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PRIMITIVE ANKARAMITIC MAGMAS IN VOLCANIC ARCS:
A MELT-INCLUSION APPROACH
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ABSTRACT

Ankaramite is more mafic than basalt, commonly porphyritic, and generally interpreted as a variety of picrite or olivine basalt
that has been enriched in clinopyroxene crystals rather than a product of crystallization of an ankaramitic magma. Samples of
ankaramite from the Ulakan Formation, Bali, and Rinjani volcano, Lombok, both in the Sunda arc, and from Merelava and Epi,
in the Vanuatu arc, contain olivine and clinopyroxene phenocrysts with vitreous and crystalline inclusions. Heated and
homogenized silicate melt inclusions hosted by olivine with Fosgo have CaO/Al203 (wt%) values > 1, and are rich in Mg
(>14 wt% MgO) and Ca (>13 wt% Ca0), and therefore have ankaramitic affinities and are quite unlike picrites. Although the
composition of the inclusions provides evidence that primitive ankaramitic melts exist, they are consistently more silica-under-
saturated than the ankaramitic bulk-rock compositions. Primitive ankaramitic melts are substantially higher in their normative
diopside contents than the compositions of experimental melts of dry lherzolite at all pressures up to 4 GPa, which typically are
picritic. Olivine fractionation of primary komatiite-like melts with CaO/AlO3 (wt%) values > 1, derived by partial melting of
Therzolite at high pressures (>5 GPa), could produce compositions similar to primitive ankaramitic bulk-rock compositions.
Alternatively, melting of Iherzolite in the presence of mantle fluids bearing H20 and CO2 could produce compositions similar to
those of the silica-undersaturated melt inclusions trapped in the olivine (Fo»g0) of ankaramitic samples. Such melts would be
likely to react with mantle during ascent to become less silica-undersaturated and more like ankaramitic bulk-compositions.

Keywords: melt inclusion, primitive melts, ankaramite, komatiite, Sunda arc, Indonesia, Vanuatu arc.
SOMMAIRE

Une ankaramite est une roche plus mafique qu’un basalte, couramment porphyritique, et interprétée, en général, comme une
variété de picrite ou de basalte 2 olivine qui s’est enrichie en cristaux de clinopyroxeéne, plutdt que comme un produit de
cristallisation d*un magma 3 tendance ankaramitique. Les ankaramites de la Formation Ulakan, sur 1'ile de Bali, et du volcan
Rinjani, 2 Lombok, tous deux dans 1’arc de Sunda, en Indonésie, et de Merelava et Epi, dans I’arc de Vanuatu, contiennent des
phénocristaux d’olivine et de clinopyroxéne contenant des inclusions vitreuses ou bien cristallines. Les inclusions vitreuses,
chauffées et homogénéisées, ont été piégées par I’olivine (Fo,gp); elles ont des valeurs de CaO/A1,03 (base pondérale) supérieures
2 1, et sont riches en Mg (>14% MgO) et Ca (>13% Ca0). Le magma posséde donc une affinité ankaramitique, et différe
sensiblement d’un magma picritique. Malgré ’appui qu’apportent ces compositions de reliquats magmatiques 2 I’hypothése de
I’existence d’un magma ankaramitique, celui-ci s’avére systématiquement plus sous-saturé en silice que les compositions
globales des roches. Les magmas primitifs 2 tendance ankaramitique sont sensiblement plus enrichis en diopside normatif que
les compositions de liquides obtenus dans les expériences 2 sec sur les lherzolites 2 toutes pressions jusqu’a 4 GPa, qui sont
typiquement picritiques. Le fractionnement de I'olivine & partir d'un magma 2 tendance komatiitique, ayant un rapport
Ca0/A1,0;3 supérieur & 1, dérivé par fusion partielle d’une Therzolite & pression élevée (>5 GPa), pourrait produire des
compositions semblables 2 celles de nos roches. En revanche, la fusion d’un socle Iherzolitique en présence d’une phase fluide
contenant H,O et CO, pourrait produire des compositions semblables 2 celles des inclusions vitreuses piégées. De tels magmas
réagiraient probablement avec les roches du manteau lors de leur mise en place, pour devenir moins sous-saturés en silice et
davantage comme les compositions ankaramitiques observées.

(Traduit par 1a Rédaction)

Mots-clés: reliquat magmatique, magma mantellique primitif, ankaramite, komatiite, arc de Sunda, Indonésie, arc de Vanuatu.

INTRODUCTION
shares some of the “primitive” characteristics of picrite.
The origin of ankaramite is of general interest because  Both picrite and ankaramite have similarly Fo-rich
its bulk composition differs from the picritic compositions ~ olivine, both are rich in Mg, with high Mg# values
of experimentally produced partial melts in equilibrium  [Mg# = 100Mg/(Mg + ZFe)], and, in many cases, both
with mantle peridotite assemblages; yet, ankaramite also have high Ni and Cr contents.

! E-mail addresses: 1926115@postoffice.utas.edu.au, rick.varne @geol.utas.edu.au



292

Although one rock type grades into the other,
ankaramite has commonly been distinguished from
picrite by its richness in clinopyroxene phenocrysts
(Lacroix 1916, Hess & Poldervaart 1967, Arculus
1976, Krishnamurthy & Cox 1977, Hawkesworth ef al.
1979, Foden & Varne 1983, Tomkeieff 1983, Mitchell
1985, Bowes 1989, Le Maitre et al. 1989, Barsdell &
Berry 1990). Because of this characteristic, most inves-
tigators have concluded that ankaramitic bulk composi-
tions never existed as magmas, and that their bulk
compositions are the result of the accumulation of cli-
nopyroxene phenocrysts in picritic or basaltic magmas
(e.g., Gunn et al. 1970, Hughes 1982). However, others
have argued for the existence of ankaramitic magmas
(e.g., Dawson et al. 1970, Thompson & Flower 1971).
Maalge etal. (1986) distinguished Jan Mayen
ankaramites whose bulk compositions are repre-
sentative of melts from Jan Mayen ankaramites whose
bulk compositions had been affected by crystal accu-
mulation. Maalge et al. (1986) estimated that primitive
ankaramitic melt contains 13.5 wt% MgO and
13.5 wt% CaO, with CaO/A,03 (wt%) = 1.31. Barsdell
(1988) and Barsdell & Berry (1990) also presented
evidence that ankaramite might not simply be the result
of crystal accumulation. They used the nature of
Fe-Mg partitioning between olivine and clinopyroxene
to investigate the near-liquidus crystallization histories
of suites of ankaramitic volcanic rocks from Merelava
and Western Epi, both in the Vanuatu island arc, and
argued that the parental magmas were saturated in
forsteritic olivine and diopsidic clinopyroxene, and
had contents of 13.7 and 14.5 wt% MgO, 13.7 and
14.7 wt% CaO, and CaO/A1,0, (wt%) values of 1.33
and 1.34, respectively.

In this study, we attack this problem more directly by
investigating the compositions of homogenized melt
inclusions in phenocrysts of forsteritic olivine and
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clinopyroxene from ankaramites from Indonesia and
Vanuatu. We argue that if the rocks crystallized from
ankaramitic magmas, the compositions of the melt
inclusions should have ankaramitic affinities, with
characteristically high CaO/ALO; (wt%) values (>1).

THE ANKARAMITIC HOSTS

Ankaramites with olivine and clinopyroxene pheno-
crysts containing vitreous and crystalline inclusions
were sampled from four localities in two volcanic
island arcs: two localities are in the Sunda arc of Indo-
nesia (Fig. 1a), where ankaramites occur in the Ulakan
Formation of eastern Bali, and in the Rinjani volcano,
Lombok, and two in the Vanuatu arc (Fig. 1b), where
ankaramites occur in Merelava and Epi, as well as in
several other localities, not investigated here. These
four ankaramitic suites are already known to have char-
acteristically high CaO/Al,O; (wt%) values (>1) com-
pared with chondritic CaO/Al,O; (wt%) values of
0.8 (Frey et al. 1978) and picritic CaO/Al,O3 (Wt%)
values <1 [i.e., Ulukan Formation (Bali): Whitford
(1975), Whitford et al. (1979), Wheller (1986); Rinjani
(Lombok): Foden (1979), Foden & Varne (1981a, b),
Varne & Foden (1986); Merelava (Vanuatu): Barsdell
(1980, 1988); Epi (Vanuatu): Barsdell & Berry (1990)]
(Fig. 2).

The Late Miocene ankaramitic volcanic rocks of the
Ulakan Formation are the oldest known volcanic rocks
exposed on Bali and are mildly #e-normative (Wheller
1986; Table 1). Younger Balinese volcanic sequences
lack ankaramite, although basalts are present (Whitford
1975, Whitford et al. 1979, Wheller 1986). On Lombok,
the island immediately east of Bali, ankaramite repre-
sents the most primitive composition among the abundant
mafic rocks of the Rinjani volcano. These ankaramitic
volcanic rocks form a group compositionally unrelated to
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FIG. 2. Bulk-rock CaO/ALO; versus 100 Mg/(Mg + ZFe) of four ankaramite suites: Ulakan
Formation (Bali) and Rinjani volcano (Lombok), in the Sunda arc, and Merelava and

Epi, in the Vanuatu arc.

the Rinjani basaltic rocks (Foden 1983) and constitute,
as on Bali, a distinct, ne-normative rock-type (Table 1).
Foden & Varne (1981a) concluded that at least two
primary or primitive mafic magmas must be present in
the Rinjani volcano, one parental to the basalt — an-
desite — dacite fractionation sequence, and the other
ankaramitic. Sr, Nd and Pb isotopic ratios of ankaramite
UTas48001 (Varne & Foden 1986), which is the only
Rinjani ankaramite so far isotopically analyzed, are
unlike those of the Rinjani basalts, but resemble those
of ne-normative shoshonitic olivine trachybasalts from
the Tambora volcano on Sumbawa, to the east.

