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Mineral and melt inclusions in olivines from the most Mg-rich
magma from the southern West Sulawesi Volcanic Province
indicate that two distinct mells contributed lo ils pelrogenesis. The
contribution that dominates the whole-rock composition comes from
a lhiquid with high CaO (up to 16 wt %) and low AlyO3 contents
(CaO/ALOs up to 1), i equilibrium with spinel, oliwine
(Fogs 915 CaO 0-35-0-5 wt %; NiO 0-2-0-30 wt %) and
clinopyroxene. The other component is richer in $105 (>50 wt %)
and Al;O5 (19-21 wt %), but contains significantly less CaO
(<4 wt %); it is i equilibrium with Cr-rich spinel with a
low Ti05 content, olivine with low CaO and high NiO conlent
(Fogp 945 CaO 0-05—0-20 wt %o; NiO 0-35—0-5 wt %), and
orthopyroxene. Both the high- and low-CaO melts are potassium-
rich (>3 wt % K50). The high-CaO melt has a normalized trace
element pattern that is typical for subduction-related volcanic rocks,
with negative Ta-Nb and ‘It anomalies, positive K, Pb and Sr
anomalies, and a relatively flat heavy rare earth element (HREE)
pattern. The low-CaO melt shows V and HREE depletion (Gd,,/
b, <41), but ils trace element patlern resembles that of the whole-
rock and high-CaO melt in other respects, suggesting only small
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distinctions i source areas belween the two components. We
propose that the depth of melting and the dominance of H,0- or
COy-bearing fluids were the main controls on generating these
contrasting magmas i a syn-collisional environment. The
composition of the low-CaO magma does not have any obvious
rock equivalent, and 1t is possible that this type of magma does not
easily reach the Earth’s surface without the assistance of a water-
poor carrier magma.

KEY WORDS: melt inclusions; mineral chemustry; olivine; syn-colli-
stonal magmatism; ankaramites; low-Ca magma

INTRODUCTION

Arc magmas are mixtures of silicate liquid and crystals
that are often assumed to be phenocrysts that crystallized
from the enclosing melt. There is, however, increasing
evidence that these crystals belong to more than one
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Fig. 1. (a) Sketch map of part of the Indonesian archipelago, including the island of Sulawesi, indicating the location of (b). Grey area indicates the
Western Sulawesi Volcanic Province. (b) More detailed map of South Sulawesi, after Elburg & Foden (1999). White arrow indicates sample

location (5-251°S, 119-711°E).

population (Tepley et al., 2000; Turner et al., 2003). They
may be phenocrysts in equilibrium with melts that are
more or less evolved than, but related to, the host liquid;
phenocrysts from melts that are genetically unrelated to
the host melt; or they may be xenocrysts from the mantle
or crust through which the magma ascended. Even if
crystals are indeed phenocrysts of the melt in which they
occur, it is questionable whether whole-rock analyses
represent liquid compositions, as accumulative processes
may also have played a role. Whole-rock analyses cannot,
therefore, be relied on to obtain information about the
composition of mantle-derived melts without careful
study of their ‘crystal cargo’. For arc-related studies this
problem is compounded by the fact that most lavas
are too evolved to be in equilibrium with a peridotitic
mantle assemblage (Davidson, 1996), and must have
been affected by processes such as crystal fractionation,
magma mixing, crustal contamination and/or degassing.

Early crystallizing minerals such as forsteritic olivine,
magnesium-rich clinopyroxene or spinel are more likely
to retain information about the primitive magma from
which they crystallized (Clynne & Borg, 1997) than
whole-rock compositions do. Better still, these mineral
phases sometimes contain melt inclusions, which rep-
resent small pockets of (primitive) melt, and these can,
when erupted and quenched soon enough after entrap-
ment, be wused to study these liquids directly
(Kamenetsky & Clocchiatti, 1996; Schiano et al., 2000;

Sobolev et al., 2000; Frezzotti, 2001; Kent & Elliott,
2002). We combined the study of mineral compositions
and melt inclusions in a collision-related high-Mg arc
magma from southern Sulawesi (Indonesia). Both the
minerals and their melt inclusions preserve evidence of
the existence of distinct primitive melts in the system,
which mixed to form the magma we find at the Earth’s
surface. Importantly, and a major focus of this study, is
the identification of a melt component for which no
equivalent whole-rock compositions have been reported
previously. We argue that this might represent small-
degree melts that do not reach the surface without the
assistance of a ‘carrier magma’.

GEOLOGICAL BACKGROUND

The general tectonic history of the Western Sulawesi
Volcanic Province (Fig. 1), from which the studied
sample originates, has been described at length by
Elburg & Foden (1999) and Elburg e al. (20025, 2003). It
belongs to the now extinct part of the Indonesian arc,
which was active from the Paleocene to the Miocene.
The sample, Tnv96-1, belongs to a 6-9 Ma silica-
undersaturated suite of ultrapotassic volcanic rocks
with pronounced ‘continental’ isotopic characteristics
(*7Sr/%Sr = 0-7045-0-7061), indicative of the involve-
ment of subducted continental material in magma
genesis. It 1s a duplicate sample from the same dyke as
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sample Tnvll of Elburg & Foden (1999), which cross-
cuts slightly deformed lahar-like deposits of unknown
age. This dyke looks homogeneous in the field, and
petrographic analysis shows that the mineralogy and
texture of the two samples is the same. The chemical
composition of Tnv96-1 can therefore be assumed to be
the same (within error) as that of Tnv11, which is among
the three most mafic samples of the suite (20 wt % MgO;
Table 1). It can be classified as being both shoshonitic
(1-7 wt % KyO at 46-7 wt % SiOg, KyO/NayO = 1-1)
and ankaramitic (phenocrysts of clinopyroxene and
olivine only; CaO/Al,O3; >1). Its composition is
nepheline-normative (0-6 wt %), with 28 wt % of
normative diopside and 36 wt % olivine; normative
plagioclase (Anys) and orthoclase constitute 22 and
10 wt %, respectively. Its high MgO content, high mg-
number [100 X Mg/(Mg + Fe,)] and a mineralogy that
1s dominated by high mg-number olivine and clinopyr-
oxene crystals (see below) indicate that this sample has
undergone little fractionation and is therefore the most
likely candidate to give us information about the magma
parental to the syn-collisional suite of rocks.

All samples from this suite show typical subduction-
related trace element characteristics, with negative
anomalies for Nb, Zr and Ti and positive anomalies
for Rb, Sr, Pb and the light rare earth elements (LREE)
in normalized trace element diagrams. This potassic
magmatism took place shortly after collision of the Sula
platform with the Western Sulawesi volcanic arc, which
brought west-dipping subduction to a halt (Elburg &
Foden, 1999). The continental crust underlying Western
Sulawesi belongs to Sundaland, and was probably
cratonized in the Mesozoic. The area from which the
sample originates does not show evidence for under-
thrusting of allochthonous continental fragments, in
contrast to Central Sulawesi (Elburg et al., 2003).

ANALYTICAL TECHNIQUES

Major element mineral and glass analyses were
performed on a JEOL 8200 electron microprobe at the
Max Planck Institute for Chemistry, using natural
mineral standards for calibration. Olivine and spinel
were analysed with an accelerating voltage of 20 kV and a
current of 20 nA. All other phases were analysed with
15 kV and 12 nA. The beam diameter was 2um. To
obtain paired analyses of olivines and melt inclusions,
olivine analyses were performed at distances of ~30 um
from the melt inclusion to avoid NiO depletion and CaO
enrichment of the olivine by diffusional exchange between
the two phases (see discussion on LC olivines below).
Trace elements in the melt inclusions were analysed
by laser ablation-inductively coupled plasma-mass
spectrometry (LA-ICP-MS), using a Finnigan Element
2 with a Merchantek 213 nm laser, and a Cameca 3f

MELT INCLUSIONS IN SOUTH SULAWESI MAGMA

ion microprobe, both at the Max Planck Institute for
Chemistry. LA-ICP-MS analyses were performed with
He as carrier gas. The instrument was tuned to minimize
oxide production, which was always less than 1 rel. % of
the signal of its element. Raw Th/U ratios of the NIST
612 glass were ~0-91. The laser was operated with a spot
size of 60um at 6 J/cm? and resulted in pits with
height:width ratios of one. One run consisted of 60 scans
of 1-5 s each, of which the first 17 scans were taken with
the laser shutter closed, to determine the blank, which
was subtracted from the analysis. The analyses were
normalized to the Ca content of the inclusion, which had
been determined prior to laser ablation by electron
microprobe. Melt inclusions with dimensions smaller
than 60 tm were also analysed, in which case part of the
enclosing olivine was ablated. This is unlikely to have
affected either the relative or absolute trace element
abundances measured for the melt inclusion signifi-
cantly, as olivine has extremely low levels of all trace
elements analysed, and very minor contents of the
normalizing element Ca. Not all scans were used for all
inclusions, as the inclusion was sometimes thinner than
60 um. In that case, only those scans were used where all
elements were above the detection limit. NIST SRM612
glass was used for calibration, but was always analysed at
the end of the complete set of analyses, to avoid memory
effects for elements that are far lower in the glasses
analysed than in the calibration standard (e.g. Ta, Nb,
Hf). Secondary standards (KI2-G and StHs6/80-G;
Jochum et al., 2000) were used to check the accuracy
of the analyses. Ion microprobe measurements of REE
were performed following techniques described by
Hellebrand et al. (2002). A few inclusions were also
analysed for HyO, TiO,, Li and B contents by ion
microprobe, following analytical techniques published
by Gurenko et al. (2005).

MINERAL CHEMISTRY

Olivine and clinopyroxene are the most important
mineral phases in this sample, and form ecuhedral
crystals. Deformation textures, such as kink bands or
undulose extinction, have not been observed in any of
the crystals. Chromium-rich spinel occurs as inclusions
in olivine and clinopyroxene. Plagioclase, Fe-rich spinel
and biotite (rare) occur as microphenocrysts. The
groundmass of the sample is largely crystalline, reflecting
relatively slow cooling within a dyke. The sample is fairly
crystal rich, with large clinopyroxene and olivine crystals
constituting 23 and 28 vol. % of the sample, respectively.

Olivine crystals have forsterite (Fo) contents varying
between 81 and 94 mol %, although rim compositions
can occasionally be as low as 65 mol %. Most
compositions, however, lie between 85 and 94 mol %
Fo. The olivine analyses scatter widely in diagrams of
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Table 1: Whole-rock, melt and orthopyroxene inclusions and enclosing olivine analyses

Sample: Tnv11 012000 incl1 012009 incl1 012076 incl1 0199 incl2 ol13 incl8
Type: WR LC Hy LC Hy LC Ne LC-HC HC
Si0, 46:70 52:75 58-10 44-42 5846 48:23
IO, 053 088 0-87 1-32 021 105
Al,Og 912 20-64 19-61 19-28 17-87 14-93
FeO* 903 382 2:28 356 333 549
MnO 016 0:06 004 002 007 010
MgO 20-23 540 415 664 385 7-86
Ca0 1064 337 217 1216 333 13-28
Na,0 147 272 351 344 289 213
K,0 1-68 5-42 580 629 461 506
P20s 029 1-05 072 086 0-64 0-48
al 068 023 043 037 029
F 012 013 023 005 0-12
s 011 001 023 0:02 012
Total 100-38 96-84 97-52 98-65 95-56 98-96
mg-no. 800 716 76'5 76-9 674 718
Ca0/Al,04 117 016 011 063 019 0-89
Cs 891 444 950 338
Rb 55 282 137 203 103
Ba 497 174 513 1070 1421 542
Th 369 14:10 5:23 928 14-91 485
u 1-39 409 2:08 333 1-56
Nb 1.90 2:93 212 363 2:41
Ta 019 009 023 016
La 126 35:0 157 351 337 158
Ce 279 7141 316 75-9 680 327
Pb 149 147 14:3 387 217
Pr 40 95 40 102 79 44
Sr 750 1639 698 1455 1796 745
Nd 16:8 45:0 168 46:0 287 19-4
Sm 42 10-2 33 115 43 52
zZr 57 140 83 106 97 69
Hf 383 253 268 219
Eu 123 255 121 316 1-51
Gd 393 779 268 1021 335 467
o 054 076 0-24 1:09 068
Dy 265 310 113 583 149 350
Y 151 87 3-8 235 64 17:9
Ho 052 037 010 090 0-67
Er 128 071 024 2:20 076 1-82
Tm 018 005 005 023 025
Yb 114 026 022 1-16 0-39 1-68
Lu 018 0:03 005 016 021
Olivine

