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Abstract

High-calcium, nepheline-normative ankaramitic basalts (MgON10 wt.%, CaO/Al2O3N1) from Rinjani volcano, Lombok
(Sunda arc, Indonesia) contain phenocrysts of clinopyroxene and olivine (Fo85–92) with inclusions of spinel (Cr# 58–77) and
crystallised melt. Olivine crystals have variable but on average low NiO (0.10–0.23 wt.%) and high CaO (0.22–0.35 wt.%)
contents for their forsterite number. The CaO content of Fo89–91 olivine is negatively correlated with the Al2O3 content of enclosed
spinel (9–15 wt.%) and positively correlated with the CaO/Al2O3 ratios of melt inclusions (0.9–1.5). Major and trace element
patterns of melt inclusions are similar to that of the host rock, indicating that the magma could have formed by accumulation of
small batches of melt, with compositions similar to the melt inclusions. The liquidus temperature of the magma was ∼ 1275 °C,
and its oxygen fugacity≤FMQ+2.5. Correlations between K2O, Zr, Th and LREE in the melt inclusions are interpreted to reflect
variable degrees of melting of the source; correlations between Al2O3, Na2O, Y and HREE are influenced by variations in the
mineralogy of the source. The melts probably formed from a water-poor, clinopyroxene-rich mantle source.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

It is increasingly accepted that arc magmas are a
complex mixture of silicate liquid(s) and one or more
populations of crystals, which are not necessarily in
equilibrium with the melt in which they are entrained
(Danyushevsky et al., 2002; Reubi et al., 2002; Dungan
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and Davidson, 2004; Davidson et al., 2005; Kamenetsky
et al., 2006). This implies that most whole rock analyses
are unlikely to represent liquid compositions, and that
we need to find other ways to determine the chemical
composition of subduction-related melts. Since fresh,
quenched glasses are not always available, the method
of choice over the past 10 years has been the study of
melt inclusions (Kamenetsky and Clocchiatti, 1996;
Sobolev, 1996; Michaud et al., 2000; Sobolev et al.,
2000; De Hoog et al., 2001; Kent and Elliott, 2002;
Cervantes and Wallace, 2003). Melt inclusions have
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proved particularly useful to determine the volatile
content of magmas, since these components are
degassed during eruption (Sisson and Layne, 1993;
Sobolev and Chaussidon, 1996; Gurenko et al., 2005;
Wallace, 2005); and to study the composition of
primitive arc magmas, which seldom reach the Earth's
surface without modification. However, the validity of
the latter application has been challenged by Danyush-
evsky et al. (2004), who suggest that melt inclusions in
primitive olivine (with more than 85 mol% forsterite),
that had been thought to convey information about
primary magmas, often record the compositions of melts
which have been formed by localised reactions with pre-
existing crystal mushes. If true, these compositions
would not provide definitive information on primary
magmas, but only about magma chamber processes. In
this view, only melt inclusions from more evolved
olivine phenocrysts can yield information on the
composition of silicate liquids that have played an
important role in the petrogenesis of subduction-related
magmas. This interpretation would be a severe blow to
the usefulness of melt inclusion studies to determine the
composition of primary arc magmas, since these would
never be contained in olivines with forsterite contents
lower than 85 mol%.

In particular, melt inclusions with high CaO contents
and high CaO/Al2O3 ratios, found within olivine
crystals from subduction-related magmas, have been
identified as reflecting local melting reactions
(Danyushevsky et al., 2004) or post-entrapment mod-
ification (Gaetani et al., 2002). This fits well with the
theory that high CaO/Al2O3 melts, such as ankaramites,
are formed by remelting of lower crustal cumulates
(Médard et al., 2006) but does not agree with the alter-
Fig. 1. Location of Lombok within the Indonesian arc, and location of the s
ankaramites studied by Della-Pasqua and Varne (1997) and Foden (1983).
native ideas that ankaramites reflect melting of a CO2-
fluxed depleted mantle source (Green et al., 2004) or
fractionated melts of a high-pressure picritic parental
magma (Della-Pasqua and Varne, 1997).

To add to this discussion on the origin of ankaramites
and the usefulness of melt inclusion studies, we have
made a detailed study of some medium-K, nepheline-
normative ankaramitic basalt samples from the island of
Lombok (Indonesia), and the melt inclusions in their
olivine crystals. A clear correlation is observed between
compositions of the olivine, melt inclusions, and, where
present, spinel grains enclosed within olivine. Moreover,
the trace element patterns of the analysed melt inclusions
show a clear resemblance to that of the whole rock. This
suggests that, in the case of these magmas, the melt
inclusions in forsterite-rich olivine crystals (Fo89–91)
represent melt batches whose mixing is responsible for
generating the whole rock composition.

2. Geological background

The island of Lombok is part of the Indonesian
Sunda arc (Fig. 1), and is built on crust whose thickness
is transitional between continental and oceanic domains
(depth to Moho about 20 km). Volcanic activity in the
arc is a response to northward dipping subduction of the
Australian plate. In the easternmost Sunda arc, this has
led to collision between the arc and the Australian con-
tinent, but the crust subducted beneath Lombok is still
oceanic in character. The active volcano on the island is
Rinjani, which is located approximately 165 km above
the Benioff zone. The samples studied are derived from
lava flows exposed on the north–northeast coast of the
island, near the village of Obel–Obel. Although their
tudied samples on Lombok (Obel–Obel ankaramite) and the Senggigi



Fig. 2. CaO/Al2O3 versus MgO (wt.%) for whole rock samples from
the island of Lombok. Circles: samples analysed by Foden (1983) and
Foden, Elburg and Paraschivolu, (unpublished); squares: samples from
the north-west coast of Lombok (near the village of Obel–Obel),
belonging to a more calcic suite than most other Lombok samples.
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age is not constrained, the lava flows originated from the
active volcano of Rinjani, and are therefore likely to be
significantly younger than 1 Ma.

Magmas of Rinjani volcano show typical ‘calc-
alkaline’ or medium-K arc characteristics, with most
samples having 50–68% SiO2, 6–0.7% MgO, while
K2O contents increase from 1 to 4.3%. Rare samples
with higher MgO contents have been found, and have
already been described by Foden (1983). These have
high CaO/Al2O3 ratios, up to 1.37 at MgO contents of
14% (Fig. 2), and contain large phenocrysts of clino-
pyroxene and olivine, typical for ankaramites. The an-
karamitic samples described by Foden (1983) come from
the northwest side of the island, not far from Senggigi,
whereas the ones used here come from the area east
of Obel–Obel (Fig. 1; S8°16.238′, E116°34.899′). The
material collected by Foden (1983) was already the
subject of a mineral and melt inclusion study by Della-
Pasqua and Varne (1997). Samples from the Obel–Obel
area show a range in MgO and CaO/Al2O3 contents
(Fig. 2), and those used for this study are the two most
MgO-rich samples from the suite, LB43 and LB39
(MgO 11.3 and 10.2 wt.% respectively, CaO/Al2O3=
1.03). No mineralogical differences were found between
these two samples, and the results, which were mainly
obtained from LB43, are discussed together. Some com-
parisons are made with the whole rock composition of
one of the more mafic, lower CaO/Al2O3 (i.e. “normal
arc”) samples from Rinjani volcano (LB23; Fig. 2). This
sample comes from a flow in a river bed to the NE of
the city of Mataran (S8°34.403′, E116°8.599′).

3. 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 kVand 12 nA. The beam diameter was 2 μm. Sodium
was always the first element to be measured, to avoid
migration of this element away from the electron beam.
To obtain paired analyses of olivines and melt inclusions,
olivine analyses were performed at distances of approx-
imately 30 μm from the melt inclusion to avoid NiO-
depletion and CaO-enrichment of the olivine by diffu-
sional exchange between the two phases. The accuracy of
the analyses was assessed using the composition of the
VG2 glass standard (USNM 111240/52) and San Carlos
olivine (USNM1113122/444) (Table 2). All paired glass–
olivine analyses are averages of 2–3 individual analyses.
Trace elements in the melt inclusions were analysed
by laser ablation ICP-MS, using a Finnigan Element 2
with a Merchantek 213 nm laser, and by Cameca 3f ion
microprobe, both housed at the Max Planck Institute for
Chemistry. LA-ICP-MS analyses were performed with
He as carrier gas. The instrument was tuned to minimise
oxide production, which was always less than 1% of the
signal of its element. Raw Th/U ratios of the NIST 612
glass were ∼ 0.91, compared to the real ratio of ∼ 1,
indicating that fractionation of the elements from each
other during analysis was limited. The laser was oper-
ated with a spot size of 60 μm at 6 J/cm2 and resulted in
pits with height:width ratios of 1. 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 normalised to the Ca content of the in-
clusion, which had been determined prior to laser ab-
lation by electron microprobe. Melt inclusions with
dimensions smaller than 60 μm 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 significantly, since olivine has extremely
low levels of all trace elements analysed, and very minor
contents of the normalising element Ca. Not all scans
were used for all inclusions, since the inclusion was
sometimes thinner than 60 μm. 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 which are far lower in the glasses analysed
than in the calibration standard (e.g. Ta, Nb, Hf).
Secondary standards (KL2G and StHs6/80-G; Jochum
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et al., 2006) were used to check the precision and
accuracy of the analyses (Table 2). Ion microprobe
measurements of REE were performed following tech-
niques described by Hellebrand et al. (2002). Some
inclusions were also analysed for H2O, TiO2, Li and B
contents by ion microprobe, following analytical tech-
niques published by Gurenko et al. (2005).