In the volcanic suites of Merelava and Epi, in the
Vanuatu arc, ankaramite is interpreted to be the primi-
tive end-member of differentiated sequences ranging
from ankaramite to basaltic andesite and dacite (Bars-
dell 1980, 1988, Barsdell & Berry 1990). In these suites
from the Vanuatu arc, the ankaramites are ol- and
hy-normative (Table 1), in contrast with the Sunda rocks.

Considered as a group, all these ankaramitic rocks
are highly porphyritic, and characteristically contain
abundant phenocrysts of euhedral to subhedral clinopy-
roxene up to 1 cm in diameter, together with scarcer,
smaller, phenocrysts of olivine. Whether from Mere-
lava and Epi, or from Rinjani and Ulakan, the clinopy-
roxene that crystallized early is Ca- and Mg-rich, and
its compositions fall mainly within the diopside compo-
sitional field (Foden 1983, Wheller 1986, Barsdell
1988, Barsdell & Berry 1990, our unpublished data),
although the composition of Merelava clinopyroxene
ranges to lower Ca contents, in keeping with the tholeiitic
affinities of these suites. The most Mg-rich composi-
tions of clinopyroxene contain inclusions of titaniferous
magnetite, in addition to glass inclusions described

TABLE 1. PRIMITIVE ANKARAMITE: BULK-ROCK COMPOSITIONS

Sunda Arc Vanuatu Arc

(Rinjani volc.)  (Ulakan Fm.)
Location Lombok Bali Merelava Epi
Sample# 48001 48002 67424 67422 BC-13 31531 71046 71041
Si02 wt% 4832 4795 4644 4686 5020 5133 4820 47.80
TiO2 069 083 056 079 046 059 039 043
Al203 1053 1378 912 1184 1030 13.10 1150 13.60
FeO* 919 1016 1030 1020 808 820 891 954
MgO 1402 1061 1748 1330 1371 1067 1350 1070
Ca0 1438 13.14 1178 11.84 13.69 1245 1440 1420
MnO 017 017 020 019 017 022 016 018
Na20 150 178 122 159 160 178 105 1.29
K20 05 120 061 094 038 035 031 035
P205 015 021 021 028 005 007 007 009
LOI 041 042 050 062 010 031
H20- 037 040
rest 033 031
total 99.85 99.83 99.03 9896 9954 9938 9859 9849
Mg# 731 651 752 700 752 699 730 667
Ni (ppm) 151 125 392 246 137 172 97
Cr (ppm) 510 307 1055 618 695 820 448
Ca0/AI203 137 095 144 099 133 095 125 1.04
CIPW norm (mol%)
or 404 561 269 436 168 145 140 164
Ab 524 825 716 976 1078 1122 719 921
An 1470 2063 1316 17.60 1485 1876 19.64 24.08
Ne 499 440 102 146
Di 3878 2088 2949 27.13 3585 2429 3449 3146
Hy 1325 3666 1004  8.66
ol 3026 2873 4481 3724 2233 612 2614 23.67
lim 1.83 229 146 216 120 144 104 119
Ap 015 022 021 029 005 006 007 009
Phenocryst modes
Cpx 36.5 375 36.0 78.0%
ol 120 139 82 28.0%
Pl 4.5

Samples were taken from Rinjani (Foden 1979, 1983), Ulakan (Wheller 1986),
Merelava (Barsdell 1988), and Epi (Barsdell & Berry 1990), * All iron is expressed
as FeO. T Indi the modal p ion of olivine relative to clinopyroxene.
Abbreviations: clinopyroxens Cpx, olivine Ol, plagioclase PL
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below, but generally lack inclusions of olivine, as well
as chromian spinel, which occurs in the olivine
phenocrysts.

Olivine ranges from compositions as magnesian as
Fogi_g3 down to Foss. Ca contents in olivine in
ankaramite from Merelava and Epi mostly vary from
0.15 to 0.30 wt% CaO (Fig. 3), whereas in ankaramite
from Rinjani and Ulakan, Ca contents in olivine increase
from 0.25 to 0.40 wt% CaO, with maximum values
around Fogg where clinopyroxene joins olivine in the
crystallization sequence (Fig. 3).

Some olivine phenocrysts also contain crystals of
spinel (Della-Pasqua et al. 1995) and, more rarely, cli-
nopyroxene. Values of 100 Cr/(Cr + Al) in the spinel
are generally high: they range from 72 in ankaramites
from Rinjani up to 87 in ankaramites from Epi. Very
rarely, Al-rich spinel grains coexist with the more common
Cr-rich spinel: their origin is discussed in Della-Pasqua
et al. (1995). Clinopyroxene inclusions in Mg-rich
olivine are rare: in olivine with Fogy; from Ulakan,
clinopyroxene Mg# is 82.1 and mg# [= 100Mg/(Mg +
Fe)] = 94.0, whereas in olivine with Fogs, from
Rinjani, clinopyroxene Mg# = 85.8 and mg# = 91.0.
[The proportion of Fe?* and Fe?* in clinopyroxene is
calculated by assuming perfect stoichiometry following
the method of Robinson (1980)]. In Merelava assem-
blages, in common with the clinopyroxene phenocrysts,
many olivine phenocrysts have a reversely zoned inter-
nal rim (Barsdell 1988) with a typical core-to-rim vari-
ation in Fo of 90.5 to 91.3, but reverse zoning is not
present in olivine from Epi. Plagioclase phenocrysts in
ankaramite from Rinjani are as calcic as Angg, but are
absent from the most magnesian rocks. In ankaramite
from Ulakan, rare microphenocrysts of plagioclase attain
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Anys. In ankaramite from Merelava and Epi, plagioclase
phenocrysts are again absent from the magnesian
ankaramites and appear only late in the crystallization
sequence, coexisting with olivine of composition Fog; ¢.
The groundmass in these rocks is composed of olivine,
clinopyroxene, plagioclase, and titaniferous magnetite.
Plagioclase compositions in the groundmass range up
to Angy in Ulakan, Angy in Rinjani (Foden & Varne
1981a), Ang; in Merelava (Barsdell 1988), and Ang, in
Epi (Barsdell & Berry 1990).

In the Rinjani suite, the ankaramites have Al,Os
contents less than 16 wt%, high Mg (8-14 wt% MgO),
and high CaO, Cr, Ni and Sc contents. Compositional
variation within the suite is characterized by simultane-
ous depletion of Cr, Ni, Sc, MgO, CaO and decreasing
Mg#, accompanied by enrichment in Al,0s, K0, TiO,,
Rb, Sr, Zr, and Nb, and relatively invariant SiO, and
total Fe. These features are consistent with crystal frac-
tionation involving the clinopyroxene-dominant plagio-
clase-free phenocryst assemblage of the ankaramites
(Foden 1983).

Barsdell (1988) and Barsdell & Berry (1990) showed
that ankaramitic bulk-rock compositions from Merelava
and Epi define differentiation trends that could also be
consistent with fractionation of olivine + clinopyroxene
involving observed phenocryst abundances (clino-
pyroxene:olivine approximately 3 to 4:1), and concluded
that the Merelava and Epi rocks evolved down olivine—
clinopyroxene cotectics. Olivine occurs together with
clinopyroxene even in the Epi rocks with highest Mg
contents and Mg# (UTas 71046 and 71041, Table 1), in
which olivine (mg# = 92) coexists with clinopyroxene
(mg# = 94). It is notable that in all four ankaramite
suites, CaO/ALO; (wt%) values are highest in the most
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Fra. 3. Concentration of Ca (wt% Ca0) in olivine versus Fo content. Electron-microprobe
data; open circles: standard analytical conditions, filled circles: special analytical
conditions. For fuller explanation, see text.
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Mg-rich volcanic rocks, and decrease with decreasing
Mg# (Fig. 2). Fractionation of an assemblage with
clinopyroxene:olivine of approximately 3 to 4:1 would
cause CaO/ALO; (wt%) values to fall even in the most
ankaramitic melts.

The somewhat higher Ca contents in olivine from
Rinjani and Ulakan ankaramites may be a reflection of
the ne-normative character of their host rocks (Stormer
1973), but the early increase in Ca content in olivine
and subsequent decline with fractionation within each
of these suites (Fig. 3) may also simply be due to
changing Ca contents in the melts (Sigurdsson 1994). If
the most magnesian olivine in the Rinjani and Ulakan
melts crystallized before clinopyroxene appeared, Ca
contents of the melts would first increase as their Mg#
decreased, and Ca contents would increase concomi-
tantly in olivine, then decrease after clinopyroxene
joined olivine as a crystallizing phase.

EXPERIMENTAL METHODS

In this article, we have focussed on the compositions
of silicate inclusions interpreted as primary melt inclu-
sions in olivine and clinopyroxene phenocrysts from
ankaramite samples with “primitive” compositions.
These ankaramite samples are characterized geo-
chemically by high Mg# numbers, 73 to 74, high Mg
and Cr contents (Table 1), and high CaO/Al O (Wt%)
values, > 1. They include samples UTas48001 and
48002 from Rinjani (see also Foden 1983, Varne &
Foden 1986), UTas 67424 and 67422 from the Ulakan
Formation of Bali (Wheller 1986), BC-13 and UTas
31551 from Merelava (Barsdell 1988), and UTas 71046
and 71065 from Epi (Barsdell & Berry 1990).