Si0, 41-64 40-68 4166 40-11 39-67
Al,Og 005 003 0-05 004 003
FeO 821 6:84 576 12:06 11-06
MnO 014 010 0-10 023 022
MgO 51-70 50-94 52:12 4800 4690
Ca0 019 016 029 033 052
Cr,03 0:07 0:05 007 004
NiO 039 0-40 040 025 021
Total 10239 99-20 100-39 101:09 98-64
Fo (%) 918 93:0 942 876 88-3
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Sample: 0l24 incl5 0l31 incl3 012031 incl1 012037 incl3 012019 opx VG2, SC StHs6/80-G1
Type: HC-HF HC-HF HC-LF HC-LF OPX STD STD
SiO, 47-67 47-41 48-47 4873 55-94 50-7 (0-27)

TiO, 0-88 0-71 0-90 0-80 0:02 1-87 (0-02)

Al,03 14-81 13-97 17-38 16-27 1-27 1412 (0-07)

FeO 4-78 4-62 5-81 612 512 11-8 (0-16)

MnO 0-08 0-06 012 014 011 0-21 (0-02)

MgO 966 10-79 7-94 8:45 34:40 6:6 (0-10)

Ca0 14-60 15-06 957 10-35 1-37 10-92 (0-07)

Na,O 2:22 2:20 2-60 2-68 0-05 2-84 (0-05)

K,0 417 323 5-27 5-15 0-01 0-20 (0-01)

P,05 0-49 0-41 0-61 0-52 0-22 (0-02)

Cl 017 0-26 014 013 0-033 (0-002)

F 0-07 0-08 0-09 0-10 0-14 (0-01)

S 0-08 0-12 0-02 0-04

Total 99-55 98-77 98-87 99-40 99-00

mg-no. 783 80-6 70-9 711 92:3

Ca0/Al,03 0-99 1-08 0-55 0-64

Cs 369 4-31 356 1-43
Rb 113 128 102 26-63
Ba 546 853 743 493 34 275
Th 562 5-12 6-90 4-76 0-04 248
U 1-92 2-03 1-66 0-90
Nb 2:32 2-99 211 594
Ta 015 017 015 0-42
La 17-8 14-6 23-3 15-9 0-09 12:2
Ce 36-1 324 41-9 336 0-14 24-0
Pb 19-8 19-9 210 101
Pr 50 46 60 4-3 0-03 3:08
Sr 785 763 971 662 515 463

Nd 23-1 20-3 28-2 205 0-06 12-8
Sm 58 64 6-7 4-7 0:07 2:81
Zr 75 65 87 62 065 119
Hf 212 2:34 1-73 321
Eu 1-60 1-83 1-35 0-92
Gd 5-80 6-26 6-14 413 0-07 2:69
Tb 075 0-82 0-54 0-37
Dy 4-20 418 4-55 3-46 0-05 24
Y 20-1 210 20-2 15-9 0-33 12:21
Ho 076 0-79 0-65 0-46
Er 1-97 2:32 2:08 1-72 0:03 1-25
Tm 0-28 0-27 018 018
Yb 1-75 1-74 1-83 1-79 0-005 1-29
Lu 0-28 0-25 0-31 0-19
Olivine

SiO, 41-26 4012 40-36 40-11 40-17 40-6 (0-25)

Al,03 0-04 0-03 0-03 0-04 0-04 0-03 (0-01)

FeO 879 8-36 13-48 1313 8:28 9-50 (0-06)

MnO 0:16 0:15 0-26 0-29 013 0-14 (0-01)

MgO 50:11 49-28 46-55 45-55 50-01 49-0 (0-3)

Ca0 0-45 0-50 0-44 0-56 0-11 0-09 (0-01)

Cr,03 0-04 0-03 0-02 0-10 0-01 (0-01)

NiO 0-24 0-21 0-21 019 0-38 0-37 (0-004)

Total 101-08 98:67 101-36 99-86 99-22

Fo (%) 910 91-3 86-0 86-1 915

WR, whole-rock, from Elburg & Foden (1999); opx, orthopyroxene. Last two columns are analyses for microprobe

standards (STD) glass VG2 and San Carlos (SC) olivine (1 S.D.), and LA-ICP-MS secondary standard StHs6/80-G1.
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(E. Hellebrand, in preparation); fields for arc mantle and metasoma-
tized arc mantle based on Pearce et al. (2000), Griselin (2001) and
Meclnnes et al. (2001).

CaO or NiO vs Fo content. This scatter is interpreted to
reflect two main groups, with some compositions inter-
mediate between the end-members (Fig. 2). One group
has on average higher Fo (92-94), low CaO (0-05—
0-2 wt %) and high NiO contents (0-35-0-5 wt %, one
crystal with 0-63 wt %; low-calcium group; LC); the
second group has lower average Fo, high CaO (0-35—
0-5 wt %) and low NiO contents (<0-3 wt %). The latter
group can be further subdivided into a small population
of olivines with Fo between 90 and 92 (high-calcium,
high-forsterite group; HC-HF) and the majority of
crystals with Fo 85-87 (high-calcium, low-forsterite
group; HC-LF). The intermediate compositions between
the HC and LC groups are denoted as LC-HC olivine
crystals; those intermediate between HC-HF and HC-
LF are referred to as transitional HC olivine crystals. LC
olivine crystals are somewhat less common than HC-LF
olivines, and HC-HF olivines make up less than 5% of
the total population. LC olivine crystals always show a
smooth increase in CaO and decrease in N1O contents
towards their rims (Fig. 3); a decrease in Fo content is
also observed but is not as pronounced, and resembles
the zoning seen in the HC olivines. The latter olivine
crystals show only a small increase in CaO and decrease
in the (already low) NiO contents towards their rims.

VOLUME 47 NUMBER 12 DECEMBER 2006

Spinel occurs as inclusions in all types of olivine
phenocrysts, but is least common in the LC olivines.
A good correlation exists between the forsterite content
of the olivine and the Mg/(Mg + Fe®") ratio of
the enclosed spinel (Fig. 4c). Cr-numbers [100 X Cr/
(Cr + Al)] of the spinels in the LC olivine crystals are
marginally higher than those in HC-HF olivines (79-82
vs 71-74), whereas those in the HC-LF olivine crystals,
which occur most frequently, show a wide variation, with
the majority falling between 50 and 60. TiOy contents of
the latter range up to 1-5 wt %, whereas the spinels in the
LC and HC-HF olivine crystals reach only 0-8 wt %.
Calculated equilibration temperatures, following Ballhaus
et al. (1991), between olivine and spinel lie around 1000°C
for LC and around 1100°C for HC olivines (Table 2).
Oxygen fugacities at these temperatures lie 1-3 log units
above the fayalite-magnetite—quartz buffer.

Clinopyroxene phenocrysts show a wide variation in
mg-number between 71 and 93. Cry,Oj contents vary
between 0 and 1 wt %, showing a positive correlation
with mg-number, but a wide range of Cr contents is seen
at high mg-number (Fig. 5). Negative correlations exist
between mg-number on the one hand and Al,O3 and
TiOy on the other, with the most magnesium-
rich clinopyroxenes containing as little as 0-05 wt %
TiOy and 1 wt % Al,Os. Clinopyroxene also occurs as
inclusions in HC-LF olivines (Table 3); vice versa,
HC-LF olivine inclusions are also found within clin-
opyroxene crystals. The chemical composition of
clinopyroxene crystals enclosed within HC-LF olivine
is indistinguishable from that of analysed clinopyroxene
phenocrysts, except when the inclusions contain spinel in
contact with clinopyroxene; in this case subsolidus
equilibration appears to have taken place, depleting
the clinopyroxene in Ti and Al and causing an
enrichment in Cr. Clinopyroxene inclusions were not
seen in HC-HF olivine crystals, but this may be a result
of the scarcity of these olivines.

Orthopyroxene does not occur as a phenocryst
phase, but is found as inclusions in LC olivine crystals.
The mg-number of the orthopyroxene is similar to that
of the surrounding olivine (Table 3). CaO and AlyOs
contents vary up to 1-5 wt % and 2-5 wt %, respectively,
and T1O, contents are no higher than 0-16 wt %. CryOs
contents are positively correlated with AlyOs contents
and reach 1%.

Biotite microphenocrysts have a variable composition,
with mg-number between 35 and 60, and TiO, contents
between 0-6 and 6-2 wt %. Cl contents are 0-1 wt % or
less, and I' contents vary between 1 and 1-9 wt %.

Very rare near-spherical Fe-Ni sulphide inclusions
were observed in LC olivines.

Plagioclase microphenocrysts have an anorthite con-
tent of 48-75 mol %, and the orthoclase component is
less than 6 mol %.
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Fig. 3. (al) NiO, CaO (wt %) and mol % Fo of rim-to-rim traverse of an HC-HF olivine crystal. (a2) Rim-to-rim traverse of an HC-LF olivine
crystal. (b1) Backscattered electron image of an LC olivine phenocryst, with location of two electron microprobe traverses. The euhedral shape of
the crystal indicates that traverse 2 is close to the crystallographic ¢-axis, along which diffusion is the fastest. (b2) NiO, CaO (wt %) and Fo mol %
along traverse 1 in (bl); X, results of the diffusion profile modelling. (b3) NiO, CaO (wt %) and Fo mol % along traverse 2 in (b1). The NiO and
CaO half-profiles have been modelled as diffusion from a sphere into a homogeneous liquid, neglecting simultaneous overgrowth of high-Ca
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number of spinel vs forsterite content of enclosing olivine. It is unclear
why the one LC olivine-hosted spinel has lower mg-number.

Diffusion profile modelling of LC olivine

The HC and LC olivine crystals both show decreasing
forsterite contents towards the rims of the crystals, but
their profiles for NiO and especially CaO are very
different (Fig. 3). The HC olivine crystals have high CaO
contents in the core of crystals, and show a very
moderate increase in CaO content towards the rim
of the crystals, which may be followed by a decrease
(Fig. 3a2). The LC olivine crystals have very low CaO
contents in the core, which show a pronounced increase
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towards the rim of the crystals. The length scale over
which the increase in CaO takes place in LC olivine is
larger than in HC olivine. This increase in CaO is
matched by a decrease in NiO in the LC olivine. The
contrasting length scales of the change in CaO and NiO
content between HC and LC olivine suggest that two
different mechanisms may be responsible, 1i.e.
quench crystallization for HC olivine crystals and
re-equilibration with a contrasting magma for the LC
olivine crystals.

