentiation they would show a large

degree of scatter and could not easily be interpreted. Color-coding for olivine Fo content
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however, allows the degassing trends to emerge. Primitive, hot melts (trapped in high-Fo

olivines) have a different behavior with respect to LLE to more evolved, cooler melts.

By assuming a starting, “undegassed” melt composition of 0.7 wt% H,O and 5 ppm lithium,
the trends in Fig 6¢ for “hot” and “cool” melts may be used to estimate the range in vapor-
melt partition coefficients (concentration of lithium in the vapor over the concentration of
lithium in the melt). The trends are consistent with vapor-melt partition coefficients of 0.07 at
high H,O/La to 0.24 at low H,O/La for “cooler” degassing, corresponding to olivines in
equilibrium with melts at a temperature of 1120-1135 °C (using olivine-melt equilibrium
relationships and the MgO melt thermometer (Helz and Thornber, 1987)). For the “hot” melts,
at a temperature of >1285 °C, the curve may be reproduced by partitioning of lithium into
vapor with a vapor-melt partition coefficient of 0.12 at high H,O/La decreasing to 0.02 at low
H,O/La. Overall the vapor-melt partition coefficient for lithium ranges from 0.02 to 0.24 and
0.014 to 0.5 for B (Fig 6d) (the latter value is the cool, low H,O/La case), with the partition
coefficient having a weak temperature-dependence such that vapor-melt partition coefficients
are in general higher at low temperatures. This relationship is consistent with an
experimental study conducted at 1 GPa, which showed that clinopyroxene-fluid partition
coefficients for lithium ranged from 0.07 to 0.61, the highest values associated with the
lowest temperatures (800 °C) (Caciagli et al., 2011). For the shergottites, for which liquidus
temperatures were 1240-1260 °C (Stolper and McSween Jr, 1979), the lower vapor-melt
partition coefficients may be more appropriate. There is no clear relationship between
H,O/La and pressure derived from H,O-CO, saturation (not shown); this is due to both melt
heterogeneity inducing variable relationships between degassing and crystallization; and to
the effects of post-entrapment crystallization on CO, sequestration into a bubble (Sides et
al., 2014a).

4.2. Modelling light lithophile element partitioning, application to Martian meteorites
From the preceding results and analysis the following aspects of LLE partitioning behaviour
have been determined, which complement existing experimental data (Brenan et al., 1998b;
Caciagli et al., 2011; Herd et al., 2004, 2005): (1) the vapor-melt partition coefficient for
lithium and boron suitable for water-poor basaltic melts (from the Kilauea olivine-hosted melt
inclusion data) and (2) the pyroxene-melt partition coefficient for lithium for a range of melt
water contents (from pyroxene and associated melt inclusion datasets from a range of
volcanic centres). Using these results it is now possible to establish relistic models for LLE
partitioning between melt, vapor and pyroxenes in water-poor basalts. To model the
partitioning of lithium and boron into vapor and into crystallizing pyroxenes the following

parameterisation (Villemant et al., 2008; Vlastélic et al., 2011) is used, whereby:
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where C"is the concentration of lithium or boron in the melt, C(’)V’ is the starting concentration
of lithium or boron in the melt, prior to degassing and crystallization, F is the fraction of liquid
remaining during fractionation and is a ratio relating the vapor-melt partition coefficient to

the pyroxene-melt partition coefficient by assuming that the mass of vapor degassed is

proportional to the mass of pyroxene crystallized:

D" " +kD* "™
k+1 (2)

where D' " is the vapor-melt partition coefficient, D° "is the crystal-melt partition coefficient
and k is a constant equal to the mass of pyroxene crystallized normalized by the mass of
vapor produced. In ocean island settings we estimate this value to be ~ 100, but if the two
partition coefficients D" ™ and D°* ™ are similar then the value of is highly insensitive to k.
We assume that the crystallizing phase assemblage is dominated by pyroxene and therefore
D°* ™ is a maximum; we use 0.1 for lithium (suitable for melt water contents of < 2 wt%; Fig
5) and 0.02 for boron (Brenan et al., 1998a). We use three values for D" ": 0.1, 1 and 5 to
compare the models to the natural data. We use a starting melt composition of 50 ppm for
lithium and 30 ppm for B, which is far higher than is observed for basaltic melts on Earth (Fig
2) but necessary in order to achieve the concentration profiles in the pyroxenes (Herd et al.,

2005). In order to compare the model directly to the shergottite data, we plot the lithium and

B concentrations against Ti concentrations, modeled using a starting composition of 0.8 wt%

for the primary liquid, a bulk D* ™ of 0.05 and a D” ™of 0.22 (Wood and Blundy, 1997).