Primary melt inclusions are formed when melt is
trapped in a growing crystal as a result of growth
irregularities, and are commonly distinguished from
secondary melt inclusions, which tend to occur along
fracture planes in the host crystal (Roedder 1979, 1984,
Sobolev et al. 1991). Primary melt inclusions were
selected for experimental work following the criteria of
Sobolev et al. (1991) and Roedder (1979, 1984).

Primary inclusions observed in the olivine and clino-
pyroxene phenocrysts include “crystalline”, “combined”
and “vitreous” types, following the classification of
Sobolev et al. (1989). Microphotographs to illustrate
the various types of inclusion are presented in Figure 4.
In “crystalline” melt inclusions (Figs. 4a, b), the daugh-
ter mineral phase is clinopyroxene, and olivine has
nucleated on the inclusion wall. The combined type
commonly consists of spinel + silicate glass 3 bubble
(Figs. 4c, d). A vapor bubble is common in silicate glass
inclusions (Fig. 4e). Some of the cavities that were
investigated by infrared spectroscopy are empty, and
may have leaked or formed by shrinkage during
quenching, but others contain traces of CO, and CHy
(our unpublished data).
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The samples of ankaramite were crushed and sieved,
and olivine and clinopyroxene grains hand-picked from
the crushed material, mounted in epoxy, polished, and
analyzed by electron microprobe. Those grains with
primary melt inclusions were then extracted from the
probe mounts for further study.

Homogenization experiments were carried out on
primary melt inciusions hosted in olivine and clinopy-
roxene grains using a heating-stage based on the design
of Sobolev et al. (1980), which aflows visual monitoring
and manual control during heating. As each inclusion-
bearing grain was progressively heated, the melting
behavior of the inclusion was observed, and the tem-
perature at which the various phases disappeared was
recorded.

Bubbles may persist to high temperatures in the
ankaramitic melt inclusions, possibly as a result of
volatile oversaturation (Danyushevsky efal. 1992,
Gurenko et al. 1992), and as suggested by the presence
in magnesian olivine of inclusions containing crystals of
chromian spinel, to which bubbles of fluid are attached
(Fig. 4c). This possibility made inappropriate the use of
techniques of melt inclusion homogenization that use
bubble disappearance as an indicator of homogeniza-
tion; we used the “optical homogenization™ technique,
in which the melt inclusions are heated up to tempera-
tures at which the last daughter crystals are observed to
melt and the melt inclusion becomes optically homoge-
neous (Gurenko efal. 1988, 1992, Hansteen 1991,
Sobolev et al. 1990).

Once optical homogenization of the inclusions has
been achieved, the host grains of olivine and clinopy-
roxene are quickly cooled, and the molten inclusion
quenched to glass (Fig. 4f). The host grains are then
mounted in epoxy and individually sectioned and
polished to expose the homogenized melt inclusions
within them for electron-microprobe analysis.

Homogenized melt inclusion and host grain were
analyzed using a CAMECA SX-50 electron micro-
probe (CSL, University of Tasmania) calibrated with
natural standards (PAP data reduction). San Carlos
olivine USNM111312/444, basaltic glass VG-A99
USNM113498/1, augite KA USNM122142, and spinel
USNM117075 were used as standards, following
Jarosewich etal. (1980). Analytical conditions were:
accelerating voltage 15 kV, beam current 20 nA (minerals)
and 10 nA (glass), and beam sizes 1-4 lm (minerals)
and 4-10 um (glass). Some grains of olivine in
ankaramites from Rinjani and Ulakan were also
re-analyzed for trace elements Ca, Ni, Mn and Cr using
longer counting-times (120 seconds), 200 nA, 20 kV
and a 20-ium beam size (olivine compositions plotted as
filled circles on Fig. 3).

The beam size used on these melt inclusion glasses
was restricted by the size of the inclusions, which attains
100 um and averages 30 to 50 pum. The risk that the
excited volume of the electron beam might interact with
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FiG. 4. Types of melt inclusion found in ankaramite, following classification of Sobolev et al. (1989). a. “Crystalline” melt
inclusions with clinopyroxene daughter crystals. b, Exposed “crystalline” melt inclusion. c. Inclusion of chromian spinel with
fluid bubble attached. These types of inclusions are a strong indication of fluid saturation in the melt (Danyushevsky et al.
1992). d. “Combined” melt inclusion with an accidentally trapped crystal of chromian spinel. e. “Vitreous” melt inclusion. f.
“Crystalline” melt inclusions after heating. Vitreous melt inclusions (4¢) are absent in magnesian olivine (Fo,g), Whereas
“crystalline” melt inclusions (4a, b) are common. “Crystalline” melt inclusions in Mg-rich olivine are heated until melting of
all daughter crystals is achieved, and quenched to glass (4f). Persistence of a vapor bubble after heating may be due to fluid
saturation of the melt, as suggested by combined type (S + V) inclusions (4¢). S = solid, L = liquid, V' = vapor. Host mineral
is olivine. 4b, reflected light. 4a and c to f, transmitted light. The length of the scale bar is 100 um.
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the host grain when small melt inclusions are being
analyzed was reduced by the use of a focussed beam in
the center of the inclusion. An allowance of 5 wm was
adopted for edge effects on the basis of results of electron-
microprobe traverses across melt inclusions by Roedder
(1979) and Sullivan (1991). Melt inclusions with a
diameter less than 20 pm were not analyzed, and the
smallest beam-size used on glass was 4 um. After each
analysis, the correct positioning of analytical points was
checked and inspected for any likely interaction of the
electron beam with the host grain. Provided the melt
inclusions are sufficiently large (>10 wm), the use of
transmitted and reflected light images in conjunction
with the back-scattered electron image makes the selec-
tion and correct positioning of analytical points in
exposed melt inclusions a relatively simple procedure.

Volatilization under these beam conditions was
assessed following methods, described by Falloon &
Green (1986), Sisson & Layne (1993) and Spray & Rae
(1995), in which results of spot analyses and broad-area
analyses of a glass standard are compared with its
known bulk composition. Table 2 shows compositions
of glass standard VG-A99 (USNM113498/1;
Jarosewich et al. 1980) obtained using beam sizes of 1,
4 and 10 um. Na,O and K,O values obtained under
focussed beam conditions and 10 m beam size are in
agreement with standard values shown in Table 2.
With a 4-um beam size, Na,O and K,O values are only
slightly lower than standard, by ~0.1 wt% (Table 2).
With a beam size of 1 wm, Na,O contents are ~0.2 wt%
lower than the standard value.

Analytical conditions for glasses adopted in this
study may therefore cause some loss of alkalis, but this
loss will be insufficient to invalidate the conclusions
reached here. These analytical conditions reduce the
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potential risk of edge effects introduced by the use of a
defocussed beam on small melt inclusions. Composi-
tional homogeneity of the glass was confirmed wher-
ever possible by analyzing the center and rim of melt
inclusions.

The main experimental uncertainty encountered in
our determinations of the composition of the melts
originally trapped in the phenocrysts is related to the
“optical homogenization” technique that we have
adopted. Uncertainty results because olivine and cli-
nopyroxene have crystallized from the trapped melt
inclusions during post-entrapment cooling. Much of
this olivine was deposited on the melt-inclusion walls,
and is difficult to distinguish optically from the primary
host olivine. Using the “optical homogenization™ tech-
nique employed here, some of this post-entrapment
olivine might not all be remelted during experimental
heating. Alternatively, although much less likely, some
of the encapsulating olivine phenocryst might be
melted into the melt inclusion because of overheating.
Similarly, if a melt inclusion hosted by clinopyroxene
were overheated, melt derived from the encapsulating
crystal might be added to the melt inclusion, or, conversely,
underheating might result in incomplete remelting of
post-entrapment clinopyroxene.

A more general difficulty is the phenomenon of Fe
loss from inclusions, identified by Gurenko et al.
(1988, 1992), Danyushevsky ez al. (1992) and Sobolev
& Danyushevsky (1993), whereby Fe and Mg may
re-equilibrate between residual melt within an inclusion
and its host olivine in such a way as to cause the melt
to lose Fe. This re-equilibration involves Fe, Mg diffu-
sion, and is driven by the chemical disequilibrium between
the host olivine and the residual melt within the inclu-
sion after the crystallization of post-entrapment olivine
on the inclusion walls. A detailed theorctical assessment

TABLE 2, CHEMICAL COMPOSITION* OF BASALTIC GLASS STANDARD VG-A99**
USING VARIOUS BEAM-DIAMETERS

1 pm, 10 nA 4 um, 10nA 10 pm, 10nA VG-A99**
av. norm av. norm. av. norm norm.
SiCawt% 51.13 0.25 51.53 50.58 0.26 51.57 50.59 0.21 51.56 50.94 51.36
TiOy 3.99 0.08 4.02 4.00 0.12 4.08 4.04 0.09 4.12 4.06 4.09
AbO3 1235 0.26 1245 12.14 0.05 1238 12.08 0.4 1231 12.49 12.59
FeO* 13.34 0.63 13.45 13.38 0.59 13.64 1322 0.38 1347 13.30 13.41
MgO 5.08 055 5.12 4.79 035 4.89 501 0.I3 5.10 5.08 5.12
Ca0 947 0.58 9.54 9.25 0.24 9.43 9.25 0.08 9.42 9.30 9.38
MnO 0.26 0.03 0.26 024 0.05 024 025 0.04 0.26 0.15 0.15
Nap0 244 0.15 246 2.53 005 2.58 2.57 0.12 2.62 2,66 2.68
K20 0.73 0.08 0.74 0.76 0.04 0.77 0.78 0.04 0.80 0.82 0.83
P205 043 0.02 044 041 0.03 042 0.34 0.18 035 0.38 0.38
Sum 99.21 98.07 98.12 99.18

* Focused beam, 15 kV, beam current 10 nA, counting times 20 seconds, except for Na (10 seconds). av.: average result
of ten analyses; norm.: average result normalized to 100%. The standard deviation is shown in italics.