Major and trace elements of whole rock sample LB43
and LB23 were analysed by X-ray fluorescence at the
Department of Geology and Geophysics at the Univer-
sity of Adelaide, using techniques described by Elburg
and Foden (1999).

Most Sr and all Nd whole rock isotopic ratios were
analysed in the same Adelaide laboratory on a Thermo-
Finnigan MAT 262 thermal ionisation mass spectrom-
eter, following procedures described by Elburg et al.
(2003). The 143Nd/144Nd La Jolla standard yielded a
value of 0.511843±9 (2 SD; n=8) and 0.511827±
6 (2 SD; n=5) during the two periods of analysis, and
all analysed samples were normalised to a value of
0.511860 for this standard. The SRM-987 87Sr/86Sr
standard yielded 0.710249±28 (2 SD; n=6); analysed
samples were not normalised. Pb and some Sr isotopic
ratios were measured at the Free University (Amster-
dam), on a ThermoFinnigan Neptune MC-ICPMS and
ThermoFinnigan MAT 262 TIMS respectively follow-
ing procedures described by Elburg et al. (2005). The
SRM-987 standard gave 0.710244±14 (2 SD; n=4)
during this period. As a result of the technique used for
Pb isotope analysis, NBS981 could not be used as a
secondary standard, while available whole rock stan-
dards were found to be inhomogeneously contaminated
(Elburg et al., 2005). The most reliable reference
material was found to be JGS JB-2, which yielded
206Pb/204Pb 18.3427±12, 207Pb/204Pb 15.5624±11 and
208Pb/204Pb 38.2782±32 (2 SD; n=9).

4. Petrology

The phenocryst assemblages of the two analysed
samples are very similar, and consist of abundant large
(up to 1 cm) olivine and clinopyroxene crystals and
scarce small (b0.5 mm) plagioclase crystals, set in a
fine-grained groundmass of the same three minerals and
Fe–Ti-oxide. Discontinuous and oscillatory zoning is
common in the clinopyroxene crystals. Optical zoning is
not evident in the olivine crystals, except when the rims
appear to have been corroded and the crystals show
reverse zoning. Melt inclusions and spinel grains are
hosted by olivine and clinopyroxene crystals. The less
Mg-rich samples from this suite contain a higher pro-
portion of plagioclase crystals, and significantly less
olivine. Representative mineral analyses can be found in
Table 1.

4.1. Olivine

The forsterite content (Fo) of most olivine cores
varies between 86 and 92 mol%, but the cores of
phenocrysts with resorption features can be as low as
Fo65. Groundmass olivine ranges down to Fo48. Olivine
crystals with forsterite contents between 89 and 91mol%
show a range of CaO and NiO contents, which are
negatively correlated with each other (Fig. 3; Table 3),
but do not show a clear correlation with Fo-content. The
largest group has low NiO (0.10–0.13%) and high CaO
(0.33–0.35%) contents, but there is a spread towards
higher NiO (up to 0.22%, two crystals with 0.37%) and
lower CaO (down to 0.23%, two crystals with 0.20%).
Within individual crystals, forsterite contents decrease in
the outer 100 μm of the crystal, towards values around
Fo80 at the rim. Most crystals also show an increase in
CaO contents towards their rims. Zoning with respect to
NiO is antithetic to the observed CaO zoning. Although
the range in CaO and NiO contents appears to be a
continuum, the olivine crystals have been divided into a
high-calcium and a low-calcium group, with a boundary
at 0.28% CaO. This is only for ease of discussion and
graphical representation, without claiming the existence
of a sharp division between these two groups. The NiO
contents at a given forsterite% are generally lower than in
non-ankaramitic arc lavas from Indonesia (Reubi et al.,
2002), but compositions are similar to high-Ca, low-Ni
olivines from other ankaramitic arc lavas (Portnyagin
et al., 2005b; Kamenetsky et al., 2006).

4.2. Clinopyroxene

The ratio Mg/(Mg+Fetot) of the clinopyroxene
crystals ranges from 0.72 to 0.92, with the great majority
higher than 0.82. Cr2O3 contents increase with increas-
ing Mg/(Mg+Fetot) ratio, but there is a large spread of
Cr2O3 values at the higher end of the range, from 0.45 to
0.95 wt.%. This range in Cr2O3 contents at high
magnesium contents does not correlate with any other
element. Al2O3 (4–1 wt.%) and TiO2 (0.5–0.1 wt.%)
show tighter negative correlations with Mg/(Mg+Fetot).

4.3. Plagioclase

Plagioclase occurs only as small crystals, with An-
contents typically between 80 and 90 mol%, although
the value can go down to 70 near rims or cracks. FeO
contents are around 0.8 wt.% and MgO between 0.05



Fig. 3. CaO and NiO (wt.%) versus forsterite content of randomly
selected olivine crystals from samples LB43 and LB39. Note the large
spread of CaO and NiO at rather constant forsterite contents around
Fo90, and the antithetic behaviour of these two oxides.

Table 1
Representative mineral compositions, determined by electron microprobe

olXIII
olivine

olXIII
spinel

ol4.2
olivine

ol4.2
spinel

ol13.2
olivine

ol13.2
spinel

cpxb
3

cpxd
2

cpxh
1

cpxi
1

Plg
phenocryst

Plg
phenocryst

Plg micro
phenocryst

Plg micro
phenocryst

SiO2 40.71 0.31 40.06 0.06 39.56 0.05 52.70 52.15 53.23 49.84 45.76 48.06 49.55 51.72
TiO2 0.51 0.57 0.57 0.16 0.23 0.12 0.66
Al2O3 0.04 14.92 0.02 12.61 0.01 9.84 1.31 2.14 1.07 3.37 33.30 32.18 30.65 28.94
FeO 9.38 20.61 9.73 26.26 9.12 24.45 2.90 4.00 3.06 8.41 0.85 0.76 1.13 1.06
MnO 0.16 0.21 0.19 0.23 0.18 0.27 0.08 0.11 0.06 0.21
MgO 49.63 14.96 48.73 12.62 49.24 12.49 17.56 16.74 17.58 14.71 0.07 0.08 0.12 0.07
CaO 0.26 0.01 0.28 0.35 23.55 23.06 23.31 21.51 17.76 16.14 14.73 12.86
Na2O 0.12 0.20 0.12 0.39 1.35 2.28 3.01 3.69
K2O 0.00 0.01 0.01 0.00 0.12 0.19 0.28 1.13
NiO 0.29 0.16 0.15 0.09 0.08 0.04
Cr2O3 0.06 47.39 0.04 47.18 0.05 51.95 0.92 0.65 0.34 0.01
Total 100.53 99.24 99.19 99.62 98.59 99.66 99.30 99.29 98.90 99.10 99.20 99.68 99.46 99.45
Fe3+/
(Fetot) calc.

0.42 0.42 0.39

100⁎Mg/
(Mg+Fe2+)

90.4 69.2 89.9 59.8 90.6 60.0

100⁎Mg/
(Mg+Fetot)

91.5 88.2 91.1 75.7

100⁎Cr /
(Cr+Al)

68.1 71.5 78.0

An 0.89 0.80 0.73 0.64
T (°C) 1196 1039 1038
log fO2

(Δ FMQ)
1.7 2.2 2.1

Temperatures calculated following the method by Ballhaus et al. (1991a,b, 1994).
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and 0.12 wt.%. Groundmass plagioclase contains 50–
70 mol% An.

4.4. Spinel

Only spinel inclusions within olivine crystals were
studied. These are typically chromium-rich spinel, with
Mg# (= 100⁎Mg/(Mg+Fe2+)) between 53 and 70, and
Cr# (= 100⁎Cr / (Cr+Al)) from 58 to 77. TiO2 contents
generally vary between 0.45 and 0.65 wt.%. Al2O3

varies between 9.5 and 15.6 wt.%. When only spinel
grains within FoN89 olivine crystals are considered,
there is a negative correlation between the Al2O3

content of the spinel and the CaO content of the olivine
(Fig. 4A), while the Cr# of the spinel is positively
correlated with the olivine CaO content. The TiO2

versus Al2O3 relationship of the spinel grains puts them
within the lower end of the range for calc-alkaline and
high-K volcanic arc spinel (Kamenetsky et al., 2001).