To investigate the cause of the strong decrease in NiO
and increase in CaO contents towards the rims of the
LC olivine crystals, several microprobe traverses were
measured over these crystals. The distribution of CGaO
and NiO along profiles of the LC olivine crystals strongly
resemble diffusion profiles (Fig. 3b2 and b3), and could
therefore allow us to calculate the time elapsed since
these crystals were incorporated in a melt with contrast-
ing composition. We used the Ni and Ca data provided
by Petry et al. (2004) at 1250°C, and the solution to the
diffusion equation for a sphere given by Albarede (1995,
p. 449):

C(r.t) = Cy+ (Co — C)

00 n
1 —|—% Zﬂsinmtz exp(— nQTEQD—;)
T = o a a
In this formula the parameter a represents the radius of
the sphere, ris the distance from the centre of the sphere,
Cy is the original concentration of the element within
the sphere (crystal), and C; is the concentration of the
element in the infinite well-stirred medium surrounding
the crystal. This solution was expanded from n = 1 to
n = 47, which is well beyond any measurable change in
concentration. However, diffusion is unlikely to have
been the only process acting upon these olivine crystals,
as the high-Ca magma itself was also saturated in olivine,
and crystal growth is likely to have been operational at
the same time as diffusion. In an attempt to avoid this
complication, the diffusional profiles used for modelling
were cut off at a certain distance from the rim, where the
forsterite contents displayed a sharp drop-off. It is
possible that this only accounted for quench crystal-
lization, so the results can only be considered to give us
an order of magnitude impression of the time between
incorporation of the low-Ca olivine crystals and intrusion
of the magma. The original concentration of the crystal
was taken to be the same as the concentration in the core
of the crystal; the ‘infinite reservoir’ was given the same
concentration as the outermost rim of the modelled
crystal. Because the data are only approximate, we did
not determine the exact orientations of the olivine
crystals, which would be necessary to obtain precise age
information (Costa-Rodriguez & Chakraborty, 2004), as
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Table 2: Electron microprobe analyses of spinels and enclosing olivines

Sample: 151-1 471 481 92 18 180 104 13-1 70-1 82-1 141 1341 1411 1451 84 147 178
Group: LC LC-HC LC-HC LC-HC LC-HC HC-HF HC HC-LF HC-LF HC-LF HC-LF HC-LF HC-LF HC-LF HC-LF HC-LF HC-LF
Spinel

Al,O3 865 16:15 11:45 910 985 1221 1098 16-13 2375 1827 1262 1710 16:68 1554 17:77 7:90 1441
TiO, 0-29 098 054 0-27 042 064 088 112 1:30 087 054 055 1:30 038 166 043 089
FeO* 19-60 32:49 26-14 26:67 2157 2625 27-85 37-14 4544 4072 34-80 34-08 3587 37-98 32:74 2796 37-60
MnO 0-28 036 033 03 026 026 029 032 036 033 033 029 032 029 033 029 033
MgO 13-07 10-563 10-81 11-06 12:39 13-00 11-80 11-10 1075 1171 10-06 12-:05 1172 11-74 1143 1113 11-23
Cry03 56-87 3621 4827 50-08 53-06 4527 4656 31-30 14-88 25-09 3890 3396 3140 32:07 3329 5121 3293
NiO 012 017 0N 012 014 0N 012 020 023 021 013 015 020 018 014 011 0-17
V,03 0-04 009 0-05 0-06 003 009 008 01 033 017 008 014 014 012 015 006 0-12
ZnO 013 015 015 009 010 010 008 009 009 007 010 006 009 009 012 01 0-06
Total 99-38 97-54 9841 9827 9812 9863 99-03 97-88 9790 9793 97-78 9870 9813 9871 98:06 9953 98-13
100Cr/(Cr + Al) 817 60-1 739 787 783 71:3 740 565 296 479 676 57-1 55-8 581 557 813 605
Fe*/Fe* 0-31 042 033 0-38 033 043 04 0-51 065 057 047 0-51 0-51 0-56 044 041 0-53
Mg/(Mg + Fe?") 63-1 50-1 523 54-4  60-3 609 561 52:2 482 543 491 564 544 557 525 544 531
Olivine

SiO, 40-68 40-38 4047 4042 4068 4077 4064 3995 3962 39:86 3997 4025 4029 4015 40-44 40-06 40-13
Al,O3 0-03 005 004 0-03 003 003 003 003 003 004 003 004 004 002 001 0-03 0-03
FeO 6-93 11-63 1020 1068 9-15 10-08 11-22 1290 1596 1275 14-03 13-01 12:24 12:97 1261 12:33 13-30
MnO 0-11 022 018 0-19 016 020 023 027 033 027 029 026 02 030 024 02 029
MgO 51-69 47-96 48:93 4883 4996 4898 48-:07 46-84 44-33 4719 4586 46:80 47-40 4670 46:84 47-38 46-57
Ca0 0-19 029 0-32 018 023 043 04 047 035 043 049 040 046 046 042 042 040
Cry03 0-15 010 0-08 0-07 03 003 007 005 001 016 009 003 007 006 002 017 004
NiO 0-39 027 028 0-31 034 022 022 020 019 022 o021 020 022 020 021 024 022
Total 100-16 100-80 100-50 100-71 100-89 100-73 100-88 100-72 100-82 100-91 100-97 100-98 100-97 100-86 100-80 100-89 100-99
Fo 93-0 881 895 89-1 90-7 897 834 86 832 88 84 85 873 85 89 873 862
7(°C) 946 912 919 1014 1022 1088 1076 1047 1012 1069 1055 1104 1054 1133 998 1131 1114
AFMQ 18 25 1-8 19 15 21 2:0 28 31 31 23 25 28 28 24 1-8 27

Analysed spinels were in contact with olivine only, not associated with glass or pyroxene inclusions. Spinel totals not
corrected for presence of Fe3". Equilibration temperatures between olivine and spinel and oxygen fugacities calculated

following Ballhaus et al. (1991).

diffusion is approximately six times faster along the ¢-axis
than along the other two crystallographic axes (Petry
et al., 2004). In the case where we measured two
diffusional profiles orthogonal to each other, and where
the shape of the olivine crystal indicated that one must
have been subparallel to the ¢-axis, it is obvious that
diffusivity must have been faster along the ¢-axis. The
modelling indicates that the crystals must have resided
in the high-Ca magma for 5-10 years. In the modelling
for the crystal in Fig. 3, the best result was obtained if
the diffusion coefficients for Ni and Ca were 7-5 and 8-3
times faster along the traverse subparallel to the ¢-axis
than orthogonal to this direction; this is a somewhat
higher ratio than the six-fold value reported in the
literature (Petry et al., 2004). Moreover, the diffus-
ion coefficients for N1 were only twice that of Ca,

whereas they are supposed to be close to an order
of magnitude different. Although this may reflect the
fact that the processes acting on the crystal cannot
be approximated by diffusion only, it could also mean
that the physical conditions under which diffusion
took place were different from those in the experi-
ments from which the diffusion coeflicients
determined.

Although this modelling will only be an approximation
of the processes that affected the LC olivine crystals, it
indicates that the LC olivine crystals may have been
incorporated within the HC magma, which constitutes
the bulk of the sample and with which the LC olivines
were clearly not in equilibrium with respect to CaO and
NiO content, several years before the magma intruded
to form the dyke that was sampled.

were
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Fig. 5. Electron microprobe analyses of clinopyroxene phenocrysts,
with (a) CryO5 and (b) TiOg vs mg-number [100Mg/(Mg + Fe,)|.

MELT AND FLUID INCLUSION
DESCRIPTION

Melt inclusion shape

The three groups of olivine crystals all contain melt
inclusions, but those within the HC olivine crystals are
significantly larger than those in the cores of the LC
olivine crystals, which do not exceed 30 um diameter.
Some LC olivine crystals also contain micro-inclusions of
~0-3 m, consisting of a tiny spinel, a bubble and some
glass. When present, these inclusions are so numerous
that they give the crystal a cloudy appearance. Only in
one olivine (sample 2009) did several inclusions occur in
a single plane, resembling a healed crack through the
crystal. All other inclusions analysed occurred as discrete
bodies, and were therefore interpreted to be primary
inclusions, following the criteria set by Roedder (1984).
Their shape was generally spherical or ovoid. Inclusions
in LC olivines sometimes have a halo of small inclusions
around them, and this arrangement was interpreted as
indicating decrepitation of the during
decompression.

inclusion

Fluid inclusions

A selection of 12 fluid inclusions within the three groups
of olivine crystals was studied using a heating—freezing

stage, to constrain their freezing and homogenization
temperatures, as these can give information on the
composition of the volatile phase and the pressure at
which they have been trapped (Roedder, 1984). The
heating—freezing experiments showed that the ice within
the bubble thawed at —56-4 + 0-9°C. This melting tem-
perature 1s indicative of virtually pure COs. This result
was checked by Raman spectroscopy, which gives infor-
mation on the molecular bonds present within materials
(Burke, 2001). This method yielded peaks of variable
intensity at 1288 and 1390 ecm ™', which are indicative
for COy. No evidence was found for the presence of an
H5O-rich fluid, but one inclusion in an LC olivine that
had not been reheated yielded a small peak at 2918
em™ ', indicating the presence of minor CH,.

Homogenization of the volatile phase in the bubbles
was hard to observe during heating—{reezing experi-
ments, and only one experiment gave an unambiguous
result of homogenization into the vapour phase at
27-2°C. This was measured on a fluid inclusion within a
rehomogenized melt inclusion within an olivine crystal
with characteristics transitional between HC and LC
olivine (Fogz, CaO 0-20 wt %). Fluid-only inclusions
were measured in two LC olivines which had not been
reheated. In these cases, the phase into which homo-
genization took place was probably vapour (at 10°C) and
liquid (at 18°C). Assuming a pure GOy fluid and using
the program LONERI18 (Bakker, 2003), these homo-
genization conditions indicate pressures at an assumed
temperature of 1250°C of 98 MPa, 43 MPa and 508
MPa, respectively. This wide range of pressures is
probably a reflection of the fact that the olivines did
not behave as perfect containers, which is also indicated
by the decrepitation marks described above. However,
the one result of ~5 kbar, although hardly statistically
relevant, may suggest that crystallization started at
significant depth; this is similar to depths obtained by
the same method for the Canary Islands (Nikogosian
et al., 2002).

Melt inclusion rehomogenization

All melt inclusions were recrystallized and therefore had
to be rehomogenized before analysis. One set of olivines
was doubly polished and reheated under an optical
microscope using a Vernadsky-type heating stage
(Sobolev et al., 1980) at the Free University of
Amsterdam. Full homogenization was not achieved, as
a bubble persisted in all inclusions after disappearance of
the last daughter mineral, accounting for up to 36 vol. %
of the inclusion. Large bubbles were mostly present in
both the hypersthene- and nepheline-normative (see
below) inclusions within LC olivines, whereas those in
HC olivines were less pronounced. No correlation was
noted between the composition of the melt inclusions
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Table 3: Electron microprobe analyses of clino- and orthopyroxenes and enclosing olivine

Sample: 265 332 344 403 403 641 664 668 932 944 2201-2 88-1
Pyroxene

SiO, 52:24 52:72 52-28 52-38 51-34 56-95 57-09 57-85 57-16 57-75 57-87 57-98
TiO, 0-11 0-11 0-16 0-16 0-22 0-10 0-05 0-08 0-12 0-09 0-03 0-09
AlL,O3 2:33 1-65 2:02 2-36 2:63 0-64 1-09 0-25 0-98 0-21 0-65 1-46
FeO 4-64 3:84 4-46 4-55 463 7-31 5-29 6-81 4-85 4-76 4-46 5-00
MnO 0:09 0-09 012 012 0:10 018 012 0-19 0-11 0-09 0-09 0-07
MgO 16-20 16-73 16-41 16-35 16-30 33-10 34-29 33-53 34-79 35-71 35-89 34-18
Ca0 2323 22-98 22-64 22:71 22:86 1-22 1-37 1-36 1-28 0-71 0-58 1-25
Na,O 0-23 0-24 0-29 0-26 0-28 0-16 0-05 0-08 0-04 0-07 0-01 0-03
K0 0-00 0-00 0-00 0-01 0-00 0-01 0-01 0-00 0-01 0-00 0-01 0-00
Cry03 0-82 0-95 0-99 0-98 113 016 0-40 0-22 0-25 0-13 0-53 n.a.
NiO 0-01 0-06 0-05 0-01 0-05 0-07 0-12 0-11 0-13 0-11 n.a. n.a.
Total 99-9 99-4 99-4 99-9 99-3 99-9 99-9 100-5 99-7 99-6 100-1 100-1
100Mg/(Mg + Fe*) 86-2 88-6 86-8 86-5 865 89-0 92:0 89-8 92-7 93-0 93-5 92-4
100Cr/Cr + Al) 191 27-8 24-8 21-8 231 14-2 197 36-6 14-6 296

Olivine

SiO, 39-64 39-43 39:02 39-40 39-39 39-96 40-32 40-54 40-50 40-16 40-81 40-49
Al,O3 0-04 0-02 0-02 0-02 0-03 0-03 0-03 0-02 0-03 0-01 0-05 0-02
FeO 13:25 12:78 13-37 13-44 13:25 11-36 7-83 10-39 8:09 712 7-83 7-82
MnO 0-29 0-27 0-25 0-28 0-27 0-21 0-11 0-19 0-14 0-08 0-11 0-11
MgO 46:78 46-54 45-82 46-31 46-03 47-90 50-35 49-38 50-22 50-93 49-86 51-31
Ca0 0-44 0-40 0-42 0-42 0-41 019 013 0-20 0-12 0-07 0-10 0-09
Cry03 0-04 0-08 0-04 0-06 0:07 0-03 0-06 0-04 0-07 0-04 0-06
NiO 0-21 0-21 0-21 0-21 0-21 0-29 0-40 0-33 0-39 0-43 0-42 0-38
Total 100-7 99-7 99-1 100-1 99-6 100-0 99-2 1011 99-6 98-8 99-2 100-3
Fo% 86-3 86-6 85-9 86-0 861 88-3 92:0 89-4 91-7 927 919 92:1

All analyes are an average of two or three individual spot analyses. n.a., not analysed.

and its bubble size. The presence of high-pressure COq
in some inclusions (see above) indicates that at least some
of the bubble volume can be accounted for by the
presence of a volatile phase. Most inclusions also
contained a spinel crystal, which made up between 2
and 38 vol. % of the total inclusion. The size of this
crystal indicates that it cannot be a daughter crystal,
crystallized from the trapped melt. It is more likely that
the spinel and the melt were trapped at the same time. It
is possible that nucleation of a spinel on a growing
olivine crystal may have been the cause of melt
entrapment in the first place. Partial rehomogenization
temperatures ranged from 1100 to 1250°C, with no clear
distinction between the different groups of host olivines.
This is the best estimate for the temperature at which the
melt fraction became trapped in the olivine host. These
temperatures are somewhat higher than given by the
olivine—spinel geothermometer (Table 2), indicating that
the crystals did not erupt immediately after trapping the
melt inclusion, but spent a significant amount of time at

lower temperatures. This is also suggested by the
modelling of Fe-diffusion profiles in olivine around the
inclusions (see below).