** USNM113498/1, Jarosewich et al. (1980).
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of the possible results of Fe-loss in melt inclusions may
be found in Della-Pasqua (1997).

We consider the possible effects of underheating,
overheating, and Fe loss in the following sections dealing
with the compositions of the melt inclusions.

COMPOSITIONS OF MELT INCLUSIONS IN OLIVINE AND
CLINOPYROXENE PHENOCRYSTS FROM SAMPLES OF
PRIMITIVE ANKARAMITE

Our main aim is to discover whether the melt inclu-
sions trapped in the earliest-formed phenocrysts in the
most primitive ankaramites have compositions with
ankaramitic affinities, with characteristically high
CaO/AL, O3 values (>1). Representative compositions
of inclusions in olivine and clinopyroxene phenocrysts
from primitjve ankaramites are listed in Table 3. These
are reported as (1) the compositions of naturally
quenched unhomogenized glass from vitreous inclu-
sions, (2) the compositions of heated and homogenized
glass from vitreous and crystalline inclusions, and (3)
the compositions of heated and homogenized glass
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following correction for the possible effects of iron loss
following post-entrapment re-equilibration.

Compositions of naturally quenched unhomogenized
glass from vitreous inclusions

Vitreous melt inclusions in which the only phases
are olivine, crystallized on the walls, and quenched
glass (Fig. 4e), were found in relatively low-Fo olivine
phenocrysts from Rinjani (Fogs gg) and in olivine pheno-
crysts from Ulakan (Fogy g7). Mg and Fe contents of
these naturally quenched unhomogenized glasses from
vitreous inclusions (Table 3) are low, compared with
ankaramitic bulk-rock compositions (Table 1), but their
CaO/AlL O3 (Wt%) values (Figs. Sa, b) are very similar,
are positively correlated with Fo content, and range
from ~0.6 up to values of about unity.

Compositions of heated glasses from vitreous and
“crystalline” melt inclusions

Crystallized melt inclusions in olivine phenocrysts,
analyzed after heating and homogenization, have

TABLE 3. COMPOSITION OF MELT INCLUSIONS IN CLINOPYROXENE AND OLIVINE

Location Rinjani (Lombok)

Sample # 48001 48001 48001 48001 48001 48001 48002 48002 48002 48002
Host Olv. Olv. Olv. Oly. Obv. Olv. Olv. Olv. Cpx. Cpx.
Mg# host 877 876 819 897 91.0 90.5 90.4 904 87.0 862
Run 88/1 83/1 8313 43/1 43/3 45/1 4411
Temp. (°C) 1250 1238 1238 1220 1220 1100 1200
Type NO NO NQ H R H R H R H R H R H H
SiO2wt% 4621 4627 49.17 4549 44.84 4579 4431 4525 4415 4350 4228 4500 4339 5396 56.89
TiO2 143 126 113 093 089 088 077 092 080 117 105 1.27 113 101 040
Al203 1943 1949 20,17 1423 1353 1682 1475 1681 1477 1773 1587 1723 1535 1718 16.26
FeO* 266 279 242 870 950 726 950 6.56 9.50 572 950 563 9.50 587 581
MgO 157 119 121 954 1098 8.63 12.64 7.57 11.99 8.73 1187 8.78 1177 511 389
CaO 2118 2011 1827 17.76 1690 1671 1473 1707 1504 1747 1566 1708 1524 770 9.00
MnO 000 007 011 014 014 010 o011 018 018 011 o1 003 005 013 007
Na20 314 330 353 1.8 176 235 206 266 234 277 248 272 243 3.04 374
K20 1.35 1.82 101 133 126 1.16 1.02 131 L15 105 094 1.10 098 226 3.09
P205 1.18 0.92 045 0.16 0.15 0.09 0.08 0.00 0.00 023 o021 0.18 0.16 034 067
Total 98.14 9723 9747 100.13 9995 99.85 9995 9833 99.93 9848 9998 99.02 100.00 96.60 99.82
Mg# 5125 4328 4721 6619 6736 6798 7038 6733 6927 7316 69.05 7358 6887 6085 5445
KD 015 011 012 022 024 021 024 022 024 029 024 030 024 023 019
FeO 209 220 191 685 748 572 748 517 748 450 748 443 748 462 458
mg# 572 492 532 713 724 729 751 724 741 716 739 780 73.8 664 603
Kd 019 014 016 028 030 027 030 027 030 037 030 038 030 030 024
Ca0/A1203 1.09 1.03 091 125 125 1.00 100 102 102 099 099 0.99 0.99 045 0.55
CIPW norm (mol%)

Q 761 079
Or 978 1499
Ab 19.99 2758
An 1997 1866 2438 2022 23.16 1887 2454 2065 2387 2005 1945 15.15
Ne 1247 11.66 16.12 1335 1840 1504 1858 1563 1847 1554

Lc 590 548 524 434 596 486 464 392 492 413

Di 34.89 3139 3478 2568 3479 2442 2459 1571 3237 2208 690 1192
Hy 3338 2169
ol 1892 2487 1508 3114 1156 2979 17.13 3271 1336 29.73

Cs 526 5.52 197 325 365 503 725 8.62 349 552

Im 243 227 234 194 247 2.00 3.04 257 335 280 258 1.14
Ap 0.16 015 009 007 022 019 018 0I5 033 072
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CaO/Al,05 (wt%) values that overlap those of naturally
quenched glasses in vitreous inclusions (~1, Figs. 5a,
b); they range up to values characteristic of ankaramitic
bulk compositions (~1.2 to 1.6, Fig. 5). CaO/ALO,
(wt%) values are similar amongst melt inclusions within
a single olivine grain (Fig. 6, and Run 83, 43, 64 in
Table 3), but vary over a wide range amongst melt
inclusions from various olivine phenocrysts, even those
extracted from the same rock sample (Figs. 5a, b).
Ca0/Al,O; values also vary more in inclusion compo-
sitions than in ankaramitic bulk-rock compositions.
MgO and FeO* contents of some heated and homoge-
nized melt inclusions in olivine phenocrysts are similar
to those of their ankaramitic hosts, but in general are
lower (Fig. 5). This may be due to iron loss; the possi-
ble effects are considered further in the next section.
Inclusion compositions in olivine are also more silica-
undersaturated than ankaramitic host-rock composi-
tions: inclusion CIPW norms contain re, lc, and cs
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(Table 3), whereas Rinjani and Ulukan ankaramites
are ne-normative, and those from Merelava and Epi are
ol- and hy-normative. We cannot explain why the
inclusions would yield these silica-undersaturated com-
positions on analysis if they actually have compositions
like the ankaramite hosts. The analytical conditions for
glasses adopted in this study might cause some loss of
alkalis, but this would make the compositions less silica-
undersaturated, not more. In addition, if the trapped
glasses originally had ankaramitic compositions but
suffered iron loss, the modified compositions would
again have become less silica-undersaturated than the
original, not more. And if the inclusions were com-
posed of melt plus trapped crystals of olivine and
clinopyroxene, or were subjected to overheating or
underheating during experimental homogenization,
then the compositions would simply become more or
less rich in normative olivine and diopside. We there-
fore conclude that the silica-undersaturated ankaramitic

TABLE 3. COMPOSITION OF MELT INCLUSIONS IN CLINOPYROXENE AND OLIVINE

Location Ulakan (Bali) Merelava Epi

Sample # 67424 67424 67424 67424 31551 31551 71041 71041
Host Olv. Ob. Olv. Cpx. Oly. Olv. Olv. Cpx.
Mg# host 84.8 91.8 91.8 88.2 90.4 90.2 91.6 88.9
Run 52/1-8 b7} 33/1 332 64/1 6412 15/1 3m
Temp. (°C) 1240 1240 1300 1242 1242 1305 1237
Type NQ H R H R H H R H R H R H
Si02 wt% 4998 4705 44.68 4752 4420 5101 48.81 4620 4794 45.88 4496 4314 5324
TiO2 1.08 081 0.69 093 0.76 0.59 056 049 052 046 0.60 0.53 0.35
Al203 21.07 13.10 1117 1328 10.86 871 1574 13.68 1590 14.07 1474 12.94 9.14
FeO* 227 494 1050 3.80 1050 8.44 542 9.00 576 9.00 570 9.00 174
MgO 098 1310 1681 1248 1681 11.08 9.03 1247 897 12.18 1182 14.89 9.82
Ca0 1881 1536 13.14 1607 1318 1827 17.84 1553 1793 15.89 1947 1712 1433
MnO 002 000 0.03 005 0.07 0.08 007 0.09 0.00 0.02 005 0.05 0.00
Na20 2.88 1.73 148 231 189 1.34 178 155 1.80 159 200 176 120
K20 2.12 123 1.05 1.57 129 1.02 0.64 056 059 052 045 040 033
P205 032 047 040 041 034 0.38 047 041 042 037 0.16 014 0.06
Total 99.53 97.79 99.94 9843 9990 10092 10036 99.96 99.83 99.98 9996 9996 96.21
Mg# 4353 8257 74.09 8542 7409 17010 7484 7121 7355 70.72 78.74 7471 69.38
KD 014 042 026 052 026 032 026 030 0.26 034 027