5. Melt inclusions

5.1. Melt inclusion description

Melt inclusions are present in all types of olivine
crystals, and generally occur in an isolated fashion.
Trails of inclusions, suggestive of healed cracks, have
not been observed. All inclusions are crystallised to a
fine mass, in which a vapour bubble sometimes could be
observed. This necessitated the rehomogenisation of the
inclusions before analysis (see below). The diameter of



Fig. 4. A: Diagram showing the negative correlation of Al2O3 (wt.%)
in spinel versus CaO (wt.%) of enclosing olivine (Fo89–91). The
positive correlation of Cr2O3 in spinel with CaO in olivine is less well
defined. B: CaO/Al2O3 ratio of melt inclusions versus CaO content
(wt.%) of enclosing olivine. There is a good correlation between these
two parameters, apart from the inclusions within olivine with lower
forsterite contents (crosses). These inclusions are not in equilibrium
with their host olivine (see text for discussion). The dashed line
indicates the CaO/Al2O3 ratio of the host rock.
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the analysed inclusions varies from 20 to 160 μm, and is
not related to the composition of the enclosing olivine.
The size of the gas bubble within the rehomogenised
inclusions is also independent of the size of the
inclusion, suggestive of heterogeneous trapping of
melt and vapour rather than exsolution of a vapour
phase from the melt after trapping. Inclusions containing
only a gas bubble are also observed.

All inclusions were rehomogenised in bulk, and
visually controlled heating experiment were not per-
formed. Olivine grains with unbreached melt inclusions
were selected using a stereo microscope and were
wrapped in Pt-foil or put into Pt-tubing for reheating,
either in a gas-mixing furnace at the University of
Heidelberg (CO:CO2=9:1), or under Ar atmosphere at
Hobart University (Tasmania, Australia). They were
held at a temperature of 1250 °C for 3 to 10 min, and
then quenched in water. After mounting in epoxy, the
olivines were polished to expose the melt inclusions.

The rehomogenised inclusions consist of a colourless
to brown glass and a vapour bubble of variable size.
Some also contain a spinel inclusion, which can vary in
size from a very small platelet at the wall of the
inclusions to a crystal that takes up more than 90% of the
volume of the inclusion. The latter type of inclusion was
not analysed.

5.2. Major elements

Overall, there is a good correlation between the CaO
content of the enclosing olivine and the CaO/Al2O3 ratio
of the melt inclusion (Fig. 4B). Four analyses that fall
clearly off the trend were measured within olivine
phenocrysts with Fo contents lower than 84%, whereas
all others were measured in FoN85 olivine. The
inclusions in Fob84 olivine are also characterised by
elevated FeO contents. This is most pronounced for the
two inclusions measured in an olivine crystal with less
than 70% Fo; these have FeON20 wt.% (Table 2). We
interpret this Fe-enrichment to have been caused by an
effect opposite to that of the Fe-loss phenomenon
described by Danyushevsky et al. (2000) and Gaetani
and Watson (2002). Fe-loss is caused by sidewall
crystallisation of olivine, which causes an increase of
the Fe/Mg ratio of the residual melt within a melt
inclusion; this high Fe/Mg liquid then equilibrates with
the ‘infinite reservoir’ of high-Fo (= low Fe/Mg) olivine.
In our case, low-Fo olivine was partially dissolved
during entrainment in hot, high-Mg magma, whereby
droplets of low Fe/Mg melt became included in olivine
with a lower-Fo-content (= higher Fe/Mg ratio) than its
equilibrium olivine. Equilibration of the melt with this
olivine then caused a pronounced increase in the Fe/Mg
ratio of the melt, and led to excessively high FeO⁎

contents in the rehomogenised melt inclusion. That this
process has taken place can also be judged from the
high-Fo (low-Fe) olivine rim around these melt inclu-
sions (Fig. 5). Since the included melt and the olivine
were not in equilibrium with each other, these inclusions
will be excluded from further discussion.

Trends of decreasing olivine Fo-content towards
melt inclusions (with normal Fe-contents) were ob-
served in some of the high-Fo olivine crystals (not
shown), indicating that the process of iron-loss must
have occurred. To reverse this process mathematically,
the method of Danyushevsky et al. (2000) was followed
for melt inclusions in Fo89–91 olivines, using the
olivine–melt equilibrium model of Ford et al. (1983).
We limit the remainder of the paper to the discussion of
melt inclusions in these most Fo-rich olivines, to focus
on trends in the most primitive liquids, unrelated to
fractional crystallisation. The initial FeO-content of the
melt was assumed to have been 9.6 wt.%, similar to that
of the host rock. Considering the trends observed in



Table 2
Analyses of melt inclusions (no Fe-loss correction) and enclosing olivines, whole rocks (LB43 WR, LB23 WR), olivine and glass microprobe
standards (SC, VG2), trace element standards (StHs6/80-G, KL2-G), and their recommended values (Jochum et al., 2006)

Sample LB43
ol2

LB43
ol4

LB43
ol13-1

LB43
ol13-2

LB43
ol23

LB43
ol43

LB43
ol49

LB43
ol48

LB43
ol51

LB43
ol52-1

LB43
ol52-2

SiO2 46.09 46.42 44.79 44.86 45.85 45.80 43.95 44.57 45.44 46.23 46.18
TiO2 0.79 0.84 1.21 1.22 0.90 0.99 1.39 0.92 0.81 0.82 0.86
Al2O3 14.19 17.38 18.44 18.43 13.62 11.85 13.90 15.94 13.85 12.61 13.19
FeO 8.59 5.79 6.31 6.48 7.56 12.31 8.24 7.21 7.60 7.33 7.24
MnO 0.17 0.09 0.09 0.09 0.13 0.18 0.14 0.13 0.14 0.15 0.15
MgO 9.37 8.52 8.36 8.14 9.48 10.18 9.63 10.11 10.39 11.04 10.52
CaO 15.87 15.49 15.36 15.67 17.51 16.90 16.94 16.17 16.82 16.58 17.47
Na2O 2.53 3.16 3.38 3.30 2.32 1.14 2.04 2.75 2.24 2.05 2.12
K2O 0.92 0.88 1.22 1.20 0.85 0.21 1.58 1.07 0.83 1.03 1.14
P2O5 0.11 0.12 0.23 0.23 0.12 0.08 0.69 0.15 0.12 0.17 0.20
Cl 0.15 0.16 0.28 0.28 0.14 0.06 0.09 0.17 0.13 0.13 0.15
S 0.13 0.10 0.17 0.18 0.13 0.01 0.14 0.15 0.15 0.10 0.13
F 0.01 0.00 0.00 0.01 0.01 0.02
Total 98.87 98.91 99.76 100.01 98.58 99.69 98.72 99.30 98.48 98.21 99.33
mg# 66.0 72.4 70.2 69.1 69.1 59.6 67.6 71.4 70.9 72.9 72.1
CaO/Al2O3 1.12 0.89 0.83 0.85 1.29 1.43 1.22 1.01 1.21 1.31 1.33
Cs 0.48 0.47 0.44 0.41 0.39 0.15 0.94 0.49 0.33 0.60 0.51
Rb 15.7 14.5 24.4 25.6 13.8 5.9 29.4 17.4 12.6 19.6 18.5
Ba 303 290 175 173 253 20 398 398 262 1805 291
Th 1.4 1.6 1.6 2.0 1.2 1.2 2.9 1.7 1.0 2.0 2.1
U 0.31 0.45 0.27 0.29 0.31 0.18 0.60 0.42 0.27 0.45 0.50
Nb 1.4 1.0 2.3 2.3 1.2 1.2 3.4 1.8 1.6 2.5 2.8
Ta 0.09 0.07 0.15 0.11 0.09 0.12 0.26 0.13 0.11 0.19 0.20
La 7.1 8.3 6.8 6.8 6.2 5.8 13.5 8.8 6.1 11.4 11.9
Ce 13.9 15.2 15.0 15.2 13.0 9.9 26.4 17.4 12.3 21.2 22.5
Pb 3.7 3.9 3.5 7.4 3.9 5.2 5.4 3.6 2.4 3.3 3.7
Pr 1.9 2.1 2.0 2.2 1.7 1.6 3.2 2.4 1.7 2.9 2.8
Sr 466 561 380 397 447 219 523 551 381 585 555
Nd 9.4 10.1 10.0 10.9 8.3 7.5 13.8 11.4 8.7 13.1 12.6
Sm 2.6 2.8 2.7 3.1 2.0 2.0 3.1 3.1 2.2 2.7 2.9
Zr 40.0 41.1 56.0 59.5 34.4 88.2 61.8 46.2 34.3 42.6 43.9
Hf 1.31 1.16 1.70 1.58 1.15 2.15 1.56 1.52 1.10 1.45 1.43
Eu 0.77 1.02 0.92 1.11 0.82 0.81 0.60 1.01 0.76 0.86 0.90
Gd 2.8 3.2 3.2 3.4 2.5 2.9 2.8 3.4 2.5 2.8 2.8
Tb 0.48 0.51 0.58 0.52 0.39 0.51 0.33 0.53 0.37 0.38 0.39
Dy 3.0 3.3 3.5 4.4 2.8 3.7 2.3 3.4 2.3 2.3 2.5
Y 15.6 18.5 20.0 21.0 14.3 23.3 12.9 17.8 13.4 14.3 13.0
Ho 0.61 0.68 0.78 0.88 0.58 0.80 0.44 0.74 0.51 0.54 0.52
Er 1.77 1.99 1.99 2.12 1.53 2.23 1.60 1.96 1.30 1.42 1.40
Tm 0.24 0.27 0.30 0.32 0.20 0.33 0.19 0.29 0.21 0.19 0.21
Yb 1.61 1.79 2.38 1.74 1.48 2.19 2.06 1.99 1.43 1.43 1.52
Lu 0.25 0.29 0.26 0.31 0.23 0.32 0.23 0.28 0.22 0.19 0.21
H2O%
Li ppm
B ppm
SiO2 ol 40.20 39.63 40.20 40.48 40.62 40.47 40.80 41.17 40.86 41.00 40.98
Al2O3 ol 0.03 0.03 0.04 0.03 0.02 0.03 0.02 0.03 0.01 0.01 0.02
FeO ol 10.53 9.52 8.55 8.51 10.03 12.86 11.05 9.09 10.73 9.49 9.31
MnO ol 0.20 0.18 0.15 0.15 0.20 0.23 0.19 0.19 0.18 0.18 0.16
MgO ol 48.21 47.99 49.28 49.45 48.34 47.00 48.50 49.80 48.68 49.48 49.66
CaO ol 0.32 0.25 0.20 0.20 0.37 0.35 0.34 0.28 0.34 0.36 0.33
NiO ol 0.12 0.20 0.37 0.37 0.11 0.10 0.10 0.15 0.11 0.11 0.10
Cr2O3 ol 0.02 0.04 0.05 0.05 0.03
Total ol 99.63 97.84 98.84 99.25 99.71 101.04 101.00 100.70 100.92 100.63 100.55
Fo ol 89.1 90.0 91.1 91.2 89.6 86.7 88.7 90.7 89.0 90.3 90.5
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Sample LB43
ol54