The results of the modeling are shown in Fig 7. The Kilauea case is typified by an average

D' ™ of 0.1 (the full range observed in our data is 0.014 to 0.5, as described in section 4.1).
The shergottite data from the Shergotty and Zagami meteorite pyroxenes are also shown

(Herd et al., 2005). The array of data shows that in order to explain the lithium and boron

data in the shergottite pyroxenes D ™ must be at least one order of magnitude larger than

observed for Kilauea, between 1 and 5. More work is required to fully quantify the range in

DY " for lithium and boron in basaltic melts at low pressures but it appears that on Earth

10
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these elements are only very poorly volatile in basaltic volcanic systems, particularly so for
melts at near-liquidus temperatures. It seems unlikely that the LLE zoning observed in the
shergottite pyroxenes is dominantly due to lithium degassing into hydrous vapor, unless

there are some as yet unrecognized dependence of partitioning on oxidation state or melt or

fluid compositions (e.g. chlorine content), which would result in a much higher D" " than
observed for terrestrial basalts. The anomalies are unlikely to be due to CO, fluxing, as
observed in carbon-rich systems on Earth (Métrich and Wallace, 2008), as unreasonable
fluxes of CO, would be necessary to generate the observed LLE partitioning. The large
concentration of lithium and boron in melt in equilibrium with the cores of the shergottite
pyroxenes are also far higher than observed in basaltic melts on Earth (Fig 2). Degassing is
also not consistent with the concurrent large decreases in trace element ratios such as Ce/Y
observed in the Shergottite pyroxenes from core to rim (McSween et al., 2001). Cerium is
non-volatile in basaltic melts at high temperatures (as shown in Fig 6) and so these trends
cannot be explained by degassing. The correct interpretation of these trends may have
important implications for assessment of primary melt heterogeneity and mixing processes in

the mantle and crust of Mars.

5. Conclusions

In summary, the behavior of LLE is characterized during melt mixing, fractionation and
degassing at Kilauea Volcano, Hawaii, through a study of olivine-hosted melt inclusions.
Lithium behaves similarly to the light to middle rare Earth elements (Nd, Pr, Sm, Yb) during
mixing and fractionation of olivine, displaying considerable heterogeneity inherited from
primary melts from the mantle, with a Li/Yb exhibiting a range from 0.8 to 2.5, although some
of the lower values may be biassed by lithium degassing. In these water-poor basaltic melts,
the variability due to mantle heterogeneity swamps the signal arising from both fractionation
and degassing. This is in contrast to the variability in lithium and boron in more evolved and
water-rich melts, which is dominantly due to partitioning into vapor, which is much more
extensive. Lithium and boron partition into vapor weakly in basaltic magmas, with an average
vapor-melt partition coefficient of 0.1, although this partitioning appears to be inhibited at
higher temperatures. Lithium and H,O abundance in mafic pyroxenes show that lithium
pyroxene-melt partition coefficients range from 0.5 to 1.3, consistent with experimental
results. A model incorporating these results to data from the shergottite meteorite pyroxenes
shows that in order for degassing to be responsible for the trends observed, the vapor-melt
partition coefficient for lithium would need to be more than an order of magnitude greater
than for the Kilauea volcano case. It would seem likely, therefore, that primary melt
heterogeneity and mixing is a more suitable explanation for the trends in LLE and trace

elements in shergottite pyroxenes.

11
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Figure and Table captions

Figure 1. Correlation matrix to illustrate the similarity in behavior of the LLE elements lithium
and boron to the rare Earth elements and to highlight correlations between elements.
Correlation coefficients are Pearson’s correlation coefficients, r, ranging from -1 (blue; perfect

negative correlation) to +1 (red; perfect positive correlation).

Figure 2. Plots of Yb against lithium for Kilauea olivine-hosted melt inclusions (yellow), a
range of ocean floor MORB (Jenner and O'Neill, 2012) (purple) arc olivine-hosted melt
inclusions (from Georoc) and Siberian Traps, Etna and Greenland Tertiary Province olivine-
hosted melt inclusions (green). Bottom: enlarged section of the plot with Lithium < 10 ppm to
show range in Li/Yb ratios. Also plotted are Pribilof Islands and Kilauea data from (Ryan and
Langmuir, 1987).