FeO 192 418 890 322 890 7.15 478 793 508 793 515 812 6.99
mg# 476 848 771 874 771 734 712 737 759 733 804 76.6 71.5
Kd 0.16 0.50 030 062 030 036 0.30 034 030 038 0.30
CaO/AI203  0.89 1.17 118 121 121 2.10 113 113 1.13 113 132 132 1.57
CIPW norm (mol%)

Q 14.86
Or 5.66 429 4.79 3.09 251 283 235 129
Ab 2.04 5.08 538 171 327 030 7.10
An 1895 14.68 1609 1196 1172 2702 2199 2727 22.63 2191 1833 1225
Ne 1009 940 1574 11.69 449 767 891 9.85 10.60 13.15 11.00

Le 4.38 276 523 195 1.63

Di 38.04 2947 4233 2600 5838 4278 3489 4277 35.60 30.28 2090 3437
Hy 29.28
o)} 2255 39.92 1593 4019 1352 1196 2828 1209 26.93 22.13 3701

Cs 0.07 2.80 890 972

Ilm 220 171 245 182 1.63 159 130 147 122 1.53 128 0.80
Ap 047 037 041 031 0.39 050 041 045 037 015 013 0.05

Mg# = 100Mg/(Mg + >Fe), mg# = 100Mg/(Mg + Fe), KD = (Mg/XFe)glass/(Mg/>Fe)olv, Kd = (Mg/Fe)glass(Mg/Fe)olv.
Fe3+/Fe2+ values as follows: Rinjani - 0.27, Ulakan = 0.18, Merelava = 0.14, Epi = 0.11. Run indicates grain number and the
melt inclusion number within that grain. NQ: naturally quenched melt inclusion. Analysis in bold italics indicate recalculated (R)
compositions of heated (H) melt inclusions. Temp.: temperature of quenching.
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compositions of heated melt inclusions recalculated to be in equilibrium with their host
olivine. Filled circles: vitreous melt inclusions hosted by olivine. These consist of three
phases: daughter olivine plated on the wall of the melt inclusion, a vapor bubble, and
residual glass. During natural cooling of an olivine-hosted melt inclusion, olivine
preferentially grows on the wall of its host. As a result, these naturally quenched melt
inclusions are significantly depleted in the olivine component. These melt inclusions

have very low MgO contents (see Table

3), but their CaO/Al,O; value is unaffected.

Filled diamonds: composition of heated melt inclusions hosted by clinopyroxene. Their
CaO/AL,O; values are largely modified due to plating of clinopyroxene on the walls of
the inclusion. Bulk-rock CaO/Al,O; versus 100 Mg/(Mg + XFe) of host ankaramite
samples are also shown for comparison (square with crosses).

compositions of the inclusions are representative of
the melts as trapped, and consider in a later section the
implications of this conclusion.

Ca0/Al,0O; values of clinopyroxene-hosted melt
inclusions are also plotted against Mg# content of their
host grains. Their CaO/AL,O; values vary much more
widely than those of olivine-hosted melt inclusions. In
some cases, our homogenization procedure may have
remelted some of the host clinopyroxene crystal in
addition to the post-entrapment clinopyroxene precipi-
tated on the wall of the melt inclusions: this would
produce higher CaO/Al,O; values than those of the
original trapped melt. The composition of a reheated
homogenized melt inclusion from an Ulakan clinopy-
roxene (Table 3: sample 67424, run 33/2) may reflect
this process. The temperature of homogenization in this
experiment was 1300°C, higher than the homogeniza-
tion temperatures of 1240°C for melt inclusions in oli-
vine from the same rock; its CaO/Al,03 (wt%) value is
2.1, compared with ~1.2 for the olivine-hosted inclu-
sions. Its CaO and normative diopside (~60%) contents
are also substantially higher than those of the olivine-
hosted inclusions.

If, however, an inclusion were reheated to a tempera-
ture lower than its original trapping temperature, some
post-entrapment crystals of olivine and clinopyroxene
may be left unmelted, which would result in CaO/Al,04
values lower than those of the original trapped melt.
Rinjani inclusions 44/1 and 45/1 are likely examples of
underheating during homogenization (Table 3).

Therefore, recalling that our main aim is to discover
whether the melt inclusions trapped in the earliest-
formed phenocrysts in the most primitive ankaramites
have compositions with ankaramitic affinities, we have
placed most emphasis on the composition of melt inclu-
sions in early-crystallized olivine phenocrysts from
ankaramite samples with “primitive” compositions.

Compositions of heated glasses corrected for possible
loss of iron

If iron loss has taken place because Fe and Mg
re-equilibrated between residual melt within an inclu-
sion and its host olivine, the compositions of heated
melt inclusions in olivine will be unlike those of the
original melts when they were trapped. We note that
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Fic. 6. Similarity in CaO/Al,O, values of coexisting melt
inclusion in olivine phenocrysts from (a) the Rinjani
volcano, and (b) the Ulakan Formation. Each run repre-
sents a separate olivine grain. Note the larger variation in
Ca0/Al, 0,4 values amongst grains of similar Fo content in
Figure 6a, and in Figure 5a and b.

MgO and FeO* contents of heated and homogenized
but uncorrected melt inclusions attain values similar to
those of the host ankaramites, suggesting that the process
of iron loss has not operated uniformly and that iron
loss has not markedly affected these MgO- and FeO*-
rich compositions. (If material from the encapsulating
olivine phenocryst had been added to these melt inclusions
as a result of experimental overheating, the composition
of the resultant melt would have been much richer in
M¢gO, but its FeO* content would have changed little,
so long as it was fairly similar to that of the host olivine,
about 8-9 wi%.)

We have recalculated some compositions following
a method described in Della-Pasqua (1997), which
reverses the re-equilibration process, to evaluate the
effect of iron loss on melt inclusion composition. This
method assumes a target FeO* content for the original
composition of the trapped melt. We have placed an
upper limit on the possible amount of iron loss by
assuming that melt inclusions in the most magnesian
compositions of olivine, Fogg to Fog,, originally had
FeO* contents similar to the bulk FeO* contents of the
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primitive host-rocks. This assumption facilitates the
comparison of the compositions of the host ankaramite
with recalculated compositions of the melt inclusions.
The melt inclusion compositions are recalculated by
mass-balanced addition of material with the composi-
tion of the host olivine crystal to the composition of the
heated homogenized melt inclusion, until the Mg# of
the recalculated composition of the inclusion is in
equilibrium with the composition of the host olivine,
and its FeO* content is that of the ankaramitic host.
Ca0/Al,0; values are unaffected.

Melt compositions obtained by this recalculation
procedure are listed in Table 3, for comparison with
uncorrected compositions of inclusions in olivine phe-
nocrysts, after heating and homogenization. FeO¥,
MgO and SiO, contents of the melt inclusions are
changed by this correction procedure, and normative ol
contents increase (Table 3).

RESULTS

Melt inclusions in ankaramite from Rinjani volcano,
Lombok, Sunda arc

Heated (1250°C) and homogenized melt inclusions
in olivine phenocrysts from Rinjani ankaramites,
including both unrecalculated and recalculated compo-
sitions, have up to 9.5 wt% MgO and Mg# of 67 to 69,
and a high CaO content, about 17 wt%, with high
Ca0/Al,0; values (Fig. 5, Table 3). The compositions
of these melt inclusions generally resemble those of the
Rinjani ankaramites, but inclusion compositions are
more silica-undersaturated than the bulk-rock compo-
sitions. The ankaramitic bulk-rock compositions are
ne-normative, whereas the inclusion compositions are
ne-, lc-, and cs-normative. Melt inclusions in olivine
phenocrysts in the most primitive Rinjani ankaramite
(UTas48001: CaO/ALO; = 1.37) have CaO/AL,O; values
of about 1.25, but some of the inclusions have
Ca0/Al,O5 values that are higher than those of most
ankaramites (Fig. 5).

Melt inclusions in ankaramite from the Ulakan
formation, Bali, Sunda arc

Heated (1240°C) and homogenized olivine-hosted
melt inclusions from Ulakan have about 13 wt% MgO
and about 15-16 wt% CaO, with CaO/ALO; values of
1.2, and an Mg# of about 70. After correction for
possible loss of iron, the recalculated compositions of
the inclusions have about 17 wt% MgO and 13 wt% Ca0O.

The compositions of melt inclusions at Ulakan
resemble those of the bulk rocks (Tables 1, 3), but they
tend to be richer in normative re and, as a group, they tend
to have somewhat higher CaO/ALOs values (Fig. 5). The
highest CaO/A1,0; value in olivine-hosted inclusions,
1.75, was found in olivine with Fog,. The most primitive
ankaramite in the Ulakan suite (UTas67424) contains
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17.5 wt% MgO and 11.78 wt% CaO, with Mg# = 75.2
and CaO/A1,O3= 1.44. It is unlikely that its bulk com-
position is the result of clinopyroxene accumulation, as
it is similar to that of melt inclusions hosted in olivine
(Foy; 7) phenocrysts from the same rock. It is notable
that at similar run temperatures, the differences in com-
position between Rinjani and Ulakan melt inclusions
reflect those between the ankaramite hosts, with the
Ulakan compositions richer in Mg, poorer in Ca, and
with higher Mg# values.