LB43
ol61

LB43
ol48

LB43
ol21

LB43
ol4-2

LB43
ol7

LB43
ol9-2

LB43
ol23

LB43
ol42

LB43
ol44

LB43
ol46-1

SiO2 45.31 47.14 45.75 45.84 47.24 44.69 45.82 45.13 45.73 50.01 45.73
TiO2 1.19 0.79 1.09 1.09 0.77 1.42 0.77 0.98 1.01 1.14 0.87
Al2O3 17.39 15.43 16.36 16.15 16.80 14.18 15.97 13.78 14.36 11.21 14.34
FeO 6.92 5.95 5.69 7.29 5.70 8.36 7.30 7.76 7.94 10.64 7.08
MnO 0.12 0.10 0.09 0.09 0.10 0.13 0.12 0.14 0.13 0.19 0.15
MgO 9.75 10.04 9.71 9.50 9.27 9.11 9.39 9.36 10.21 10.27 9.88
CaO 15.14 15.01 16.47 15.89 15.60 17.37 15.59 17.67 16.88 12.91 17.56
Na2O 3.36 2.73 3.03 2.51 2.89 2.29 2.57 2.29 2.34 1.53 2.33
K2O 1.23 0.80 1.23 0.84 0.85 1.06 0.82 0.83 0.82 0.68 0.83
P2O5 0.22 0.14 0.18 0.14 0.11 0.17 0.12 0.16 0.18 0.23 0.14
Cl 0.26 0.10 0.20 0.16 0.15 0.14 0.14 0.15 0.13 0.01 0.14
S 0.13 0.09 0.13 0.13 0.11 0.16 0.13 0.11 0.13 0.02 0.15
F 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.03 0.01
Total 100.97 98.30 99.88 99.59 99.57 99.06 98.69 98.32 99.85 98.84 99.16
mg# 71.5 75.0 75.2 69.9 74.3 66.0 69.6 68.2 69.6 63.2 71.3
CaO/Al2O3 0.87 0.97 1.01 0.98 0.93 1.23 0.98 1.28 1.18 1.15 1.22
Cs 0.49 0.29 0.40 0.42
Rb 27.7 13.7 19.4 13.6
Ba 210 247 416 269
Th 1.4 1.0 1.9 1.4
U 0.32 0.29 0.41 0.31
Nb 4.0 2.1 1.8 1.7
Ta 0.27 0.09 0.10 0.10
La 9.3 5.9 9.0 7.8
Ce 19.8 11.9 18.9 16.2
Pb 2.0 2.5 5.0 3.0
Pr 2.8 1.6 2.5 2.2
Sr 438 348 594 478
Nd 13.5 7.4 12.7 10.8
Sm 3.7 2.6 3.0 2.9
Zr 64.9 32.8 49.1 40.8
Hf 1.91 0.85 1.55 1.21
Eu 1.21 0.87 1.04 0.93
Gd 4.4 3.0 3.7 3.0
Tb 0.63 0.42 0.53 0.45
Dy 4.4 3.3 3.3 2.9
Y 21.7 15.8 18.5 16.2
Ho 0.86 0.53 0.71 0.60
Er 2.39 1.48 2.09 1.66
Tm 0.32 0.19 0.29 0.26
Yb 2.24 1.75 1.89 1.81
Lu 0.33 0.25 0.26 0.25
H2O% 0.09 0.11 0.04 0.03 0.01 0.09 0.04 0.02
Li ppm 4.50 3.64 2.71 4.69 3.18 3.80 18.15 3.00
B ppm 11.16 9.50 4.55 8.07 8.80 9.21 178.9 7.68
SiO2 ol 41.10 41.26 41.17 40.72 40.32 40.29 40.89 40.25 40.92 41.00 41.12
Al2O3 ol 0.04 0.03 0.03 0.04 0.03 0.02 0.02 0.04 0.03 0.02 0.02
FeO ol 8.70 9.33 9.09 9.73 9.64 10.11 9.57 10.17 10.14 11.26 10.93
MnO ol 0.14 0.18 0.19 0.18 0.18 0.21 0.18 0.20 0.18 0.21 0.20
MgO ol 50.02 49.97 49.80 49.01 49.58 48.47 49.79 48.49 49.52 48.50 48.91
CaO ol 0.19 0.24 0.28 0.25 0.27 0.36 0.26 0.37 0.30 0.33 0.33
NiO ol 0.35 0.19 0.15 0.19 0.20 0.11 0.18 0.10 0.11 0.10 0.11
Cr2O3 ol 0.04 0.03 0.04 0.02
Total ol 100.54 101.18 100.70 100.14 100.26 99.60 100.93 99.65 101.19 101.41 101.61
Fo ol 91.11 90.52 90.71 89.98 90.17 89.52 90.26 89.57 89.69 88.47 88.81
Li ol 1.22 1.40 1.52 1.25
B ol 0.18 0.30 0.43 0.20

(continued on next page)
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Sample LB43
ol50

LB43
ol53

LB43
ol56

LB43
ol31-1

LB39
ol406

LB39
ol401

LB39
ol403

LB39
ol407

VG2, SC
olivine(1 SD)