Figure 3. Lithium (yellow) and boron (red) abundances in olivine-hosted melt inclusions from
the Georoc database. Top: lithium and boron (ppm) plotted against melt MgO content. Larger
circles with same elemental colours represent the olivine-hosted melt inclusion data from
Kilauea from this study. Bottom: lithium and boron abundances plotted against melt inclusion

water content in wt%.
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Figure 4. Geochemistry of melt inclusions: a. cerium (ppm); b. chlorine (Wt%); c. lithium
(ppm); and d. boron (ppm), plotted against the olivine Fo content (mol%). Data are color-

coded for Nb/Y in a and H,O concentration in b-d.

Figure 5. a) Lithium, boron (ppm) concentrations plotted against water (wt%) concentrations
in pyroxene-hosted melt inclusions from a range of mafic volcanic systems, shown in the
legend. b) Lithium pyroxene-melt partition coefficients, D?*™" against melt inclusion H,O
contents, color-coded for lithium content. When the very low lithium content melt inclusions
are discarded, the partition coefficient correlates negatively with melt inclusion water content

with an r value of -0.89.

Figure 6. Degassing trends in melt inclusions. a. Ce/La; b. Cl/La; c. Li/La; and d. B/La plotted

against H,O/La. Data are color-coded for olivine Fo content (mol%).

Figure 7. Modelling LLE partitioning in Martian pyroxenes. a. lithium and b. boron
concentrations plotted against Ti concentrations in pyroxenes from the Shergotty and Zagami
meteorites (Herd et al., 2005). Black curves show predicted concentrations of lithium and

boron for varying vapor-melt partition coefficients.

Table 1. Pyroxene compositions. Sample names indicate volcanic provenance (MER: Merapi
volcano, Indonesia; SSH: South Soufriere Hills Volcano, Montserrat; KAR: Karymsky
volcano, Kamchatka). Major elements (in wt%) analysed using EPMA. H,O and lithium (in

ppm) concentrations analysed using SIMS. A description of methods is given in the text.

Table 2. Pyroxene-hosted melt inclusion compositions. Sample names indicate volcanic
provenance (MER: Merapi volcano, Indonesia; SSH: South Soufriere Hills Volcano,
Montserrat; KAR: Karymsky volcano, Kamchatka). Major elements and Cl (in wt%) analysed
using EPMA. H,O (wt%), lithium and boron (ppm) concentrations analysed using SIMS. A

description of methods is given in the text.

Table 3. Pyroxene-melt partitioning data for lithium for where linked pyroxene and melt
inclusion data are available (from Tables 1 and 2). Mg#, AlLO;, H,O and lithium
concentrations for the host pyroxene are shown in columns 2, 3, 4, 5. Melt inclusion H,0,
lithium are shown in columns 6, 7. The pyroxene-melt partition coefficient for Li, Dy pyr-meit, iS

shown in column 8.
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*Highlights (for review)

e Lithium and boron degassing is quantified for ascending degassing
basaltic magmas

e These elements are only weakly volatile in water-poor basaltic melts

e Heterogeneity inherited from the mantle accounts for most of their
variability

e LLE zoning in Martian pyroxenes is inconsistent with degassing
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Figure 6
Click here to download Figure: Fig6_data_normalised_Edmonds_figure2.eps
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Figure 7
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Table 1
Click here to download Table: Tab1_pyxdata.docx