Melt inclusions in ankaramite from Merelava,
Vanuatu arc

Heated and homogenized melt inclusions in Fog
olivine in ankaramite from Merelava contain about
9 wit% MgO, about 5-6 wt% FeO, 18 wt% CaO (Table 3),
with CaO/ALO; = 1.1 and Mg# values similar to those
of primitive Merelava ankaramites (Tables 1, 3). They
are ne-normative and resemble ankaramites from
Ulakan more than they do the Merelava ankaramites,
which are ol- and hy-normative. Compositions adjusted
for possible loss of iron have about 12 wi% MgO, and
somewhat lower Mg# values. Melt inclusions suitable
for homogenization experiments have not yet been
found in olivine more magnesian than Foggs, although
olivine compositions in Merelava ankaramites range up
to Fog,. Two melt inclusions hosted in the same
Fogs olivine grain have CaO/Al,O; values of 1.70 and
1.45. An inclusion hosted in olivine with Fogg has
CaO/Al,05 of 1.30, similar to that of the whole-rock
composition of sample BC-13.

Melt inclusions in ankaramite from Epi, Vanuatu arc

One melt inclusion in Fog olivine contains
17.12 wt% CaO and 14.89 wt% MgO, and has a
Ca0/Al,0; value of 1.32, resembling the bulk compo-
sition of the most primitive ankaramite sample from
Epi, with 14.61 wt% CaO, 13.50 wt% MgO and
CaO/ALLO;= 1.25. With the exception of one melt
inclusion in clinopyroxene, CaO/AlLO;values for
olivine- and clinopyroxene-hosted melt inclusions are
mutually consistent and in agreement with bulk-rock
compositions, but inclusion compositions are silica-
undersaturated, whereas ankaramitic bulk rocks are
not (Tables 1, 3).

PETROGENESIS OF PRIMITIVE ANKARAMITIC MAGMAS

Barsdell (1988) and Barsdell & Berry (1990) concluded
that ankaramitic bulk-rock compositions from Merelava
and Epi define differentiation trends consistent with
olivine + clinopyroxene fractionation and with actual
abundances of phenocrysts (clinopyroxene:olivine
approximately 3 or 4:1), and proposed that the Merelava
and Epi rocks evolved down olivine—clinopyroxene
cotectics. They inferred that the parental magmas were
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ankaramitic, saturated in forsteritic olivine and diop-
sidic clinopyroxene, and had between 13.7 and
14.5 wt% MgO, between 13.7 and 14.8 wt% CaO, and
Ca0/ALO5 (wt%) values of 1.33 and 1.34, respectively
(Barsdell & Berry 1990; Table 3). Barsdell (1988)
discussed four possible ways of producing the primitive
ankaramites: (1) olivine fractionation from a picritic
parent, (2) olivine fractionation combined with assimi-
lation of clinopyroxene, (3) partial melting of lherzolite

FiG. 7. Compositions plotted in the CIPW molecular normative
basalt tetrahedron Ol — Di — (Jadeite + CaTs) — Qtz. A
detailed explanation for the projections is given by Falloon
& Green (1988). Cotectics for Olivine (Ol) + Orthopy-
roxene (Opx) + Clinopyroxene (Cpx) * Garnet (Ga) +
liquid; Ol + Opx + liquid; and Ol + liquid, are drawn, for
pressures up to 3 Gpa, for partial melts of MORB pyrolite
(MPY: cross) and a more depleted mantle composition,
Tinaquillo Lherzolite (TQ: square); data from Jaques &
Green 1980, Falloon & Green 1987, 1988, Falloon et al.
1988. Numbers are pressures in Gpa. Lines labeled MPY
and TQ in Fig. 7a and Fig. 7c¢ show where clinopyroxene
is eliminated from the residues during partial melting,
Fig. 7a is a projection from Di (= Diopside on the figure)
to the tetrahedron face Ol — (Jadeite + CaTs) — Qtz. Fig. 7o
is projected from Ol (= Olivine on the figure) to the face
Di — (Jadeite + CaTs) — Qtz. Fig. 7c is projected from (Jd +
CaTs), shortened to Jadeite on the figure, to the face Ol —
Di — Ol - Qtz. For comparison, Fig. 7c also includes cotectics
projected to the face Ol — Di — Qtz from Plagioclase.

Filled symbols represent whole-rock compositions of the
most primitive ankaramites in each of the four suites. L:
Utas48001 Rinjani volcano, Lombok. B: Utas67424
Ulakan Formation, Bali. M: BC-13 Merelava. E: 71046,
Epi.

Fig. 7c, projected from Jadeite, best illustrates the discrep-
ancy between whole-rock compositions of primitive
ankaramites (filled symbols) and compositions of partial
melts that are in equilibrium with mantle lherzolite assem-
blages. The ankaramies are richer in normative diopside
and lie above the Ol + Opx + Cpx + Ga + L cotectics
showing primary melts produced by partial melting of both
MORB Pyrolite (MPY, full line) and depleted Tinaquillo
Lherzolite (TQ, dashed line) model mantle compositions.

Open symbols are recalculated compositions of melt inclu-
sions hosted in olivine with compositions Fogy, Fogg and
Fog, (circles: Ulakan, squares: Rinjani, triangles: Mere-
lava, diamonds: Epi). Melt inclusions have high contents
of normative diopside, and are ankaramitic rather than
picritic, similar to the whole-rock compositions of their
host ankaramite, but more silica-undersaturated. Melt
inclusions in olivine with Foggo; from Rinjani and Ulakan
show a wide compositional range. Fewer melt inclusions
were available for Meralava and Epi ankaramites, Two
melt inclusions in olivine with Foyy from Merelava are
more ankaramitic than the host ankaramite. One melt
inclusion in Fog; from Epi has lower normative diopside
but higher CaO/Al, O, than its host.
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at pressures low enough for orthopyroxene to melt incon-
gruently, and (4) a combination of mechanism (3) with
addition of a component derived from melting of wehrlite
or pyroxenite derived from the lower crust. Two gener-
alized models were tested by Barsdell & Berry (1990)
using SHLMIN (Ghiorso & Carmichael 1985): an assimi-
lation model involving a low-K picritic melt and wehrlitic
or pyroxenitic assimilant, and a partial melting model
involving melting of lower-crust wehrlite or pyroxenite
with and without the addition of a small amount of
picritic melt contaminant.

The assimilation model was found to require about
90% assimilant to match the phase and bulk-rock chem-
istry of the ankaramitic parental melt, and was therefore
considered unrealistic. We note here that our clino-
pyroxene-hosted inclusion data can also be viewed as a
test of the clinopyroxene accumulation—assimilation
hypothesis for the origin of ankaramitic melts. Small
amounts of experimental overheating (= clinopyroxene
addition and assimilation) of inclusions lead to very
high CaO/ALO; values, whereas small amounts of under-
heating are reflected by particularly low values (= clino-
pyroxene subtraction). The CaO/Al;O4values of the
rock compositions display much smaller and more sys-
tematic variations than those of clinopyroxene-hosted
inclusions that have undergone clinopyroxene assimila-
tion. Also, although the range of CaO/Al,O; values is
similar in rocks and in olivine-hosted inclusions, many
of the olivine-hosted inclusions have CaO/Al,O; values
higher than those of bulk-rock compositions with simi-
lar Mg# values.

Barsdell & Berry (1990) showed that partial melting
of typical upper mantle lherzolite compositions at
0.5 GPa also failed to give suitable results, essentially
because the starting compositions have high orthopy-
roxene:clinopyroxene values. Partial melting of a
wehrlitic source could yield an appropriate ankaramitic
composition, but only small amounts of normative orthopy-
roxene in the wehrlitic composition are tolerable. In
essence, Barsdell & Berry (1990) could see no way of
producing primitive ankaramitic magma without recourse
to a wehrlitic (ol + cpx) source. They speculated that
carbonatite-related metasomatism might convert an upper
mantle Iherzolite to wehrlite, but noted that this process
is restricted to pressures below 2 GPa and involved
enrichment in Na of the wehrlite.

Here, we first use more recent experimental work to
re-evaluate the possibility that partial melting of upper
mantle lherzolite might yield an ankaramitic magma
without requiring the involvement of a wehrlite-derived
component, and then present two possible schemes for
ankaramite petrogenesis.

Anhydrous partial melting of mantle lherzolite in the
pressure range 1 — 3 GPa

Experimental studies of the melting behavior of lher-
zolite provide a guide to the likely compositions of
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primary mantle-derived magmas. CaO/ALO; values of
partial melts of Iherzolitic mantle (olivine + orthopyroxene
+ clinopyroxene * spinel + garnet) are determined
mainly by its bulk mantle CaO/AL,O; value (e.g., ~0.8:
Frey et al. 1978, 1991), and by whether clinopyroxene
and garnet occur in the residual assemblage (Herzberg
1992).

The compositional range of partial melts in equilib-
rium with mantle Iherzolite at pressures up to 3 GPa is
shown graphically in Figure 7 (dashed and full lines),
constructed from the findings of Jaques & Green
(1980), Falloon & Green (1987, 1988), and Falloon
et al. (1988). With increasing pressure in the range 1 to
3 GPa, melts become increasingly ne-normative (i.e.,
richer in Jd and CaTs components, Figs. 7a, b), but do
not attain CaO/Al,O; values >1 or the high normative
di contents typical of primitive ankaramites (Fig. 7¢).
These partial melts are picritic rather than ankaramitic,
and although CaO/Al,Oj; values increase with degree of
melting (Kinzler & Grove 1992b), they do not exceed
bulk-mantle values. With greater extent of melting,
melts become poorer rather than richer in normative
clinopyroxene components, and eventually become
picritic. Experiments with fertile and depleted lherzolite
up to 3 GPa show that changes in starting compositions
do not lead to a shift in composition of the partial melt
toward an ankaramitic composition (Green et al. 1987,
Falloon ef al. 1988, Baker & Stolper 1994, Hirose &
Kushiro 1993).