Two other sets of melt inclusion-bearing olivines
were rchomogenized, by heating in a vertical gas-
mixing furnace at 1250°C for 3-10 min [University of
Heidelberg, Germany (CO/COy; = 0-9/0-1) and the
University of Tasmania, Australia (Ar atmosphere)].
These inclusions were quenched in water. In some
inclusions, homogenization was found to be incomplete,
as olivine crystals were present in the inclusion after
quenching. After rehomogenization, the olivines were
mounted in epoxy and polished to expose the melt
inclusions for analysis by electron microprobe, secondary
lonization mass spectrometry (SIMS) and LA-ICP-MS.

MELT INCLUSION COMPOSITIONS

Selected melt inclusion compositions are given in
Table 1, and the full dataset is available as an Electronic
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Fig. 6. (a) NiO (wt %) and (b) CaO (wt %) contents against mol %
forsterite of the olivines in which melt inclusions have been analysed,
showing the compositions of the different groups. Divisions are based
on the NiO vs forsterite content of the olivine, apart for the subdivision
of the LC-olivine-hosted inclusions, based on their normative
mineralogy (hypersthene- or nepheline-normative), and two thin melt
rims next to orthopyroxene inclusions within LC olivine (LC opx).
These diagrams form the basis for the grouping of the olivine crystals
and their melt inclusions: LC, low calcium; HC-HF, high calcium, high
forsterite; HC-LF, high calcium, low forsterite; HC trans., high calcium
(transitional between HC-HF and HC-LF); LC-HC, transitional
between LC and HC.

Appendix in MS Excel format (http://www.petrology.
oxfordjournals.org). For ease of discussion, the melt
inclusions have been divided into several groups, mainly
based upon the forsterite and Ni content of the enclosing
olivine (Fig. 6a). Most inclusions analysed were found
within HC-LF olivine crystals, as this type of olivine is
the most abundant and contains large inclusions. Few
came from HC-HF olivine crystals, in keeping with the
scarcity of these crystals. The inclusions in LC olivine
crystals have been subdivided on the basis of their being
hypersthene (LC-Hy) or nepheline-normative (LC-Ne)
(see below). Not all olivines fall within the three main
groups (LC, HC-HF, HC-LF); some are transitional
between HC and LC olivine (indicated as LC-HC
inclusions), and others fall between the low- and the
high-forsterite groups of HC olivine (indicated as
transitional HC inclusions in following diagrams and
discussions). Had the Fo and calcium content of the
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Fig. 7. CaO/Al,O4 ratio of the melt inclusions glass vs the CaO
content (wt %) of enclosing olivine. Inclusions in HC olivine crystals
have significantly higher CaO/Al,O3 ratios than the hypersthene-
normative inclusions in LC olivine, with intermediate ratios for the
inclusions in olivines transitional between the two main groups.

olivine crystals been taken as a basis for subdivision, the
groups would have remained largely the same (Fig. 6b).
Two glasses adjacent to orthopyroxene inclusions
within LC olivines are indicated separately in Fig. 6
(denoted as LC-opx). These melt rims are no more
than a few microns thick and their volume is only 10%
of that of the associated orthopyroxene (in a two-
dimensional view), and it is possible that boundary
effects during trapping may have influenced their
composition.

We will first present the major element composition of
the inclusions, uncorrected for any post-entrapment
equilibration processes. After this, we will discuss the
effects of equilibration with the host olivine.

Major elements

Compositions of melt inclusions are shown in Table 1
and their major element composition has been plotted in
Figs 7 and 8. The composition of most melt inclusions is
broadly related to that of the enclosing olivine (Fig. 7,
Table 1): HC-HF olivine crystals contain melt inclusions
with CaO/Al,Oj3 ratios around one, HC-LF inclusions
have CaO/AlyO3 0-5-1 (apart from one inclusion with
an unusually high and as yet unexplained CaO/AlyOg4
ratio of 1-42), and nearly all hypersthene-normative
inclusions in LC and LC-HC olivine crystals fall in the
range 0-05-0-4. Ten of the inclusions from the LC-Hy
group were analysed in a single crystal, olivine sample
2009, in which the inclusions were located in a plane.
These 10 inclusions are very similar, with a standard
deviation between 1 and 12 rel. % for all oxides above
0-1%. Considering the correlation between the composi-
tion of the melt inclusions and that of the enclosing
olivine, it is highly likely that the melt inclusions
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concentrations of these oxides. (Note log-scale for TiOy y-axis.) The large scatter seen in a non-volatile element such as P,O; demonstrates
that within-group variability is not reflecting simple crystal fractionation processes. Field for Italian orendites from Peccerillo et al. (1988).
The four ‘adakite’ analyses are, in order of increasing SiOs content: average low-silica adakite, sanukitoid, high-silica adakite and <3 Ga
TTG (Martin et al., 2005). Low-Ca boninite (star) represents primitive matrix glass from Cape Vogel (Papua New Guinea) from Kamenetsky et al.

(20092).

represent an important component within the magmatic
system from which the olivines crystallized, rather than
fractions of exotic and ephemeral melt that was trapped
accidentally. However, the nepheline-normative inclu-
sions in the LC and transitional olivine crystals do not
conform to this general pattern. They generally have low
S10, contents (<45 wt %) and sometimes have larnite or
kalsilite in the norm; they all have higher CaO/Al,O4

ratios (0-6—1) than the hypersthene-normative inclusions,
reflecting higher calcium contents.

For assemblages dominated by clinopyroxene—olivine
fractionation, the CaO/Al,Oj3 ratio can be used as an
index of fractionation. As this ratio also distinguishes
between LC and HC olivine-hosted inclusions, it has
been used as the x-axis in Fig. 8. For HC olivines,
KyO and NayO contents increase with decreasing
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CaO/AlyOj5 ratio, but the hypersthene-normative inclu-
sions in LG olivine crystals do not fall on this trend, as
their range in potassium and sodium contents ranges to
lower values than expected from the extrapolation of the
HC trend. Contents of TiOs and PyO5 are scattered,
with the former oxide reaching lower average levels in
the inclusions within LC olivine and the latter higher
concentrations. No obvious systematic differences can be
seen in S or F concentrations, although both elements
are higher in LC-olivine-hosted nepheline-normative
(LC-Ne) inclusions. Most of the inclusions in HC olivine
do not reach more than 0-32 wt % CI, but this element
can be as high as 0-7 wt % in hy-normative inclusions
within LC and LC-HC olivine. The inclusions with high
ClI contents have somewhat lower electron microprobe
totals, which may indicate that these glasses are rich in
H,O. They also have lower K/Cl ratios (<15) than the
HC-olivine-hosted inclusions (10-34). These CI contents
are higher than for nearly all other subduction-related
glasses, for which CI contents normally range between
0-1 and 0-5 wt % (Harris & Anderson, 1984; Sisson &
Layne, 1993; Gioncada et al., 1998; Sisson & Bronto,
1998; Luhr, 2001; Kent & Elliott, 2002; Cervantes &
Wallace, 2003; Stix el al., 2003; Métrich et al., 2004),
apart from some unusually halogen-rich glasses from the
Izu volcanic front with up to 0-8 wt % CI (Straub &
Layne, 2003). Fluorine contents are also high compared
with the global arc literature (typically <0-1 wt %),
although data are scarcer than for Cl. The inclusions
from LC olivine 2009 have a lower Cl (0-22 wt %)
content than the other hypersthene-normative inclu-
sions, apart from the melts next to the orthopyroxene
within LC olivine, which show an even more pro-
nounced depletion in this element (Fig. 8). The glass
rims next to orthopyroxene inclusions are also more
silicic than the other hypersthene-normative glass
inclusions, but their composition is similar in other
respects.

Modelling of FeO-diffusion profiles

FeO contents for most melt inclusions were lower
than expected for melts in equilibrium with high-
forsterite olivine. This probably reflects FeO loss,
resulting from re-equilibration with the enclosing olivine
(Danyushevsky et al, 2000). This process has major
effects on the FeO and MgO concentrations of melt
inclusions, and can thereby also change the absolute
concentrations of other elements. It is therefore impor-
tant to try to undo the effect of this re-equilibration
process. This can in principle be done by modelling the
FeO profiles around the inclusions, following the
technique described by Danyushevsky et al. (2002).
This is an elaborate process, where the FeO profile in
the olivine is modelled as a function of the (known) size
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of the inclusion, the initial temperature of trapping
(approximated by homogenization temperature of the
glass), the unknown initial FeO content of the melt
inclusion, and the unknown cooling interval and
duration of cooling before eruption. The three
unknowns in this model are then adjusted until the
modelled FeO profile of the olivine and the modelled
composition of the melt inclusion match the measured
profile and melt inclusion composition.

FeO profiles in olivine were measured around a
number of HC- and LC-olivine-hosted melt inclusions.
For all HC FeO contents increased
towards inclusions, whereas this type of zoning was less
pronounced near inclusions within LC olivine. This
zoning is superimposed upon any zoning seen in the
olivine crystal as a whole. The modelling focused on the
inclusions in the HC olivine crystals, because their
mitial FeO* concentration was likely to be similar to that
of the whole-rock (9 wt %) or other mafic whole-rock
samples of the series (9-7-10 wt %), providing a likely
starting composition of the melt inclusion. However, we
failed to produce a match for both the FeO profiles and
the measured melt inclusion composition using >9 wt %
FeO* as the original concentration of the melt inclusions
i HC olivines. The profiles could be reproduced only
if initial FeO* contents of the melt were taken to be as
low as 6-7 wt % (Table 4, Fig. 9). This is lower than
expected for a melt in equilibrium with these olivines,
and also significantly lower than the whole-rock FeO*
content of the host rock, or any other mafic sample from
the series. This probably signifies that the inclusions have
undergone more than one period of equilibration and
Fe loss, and that the profile measured around the
inclusion represents only the last equilibration event.
The duration of this last equilibration event varied from
4 to 194 days, but no systematic variation of the duration
with the forsterite content of the enclosing olivine was
observed. The temperature of last equilibration varied
between 925 and 1120°C, and showed a negative
correlation with the duration of the last equilibration
event.