Na;O  SiO; MgO AO3; KO CaO TiO; Cr,03 FeO  MnO Total H.O Li Mg#

MER_10_2 0.33  52.1 15.7 1.51 0.01 195 036 0.033 933 0.733 99.6 130 6.0 79.5
MER_09_3 033 514 15.3 1.81 0.01 205 039 0.004 843 0619 98.9 80 4.0 80.7
MER_09_1 0.38 520 15.4 188 0.00 202 041 0.000 891 0619 99.7 126 4.5 79.8
MER_01_H2 0.32 37.0 11.2 195 000 274 038 0.000 720 0521 859 72 3.2 78.2
MER_12_1 039 517 15.2 2.01 0.01 204 044 0.000 868 0.642 99.5 7 4.2 80.0
MER_11_1 0.38 51.2 15.0 215 0.00 203 047 0000 883 0612 99.0 99 2.7 79.6
MER_23_2 037 514 151 216 0.00 211 044 0.000 824 0519 993 80 4.1 80.8
MER_09_2 0.39 516 14.9 217 0.00 205 046 0009 882 0617 995 112 4.1 79.6
MER_28_1 038 51.2 14.9 249 0.00 207 056 0.055 853 0599 994 145 5.5 80.0
MER_01_H1 0.39 508 14.9 285 0.01 203 055 0000 887 0561 993 170 4.2 79.4
MER_01_1 0.37 50.5 14.6 293 0.00 209 061 0.012 870 0502 99.1 28 3.9 79.4
MER_23_3 0.38 50.3 14.0 370 000 217 069 0.035 879 0.49% 100.0 190 1.3 78.5
KAR_35_1 0.03 531 23.6 0.75 0.01 16 031 0.000 19.58 0.935 99.8 6 12.9 73.5
KAR_27_1 0.02 5238 23.7 0.84 000 17 030 0.000 19.66 0.892 100.0 19 7.7 73.5
KAR_ 25 2 033 518 14.7 142 0.01 20.7 045 0.024 968 0510 99.6 13 18.0 7.7
KAR_25_1 0.33 518 14.6 144 0.02 203 055 0.000 1029 0494 99.8 11 19.4 76.5
KAR_36_3 0.31 51.5 14.8 150 0.01 201 055 0.000 958 0459 98.9 2 27.0 78.1
KAR_26_1 032 514 151 163 0.02 201 047 0000 936 0411 989 17 44.4 78.8
KAR_17_1 034 512 14.6 186 0.01 194 062 0.003 10.67 0409 991 9 39.0 75.9
KAR_23_1 0.30 517 15.3 190 0.00 208 053 0.000 856 0327 994 15 52.2 80.4
KAR_36_1 0.31 51.3 15.0 233 0.00 201 060 0036 940 0352 994 4 45.0 78.6
SSH_13_2 0.03 5238 23.5 117 000 13 022 0.016 20.09 0.783 99.9 122 1.2 72.9
SSH_13_1 0.04 523 23.7 129 000 14 024 0000 1946 0.807 99.2 89 0.8 73.7
SSH_49_1 0.02 527 23.5 132 000 13 025 0.012 1993 0.738 99.7 93 1.0 73.0
SSH_49_2 0.03 5238 23.9 140 000 14 025 0.034 1948 0.68 99.9 129 1.1 73.8
SSH_05 0.31 51.7 13.9 156 0.01 205 026 0.000 1048 0.543 99.3 90 2.1 75.3
SSH_31_1 026 513 14.5 172 0.01 201 046 0.000 10.05 0448 98.8 87 1.7 76.9
SSH_29_1 0.33 515 14.2 206 000 204 043 0000 10.34 0.385 99.8 76 1.7 76.0
SSH_02_1 032 513 15.5 239 000 195 064 0000 951 0.285 994 140 2.6 78.9
SSH_15_1 028 514 14.9 258 0.00 207 045 0000 916 0.354 99.8 159 1.5 78.8
SSH_04 0.32  50.8 15.2 297 000 195 0.68 0.009 9.68 0.260 99.5 83 0.9 78.3




Table 2
Click here to download Table: Tab2_Mildata.docx

Na,O Si0;  MgO Al,Os K20 CaO Cl TiO, FeO NiO MnO Total H20 Li B

MER_01_MI1 3.91 63.7 3.29 13.5 463 545 0265 044 467 0018 0.337 1005 0.10 10.0 0.6
MER_10_MIi4 3.82 65.4 2.28 14.3 508 4.02 0282 0.41 3.30 0.018 0.197 99.4 0.30 14.1 42.6
MER_15_MI1 4.04 62.6 0.43 15.1 4.71 136 0278 043 2.61 0.004 0.089 91.7 313 336 539
MER_12_MI2 4.41 68.2 0.35 15.4 5.85 1.02 0302 040 245 0.000 0.076 98.7 1.66  41.1 57.6
MER_09_MI4 4.41 67.7 0.34 15.5 5.81 1.07 0320 043 252 0.007 0.132 98.2 167 430 53.0
MER_10_MI3 4.64 66.5 0.52 15.8 5.87 155 0347 047 3.14 0.000 0.165 99.2 036 314 50.2
MER_10_MI7 2.21 66.9 1.21 15.9 474 332 0299 040 294 0.051 0.120 98.2 1.70 424 5438
MER_12_MI1 4.48 67.2 0.37 16.0 5.75 1.1 0306 039 253 0.008 0.139 98.5 229 447 572
MER_10_MI6 4.36 67.0 0.64 16.1 5.90 135 0326 036 272 0.028 0.140 99.0 0.80 387 51.2
MER_23_MI1 4.44 67.2 0.48 16.3 5.21 139 0346 044 266 0.000 0.162 98.9 2.21 37.0 56.1
MER_10_MI2 4.17 67.4 0.39 16.5 5.94 1.21 0326 043 269 0.000 0.124 99.4 185 443 532
MER_10_MI1 4.23 67.2 0.39 16.5 5.86 123 0349 044 271 0.009 0.126 99.3 1.60 405 536
MER_09_MI3 4.55 66.3 0.54 16.6 5.20 1.21 0.381 045 275 0.000 0.110 98.4 3.15 56.0 584
MER_10_MI5 4.55 66.5 0.18 17.7 4.87 1.87 0357 0.58 1.66 0.003 0.035 98.4 1.30 433 534
KAR_42_mat1 4.00 72.4 0.54 12.7 2.90 176 0152 099 473 0.008 0.156 100.6 0.01 3.2 5.2