LB43
WR

LB23
WR

SiO2 45.98 45.42 46.53 44.06 47.55 47.24 46.30 46.42 50.7 (0.27) 47.70 51.76
TiO2 0.85 0.87 0.74 0.46 0.70 0.78 0.81 0.83 1.87 (0.02) 0.78 1.16
Al2O3 13.02 13.65 13.25 17.54 15.15 13.76 16.18 15.92 14.12 (0.07) 12.53 17.43
FeO 7.64 7.38 8.20 20.18 6.96 7.54 6.66 6.28 11.8 (0.16) 9.56 8.83
MnO 0.15 0.13 0.11 0.39 0.10 0.12 0.11 0.10 0.21 (0.02) 0.18 0.16
MgO 10.44 9.96 11.54 6.26 10.40 10.10 9.84 10.01 6.6 (0.10) 11.31 4.87
CaO 17.61 17.87 16.11 9.06 16.47 17.60 15.04 15.30 10.92 (0.07) 12.93 9.88
Na2O 2.27 2.22 2.01 2.02 2.19 2.20 2.80 2.72 2.84 (0.05) 2.02 3.11
K2O 0.93 0.88 0.74 0.76 0.74 0.81 1.04 0.71 0.20 (0.01) 0.93 1.81
P2O5 0.18 0.14 0.10 0.14 0.11 0.12 0.17 0.11 0.22 (0.02) 0.16 0.30
Cl 0.13 0.17 0.15 0.04 0.15 0.14 0.14 0.17 0.033 (0.002)
S 0.13 0.16 0.13 0.01 0.12 0.14 0.11 0.10 0.14 (0.01)
F 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00
Total 99.30 98.82 99.58 100.92 100.60 100.52 99.17 98.63 100.00 100.14
mg# 70.9 70.6 71.5 35.6 72.7 70.5 72.5 74.0 67.8 49.6
CaO/Al2O3 1.35 1.31 1.22 0.52 1.09 1.28 0.93 0.96 1.03 0.57
Cs 0.41 0.39 0.26 0.2
Rb 14.4 18.1 11.4 20.8 49.1
Ba 280 294 241 405 481
Th 1.2 1.6 1.0 1.62 5.7
U 0.29 0.37 0.25 0.36 1.39
Nb 1.3 2.3 1.0 2.4 7.7
Ta 0.09 0.15 0.08 0.15
La 6.7 8.0 5.2 9,0 17.5
Ce 13.6 15.2 10.9 17.3 43
Pb 2.9 3.8 2.5 3.7 9.7
Pr 1.9 2.0 1.7 2.4 4.6
Sr 457 463 376 441 511
Nd 9.2 9.6 8.1 10.7 19.9
Sm 2.6 2.3 2.2 2.8 4.8
Zr 38.2 39.6 30.6 48.5 149.3
Hf 1.19 1.10 1.00 1.35 3.63
Eu 0.84 0.76 0.79 0.93 1.39
Gd 2.8 2.5 2.8 3.1 5.01
Tb 0.42 0.44 0.47 0.47 0.76
Dy 2.8 2.6 3.0 2.9 4.85
Y 15.2 16.5 15.7 17.8 30.3
Ho 0.58 0.53 0.59 0.58 0.97
Er 1.61 1.59 1.79 1.67 2.86
Tm 0.25 0.21 0.28 0.25 0.42
Yb 1.62 1.63 1.71 1.55 2.64
Lu 0.24 0.24 0.25 0.22 0.39
H2O% 0.03 0.03 0.73 0.27
Li ppm 3.05 2.83 3.97 3.07
B ppm 9.74 8.60 7.64 7.44
SiO2 ol 40.98 40.99 40.98 37.45 40.94 40.27 40.96 40.97 40.6 (0.25)
Al2O3 ol 0.02 0.02 0.02 0.03 0.02 0.02 0.05 0.04 0.03 (0.01)
FeO ol 10.08 10.57 10.33 29.29 9.88 11.34 9.79 9.84 9.50 (0.06)
MnO ol 0.18 0.20 0.22 0.61 0.19 0.21 0.18 0.19 0.14 (0.01)
MgO ol 49.15 49.04 48.81 33.82 49.16 47.52 49.26 49.53 49.0 (0.3)
CaO ol 0.33 0.38 0.30 0.34 0.29 0.35 0.25 0.24 0.09 (0.01)
NiO ol 0.09 0.10 0.14 0.04 0.11 0.11 0.18 0.20 0.37 (0.004)
Cr2O3 ol 0.00 0.01 (0.01)
Total ol 100.83 101.29 100.79 101.57 100.58 99.82 100.66 101.00
Fo ol 89.7 89.2 89.4 67.3 89.9 88.2 90.0 90.0
Li ol 1.58
B ol 0.16
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Sample StHs6/
80-G

1 SD StHs6/80-G
recommended

KL2-G 1 SD KL2-G
recommended

Cs 1.34 0.05 1.75 0.10 0.02 0.115
Rb 25.24 0.81 30.7 7.97 0.19 8.7
Ba 273.27 2.47 298 111.17 3.02 123
Th 2.35 0.14 2.28 1.01 0.04 1.02
U 0.82 0.06 1.01 0.46 0.03 0.548
Nb 6.13 0.12 6.94 14.21 0.26 15
Ta 0.42 0.02 0.42 1.00 0.04 0.961
La 12.12 0.14 12 13.17 0.35 13.1
Ce 24.00 0.32 26.1 30.56 0.68 32.4
Pb 9.00 0.76 10.3 2.35 0.79 2.07
Pr 3.07 0.05 3.2 4.45 0.11 4.6
Sr 472.26 7.65 482 337.95 5.24 356
Nd 12.98 0.24 13 21.46 0.62 21.6
Sm 2.79 0.09 2.78 5.51 0.15 5.54
Zr 118.64 1.55 118 144.70 3.29 152
Hf 3.11 0.09 3.07 3.93 0.14 3.93
Eu 0.91 0.01 0.953 1.84 0.06 1.92
Gd 2.63 0.09 2.59 6.03 0.28 5.92
Tb 0.38 0.01 0.371 0.87 0.04 0.89
Dy 2.32 0.10 2.22 5.40 0.22 5.22
Y 12.19 0.11 11.4 25.30 0.88 25.4
Ho 0.45 0.02 0.42 1.01 0.04 961
Er 1.25 0.03 1.18 2.59 0.13 2.54
Tm 0.18 0.00 0.172 0.34 0.02 0.331
Yb 1.21 0.07 1.13 2.17 0.12 2.1
Lu 0.18 0.01 0.168 0.30 0.02 0.285

Mg#=100⁎Mg/ (Mg+Fetot).
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CaO, Al2O3 and Na2O in the melt inclusions, it is
probable that the iron content would have varied
between inclusions, and this assumption of a fixed
iron content is therefore an oversimplification. The
recalculation showed slight underheating of the melt
inclusions at 1250 °C, which was corrected for by add-
ing up to 15% of olivine to the analysis. This recal-
culation process does not affect the trends seen in
elements that are incompatible in olivine, such as Al, Na
and Ca. The variation in CaO/Al2O3 ratios reflects the
roughly antithetic behaviour of these two oxides within
the melt inclusions. The Al2O3 contents of the
inclusions show a clear positive correlation with their
Na2O contents (Fig. 6; Table 3), but there are a few
inclusions with anomalously low Na2O contents of
b1.7 wt.%, contrasting with the 2–3.4 wt.% range for
the other inclusions.

The SiO2 content of most glass inclusions varies
between 44 and 48 wt.% (Table 2), irrespective of the
Fo or CaO content of the enclosing olivine. All melt
inclusions are nepheline-normative. The K2O contents of
the melt inclusions are not correlated with CaO, but a
discernible positive correlation exists with P2O5 content
(Fig. 6). The composition of the five melt inclusions from
Lombok ankaramitic samples published by Della-Pasqua
and Varne (1997) fall within the range of the inclusions
measured in this study; four out of their five analysed
inclusions have compositions within our group of low-Ca
olivine-hosted inclusions. In terms of major elements,
the inclusions are similar to those found in magnesian
olivines from Avachinsky Volcano in Kamchatka
(Portnyagin et al., 2005a) and from Batan Island in the
Luzon–Taiwan arc (Schiano et al., 2000).

5.3. Volatiles and trace elements

Cl and S contents hover around 0.15 wt.%; the
inclusions in the olivines with the lowest Ca contents
have the highest Cl contents (0.26–0.29 wt.%).
F contents are always lower than 0.04 wt.% and often
below the detection limit of the microprobe measure-
ments (0.004 wt.%). Water contents of the glasses are
low. One inclusion gave a reproducible concentration
of 0.7 wt.%, one 0.27 wt.%, but the other ten inclusions
that were measured varied between 0.01 and 0.11 wt.%.
This is unlikely to reflect water loss during rehomogen-
isation, because of short experimental heating times.
Carbon was not analysed in the glass, but bubbles
within inclusions and gas bubbles that were not as-
sociated with melt inclusions yielded a clear CO2 signal,



Fig. 5. Electron microprobe map of Fe-contents in and around melt
inclusion in low-Fo olivine. The darker colours reflect lower Fe-
contents. The olivine away from the inclusion contains 29.3% FeO and
the inclusion itself 20.2%. The depletion in Fe of the olivine around the
inclusion is interpreted as reflecting diffusive Fe–Mg-exchange with
the initially low Fe/Mg glass.