When the FeO profiles were measured around melt
inclusions, it was observed that CaO contents in olivine
increased and NiO content decreased towards the melt
inclusion (Fig. 10). This was especially noticeable for the
inclusions in the LC olivine crystals. This increase in
measured CaO content in olivine next to a phase with
higher CaO concentrations is sometimes ascribed to
secondary fluorescence of the high-Ca phase. However,
the anti-correlation of CaO and NiO in the profile,
and the fact that AlyO3 concentrations do not show an
apparent elevation, argues against secondary fluores-
cence being the main reason for this CaO increase. We
think that post-entrapment equilibration between olivine
and the included glass phase also explains the CaO

olivines,
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Table 4: Results of modelling of the FeO profile in olivine

MELT INCLUSIONS IN SOUTH SULAWESI MAGMA

around the melt inclusion

Sample: ol24-4 ol31-3 ol13-8 ol13-9 ol117-2 0l35-1 ol77-9
Type: HC-HF HC-HF HC HC HC HC-LF HC-LF
mg-no. ol: 91-65 91-31 88-32 88-34 87-97 84-24 8517
NiO ol: 0:25 0-21 0-21 0-20 0-20 0-19 0-20
CaO ol: 0-36 0-43 0-45 0-45 0-41 0-42 0-40
Fe?t/Fet: 5:0 5-0 60 60 35 30 30
Start melting: 1020 1020 946 946 915 884 878

T last daughter: 1183 1250 1192 1192 1193 114 1191

T quench: 1260 1291 1226 1226 1235 1222 1196
mg-no. ol: 92 91 88 88 88 84 85

Dry melts (normalized to 100 wt %)

SiO, glass 48-43 48:16 4891 49-49 47-59 50-59 50-05
TiO; glass 0-80 0-72 1-07 1-03 0-92 0-75 0-72
Al,O3 glass 1470 14-19 15-14 1467 16-59 17-11 16:73
FeO glass 478 4-69 5-57 5-82 519 5-64 577
MnO glass 0-07 0-06 0-10 0-07 0-09 0-09 012
MgO glass 10-24 10-96 7-97 7-53 8-69 712 6-49
CaO glass 1443 15-30 13-47 1411 13:20 10-39 11-80
Na,O glass 2:24 2:23 2:16 2:10 2:31 265 2:77
K,0 glass 356 3-28 513 473 474 5-16 4-96
P,05 glass 0-77 0-42 0-48 0-45 0-67 0-49 0-61
Calculated melts to FeO = 9-00 wt %

SiO, 46:71 46-54 47-53 48:02 46-48 49-39 48-83
TiO, 07 0-64 0-97 0-92 0-88 0-71 0-67
Al,O3 12-78 12-56 13-74 13-16 15-79 16-23 15-71
Fe;03 1-67 1-67 1-43 1-43 2:5 2:52 2:49
FeO 75 7-52 7-73 775 676 6-8 673
FeO* 9:0 9:0 9:0 9:0 9-0 91 9-0
MnO 0-06 0-05 0-09 0-06 0-09 0-09 0-11
MgO 12:33 12:22 9-23 9:45 7-62 6-54 6-54
Ca0 12:65 13-564 12:22 12:66 1255 9-85 11-08
Na,0 1-95 1-98 1-96 1-89 2:19 2:52 2:6
K,0 3:09 29 4-66 4-25 4-51 4-9 4-65
P,0s 067 0-37 0-44 04 0-64 0-46 0-57
Tealc 1329 1326 1267 1266 121 1201 1190
Focalc 91-35 91-39 885 88-59 87-7 85-44 85-61
Ol% 11-87 10:01 8:08 9:33 3:04 3:53 4-62
Initial melt used for modelling

FeO* in melt 7-00 6:00 6-00 6-00 6-00 6-00 6-00
SiO, 47-78 48-10 49-03 49-61 47-76 50-97 50-29
TiO, 078 075 1-10 1-06 0-98 079 075
Al,03 14-3 14-75 15-65 15-02 17-65 18:08 17-43
Fe,03 13 112 0-95 0-95 1-47 1-65 1-66
FeO 5-83 5-03 512 5-13 4-63 4-46 4-48
MnO 0-07 0-06 0-10 0-07 0-10 01 013
MgO 9:562 812 6-08 6:25 516 4-21 4-3
Ca0 14-04 15-90 13-92 14-45 14-04 10-97 12:29
Na,O 2:18 2:32 2:23 2:15 2:45 2:8 2-89
K>,0 346 341 5-30 4-85 5-04 5-45 516
P,0s 075 043 0-50 0-46 0-72 0-52 0-63
Tcalc 1259 1212 1162 1161 1117 1107 1096
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Table 4: Continued
Sample: ol24-4 ol31-3 ol13-8 ol13-9 ol117-2 0l35-1 ol77-9
Type: HC-HF HC-HF HC HC HC HC-LF HC-LF
mg-no. ol: 91-65 91-31 88-32 88-34 87-97 84-24 85-17
NiO ol: 025 0-21 0-21 0-20 0-20 0-19 0-20
CaO ol: 0-36 043 045 045 0-41 0-42 0-40
Fe?"/Fe": 5:0 5:0 60 60 35 30 30
Start melting: 1020 1020 946 946 915 884 878
T last daughter: 1183 1250 1192 1192 1193 114 1191
T quench: 1260 1291 1226 1226 1235 1222 1196
mg-no. ol: 92 91 88 88 88 84 85
Modelled melts after re-equilibration and experiments
SiO, 48-28 48:09 4873 4955 47-48 50-50 49:92
TiO, 0-80 0-72 1-06 1-04 0-92 0-75 0-72
Al,03 14-61 1417 15-03 1476 16-60 17-07 16:69
FeO* 4-81 4-52 576 5-29 518 575 5:69
MnO 0-07 0-06 0-10 0-07 0-09 0-09 0-12
MgO 10-33 11-02 8-02 7-55 8-56 712 6:52
CaO 14-34 15-28 13:38 14-21 13-20 10-19 1177
Na,O 2:23 2:23 2:14 21 2-30 2:64 2:77
K0 3563 328 5-09 477 4-74 5-15 4-94
P,0s5 077 0-41 0-48 0-44 0-68 0-49 0-60
Re-equilibration conditions
Cooling interval (°C) 230 170 40 80 190 95 70
T re-equilibration (°C) 1029 1040 1120 1080 925 1013 1024
% of re-equilibration 87 95 80 80 82 80 85
Time (days) of re-equilibration 195 62 4 4 194 74 22

All models were started with the recalculated melt inclusion composition assuming FeO* = 9% wt %. Start melting is the
temperature (°C) at which the first melt formed within the melt inclusion during the reheating experiment. T last daughter is
the temperature (°C) at which the last daughter mineral disappeared during the reheating experiment. 7 quench is the
temperature (OC% at which the reheating experiment was quenched. Fe?"/Fe®" = Fe?"/Fe®" ratio of the melt inclusion,
based on the Fe**/Fe®* ratio of spinel. FeO* is total Fe as FeO. 01% is wt % of olivine crystallized on the wall of the melt
inclusion during cooling. 7.a is the calculated liquidus temperature for melt inclusion. Fo, is the calculated forsterite
content of olivine in equilibrium with melt inclusion. 7 re-equilibration is the temperature (°C) at which the melt inclusion re-
equilibrated with the enclosing olivine.

enrichment of the olivine around the melt inclusion,
analogous to the observed FeO enrichment.

maximum discrepancy observed between the measured
value and a corrected value was 8 rel. % for SiOo, and
up to 23 rel. % for TiO,, Al,O3, CaO, Na,O, KyO and
P>Os5, when a melt inclusions with a measured FeO

Correction for FeO loss

As the original FeO content of the melt inclusions could
not be retrieved by modelling the diffusion profile
around the inclusions, the true initial FeO content of the
melt could not be determined accurately. The inclusions
were therefore recalculated using different initial FeO
contents, varying between 9-5 and 6-5 wt % for the
inclusions within HC olivine (i.e. varying between values
for whole-rocks, and those obtained from the modelling),
and between 4 and 7 wt % for inclusions in LC olivines
(as Fe values were on average lower, and Fe loss
appeared to be less pronounced in these inclusions). The

content of 2-5 wt % was corrected to 7 wt %. Most
corrections were, however, significantly smaller. To give
an impression of the effect of the corrections, Fig. 11
shows selected Harker variation diagrams for the
uncorrected data, the data corrected to a ‘best guess’
FeO content, and the data corrected to 7 wt % FeO.
The best guess amounted to 9:5 wt % FeO for the
inclusions in HC-LF and transitional HC olivines;
9 wt % FeO for the inclusions in the HC-HF olivines;
4.0 wt % FeO for the Hy-normative inclusions in LC
olivine; 4-8 wt % FeO* for the Ne-normative L.C-olivine
hosted inclusions; and variable FeO contents between
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Fig. 9. FeO (wt %) profiles in HC olivines with distance from the
centre of the melt inclusion. Circles indicate measured values, grey
curves denote models following Danyushevsky et al. (2002); cooling
interval, percentage equilibration and time period of equilibration are
indicated on the diagrams. The compositions of the melt inclusions
before and after equilibration are given in Table 4.

4-4 and 7 wt % for the inclusions in transitional HC-LC
olivines.

An important result of the systematic assessment of the
FeO loss correction was that this correction did not affect
the silica saturation of the inclusions: inclusions within
HC olivines remained silica-undersaturated irrespective
of assumed FeO* content (olivine, nepheline with or
without leucite in the norm); hypersthene-normative
inclusions within LC olivines remained hy-normative,

MELT INCLUSIONS IN SOUTH SULAWESI MAGMA
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Fig. 10. Transmitted light microscopy image of melt inclusion 2 in an
LC-HC olivine (sample 99), showing enrichment of CaO and depletion
of NiO in the olivine close to the inclusion. The antithetic behaviour of
these two elements, and the fact that alumina does not show significant
enrichment in the analyses closest to the inclusion, indicates that the
CaO enrichment is not caused by secondary fluorescence. FeO
contents of the olivine decrease from 12-3 to 12-1 wt % in the same
traverse with distance from the inclusion. The crosses indicate the
modelling of CaO loss to the olivine (Appendix), and suggest that this
small inclusion, with measured CaO contents of 4:5 wt %, originally
contained 5-2 wt % CaO if the measured increase of CaO in the olivine
next to the inclusion was a result of CaO diffusion from the inclusion
into the olivine.

and ne-normative inclusions within LC  olivines
remained ne-normative.

The FeO correction does, of course, change the FeO
and MgO content of the inclusions significantly. As the
values for these oxides are a direct reflection of the
correction, they can no longer give us any relevant
geological information, and have therefore not been
used. As we cannot be sure that our assumed FeO
contents are correct, we prefer to use the uncorrected
data for further discussion. The CaO/Al,O3 ratio was
used as a fractionation index in Fig. 8; the variation of
this ratio with the recalculated SiOy content is given in

Fig. 11.

Trace elements and water

Trace element data, normalized to normal mid-ocean
ridge basalt (N-MORB; Sun & McDonough, 1989)
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Fig. 11. Melt inclusion composition data for selected oxides and ratios against SiOy content (wt %). The first column shows the uncorrected data;
the second column shows the data corrected to the most likely FeO* contents (4-9-5 wt %; see text); the third column shows all data corrected to

7 wt % FeO#*. Data for orendites, adakites and boninite as in Fig. 8.

are shown in Fig. 12. Melt inclusions from LC and
HC olivines have similar patterns for all elements except
for the heavy REE (HREE) and Y (Figs 12-14). All
melt show the hallmarks of subduction-
related magmas, with strong enrichments in the large
ion lithophile elements (LILE), such as Rb, Ba and
Sr, and relative depletions for the high field strength
elements (HFSE), such as Nb, Ta and Ti. The inclu-
sions from LC and LC-HC olivine crystals generally
have higher contents of LILE and LREE than the HC-
olivine-hosted inclusions (Fig. 13). The former show
much lower contents of Y and the HREE (Table 1),
leading to Gd/Yb and Sr/Y ratios well in excess
of those for the inclusions in HC olivine or for
MORB. There is a good correlation between Zr, Th,
the LILE and HREE (Fig. 13). No correlation is
seen between trace clement concentrations and the

inclusions

forsterite content of the olivine in which these inclusions
occur.