It seems unlikely, then, that a primary ankaramitic
magma, with its characteristic CaO/Al,0; value greater
than unity and richness in normative di, could be pro-
duced by partial melting of anhydrous mantle peridotite
at pressures up to 3 GPa. We consider two additional
mechanisms: one involving partial melting of mantle
Iherzolite at pressures below 4 GPa, in the presence of
H,O-CO,-rich fluids, and a second involving partial
melting of mantle lherzolite at pressures above 4 GPa.

Partial melting of mantle lherzolite in the pressure
range I — 3 GPa in the presence of COy-rich fluids

The chemical compositions of silica-undersaturated
rocks such as nephelinites and melilitites are commonly
characterized by high CaO/Al,O;values (>1), one of
the characteristics of ankaramites, and many are simi-
larly rich in clinopyroxene. Such compositions may
form by partial melting of lherzolite at pressures less
than 4 GPa in the presence of CO,-rich fluids (Mysen
& Boettcher 1975b, Brey & Green 1975, 1977, Frey
et al. 1978, Brey et al. 1983, Adam 1987, Green et al.
1987, Taylor & Green 1987). Their high CaO/Al,05
values are considered to reflect the increased stability of
garnet in the mineral assemblages of the residual peri-
dotite, as a function of pressure and CO,content.
CO,hence may play a crucial role in the genesis of
highly silica-undersaturated ankaramitic melts.



PRIMITIVE ANKARAMITIC MAGMAS IN VOLCANIC ARCS

Partial melting of mantle lherzolite at pressures
above 4 GPa

In peridotitic systems, the field of stability of olivine
on the liquidus contracts with increasing pressure. The
shift of the olivine-pyroxene liquidus boundary curve
with increasing pressure is illustrated to 14 GPa in
Figure 8 (thin lines). This interpretation is based on

Olv+Opx
+Cpx+Ga
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experimental results of Shibata (1976), Walker et al.
(1979), Green et al. (1986), Takahashi (1986), Falloon
et al. (1988), Herzberg (1992), Kinzler & Grove
(1992a), Hirose & Kushiro (1993), and Baker & Stolper
(1994). Assuming that pressure-related trends on the
cotectic established to ~4 GPa persist to higher
pressures, a possible Ol + Opx + Cpx + Grt cotectic can
be extrapolated to ~14 GPa (Fig. 8, dashed line). This

Ol

FiG. 8. Projection from Jadeite as in Figure 7, illustrating the likely shift of the olivine—pyroxene
liquidus boundary curve with pressure, based on experimental work of Shibata (1976),
Walker et al. (1979), Green et al. (1986), Takahashi (1986), Falloon et al. (1988),
Kinzler & Grove (1992a), Herzberg (1992), Hirose & Kushiro (1993), and Baker &
Stolper (1994). Grid lines above 5 GPa are extrapolated using experimental data of
Takahashi (1986), Herzberg (1992), and Hirose & Kushiro (1993), assuming that
pressure-related trends on the cotectic established to 4 GPa (full line), persist to higher
pressures (dashed line). Central open area includes bulk-rock compositions of the
primitive ankaramites studied. Dark-shaded area includes recalculated bulk-rock com-
positions of the ankaramite samples with 30% equilibrium olivine added. Symbols
represent the bulk-rock compositions of the most primitive ankaramite in each suite
with and without olivine added. Square: Rinjani; circle: Ulakan; triangle: Merelava;
diamond: Epi. Open symbols use Fe?*/Fe?+ as determined from olivine — spinel inclu-
sion pairs (Rinjani: 0.27, Ulakan: 0.18, Merelava: 0.14, and Epi: 0.11 after Maurel &
Maurel 1984). Filled symbols use all iron as FeO.

Melts generated above 5 GPa (e.g., ®) have CaO/AL O, values greater than 1 (Herzberg
1992). On the way to the surface and as pressure on the melt decreases, the Ol — Px -
Grt — melt cotectic will migrate away from composition ®, leaving melt composition
® in the olivine liquidus field. Olivine will now precipitate from the melt, thereby
shifting the melt composition away from the olivine apex and causing the residual melt
to become more and more ankaramitic, until eventually clinopyroxene precipitates.

Numbers indicate pressure in GPa.
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extrapolation is based on olivine—pyroxene boundary
curves to 14 GPa taken from experimental data of
Takahashi (1986), Herzberg (1992) and Hirose &
Kushiro (1993).

The CaO/AlLO; value of partial melts in equilibrium
with peridotite is inherited from the source and control-
led by the assemblage of residual minerals (Herzberg
1992). The field of stability of garnet enlarges with
increasing pressure, and the appearance of garnet as a
residual phase plays a key role in imparting higher
CaO/Al,O; values to the partial melts (Takahashi 1986,
Kato ez al. 1988, Wei et al. 1990, Herzberg 1992, Mori-
yama et al. 1992, Trgnnes et al. 1992, Ohtani et al.
1995). Herzberg (1992) showed that partial melts in
equilibrinm with Ol + Opx + Cpx + Grt and generated
at pressures above 5 GPa are picritic, but that the shift
toward the OL-Di join of the Ol-Px—Grt cotectic imparts
komatiitic (i.e., ankaramitic) CaQ/Al,0; values > 1 to
the melt (Herzberg 1992).

Consider the evolution of a representative picritic
melt with komatiitic affinities, generated at the Ol +
Cpx + Opx + Grt cotectic at some pressure above 5 GPa
(composition X, Fig. 8). Suppose that this repre-
sentative picritic melt X rises through the mantle. As
pressure decreases and the liquidus field of olivine
enlarges, the location of the Ol + Px + Grt cotectic
migrates away from composition X, thereby leaving
the melt within the liquidus field of olivine. Olivine
will continue to precipitate from the melt as it rises
and cools. Olivine crystallization will cause the melt’s
composition to move away from the olivine apex
toward the olivine—pyroxene cotectic; if the melt con-
tinues to rise, falling pressure will lead to enlargement
of the liquidus field of olivine, and the location of the
olivine-pyroxene cotectic will continue to migrate
away from the liquid composition, so that it will
continue to precipitate olivine, becoming richer in
pyroxene components and retaining the high CaO/
Al,O3 value acquired as a primary melt. A protracted
period of olivine crystallization as the melt ascends would
cause the residual melt to become more and more
ankaramitic, until eventually clinopyroxene joins olivine.

This postulated course of evolution of the primary
komatiitic melt supposes that the fractionating liquid
reacts little with the mantle through which it is passing.
The more the melt reacts with orthopyroxene of the
mantle while re-equilibrating to lower pressures, the
less ankaramitic it will become.

DiscussIoN AND CONCLUSIONS

We have shown that melt inclusions in forsterite
(Fo,90) phenocrysts in primitive ankaramites have
CaO/ALO; values about or greater than unity, high
contents of Mg and Ca, and high Mg# values, greater
than 71. If the host ankaramites crystallized from
picritic or basaltic magmas enriched with clinopy-
roxene crystals, then the melt inclusions in olivine
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would have lower Ca0/Al,O; values. These inclusion
compositions clearly have high CaO/Al,O; values and
thus ankaramitic affinities, suggesting that the primitive
ankaramites of each suite may have been derived from
ankaramitic parental magmas.

The heated, homogenized olivine-hosted inclusion
compositions are generally ne- and Ic-normative, and
some are also cs-normative. The primitive ankaramites
from Rinjani and Ulakan have ne-normative bulk-
compositions, and in general the compositions of the
inclusions from their olivine phenocrysts resemble
those of these ankaramite hosts, but are clearly more
silica-undersaturated. It is notable that at similar run
temperatures, the differences in composition between
Rinjani and Ulakan melt inclusions reflect those between
the ankaramite hosts, with the Ulakan compositions
similarly richer in Mg, poorer in Ca, and with higher
Mg# values. The more silica-undersaturated composi-
tions of the inclusions also resemble leucite basanites
and tephrites from the Sangenges, Soromundi and Batu
Tara volcanic centers in the eastern Sunda arc to the
east, so could well be representative of magmatic com-
positions involved in the genesis of Rinjani and Ulakan
ankaramites. Similarly, we have concluded that the silica-
undersaturated ankaramitic compositions of olivine-
hosted inclusions from Merelava and Epi are
representative of the melts as trapped, despite the ol-
and Ay-normative character of their host ankaramites.

Experimental studies suggest that partial melting of
mantle therzolite could yield primary melts with high
Ca0/Al,O; values by partial melting either in the pres-
ence of CO,-rich fluids at pressures less than 4 GPa, or
by anhydrous partial melting at pressures above 5 GPa
(Fig. 9, Stage la and 1b, respectively), or by some
combination of these factors at intermediate pressures.
‘We note that partial melts produced experimentally by
Iberzolite melting in the presence of CO,-rich fluids at
pressures less than 4 GPa are markedly silica-under-
saturated, and thus similar to the compositions of olivine-
hosted melt inclusions, whereas the compositions of
partial melts produced by anhydrous high-pressure
melting of Iherzolite are picritic with komatiitic affinities.