Table 3
Summary of the two contrasting trends between Fo89–91 olivines,
enclosed spinel and melt inclusions

Trend 1
(with K2O MI)

Trend 2
(with CaO olivine)

Olivine Fo 0 0
Olivine CaO 0 Determinant
Olivine NiO 0 −
Spinel Al2O3 0 −
Spinel Cr2O3 0 Scattered+
MI Al2O3 0 −
MI CaO 0 +
MI Na2O 0 −
MI K2O Determinant 0
Mi Li 0 −
MI Rb + 0
MI Th + 0
MI Zr + 0
MI Y 0 −
MI LREE + 0
MI HREE 0 −
MI Ni
calculated

0 −

Interpretation % Partial melting Source mineralogy

Trend 1 is determined by the K2O content of the melt inclusions, trend
2 by the CaO content of the enclosing olivine. + = positive correlation;
− = negative correlation; 0 = no correlation.
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with a trace of N2 (approximately 1%) by Raman micro-
spectroscopy.

The N-MORB normalised trace element patterns
of most inclusions are quite consistent, and resemble
that of the whole rock (Fig. 7). The patterns display
pronounced negative anomalies for Nb–Ta and Ti,
and positive anomalies for K, Pb and Sr, as is com-
mon for subduction-related magmas. The normalised
trace element patterns are broadly similar to that of the
Fig. 6. A, B: Na2O and CaO (A, B) contents (wt.%) against Al2O3 (wt.%) fo
whole rocks. C, D: CaO and P2O5 versus K2O for the same melt inclusions a
contrasting with the better correlation with phosphorus (albeit with a subtren
non-ankaramitic lavas from Lombok, such as sample
LB23 (Fig. 7). Chondrite normalised Rare Earth
Element patterns are quite flat, with (La/Lu)ch=2–6
and (Gd/Lu)ch=1.1–1.8 (not shown). The one low-Na
inclusion analysed has an aberrant trace element pattern,
r (FeO-loss corrected) melt inclusions in Fo89–91 olivine crystals, and
nd whole rocks. No correlation exists between calcium and potassium,
d towards higher P2O5 contents).



Fig. 7. N-MORB normalised incompatible element patterns for inclusions and whole rock analyses for LB43 and LB23. The patterns for the whole rock
andmelt inclusions are very similar (the lowerCs contents of thewhole rock is likely to reflectmild alteration of the groundmass). The grey area is the field
for 13 inclusions from LB43 (9) and LB39 (3) that show a close resemblance to each other (outlying Ba analysis (Table 2) not incorporated in the field).
The three inclusions analysed in Ni-rich (0.35–0.27 wt.%) olivines 54 and 13 do not show the same negative Rb anomaly as the others. The inclusion in
olivine 43 has anomalous low Na and volatile content, suggesting it may have been breached. Normalising values from Sun and McDonough (1989).
LB23 is one of the more mafic non-ankaramitic samples from Rinjani volcano (4.9% MgO, 51.8% SiO2) for which trace element data are available.
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with significantly lower values for most Large Ion
Lithophile Elements (LILE). We do not know what
caused the low Na2O content in some inclusions, but we
notice that 4 of the 5 low-Na inclusions also show
reduced contents of Cl and S. This, together with the
unusual trace element composition, suggests that these
inclusions may have been breached and that their low
Na2O contents are not a primary feature. We will there-
fore not consider these low-Na inclusions further. Most
inclusions have lower MORB-normalised values for Rb
than for Ba, but the three inclusions in the two most Ni-
rich olivines (13 and 54) show a smooth increase from
Rb through Ba to Cs.

There is a good positive correlation between many
incompatible elements, irrespective of the Ca-content
of the melt inclusion or its enclosing olivine (Fig. 8;
Table 3). K2O correlates with Rb, Th, the LREE and Zr,
elements that show different geochemical behaviour in
terms of fluid mobility (and which were analysed by
different analytical methods). The correlation with Ba
and Sr is poorer (these elements however correlate with
each other). The HREE, Y and, to a lesser extent, Li
content of the melt inclusions correlate with their Na2O
and Al2O3 contents (Fig. 8; Table 3).
6. Discussion

6.1. Olivine, spinel and melt inclusion correlations

The compositions of the Fo89–91 olivine crystals and
those of enclosed spinel grains and melt inclusions show
clear and consistent correlations. There is a positive
correlation between the CaO content of olivines and melt
inclusions (Fig. 4B), whereas the Al2O3 content of melt
inclusions and spinel correlates antithetically with the
CaO content of enclosing olivine (Fig. 4A; Table 3).
Since the Al-contents of the enclosing olivine are very
low (b0.05 wt.%), it is not possible that the latter trend
reflects post-entrapment re-equilibration between spi-
nel and olivine. The good major element correlations
between spinel, olivine and melt inclusions show that
they are related to each other, and we propose that the
olivine and spinel crystallised from melts similar to
those represented by the associated melt inclusions.

Gaetani et al. (2002) have suggested that high-
calcium contents of melt inclusions within olivine could
be explained by diffusion of this element through the
olivine lattice. Their model was developed in order to
explain the high-calcium content of a low-Na melt



Fig. 8. A–C: Th, Ce and Zr (ppm) versus K2O (wt.%) of melt inclusions (in olivine Fo88.2–91.2, apart for the low-Na inclusion: Fo86.7) and WR
samples LB23, 39 and 43. The good correlations between incompatible elements with different size/charge ratios suggest a control by partial melting.
There is no correlation with the Fo contents of the enclosing olivine. D–F: Li, Yb and Y versus Na2O content of melt inclusions and whole rocks.
Lithium contents were measured on a different group of inclusions than the other trace elements, and show a better (negative) correlation with the
CaO content of the enclosing olivine.
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inclusion within olivine from mid-ocean ridge basalts
(Kamenetsky et al., 1998). The contrast in sodium
content between the enclosed melt inclusion and the melt
outside the olivine would lead to different CaO partition
coefficients between olivine and these contrasting melts
(Libourel, 1999). This could then lead to diffusion of Ca
from the surrounding melt through the olivine into the
melt inclusion. This mechanism is not applicable to the
Lombok melt inclusions, as there is no contrast between
the Na2O content of the melt outside the olivine
(approximated by the WR Na2O contents) and that of
the melt inclusions. We therefore think that the high CaO
contents of the melt inclusions reflect pre-entrapment
values of the melt.

Moreover, the trace element patterns of the analysed
melt inclusions are very similar to that of the whole
rock. Thus, melts similar to those represented by the
melt inclusions combined to yield the silicate liquid
involved in the whole rock composition. This implies
that, at least for this sample, the composition of melt
inclusions in Fo89–91 olivine can give information on the
melts related to the whole rock composition, unlike the
situation described for the samples discussed by
Danyushevsky et al. (2004).

6.2. Temperature and oxygen fugacity

The common occurrence of spinel crystals enclosed
in olivine permits us to use their Fe2+–Mg exchange to
determine the equilibration temperature of the magma,
using the geothermometer modified from O'Neill and
Wall (1987) by Ballhaus et al. (1991a,b, 1994). This
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geothermometer is not very pressure-sensitive, and an
arbitrary pressure of 0.3 GPa was used for the
calculation. Using only spinel–olivine pairs in Fo89–91
olivine crystals that had not been reheated for
rehomogenisation, calculated temperatures scatter be-
tween 986 and 1258 °C, with the bulk lying between
1050 and 1150 °C. There is no relationship between the
calculated temperatures and the CaO content of the host
olivine. The highest temperatures are likely to be close
to the liquidus temperature of the magma, whereas the
remainder reflect post-entrapment Fe2+–Mg re-equili-
bration between olivine and enclosed spinel.

We also approximated the oxygen fugacity of the
magma by applying the Ballhaus et al. (1991a) oxygen
geobarometer, knowing that this formulation is only
strictly valid for assemblages with orthopyroxene, a
condition which is not met in our samples. However, the
error introduced by the absence of orthopyroxene is
rarely more than −0.2 log units (Ballhaus et al., 1991a).
For this calculation, we used the temperatures obtained
above; the error associated with uncertainty in the
temperature is no more than 0.05 log units. The
calculated values range from +1.7 to +2.7 log units
above FMQ, with the majority between +2.1 and +2.4.
This is similar to values for arc peridotites (Parkinson
and Arculus, 1999) or for primitive arc magmas
(Eggins, 1993). It shows that these calcic melts at least
are no different from other types of arc magmas in terms
of their oxidation state.