The rare earth element pattern of an orthopyroxene
(opx b) included in an LC olivine shows a somewhat
HREE-depleted pattern, at very low absolute levels of
REE (Fig. 14). When orthopyroxene-melt distribution
coeflicients from McKenzie & O’Nions (1991) are used
to calculate the REE pattern of the melt in equilibrium
with this orthopyroxene, the result shows a clear
resemblance to the melt inclusions in LC olivine crystals,
with LREE enrichment and HREE depletion. The
pattern shows some spikes and troughs, which are
interpreted to reflect inaccuracy in the measurements of
these elements in the orthopyroxene because of very low
concentrations (0-3—-0-02 times chondrite).

Ion microprobe measurements for HyO, Li and B
were made late in the study, when few inclusions of
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Fig. 12. N-MORB-normalized trace element patterns for representa-
tive inclusions of the different groups, showing strong similarities in the
most incompatible element ratios. The hypersthene-normative LC
inclusions show strong HREE depletion.

sufficient size and quality were left for analysis. There-
fore, only one Hy-normative inclusion in LC olivine was
analysed (from olivine 2009), which did not have high
ClI contents. Water contents in the 10 analysed inclus-
ions varied between 0-56 and 0-94 wt %, and show a
correlation with the KyO content of the glass (Table 5),
but without any distinctions between the groups (as
far as can be seen in this limited dataset). We are not
completely convinced that these values represent pri-
mary water concentration of the magmas. The decrepi-
tation marks around some indicate that
volatiles may have been lost, and recent experiments
have shown that water loss by proton diffusion through
olivine enclosed in magmas that have been affected by
degassing can happen in a matter of hours (Hauri, 2002).

Lithium contents in the inclusions in which HoO was
measured varied between 7 and 20 ppm, with one outlier
in an HC-LF-olivine-hosted inclusion at 33 ppm. Apart
for the analysed LC-olivine-hosted inclusion, a correla-
tion seems to exist between NaoO and Li contents of the
inclusions (Table 5). Boron contents vary between 17
and 52 ppm, and a correlation exists between B and the
Fo content of the enclosing olivine, with the LC-olivine-
hosted inclusion having the highest B content. B and
Li contents were also measured in the host olivine of
one of the HC-HF group and the LC olivine, yielding
olivine-liquid distributions coefficients for Li of 0-4 and
0-27, and for B of 0-009 and 0-018. These values are
slightly higher than but within the same order of
magnitude as the values reported by Zanetti et al.
(2004) for a hydrous basanite melt (0-22 and 0-0058 for
Li and B, respectively).

inclusions
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Fig. 13. (a) Sr/Y vs Gd/Yb for the glass inclusions. All true HC
inclusions have low Gd/Yb ratios, but higher ratios are seen in the
inclusions with higher Sr/Y, with garnet being the most likely phase
causing this HREE depletion. Five-pointed star represents average N-
MORB (Sun & McDonough, 1989); adakite data are from Martin et al.
(2005). (b—d) Rb (ppm), Th (ppm) and Ce (ppm) vs Zr (ppm) for the
glass inclusions, showing the distinctions between groups and the
generally good correlation between these elements with contrasting
geochemical behaviour.
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Fig. 14. (a) Chondrite-normalized REE patterns for various inclusions, as measured by LA-ICP-MS. Pattern of whole-rock is shown for reference
(Elburg & Foden, 1999). Normalizing values from Evensen ez al. (1978). (b) Chondrite-normalized REE patterns [note difference in scale compared
with (a)] of one of the enclosed orthopyroxenes (spikiness of pattern is an artefact resulting from the very low intensity of the beam), measured by
SIMS, and the calculated melt with which it should be in equilibrium. The resemblance to measured pattern for LC melt inclusion should be
noted. Pattern for whole-rock and HC-HF melt inclusion are shown for reference.

DISCUSSION
Identification of contrasting magmas

Inclusion relationships have shown that the following
phases occur together, and are therefore likely to be
genetically related:

(1) HC-LF olivine; high-T1i spinel; clinopyroxene
(2) HC-HF olivine; medium-Ti spinel;
(3) LC olivine; low-Ti spinel; orthopyroxene.

It is unclear whether HC-HF olivine crystals are
in equilibrium with clinopyroxene; the fact that no

clinopyroxene inclusions were found in HC-HF olivine is
possibly a reflection of the scarcity of these olivine
crystals. The most magnesium-rich clinopyroxene crys-
tals are also not found in any mutual inclusion
relationship; we think it plausible that they were in
equilibrium with the HC-HF olivine crystals.

The measured CGaO and NiO contents of both the LC
and HC olivine crystals are unusual when compared
with olivine crystals from ‘normal’ arc volcanic rocks,
which generally have 0-15-0-28 wt % CaO and 0-15—
0-40 wt % NiO at Fogg gg [Elburg, unpublished data for
North Sulawesi and Alor (Indonesia), Ambryn and Yasur
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Table 5: Melt inclusion and olivine electron microprobe and ion microprobe analyses for H,0, Li and B

Sample: 24-5 2009-7 2081-1 2061 2064-1 2052-1 2092 2075 2068 2057a
Group: HC-HF LC-Hy HC-HF HC-LC HC HC-LF HC-LF HC-LF LC-HC HC-LF
Glass

SiO, 47-67 57-85 48-36 56-05 47-65 50-05 48-72 49-95 52-84 47-25
TiO, 0-88 0-90 0-73 0-64 0-87 0:75 0-84 0-90 0-85 0-91
Al,03 14-81 1965 15-65 17-24 1466 17-30 16-30 17-33 16-88 16-60
FeO 4-78 2:34 4-01 3:64 5:62 529 5-69 4-84 41 6-65
MnO 0-08 0-02 0-10 0-05 0:07 0:09 0-08 0-10 0-05 0-14
MgO 9-66 4-52 8-33 5-83 894 7-52 7-56 6-58 6-98 7-49
Ca0 14-60 2:51 12:87 5-90 1471 7-25 171 11-01 9-20 13:00
Na,O 2:22 3:46 2:35 3:43 2:38 2:78 2:62 2:73 2:81 2:81
K>,0 4-17 561 5-00 6:32 414 3:69 5-06 521 577 391
P05 0-49 0-81 0-42 0-66 0-47 0-46 0-69 0-57 0-64 0-40
F 0-07 012 0-05 0-11 0-09 0-09 0-11 0-08 0-10 0-11
S 0-08 0-01 0-02 0-02 0-06 0-01 0-06 0-05 0-02 0-10
Cl 0-17 0-23 0-23 0-22 0:19 0:16 0-16 0-21 0:15 0-19
Total 99-65 97-83 98-05 99-81 99-67 95:37 99-51 99-49 100-34 99-45
mg-no. 783 775 787 740 74-3 717 70-3 70-8 75-2 66-7
Ca0/Al,03 0-99 0-13 0-82 0-34 1-:00 0-42 0-72 0-64 0-55 0-78
H,0 0-58 0-79 0-66 0-94 0-74 0-56 0-87 0-74 0-79 0-56
Li 7-62 12:96 7-44 32:79 8:64 17-87 16:43 19-67 1651 17-07
B 44-52 52:82 34:79 3312 25-88 28:06 2570 29-35 31-99 17-26
Olivine

SiO, 41-26 4179 40-78 40-03 40-07 40-06 40-07 40-90 41-07 39-54
AlL,O3 0-04 0-03 0-04 0-03 0-02 0-03 0-03 0-03 0-03 0-04
FeO 879 7-32 9-00 12:70 10-34 13:16 12:78 12:63 11:63 13:71
MnO 0-16 0-12 0-20 0-24 0:18 0-24 0-27 0-24 0-21 0-27
MgO 50-11 52:31 49:35 46-28 47-64 45-86 46-30 47-21 48-00 45-09
Ca0 0-45 0-20 0-41 0-32 0-66 0-33 0-50 0-41 0-38 0-50
NiO 0-24 0-37 0-23 0-25 0-20 0-20 0-21 0-22 0-27 0-19
Total 101-08 102-17 100-02 99-85 99-02 99-89 100-16 101-63 101-50 99-33
Fo (%) 91-0 927 90-7 86-7 89:2 861 86-6 87-0 881 85-4
Li 363 2:96

B 0-93 0-32

Oxides in wt %, elements in ppm.

(Vanuatu), Santorini (Greece); Nakamura, 1995; Clynne
& Borg, 1997; Tamura et al., 2000; Reubi et al., 2002;
Smith & Leeman, 2005]. The HC olivine crystals have
high CaO and low NiO contents compared with normal
arc volcanic rocks, and, conversely, LC olivine has lower
CaO and higher NiO contents. The smooth variations
of CaO, NiO and forsterite contents within the HC
group as a whole appear to suggest that they belong to a
single fractionation series, and we propose that they co-
crystallized with clinopyroxene and high-Ti spinel. This
apparent fractionation series (see discussion below)
accounts for the majority of phenocrysts within the

sample. The melt inclusions in the HC olivine crystals
are also closer to the whole-rock composition than those
in LC olivine, and this suggests that the whole-rock
composition (Tnvll, Table 1) is dominated by the
contribution from HC melt and crystals.

If the HC-HF and HC-LF olivine crystals are
members of a single fractionation series, then LC olivine
cannot belong to this fractionation series, since LC
olivine has far higher NiO and lower CaO contents at
similar forsterite contents than HC olivine. Moreover,
pyroxene enclosed within LC olivine 1s always orthopyr-
oxene rather than clinopyroxene. It is therefore unlikely
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Fig. 15. (a) Calculated vs measured CaO content (wt %) of olivine, using the £y calculation of Beattie et al. (1991) for FeO-corrected melt inclusion
compositions. Line of 1:1 correlation is for reference only. The match is generally good, apart for the Ne-normative LC inclusions. The calculated
contents of the Hy-normative inclusions are slightly low because of Ca loss of the inclusion to the olivine (see Appendix). (b) Calculated Ni content
of the melt vs NiO content (wt %) of olivine. The Ne-normative LC inclusions give very high calculated Ni contents, but the fact that these
inclusions do not appear to be in Ca equilibrium with the olivine host casts a severe doubt on this result. Despite the higher NiO content of the LC
olivine crystals, calculated Ni contents of the melt are similar to the Ni contents of the most primitive HC melts.

that LC olivine crystals were in equilibrium with the
same magmas from which the HC phenocrysts formed.

Ca and Ni in olivine and melt inclusions:
origin of Ne-normative LC inclusions

With respect to their low CaO and high NiO and MgO
contents, LC olivine crystals resemble olivine from
mantle xenoliths and peridotites (Dick, 1989; Pearce
et al., 2000; Griselin, 2001; Mclnnes et al., 2001), even
though the latter seldom exceeds 93 mol % Fo and
0-4 wt % NiO. Forsterite-rich low-Ca olivine crystals
within volcanic rocks are often interpreted as mantle
xenocrysts (Ramsay e al., 1984; Cameron, 1985;
Boudier, 1991; Rohrbach et al., 2005); however, we
suggest that the LC olivine crystallized from a melt and
1s not a mantle-derived xenocryst (Kamenetsky et al.,
2006).

A strong argument for the magmatic interpretation is
the coherence between the CaO content of the melt
inclusions and their enclosing olivines. Using the olivine—
melt distribution coefficients from Beattie et al. (1991), we
can calculate the CaO content of the olivine with which
the melt inclusions would have been in equilibrium
(Fig. 15a). The distribution of calcium between olivine
and melt is dependent on the MgO distribution, which
is influenced by the FeO* recalculation procedure. The
calculation has been performed with the ‘best guess’
FeO* recalculation, but the trends are similar if the raw
data are used. The calculated olivine CaO contents cor-
respond reasonably well to the measured CaO contents
of the enclosing olivine. An exception is formed by the
LC-olivine-hosted nepheline-normative melts, which
give olivine CaO contents that are significantly higher
than the measured concentrations. The generally good

match between the calculated and actual CaO contents
cannot be a result of later equilibration between olivine
and melt, as CaO enrichment of the olivine close
(<15um) to the inclusion (Fig. 10) demonstrates that
diffusional equilibration for CaO has been limited, in
keeping with the slow diffusion for this element in olivine
(Petry et al., 2004). Although CaO concentrations in the
olivine around the inclusions are low compared with
those in the inclusions (0-4 wt % vs 4 wt %), the small
size of the hy-normative inclusions in LC-olivine results
in the CaO loss being non-negligible, and it could be as
high as 15 rel. % for a typical inclusion with a diameter
of 25 um and a measured CaO content of 4 wt % (see
the Appendix). This could explain why the calculated
CaO contents of the enclosing olivine are generally
slightly low for the hypersthene-normative inclusions in
LC olivine, whereas no systematic offset is seen for the
inclusions in the HC olivines. As the exact amount of
CaO loss depends on the initial CaO content of the melt
inclusion, its size and the diffusion profile around the
inclusion, we did not apply a correction for this effect,
as diffusion profiles were not measured around all
inclusions.