We have tested the possibility that the ankaramitic
melts represent non-primary but primitive liquid
compositions derived by olivine fractionation from a
high-pressure picritic melt with komatiitic affinities by
addition of equilibrium olivine to the most primitive
ankaramitic bulk-rock compositions in each suite.
Figure 8 shows that addition of 10-30% olivine is
sufficient to bring the hypothetical parental picritic
liquid close to the hypothetical 5~10 GPa Ol + Opx +
Cpx + Grt cotectic (Fig. 8, dashed line). The composi-
tions of primitive ankaramites with 30% equilibrium
olivine added are shown for each suite in Table 4.
These calculated hypothetical parental liquids have
24-28 wt% MgO, and an Mg# between 83 and 87. The
Fo contents of the equilibrium olivine in equilibrium
with calculated parental picritic liquids for Rinjani,
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F16. 9. Schematic model illustrating possible stages in the formation of ankaramitic magmas
in volcanic arcs. Stage 1: Generation of primary melts with variable CaO/AlL,O; values
(e.g., 0.8 to 1.6) by partial melting at pressures greater than 5 GPa (la, horizontal
cross-hatched area), or by partial melting at pressures less than 4 GPa in the presence
of CO,-rich fluids (1b, diagonal cross—hatched area) or by some combination of these
conditions. Stage 2: Trapping of ascending primary melts by early-fromed phenocrysts
(e.g., Fo,q). Stage 3: Aggregation at lower pressures of fractionating melts, possibly
accompanied by re-equilibration with sub-arc mantle and magma-mantle reaction
(Kelemen et al. 1990). Stage 4: Accumulation of melts, accompanied by differentiation
in subvolcanic environment, followed by eruption. See text for further discussion,
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Ulakan, Merelava and Epi ankaramites are: 94.5, 94.6,
95.0, and 94.5 (all iron as FeO). If Fe3*/Fe2* values
determined from olivine—spinel inclusion pairs are used
(Maurel & Maurel 1984), the equilibrium compositions
of olivine are Fogsg, Fogss Fogsg, and Fogs,, respec-
tively (Table 4).

The highest Ni contents in magnesian olivine (Fog
to Fog,) range from 0.21 to 0.34 wt% NiO (Barsdell
1988, Barsdell & Berry 1990; Fig. 10) and extrapolate
to a range from 0.4 to 0.5 wt% in Fog, to Fogs (Table 4).
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This range resembles Ni contents in primitive olivine
(Sato et al. 1991, Chen 1993) and in olivine from Ringgit-
Beser volcano, situated immediately west of Bali (R-B,
Fig. 1a), with up to 0.63 wt% NiO in Fogy (Varne,
unpubl. data). Adopting a Ni content in olivine of
~0.50 wt% NiO, with a range in Dy values from
~2.0 to ~2.5 (Beattie et al. 1991), the Ni content of the
hypothetical picritic liquid ranges from ~2000 to
~1600 ppm, much higher than those of primitive
ankaramite bulk-rock compositions (~130 to 390 ppm

TABLE 4. PRIMITIVE ANKARAMITE: BULK-ROCK + 30% OLIVINE

Sunda Arc Yanuatu Arc

Sample no. UTAS48001 UTAS67424 BC-13 71046
Location Lombok Bali Merelava Epi
Fe3+/Fe2+ 0.27 0.18 0.14 0.11
Si02 wt% 4648 46.57 4582 4588 4821 4825 4687 4691
TiO2 049 049 04 04 033 033 028 028
Al203 742 742 6.55 6.55 736 7.36 822 822
FeO* 8.64 821 948 9.18 776 754 853 833
MgO 2492 2527 2767 2791 2499 2517 24.68 24.84
CaO 10.13 10.13 847 847 979 979 1029 10.29
MnO 012 o012 014 0.4 012 o012 011 o011
Na20 106 1.06 0.88 0.88 1.14 114 075 075
K20 063 063 044 04 027 027 022 022
P205 011 o011 015 0.5 004 004 0.05 005
total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Fe203 1.94 1.56 116 0.90
FeO 6.46 7.78 7.76 7.52
equil. Fo 945 959 946 955 950 958 945 952
Kd 030 030 030 030 030 030 030 030
mg# 83.7 875 839 86.5 852 871 838 855
D Ni (B) 241 242 1.89 190 245 246 246 247
CaO/A1203 137 137 129 1.29 133 1.33 125 125
CIPW norm (mol%)

Or 250 250 .71 170 1.05 105 086 0.86

Ab 380 380 497 498 671 670 445 445

An 9.16 9.4 829 827 929 928 1217 1216

Ne 260 258 021 020

Di 2413 24.07 1865 18.62 2239 2236 21.36 2133

Hy 952 950 821 823

0Ol 56.57 56.68 65.13 6518 5025 5032 5226 5229

Ilm 115 114 091 049! 075 075 064  0.64

Ap 0.10 0.10 013 013 003 003 004 0.04

Analytical results in italics indicate that the composition is calcalated using Fe**/Fe?* valugs
determined from Ol-Spl pairs. * All iron expressed as FeO. mg# is defined as 100Mg/Mg
+ Fe); K, is equal to (Mg + Fe)glass/(Mg + Fe)Ol. D Ni (B) is the partition coefficient for
Ni between olivine and liquid, determined using the equation of Beattie er al. (1991).
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Ni, Table 1), but matching those of ~1000 to 2000 ppm
Ni, postulated for highly magnesian (>20 wt% MgO)
primary liquids (Clarke 1970, Smith & Erlank 1982,
Liang & Elthon 1990, Barnes ez al. 1995, Lesher &
Arndt 1995).

We now consider the implications for ankaramite
petrogenesis of the compositional data yielded by our
study of melt inclusions.

If the melt inclusions in olivine and clinopyroxene in
the aggregated magma (= crystals plus melts) are
samples of the melts in contact with the crystals when
they grew, these melts would have been at or near their
liquidus temperatures when trapped. The earliest phases
to crystallize (of those that survive) seem to have been
Mg-rich olivine in Rinjani ankaramites, later joined
first by chromian spinel, and then by clinopyroxene.
The melts trapped in olivine may therefore include
some melt fractions in existence at higher temperatures
and pressures than those prevailing when the aggregated
ankaramitic magmas (= crystals plus melts) adjusted to
low-pressure conditions before eruption, and may
therefore represent primitive magmas parental to the
ankaramites. In Rinjani, the clinopyroxene-hosted melt
compositions preserve the fractionation paths of the
melts as they evolved at low pressures (Della-Pasqua
1997).

We suggest that ascending primary melts (Fig. 9,
Stage 2), similar in composition to the olivine-hosted
inclusions with variable CaO/Al,O;values (Fig. 5),
collect and mix at low pressures (<0.5 GPa, Fig. 9,
Stage 3) while continuing to react and re-equilibrate
with the sub-arc mantle. During melt-rock interaction
(¢f. Kelemen et al. 1992), primary liquids could become
modified by the dissolution of pyroxene from the wall-
rock, leading to the silica-enrichment (Kelemen 1990,
Kelemen et al. 1992) that distinguishes the ankaramite
rock compositions from the compositions of primitive
melt inclusions trapped in early-crystallized olivine
crystals (Table 1 and 3, respectively).

Olivine and clinopyroxene phenocrysts from the
ankaramites vary in composition, are zoned, and dis-
play resorption textures. In our opinion, these textural
features suggest that the conclusion of Barsdell (1988)
and Barsdell & Berry (1990), that the Merelava and Epi
rocks evolved down olivine-clinopyroxene cotectics,
may be too simple an explanation. Instead of being
simple differentiates of a parental ankaramitic magma,
the rocks might have formed as mixtures of crystals and
melts at low pressures. Continued crystallization and
reaction in the sub-arc reservoir (Fig. 9, Stage 3) of
these aggregated melts could account for their compo-
sitional characteristics and for the wide compositional
ranges and textural features observed in the phenocrysts
of erupted ankaramitic rocks (e.g., olivine ranging from
~Fo74 to ~Fogy, and clinopyroxene ranging from Mg#
~80 to ~93), as well as for their relative abundances
(Cpx:0l ~3 or 4:1, Table 1) and the presence of areversely
zoned rim observed in primitive olivine and clinopy-
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Fia. 10. Concentration of Ni (wt% NiO) in olivine versus Fo
in ankaramite samples from Rinjani volcano (Lombok),
and Ulakan Formation (Bali). These are results of electron-
microprobe analyses operating at conditions suitable for
trace elements (Ca, Ni, Mn and Cr); current 200 nA, beam
size 20 wm, 20 kV and 120 seconds counting time.

roxene phenocrysts of ankaramites from Merelava
(Barsdell 1988) and Epi (Barsdell & Berry 1990).

In short, we propose that the inclusions of primitive
melt, with their variable CaO/Al, O3 values, trapped in
olivine (Fogg_g) in ankaramite rocks from Rinjani vol-
cano (Ca0/Al,05 of 0.8 to 1.5) and the Ulakan For-
mation (Ca0Q/AlO; of 0.9 to 1.8) (Fig. 5) represent
aliquots of primary melts trapped by early-formed
phenocrysts (Fig. 9, Stage 2) before the magmas
aggregated, mixed, and re-equilibrated at low pressures
in the sub-arc mantle. We view primitive ankaramitic
magmas in volcanic arcs as an aggregate of Ca- and
Mg-rich silica-undersaturated primary melts with vari-
able CaO/Al,O; values modified by melt-wallrock
interaction during crystallization and ascent; they
collected in subvolcanic reservoirs in the shallow arc
mantle, where they continued to react and re-equilibrate
at low pressures.
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