6.3. Volatiles

The measured water contents of the melt inclusions
are very low for arc-related magmas, which tend to have
more than 1.5 wt.% H2O in primitive magmas, and up to
10% in more evolved melts (Harris and Anderson, 1984;
Sobolev and Chaussidon, 1996; Straub and Layne,
2003; Cervantes and Wallace, 2003; Walker et al., 2003;
Wallace, 2005). A rare exception to this rule are the melt
inclusions from Galunggung volcano (Java, Indonesia)
with water contents around 0.4 wt.% (Sisson and
Bronto, 1998). It is noteworthy that these inclusions
also have high CaO/Al2O3 ratios (Sisson and Bronto,
1998; De Hoog et al., 2001). In our samples, there is one
inclusion with significantly higher-water contents than
the others (0.7 wt.% versus 0.1 wt.%), but it does not
show any major or trace element characteristics that set
it apart from the low-H2O group. This would either
point towards highly variable primary H2O contents, for
instance as a result of degassing, or towards variable loss
of water after entrapment. The presence of significant
CO2 in the bubbles within melt inclusions, a volatile
which is significantly more sensitive to low-pressure
degassing than water, suggests that degassing of the
melt prior to entrapment into the olivine may not be the
cause for the variable water contents measured. There is
good evidence that melt inclusions may lose their water
on a time scale of hours to days by hydrogen diffusion
through the olivine lattice (Hauri, 2002). The fact that
many olivine–spinel pairs record temperatures signifi-
cantly below the crystallisation temperature for these
minerals could mean that these crystals spent a
prolonged period of time in a crustal magma chamber
prior to entrainment to the earth's surface. This sojourn
could be the cause of water loss from the inclusions,
with the one higher-water inclusion having spent less
time within this environment. However, considering the
fact that Galunggung high-Ca melts also display low
H2O-contents, it is possible that the measured low H2O
concentrations in our inclusions are real, and are an
intrinsic characteristic of nepheline-normative ankara-
mitic arc magmas.

6.4. Ni content of melt

The Ni contents of magmas can give valuable
information on their fractionation stage and the minerals
with which they were in equilibrium. Unfortunately, the
Ni concentration in the melt inclusions could not be
measured directly by electron microprobe using our
analytical set-up. We therefore used the NiO-content of
the olivine in combination with the major element
composition of the melt inclusions to calculate the Ni
content of the melt, using the relationship formulated
by Beattie (1993). The olivine/melt distribution coeffi-
cient for trace elements such as Ni is dependent upon the
Fe2+–Mg exchange between olivine and melt, hence
this value is influenced by the (recalculation of the) Fe-
loss to olivine. We have therefore calculated the Ni
content of the melt both with the raw data for the melt
inclusions, and with the iron-loss corrected data,
assuming a fixed initial FeO content of the melt. The
uncorrected data give melt Ni contents between 60 and
160 ppm, the corrected data between 75 and 200, with
230–280 and 365–390 ppm respectively for the melt
inclusions within the few olivines with the highest NiO
contents of 0.37 wt.% (Fig. 9). Although the absolute
values are lower for uncorrected data than for corrected
data, the observed trends are similar, with the highest-
CaO (lowest-Na2O) melt inclusions having the lowest
Ni contents. This implies that the trends in CaO, Al2O3

and Na2O contents of the melt inclusions cannot be
explained by varying degrees of partial melting of a
clinopyroxene-rich source, in which case the high CaO



Fig. 9. Measured Na2O content of melt inclusions and WR samples
versus their calculated (MI) or measured (WR) Ni content. Calculation
is based on the Ni content of the olivine and the (Fe-loss corrected) FeO
and MgO content of the olivine and melt inclusion (Beattie, 1993).
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and low Na2O contents would represent larger degrees
of partial melting. This would contradict the lower
calculated Ni contents of these CaO-rich, Na2O-poor
melts.

The NiO contents of the high-CaO olivines are much
lower than NiO contents of equally Fo-rich olivine
phenocrysts in lavas from other tectonic settings, as
compiled by Sobolev et al. (2005), but match low Ni
contents in olivine from some subduction-related suites,
especially thosewith high-calcium contents (Kamenetsky
et al., 1997). The very low NiO-contents of the olivines
from the present study could reflect melting of a source in
which olivine was extremely stable, resulting in a greatly
increased bulk solid/melt distribution coefficient for this
element during partial melting (cf. Sobolev et al., 2005).
Alternatively, these low Ni contents could mean that the
source that melted to form the magma never contained
significant amounts of Ni. The possibility that the very
high forsterite content, rather than the low Ni content, are
a result of unusual circumstances, such as a high fO2

(Green et al., 2004) is not supported by the olivine–spinel
data.

6.5. Major and trace element correlations in
melt inclusions

Two correlation trends can be observed within the
melt inclusion data (Table 3), which appear to be
operating independently of each other. On the one hand,
we see a positive correlation between K2O, Rb, Th, the
LREE and Zr (trend 1), which is independent of the CaO
content of the melt inclusion, or that of the enclosing
olivine (Fig. 8A–C). On the other hand, there is a good
positive correlation between Na2O, Al2O3, Y, the HREE
and Ni (Fig. 8D–F, 9), and these elements are negatively
correlated with the CaO content of the melt inclusion
and the enclosing olivine (trend 2).
The similar behaviour of incompatible elements with
very different charge/size ratios, and thereby contrasting
behaviour during subduction zone enrichment, such as
K and Zr (trend 1), is probably best explained by
variations in degree of partial melting of the magma
source, or fractional crystallisation of a primary magma,
or both. Since there is no correlation between these
incompatible elements and the forsterite content of the
enclosing olivine, which could be taken as a measure of
crystal fractionation, we think that these variations are
caused by different degrees of partial melting.

We already ruled out variations in degree of partial
melting for the trend seen in CaO and associated elements
(trend 2) because of the positive correlation between
sodium and nickel (Fig. 9). An alternative explanation for
this trend is a variation in the chemical or mineralogical
composition of the magma source. Considering the
disparate chemical behaviour of sodium and yttrium in
most environments, the most likely cause of their good
correlation is a mineralogical control. Amphibole is one
of the minerals that could exert a combined control on
Al2O3, Na2O, Y and the HREE. The CaO-related trend
observed would then be explained by increasing amounts
of amphibole (and thereby decreasing amounts of
clinopyroxene) entering into the melt. Although there is
some evidence that the solid/melt distribution coefficient
for Ni may be larger for amphibole than for clinopyrox-
ene (Dostal et al., 1983), which would explain the
increasing amount of Ni in themelt, it is also possible that
this Ni-trend comes from a larger contribution of olivine
to the melt.

However, the proposed amphibole control on trend 2
does not agree with the very low water contents of the
melts. This would imply that the measured water
contents are not a primary feature, but reflect hydrogen
diffusion out of the glass inclusion. Alternatively, the
correlation of Na and Al could reflect a larger jadeite
component in the clinopyroxene contributing to the
melt. This would also increase the Y and HREE
concentrations, as these elements are more compatible
in Al-rich clinopyroxene (Wood and Blundy, 2001).

6.6. Petrogenetic model

The interpretation that the composition of the melt
inclusions could be explained by varying degrees of
melting of a source with a variable mineralogy of
clinopyroxene, amphibole and olivine would agree with
the experimental work by Médard et al. (2004, 2006).
They produced silicate liquids with elemental composi-
tions similar to our high-Camelt inclusions bymelting of a
source consisting of olivine, amphibole and clinopyroxene



Table 4
Comparison between experimental and real melt and olivine
composition

Average MI Experiment

Melt
SiO2 45.8 43.9
TiO2 0.9 2.0
Al2O3 13.3 13.8
FeO 9.5 11.8
MgO 10.5 9.3
CaO 16.4 15.6
Na2O 2.2 2.4
K2O 0.9 1.1

Olivine
SiO2 40.7 39.7
FeO 9.9 15.0
MgO 49.04 44.2
CaO 0.33 0.87

Average MI=an average of Fe-loss corrected melt inclusions in high-
calcium olivine of Fo89–91, and average enclosing olivine, from this
study. Experiment=Experiment wh08 from Médard et al. (2006)
(1300 °C, 1 GPa).
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at 0.5–1 GPa and 1175–1350 °C. The liquids which are
the best match to our melt inclusions in terms of major
element compositions were generated at 1 GPa and 1200–
Table 5
Sr, Nd and Pb isotope data for normal and ankaramitic Rinjani (Lombok) sam
Varne and Foden (1986)

Sample MgO CaO/Al2O3
87Sr/86Sr 2 SE 143Nd/144Nd 2 S

Rinjani normal
ME01-LB9 5.02 0.55 0.703977⁎ 9
ME01-LB12 3.93 0.51 0.704022 14 0.512855 9
ME01-LB17 5.09 0.56 0.704004 14 0.512881 11
ME01-LB23 4.87 0.57 0.703982 12 0.512871 11
ME01-LB51 5.1 0.57 0.703938⁎ 8
ME01-LB53 3.76 0.4 0.703996⁎ 9 0.512891 9
ME01-LB54 4.63 0.54 0.704011 13 0.512895 9

Rinjani ankaramite Obel–Obel
ME01-LB36 7.38 0.77 0.704023⁎ 8 0.512853 10
ME01-LB39 10.21 1.03 0.703854⁎ 8
ME01-LB43 11.31 1.03 0.703897 11 0.512861 10
ME01-LB45 6.61 0.71 0.704042 15 0.512830 11

Tambora
T12 5.22 0.58 0.703915⁎ 7 0.512844 8
T17(48040) 5.56 0.58 0.70389 # 0.512821 #
T23 2.48 0.27 0.703963⁎ 10
T43 2.18 0.23 0.703947⁎ 8
PS4 5.62 0.55 0.703986⁎ 9 0.512791 10

Sr and Nd isotope (normalised to La Jolla=0.511860) analyses performed
analyses performed at the Free University, Amsterdam.
⁎ Analyses performed at VU Amsterdam.
# Varne and Foden (1986).
1300 °C (Table 4). Their interpretation is that these calcic
liquids found in nature represented remelts of cumulates at
shallow levels.