The CaO contents of the melt inclusions within the
olivines support the idea that the HC and Hy-normative
LC inclusions could represent the melt from which the
olivine crystallized. The NiO contents of the olivine can
be used in a manner similar to the CaO content to
calculate the Ni concentration of the parental melt. The
LC olivine crystals contain significantly more NiO than
HC olivine crystals, which could be interpreted as
crystallization from a more NiO-rich melt. However, if
we assume that the parental melt had a bulk composition
similar to that of the melt inclusions (again corrected for
FeO¥* loss), then the different melt structure between the
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inclusions in the two major groups of olivines would
cause a significant difference in the Ni olivine—melt
distribution coefficient. This compositional effect is far
more pronounced for Ni than it is for Ca. Therefore,
calculated Ni contents in the melts parental to LC and
HC-HF olivine would not differ much, ranging between
200 and 300 ppm (Fig. 15b). If uncorrected melt
inclusion compositions are used, the calculated Ni values
for both groups lie between 100 and 200 ppm. Three of
the Ne-normative glasses in LC olivine have higher
calculated Ni contents around 350 ppm. Considering the
fact that the Ne-normative inclusions did not appear to
be in equilibrium with their host olivine for Ca, these
calculated Ni contents are unlikely to be correct. The
whole-rock contains significantly more Ni (664 ppmy;
Elburg & Foden, 1999) than the calculated Ni contents
of the melt inclusions. This is likely to reflect olivine
accumulation, indicating that this whole-rock composi-
tions cannot be equated with a melt composition.

The calculations suggest that the nepheline-normative
melt inclusions in LC olivine are not in equilibrium with
their host. The two main options for the formation of
these inclusions are that they represent aliquots of HC
melt that has been accidentally trapped in LC olivine; or
that they do not represent liquid compositions. The first
option seems unlikely, as the ne-normative LC inclusions
have different Sr/Y and Gd/Yb ratios from true HC
melt inclusions (Fig. 13a). We therefore think that the
ne-normative melt inclusions in LC olivine represent
inclusions from which some melt has escaped after
partial crystallization. This would enrich the inclusion in
olivine and clinopyroxene components (Portnyagin et al.,
2005), whereas silicic liquid would escape. Because
clinopyroxene has a higher liquid-solid distribution
coefficient for the HREE, this process can also explain
the reduced Sr/Y and Gd/Yb ratios compared with the
hy-normative inclusions. Phlogopite might also have
been a residual phase, causing an enrichment in K,O
and F, whereas the higher sulphur contents could be
explained by the formation of iron sulphides.

Distinction between melt inclusions in

HC-HF and HC-LF olivine

The smooth variation of CaO and NiO with forsterite
contents between HC-HF and HC-LF
suggestive of a single fractionation series, but the very
minor depletion in NiO between the two subgroups is
surprising, since both clinopyroxene and olivine have
high mineral/liquid distribution coefficients for this
element [around two for clinopyroxene and 8-18 for
olivine, using the formulation from Beattie et al. (1991)].
However, olivine-liquid distribution coefficients distri-
bution increase strongly with fractionation, so NiO
contents in olivine will decrease far more slowly during

olivine 1s

MELT INCLUSIONS IN SOUTH SULAWESI MAGMA

fractionation than the Ni content of the liquid with
which it 1s in equilibrium.

More doubt is cast upon the fractionation relationship
between the melts in HC-HF and HC-LF olivines
by the variation of PoOj; vs CaO/Al,O5 (as a potential
fractionation index) (Fig. 8), where PoO5 contents within
HC-HF-olivine-hosted inclusions vary between 0-3 and
1.05 wt % at CaO/AlyOs = 1, and within HC-LF-
olivine-hosted inclusions between 0-44 and 1-03 wt % at
CaO/Al,O5 = 0-65 (with 1 S.D. on P,Os5 analyses
0-02 wt % at the 0-2 wt % level). Absolute levels of
P;O;5 (or any other oxide) are influenced by the FeO
correction, but this affects concentrations by less than
25% relative, instead of the 300% observed here. Oxide
ratios are not influenced by the FeO recalculation and
can therefore be used more reliably to assess fractiona-
tion behaviour. A diagram of KyO/AlL,Oj5 vs CaO/
Al O3 (Fig. 16) shows that KoO/AlyOg ratios increase
when CaO/Al;Og ratios decrease between HC-HF- and
HC-LF-hosted melt inclusions. This general trend would
be expected for a fractionating assemblage of olivine
(KoO/Al, O3 = 0, CaO/AlL,O3 = 8-22) and clinopyr-
oxene (KoO/AL,O3 = 0-0-02, CaO/Al,O5 = 5-25 at
mg-number >84), but the KoO/Al,O3 ratio increases
too fast compared with the decrease in CaO/Al,Oj5 for a
fractionating olivine—clinopyroxene assemblage. The
fractionating assemblage should have a CaO/Al,Og5 of
<25 at KyO/Al,O3 = 0, whereas all measured
clinopyroxene crystals have CaO/Al,O5 >3. Although
one could decrease the CaO/AlyO3 ratio of the
fractionating assemblage by adding spinel, the Al,Os
content of spinel in equilibrium with forsterite-rich
olivine is only 11-13 wt %, and one would need an
unrealistically high percentage of spinel (20-30 wt % of
the fractionating assemblage) to fit the KoO/Al, O3 to
the CaO/Aly,Oj ratios for fractionating from HC-HF to
intermediate HC compositions.

Simple mixing calculations also show that it is not
possible to simultaneously match the (FeO*-corrected)
CaO, AlLOs;, KO and SiOs concentrations of melt
inclusions in HC-HF olivines by adding any combina-
tion of analysed clinopyroxene, olivine and spinel to
HC-LF olivine-hosted melt With these
calculations, Al,Os contents are too low and SiO,
contents too high when CaO and KyO contents match
measured values.

In short, there is too much scatter in oxides such as
P,O5 and TiOy at a given index of fractionation for the
melts in the HC olivines to belong to a single simple
fractionation series. Moreover, the trends in elemental
ratios cannot be explained by fractionation of an
assemblage of olivine, clinopyroxene * Cr-spinel. It is
likely that fractionation effects are superimposed
upon variations in the mineralogy of the source of
the melts.

inclusions.
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Fig. 16. K,O/Al,O5 vs CaO/AlyO5 for HC melt inclusions (uncorrected data, same as corrected data because of normalization to AlyO3) and
clinopyroxene and olivine crystals. If the HC-LF melts (circles) were formed by removal of crystals from HC-HF melts (triangles), the fractionating
assemblage should have CaO/Al,O5 = 2-5 at KoO/AlyO5 = 0. Measured CaO/AlyOs ratios for clinopyroxene, which should be the main control
on CaO/AlyOg variations, vary between 25 (at mg-number 92) and 5 (at mg-number 84) at KyO/Al,O3 <0-01. Simple crystal fractionation

cannot, therefore, explain the range of HC melts trapped in olivine.

LC melts

Although high CaO/Aly,O3 melts have been found in
many tectonic environments (Schiano et al, 2000;
Kogiso & Hirschmann, 2001; Portnyagin et al., 2005),
high-silica, low CaO/Al,O3 primitive melts are less
common. They are either low-Ca boninites, found in hot
subduction environments (Crawford e al., 1989),
lamproites (Foley et al., 1987) or adakites (Defant &
Drummond, 1990). For comparison, Figs 8 and
11 indicate the compositions of representative examples
of these magmas. The melt inclusions found in LC
olivine crystals cannot be low-Ca boninites, as the latter
are characterized by lower AlyOj;, NayO, KyO and
TiOy contents (Kamenetsky ¢t al., 2002) than the LC
melts. Moreover, HREE depletion is not a characteristic
of boninitic melts. Adakitic melts are well known for
their HREE depletion, and correspondingly high Sr/Y
and Gd/Yb ratios (Martin et al., 2005). However, these
melts display lower KyO, higher NayO contents and
higher CaO/AlyO5 ratios than the LC melt inclusions
described here. The closest match to the LC melts in
terms of lamproitic rocks is given by orendites from
central Italy (Peccerillo et al, 1988), although these
contain higher KyO and less NayO than the melt
inclusions analysed. Orendites also display HREE
depletion, although not as extreme as some of our LC
melt inclusions.

The most likely cause of the observed HREE deple-
tion in melt inclusions and orthopyroxenes within LC
olivines is equilibration with garnet. Silica-rich melts
with low Ca/Al ratios can be formed by crystallization
of clinopyroxene, orthopyroxene and garnet from more
primitive subduction-related magmas at high pressure
and pHyO (Miuntener et al., 2001). However, this process
does not agree with the melt inclusions occurring in
olivines with extremely high forsterite contents (<Fogy),

as fractional crystallization would rapidly lower the mg-
number of the melt. Also, the high forsterite content
of enclosing olivine does not favour generation of the
liquids by direct melting of the subducted oceanic crust,
or by remelting of lower crustal cumulates, unless the
magmas or their sources were extremely oxidized and
most Fe would occur as Fe’™. Although clinopyroxene
can also retain HREE, the middle REE (MREE)/HREE
ratios in the LC melt inclusions are too high to be
explained by retention in clinopyroxene only (Blundy
et al., 1998). The most plausible way to generate the
LC-olivine-hosted melt inclusions is by partial melting of
a mantle source with residual garnet, or equilibration
between melt and a garnet-bearing mantle lithology. If
the mantle source started out with HREE contents
similar to those of a MORB source, simple batch melt
modelling indicates that this source must have contained
20-25 wt % garnet in its residue during partial melting
[using the garnet-melt Ay values of McKenzie &
O’Nions (1991)]. The presence of garnet in the residue
implies either that partial melting took place in a normal
peridotitic mantle at depths greater than 90 km, or that
the source had a composition that stabilized garnet
relative to spinel at lower pressures. A high alumina
content, as seen in pyroxenites, is one way of stabilizing
garnet (Hirschmann & Stolper, 1996). This agrees with
the high Al,O3 content of the melt inclusions.

We do not know of any whole-rock analysis that is a
perfect match for the LC melt inclusions, but it is
possible that the existence of this type of melts is more
common than hitherto recognized, as only detailed
mineralogical and melt inclusion studies allow us to
recognize their existence. Low-Ca olivine is increasingly
being reported from subduction settings (Ramsay et al.,
1984; Rohrbach et al., 2005), but is commonly inter-
preted as a mantle xenocryst, and not studied to any
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Table 6: Results of MELTS modelling for HC and LC melt inclusions, compared with FeO*-corrected

melt inclusion analyses

HC Melt 20 kbar, HC melt Residue LC Melt 20 kbar, LC melt Residue
source 1450°C inclusion source 1300°C inclusion
Si0, 50 45-61 45-85 67% cpx 48 522 5374 19% gt
TiO, 05 0-85 0-75 05 0-7 0-93 68% cpx
Al,O3 8 12-42 12-91 13 19-6 21-04
FeO 7 11-2 95 7 6 40
MgO 15 10-83 11-2 16 6-3 8:6
Ca0 19 14-61 13:97 13 47 2:83
Na,O 0-8 1-70 1-95 0-8 2:6 2:84
K0 0-6 172 343 0-6 47 47
H,0 0-3 0-86 0-4 31

Oxides and minerals in wt %.

great extent. We suggest that some characteristics of
these low Ca/Al melts stop them from ever reaching the
surface. Although the one measured HoO content was
not very high, we failed to analyse inclusions with high
ClI contents. It is possible that these have higher water
contents, and that the melts reached water saturation
before reaching the surface, resulting in degassing and
freezing of the melts below the surface, similar to the
model proposed by Tamura & Tasumi (2002) for the

Izu—Bonin arc.