KAR 42 _mat2  4.39 711 0.43 14.2 265 2.41 0137 087 422 0.039 0133 1006 0.02 5.2 6.1

KAR_27_MI1 2.22 69.1 0.59 14.2 278 299 0205 095 620 0.000 0.248 99.6 0.03 3.7 0.3

KAR_25_MI2 4.24 69.7 0.68 14.3 240 230 0.193 0.68 3.83 0.028 0.171 98.6 209 224 21.2
KAR_25_MI1 4.24 69.9 0.59 14.7 233 229 0217 0.78 339 0.000 0.120 98.7 247 186 220
KAR_26_MI1 4.03 67.8 1.06 14.8 244 258 0203 085 4.06 0.020 0.135 98.1 263 182 226
KAR_36_MI1 4.29 68.5 0.87 151 250 223 0222 097 3.77 0.025 0.105 98.9 2.62 174 227
KAR_17_MI1 4.03 68.6 0.65 15.5 237 265 0.190 1.01 3.41 0.027  0.061 98.5 240 2041 25.1
KAR_23_MI1 6.33 67.9 0.56 15.7 2.30 1.57 0.248 0.99 3.38 0.000 0.077 99.4 0.65 6.6 22.8
KAR_36_MI2 3.69 68.9 0.62 16.4 223 237 0232 091 259  0.001 0.099 98.3 229 1569 19.4
SSH_49_MI2 4.30 62.8 4.13 13.2 059 816 0.057 0.67 533 0.006 0.156 99.4 1.04 134 4.0

SSH_29_MI1 213 58.7 2.36 15.0 222 570 0250 0.68 557 0.000 0.181 92.9 562 248 12.3
SSH_05_MI1 4.91 72.6 0.44 16.3 2.61 1.97  0.361 0.22 0.50 0.001 0.127 1002 150 315 12.0
SSH_13_MI1 4.08 64.6 0.87 16.4 105 453 0326 085 398 0.007 0.219 97.0 5.06 13.0 111
SSH_13_MI2 4.32 63.6 0.78 16.5 097 424 0285 0.59 344 0.008 0.194 95.0 5.08 13.2 11.3
SSH_49 MI1b  4.49 67.2 0.01 16.9 1.60 3.31 0.356 0.70 046 0.011 0.051 95.1 548 195 15.3
SSH_49 MlMa  4.51 67.6 0.02 17.0 158 314 0345 048 048 0.014 0.060 95.4 6.19 21.0 15.3




Table 3
Click here to download Table: Tab3_Ddata.docx

Pyr Mg# Pyr Al,O3 Pyr H,O Pyr Li, ppm M.I. H,O M.I. Li, ppm Dy, pyr-meit
MER_09_1 79.8 1.88 126 4.5 0.01 10.1 0.45
MER_12_1 80.0 2.01 105 4.2 2.29 44.7 0.09
MER_11_1 79.6 215 99 27 0.02 6.4 0.42
MER_09_2 79.6 217 112 4.1 0.02 10.5 0.39
MER_01_1 79.4 2.93 28 3.9 0.01 6.4 0.62
KAR_35_1 735 0.75 13 23 0.12 19.5 0.12
KAR_27_1 73.5 0.84 8 2.0 0.03 3.7 0.54
KAR_25_1 76.5 1.44 19 2.1 247 18.6 0.11
KAR_26_1 78.8 1.63 44 1.7 2.63 18.2 0.09
KAR_17_1 75.9 1.86 39 2.2 2.40 201 0.11
KAR_23_1 80.4 1.90 52 34 0.65 6.6 0.51
KAR_36_1 78.6 2.33 45 1.8 2.62 17.4 0.10
SSH_13_1 73.7 1.29 89 0.8 5.06 13.0 0.06
SSH_49 1 73.0 1.32 93 1.0 5.48 19.5 0.05
SSH_49_2 73.8 1.40 129 1.1 6.19 21.0 0.05
SSH_31_1 76.9 1.72 87 1.7 0.01 6.0 0.29

SSH_15_1 78.8 2.58 159 1.5 4.35 14.5 0.10
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