There are, however, two problems with the applica-
tion of the cumulate–remelting model for the petrogen-
esis of the Lombok high-calciummelts: the Mg/Fe ratios
of the melts, and the isotopic contrast between
ankaramites and other lavas from Lombok (see below).
The fact that olivine crystals with forsterite contents as
high as 91 can crystallise from these calcic melts implies
that the melt had very high Mg/Fe2+ ratios, and that the
source which generated this liquid by partial melting
must have had even higher Mg/Fe2+ ratios. Note that the
experimentally produced olivine does not match the
Lombok olivines in terms of Fo-content (Table 4). The
spinel–olivine data preclude that the high forsterite
contents of the Lombok olivines are the result of
exceptionally oxidising conditions during crystallisa-
tion. The forsterite contents of the olivines measured are
towards the higher end of levels measured in arc magmas
in general, and which, in other cases, have been inter-
preted as reflecting equilibrium with a mantle source
(Nakamura, 1995; Kamenetsky et al., 1995; Kamenetsky
and Clocchiatti, 1996; Clynne and Borg, 1997; Reubi
et al., 2002).
ples and samples from Tambora (Sumbawa), previously described by

E 206Pb/204Pb 1 SD 207Pb/204Pb 1 SD 208Pb/204Pb 1 SD

18.673 0.004 15.600 0.003 38.795 0.007
18.667 0.004 15.598 0.003 38.785 0.009
18.670 0.004 15.600 0.003 38.792 0.007
18.669 0.004 15.599 0.003 38.788 0.007
18.700 0.004 15.602 0.003 38.826 0.007
18.675 0.004 15.607 0.003 38.810 0.007
18.688 0.003 15.604 0.002 38.820 0.006

18.786 0.004 15.606 0.003 38.904 0.007
18.726 0.004 15.592 0.003 38.825 0.009
18.725 0.004 15.590 0.003 38.820 0.008
18.795 0.003 15.610 0.003 38.928 0.006

18.897 0.003 15.604 0.003 38.957 0.007
18.893 0.005 15.601 0.004 38.949 0.009
18.897 0.004 15.605 0.003 38.969 0.008
18.899 0.003 15.607 0.002 38.974 0.005
18.802 0.004 15.599 0.003 38.841 0.007

at the University of Adelaide, unless stated otherwise. All Pb isotope
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Radiogenic isotope data for whole rocks (Table 5;
Varne and Foden, 1986; Turner and Foden, 2001;
Paraschivolu and Foden, unpublished data) show a dif-
ference between the Lombok ankaramitic series (silica-
undersaturated, CaO/Al2O3N0.6) and the other lavas
found on the island (Fig. 10). The ankaramites trend
towards the fields for the potassic, silica-poor volcanoes
Tambora and Sangeang Api on the neighbouring island
of Sumbawa. This part of the Indonesian arc has not
existed long enough (approximately 10 Ma; Hall, 2002)
to explain the differences between Lombok ankaramites
and other Lombok lavas by in-situ radioactive decay. If
the ankaramitic magmas are generated by remelting
cumulates, these cumulates must already have come
from a different source than the rest of the magmas from
the island. Therefore, the cumulate–remelting model
only replaces the problem of finding the source for the
high-Ca melts with elucidating the source for the
clinopyroxene-rich cumulates.

We therefore propose that the Lombok nepheline-
normative ankaramitic melts come from a metasoma-
tised mantle source, consisting of clinopyroxene and
olivine, with either amphibole or more jadeitic clin-
opyroxene as a third component. Garnet involvement to
explain the high CaO/Al2O3 ratios of the melt (Della-
Pasqua and Varne, 1997) is precluded by the flat HREE
patterns. An enriched source is supported by the low
calculated Ni content of the melt. The high-Ca magma
was poor in water, and rich in CO2, which is in agree-
ment with the silica-undersaturated character of the
melts. However, the ankaramitic melts displays the same
high LILE/HFSE and LREE/HFSE ratios as normal arc
Fig. 10. 143Nd/144Nd versus 206Pb/204Pb ratio of Lombok whole rocks
(Table 5; Varne and Foden, 1986; Foden and Paraschivolu,
unpublished data), showing the distinction between the ankaramite-
series lavas (CaO/Al2O3N0.6) and the rest of the Lombok samples.
Although the Lombok ankaramite data trend towards the fields for
Tambora and Sangeang Api volcanoes on the neighbouring island of
Sumbawa, the latter are characterised by a significantly more
potassium-rich composition than the Lombok ankaramites.
magmas (e.g. sample LB23 in Fig. 7), which argues
against the involvement of a CaCO3-rich metasomatic
agent only. We may therefore need more than one meta-
somatic event to explain the source for the ankaramitic
magmas.

6.7. Where are the normal basalts?

Inspection of the CaO/Al2O3 versus MgO diagram in
Fig. 2 shows that all lavas on Lombok with more than
6% MgO belong to what we call the ‘ankaramitic
series’, characterised by increasing CaO/Al2O3 ratios
with increasing MgO and higher 206Pb/204Pb ratios
(Fig. 10; Table 5). This highlights the question of why
we do not find primitive lavas that could be parental to
the non-ankaramitic ‘normal’ series of magmas on
Lombok, and why all primitive lavas, which could, on
the basis of their Mg#, have come from the mantle
without significant low-pressure fractionation, belong to
the ankaramitic series.

It is likely that ‘normal’ arc magmas are water-rich,
whereas ankaramitic magmas contain CO2 as the
dominant volatile. Water saturation inevitably occurs for
the normal magma series, resulting in a sudden and
dramatic burst of crystal fractionation, which prevents
primary magmas from making it to the surface (Tamura
andTatsumi, 2002; Elburg et al., 2006).Degassing ofCO2

does not lead to a significant change in the liquidus
temperature of the magma, so ankaramites can make it to
the Earth's surface unmodified. If this is true, then
ankaramites form a separate magma series, of which the
source and the melting processes are different from those
that give rise to normal magmas. It means that
ankaramites can give little information on the processes
that give rise to normal arc magmas and that primitive
magmas in arcs will have a disproportionally high chance
of being ankaramitic. The nature of the normal arc
magmas in Lombok reduces the likelihood of finding their
parental magma as a lava flow. Our best hope would be to
find melt inclusions in accidentally entrained high-Fo
phenocrysts in a more evolved ‘normal’ magma.

7. Conclusions

The chemical coherence between Fo89–91 olivine and
enclosed spinel and melt inclusions suggests that they
were formed by crystallisation from small individual melt
batches. Thewhole rock composition can be explained by
a combination of these melt batches with varying major
and trace element concentrations. Therefore, melt inclu-
sions in olivine with forsterite contents greater than
85 mol% can give information about the magma(s)
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parental to a whole rock composition. This validates the
use of melt inclusions to identify primitive magmas.

The major- and trace elements of the melt inclusions
studied are influenced by both the mineralogical
composition of the source and the degree of partial
melting. The mineralogical control is seen in high
contents of Na, Al, Y and HREE for melts with a higher
proportion of amphibole or jadeite-rich clinopyroxene,
whereas high Ca and Cr contents reflect a higher
proportion of jadeite-poor clinopyroxene. Partial melt-
ing controls the correlations between LILE, LREE and
other incompatible elements.

Considering the high forsterite contents of the olivine
and the isotopic distinction between ankaramites and
normal basalts, we propose that these ankaramites reflect
melting of a subduction-modified, enriched mantle
source, rather than remelting of cumulate material.
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