Similarities and contrasts between LC and
HC melts and their sources

The melt inclusions within the LC and HC olivine
crystals display very similar trace element patterns, apart
from the HREE and Y. They show similar relative
depletions in the HFSE and enrichments in the LILE,
and in the relative levels of Cs—Rb—Ba enrichment,
which are the elements that tend to be variable in arc
volcanic rocks, possibly reflecting selective retention in
mica or amphibole (Elburg et al., 2002q). Also, the good
correlation for the dataset as a whole between elements
that are thought to be mobile in the fluid phase (such as
Rb), and are consequently enriched in arc volcanic rocks
relative to MORB, and a fluid-immobile element such as
Zr (Fig. 13) suggests that the mantle sources of the LC
and HC melts may have had a similar trace element
contents.

Despite these similarities, there are significant distinc-
tions between the melt inclusions in LG and HC olivines,
with inclusions from LC olivine being calcium poor,
silica saturated, chlorine rich and HREE depleted, and
those in HC olivine calcium rich and silica under-
saturated. HC-olivine-hosted melt inclusions only show a

very slight depletion in HREE compared with a MORB
source, indicating that garnet is a minor residual phase,
if at all. The high CaO contents indicate that the source
may have contained significant amounts of clinopyrox-
ene, which entered the melt. Even though the residual
mineral assemblages for the LC and HC sources are
obviously very different, the similarity in trace element
patterns of the melts points towards a close relationship
between the sources.

Anomalous source composition

We undertook some exploratory runs with the program
MELTS (for pressures <10 kbar) and pMELTS
(pressures 10-20 kbar) (Ghiorso ez al., 2002) to investigate
the possibility of deriving high CaO/Al,O5 and low
CaO/Al,O3 melts from similar sources. Several other
workers have attempted to model high CaO/Al,O4
melts with the MELTS program (Schiano et al., 2000;
Kogiso & Hirschmann, 2001), and found, not unexpect-
edly, that clinopyroxenite sources give the best results.
We obtained the best result with a clinopyroxenite
composition that is somewhat more aluminous than
the compositions used by other workers (Schiano et al.,
2000; Kogiso & Hirschmann, 2001) to model the
Ne-normative high CaO/Al,O3 melts of the HC olivines
(Table 6). If we keep most elements the same, but lower
the CaO and increase the AloO3 content of this source,
its bulk composition changes from being nepheline-
normative to being hypersthene-normative. This then
has the desired effect of giving melt compositions that are
hypersthene-normative, and leaving a garnet-bearing
residue at 20 kbar. This is the smallest change in the
source composition that would give the desired effect of
obtaining liquids that are very different in terms of major
elements. As subduction-zone fluids are thought to be
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rich in components derived from the breakdown of
aluminosilicates (Manning, 2004), it is feasible that these
changes to the mantle are brought about by interaction
with this type of fluid.

It 1s also possible that the distinctions in the LC and
HC source’s residual mineral assemblage reflect changes
in pressure instead of chemical composition. However,
an important effect of a pressure increase is to generate
melts that are more silica undersaturated (O’Hara,
1968), whereas the LC melts are actually more silica
oversaturated than the HC melts. A greater depth of
melt generation is therefore unlikely to be the only
reason for the presence of garnet in the source.

Because partial melting has the opposite effect on
Si0y for Hy- and Ne-normative source compositions,
the melts of the HC source become lower in silica with
decreasing degree of partial melting. To obtain melt
compositions with a SiOy content around 4647 wt %,
as in the melt inclusions in HC-HF olivines, the
(Ne-normative) source needs to be more Si rich than
the (Hy-normative) source of the LC melt inclusions
(with >50 wt % SiOy). The degree of melting also needs
to be larger than for the LC inclusions, to obtain the
desired high Ca/Al ratios. To avoid having to postulate
extremely high temperatures, it is most likely that this
took place at shallower depth than for the LC inclusions.
A similar melt to the one produced at 1450°C: and
20 kbar can be produced at 5 kbar at only 1275°C. The
larger degree of partial melting leads to rather low K,O
contents in the melt compared with observed values
(1-4 vs >3-5 wt %) if the KoO content of the source is not
increased.

As it remains problematic to find a perfect match for
this type of liquid by single-stage melting models, it is
possible that some of the liquids’ geochemical character-
istics were obtained during later equilibration with
garnet- or clinopyroxene host-rocks. As the equilibrated
liquids were still capable of crystallizing Fogq olivine, the
equilibration process cannot have involved significant
crystallization and must therefore have happened at high
temperatures.

Influence of volatile phases

The presence and composition of a volatile phase during
partial melting may also have played a role in generating
the distinctions between HC and LC liquids. Unfortu-
nately, the pMELT'S software can incorporate only H,O
in partial melting models, not CO,, so we cannot assess
this option by computer modelling. It is well known that
the presence of water expands the stability field of
olivine, and causes the eutectic composition in a water-
bearing mantle assemblage to have a relatively high
Si0y content (Nicholls, 1974), whereas COy has the
opposite effect (Mysen & Boettcher, 1975). We notice
that LC melt inclusions have higher Cl contents and
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lower electron microprobe totals than our HC inclu-
sions, and this could point towards a higher dissolved
water content in the HC melt component. Alternatively,
the high H,O and SiO, contents could both be the result
of low degrees of partial melting, rather than the high
water content being the cause of the high SiOq content.
The importance of COy in the magmatic system is
evident from our fluid inclusion studies. COo-rich fluids
have also been proposed as an explanation for high-
calcium subduction-related magmatism (Green et al.,
2004), although the melts generated in that study were
generally hypersthene- instead of nepheline-normative,
like our HC melts. The melts produced by Mysen &
Boettcher (1975) lherzolitic rock
under high-CO, conditions were, however, nepheline-
normative.

The association of high-Ca melts and water-rich low-
Ca melts could also have a bearing on clinopyroxenite—
dunite massifs hosting Alaskan- (or Ural)}-type Pt
deposits, commonly associated with chromitites
(Malitch & Thalhammer, 2002). The clinopyroxenite—
dunite association indicates a possible genetic relation-
ship to the high-Ca melts associated with the HC
olivines. Chromitite segregation, however, appears to be
favoured by the presence of a water-rich fluid (Matveev
& Ballhaus, 2002), which may point towards a role for a
water-rich melt similar to the one associated with the LC
olivines. Interestingly, recent work on silicate inclusions
within Pt-Fe alloys (Johan, 2006) indicates the presence
of low-calcium, high-aluminium (CaO/Al,O5 = 0-28),
silicic, water-rich HP melts associated with Uralian—
Alaskan-type Pt mineralization.

from a source

Preferred model

Whether the coexistence of primitive high-Ca and
low-Ca melts is typical for post-subduction magmatism,
of which the studied sample is an example, needs further
investigation. We envisage a model in which the
subducting slab stalls as a result of continental collision,
causing an increase in slab temperature with time, as also
proposed by Elburg & Foden (1999) for South Sulawesi
on the basis of isotope data. This temperature increase
could cause the breakdown of hydrous minerals and
carbonates that would otherwise have remained stable in
the slab at this depth. Water-bearing fluids (or hydrous
silicic melts) from the slab would metasomatize the
mantle and cause melting. Considering the fact that
the presence of water significantly reduces the mantle
solidus, and the fact that the mantle near the slab would
be warmer than during a normal non-collisional
subduction setting, melting took place at relatively high
pressures, and in equilibrium with garnet. This would be
the source for LC melts. As water would react with the
surrounding mantle and become incorporated in melt or
water-bearing mineral phases, the remaining fluids
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would become enriched in COqy (Schuiling, 2004) and
continue upwards through the mantle wedge. Melting
may then take place at shallower depths in the presence
of a COg-rich fluid, and generate HC melts. These can
continue their upward journey to the surface, but the
hydrous LC melts become water saturated at shallower
depths and freeze. Therefore, they never erupt, but can
only reach the surface if they are carried by their
companion HC magma.

CONCLUSIONS

Sample Tnv96-1, on which this mineral and melt
inclusion study was performed, is one of several mafic
ankaramitic samples within a suite of alkali-rich under-
saturated magmas that erupted between 6 and 9 Ma in
South Sulawesi. Although their extremely mafic whole-
rock compositions reflect cumulate processes, the Sr, Nd
and Pb isotopic composition of these samples falls within
the range of this suite of samples from South Sulawesi
(Elburg & Foden, 1999). The results from the present
study can therefore be interpreted to give information on
the magma parental to this syn- to post-collisional suite
of magmas. The parental magmas are clearly repre-
sented by the silica-undersaturated high-Ca suite of melt
inclusions, rather than the silica-saturated low-Ca suite.
However, the close resemblance in LILE, LREFE and
HFSE trace element signature between the two types of
melt inclusions suggests a genetic relationship between
the two melt types, rather than accidental admixture of
xenolithic olivine into a high-Cia magma. In light of the
good correlation between the composition of the melt
inclusion and enclosing olivine, it is unlikely that local
melting processes in a cumulate-bearing magma cham-
ber can be blamed for the unusual melt compositions, as
suggested by Danyushevsky et al. (2004).

The depletion in Y and HRELE seen in the high-silica,
low-Ca melt inclusions argues for the presence of garnet
in the source. The high silica content of these inclusions
suggests high water pressure during melt generation.
However, the exsolved volatile phase in these inclusions,
like that in the high-Ca inclusions, is virtually pure COo.
This may reflect the lower solubility of CO», and thereby
enhanced exsolution at lower pressures, in silicate melts,
but also loss of HoO by decrepitation and proton
diffusion. It is unavoidable that the latter process has
been operational, considering the high diffusivity of
hydrogen in olivine and the long storage of these olivines
at magmatic temperatures, as shown by the diffusional
profiles around the melt inclusions. The high-Ca
inclusions have lower silica contents, and are likely to
have formed by melting from an HyO-poor, CO,-rich
source. The fact that many of the most mafic magmas in
arc environments show ankaramitic characteristics may
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reflect the more limited role of degassing-induced
fractional crystallization in these HyO-poor magmas.
In contrast, the absence of the high-silica magmas,
similar to the low-Ca melt inclusion, as a whole-rock
composition within the arc environment may reflect the
unavoidable freezing of this magma type because of
degassing during ascent and depressurization.

We prefer a model in which the LC and HC melts are
formed by melting of normal (non-pyroxenitic) mantle,
which was modified by fluids or melts from the stalled
subducted slab. These fluids were dominated by H,O for
the LC melts, and by COy for HC melts, which also
formed at shallower depths than the LC melts. Whether
the coexistence of these two magma types is a local
peculiarity or is more common in (post-collisional)
subduction environments, and a potential link with
Alaskan-type Pt deposits, needs further investigation.
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APPENDIX: MODELLING OF CAO
LOSS TO OLIVINE

The distance-CaO concentration gradient in the olivine
around the inclusion was described by the function
C = Cin + (Cy — Ciny)erf(x/24/D1), which is the solu-
tion to diffusion in a semi-infinite medium with constant
surface concentration (Albarede, 1995). (y was taken to
be the CaO content at an ‘infinite’ distance from the
melt inclusion, and Ci,, was taken as the CaO content
closest to the inclusion. The value for Dt was adjusted to
match the calculated profile to the observed one. The
actual values for D and ¢ are of no consequence for this
model. The amount of CaO lost to the olivine can be
calculated from a hypothetical ‘boundary layer’, which is
a layer with a thickness 0 = 2v/Di/n with a homo-
geneous concentration Gy, This is the analytical
equivalent of calculating the surface under the diffu-
sional profile from x = 0 and x = oo, and G, to Cy.
Therefore, the amount of CaO lost to the olivine is
CaOyp = (4/3)m(0 r)S(Cim — (), with 7 being the radius
of the melt inclusion. The original CaO concentration of
the melt inclusion is then [(4/ 3)75(7')3Ca0mch + (3:25/
2.77)  CaOyy]/(@/3)m(r)’>. The factor (3-25/2.77)
accounts for the assumed density difference between
the melt inclusion and the olivine.
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