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carbon. Some of the diamonds are single crystals; most
of them are polycrystalline. Electron diffraction of the
latter show a ring pattern, which can be indexed by
(111), (220), (113), (400) according to the space group
Fd-3m of diamond. A weak preferred orientation of the
very small crystallites is indicated by maxima in the
ring pattern. Beside the diamond inclusions there are
other inclusions, of similar or smaller grain size, like
corundum, aragonite or orthopyroxene.

The first observation of diamonds in melt inclu-
sions in Hawaiian lava might give insights both into
the formation of diamonds and the geochemical pro-
cesses operating in the mantle beneath the Hawaiian
Island chain.
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The uncertainty regarding the nature of entrapment
mechanisms is an important issue in melt inclusion
studies. One example of this problem involves melt
inclusions within high-An feldspar and high-Fo olivine
phenocrysts that are commonly present in MORB lavas.
Such inclusions are valuable potential sources of in-
formation on the diversity of MORB parent magmas,
and in many cases their major element compositions
are consistent with a parental relationship with the
host. However, some of the inclusions in N-MORB phe-
nocrysts are anomalously depleted in some minor and
trace elements, and it is not clear whether this diver-
sity can be attributed in any way to the entrapment
process.

We have addressed this problem through a series of
experiments using anorthite/fosterite saturated anhy-
drous mafic liquids cooled to 1230# and 1210# C from
1300# C. The liquids were cooled at rates of 1#, 5#, and
10#/min. followed by 0-24 hours isothermal periods.
We observed that primary melt inclusion formation is
related to crystal morphology, which is a function of the
degree of undercooling, cooling rate, and length of the
isothermal period. Hopper and skeletal morphologies
form during the cooling period, and planar overgrowth
of these textures during the isothermal period forms
the majority of inclusions. Our results indicate that
1# and 5#/min. cooling rates are the most favorable
for hopper and skeletal crystal morphologies, and the
greatest frequency of inclusions occurs with 5#/min.
(for feldspar) and 1#/min (for olivine) cooling, followed
by 6 hours isothermal time. With increasing isothermal
time past 6 hours, the frequency of inclusions decreases
and the size of the crystals increases. This may indicate
that Otswald ripening plays a role in controlling inclu-
sion frequency during longer isothermal periods. The
length of the isothermal period required for the for-
mation of most inclusions precludes the trapping of a
boundary layer or diffusional profile, and all inclusions
in olivine and plagioclase formed during the isothermal
period have compositions identical to the surrounding
glass. Significantly, no difference between K2O con-
tents of host glass and melt inclusions was observed
and there is no evidence for the formation of low-Ti
inclusions.

We propose that primary inclusion formation may
result from a moderate amount of undercooling followed
by a short isothermal period and subsequent quench-
ing. Such circumstances could occur in nature when
a partial melt rises in a conduit into cooler crust and
stagnates at shallow levels for a short period before an
eruption.
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Ca-rich plagioclase phenocrysts ("An90) are often
observed in island arc tholeiite. As the Ca/Na par-
titioning between plagioclase and dry basalt magma
do not allow the crystallization of such Ca-rich pla-
gioclase from bulk composition, they are considered to
have crystallized from hydrous and/or primitive Ca-
rich magma. However, their crystallizing conditions are

not constrained well, partly because the previous melt-
ing experiments at hydrous condition do not cover the
compositions of the low-K island arc tholeiites. For this
reason, the hydrous melting experiments on low-K is-
land arc tholeiite from the Izu-Oshima volcano, Japan,
were performed to understand the effect of water on the
phase relation and the origin of the Ca-rich plagioclase.

Two kinds of relatively undifferentiated basalt with
different Ca/Na ratio were prepared as starting mate-
rials: aphyric MA44 and porphyritic MA43. The ex-
periments were performed under 2.5 kbar and Ni-NiO
buffer using an internally heated pressure vessel. Water
content was varied from 0 through 6 wt.%.

The plagioclase was consistently the first liquidus
phase for the porphyritic sample MA43 for any wa-
ter content, but augite replaced plagioclase as the first
liquidus phase with increasing water for the aphyric
MA44. The Ca/Na partitioning coefficient between pla-
gioclase and melt increases with increasing water con-
tent in the melt and no temperature effect was de-
tected and this was confirmed by the calculation of the
MELTS program. The obtained results suggest that
more than 3 wt.% of water in the melt is necessary to
crystallize plagioclase of "An90 from the bulk compo-
sition.

In order to confirm this estimation, the chemical
compositions and the water content of the melt inclu-
sions contained in the natural Ca-rich plagioclase phe-
nocrysts from the Izu-Oshima volcano were examined.
The melt inclusions show a wide range of composition
suggesting the inclusions were enclosed at various stage
of differentiation although the host plagioclase compo-
sition is relatively homogeneous. The water contents
of the melt inclusions were only 1 wt.% at maximum.
The compositional variation within melt inclusion over-
laps with the differentiation trend obtained from the
analysis of bulk rock chemistry of the Izu-Oshima vol-
cano. The chemical composition and water content in
the melt inclusions suggest that the origin of Ca-rich
plagioclase can be explained neither by the presence of
the extremely Ca-rich melt nor the equilibrium crys-
tallization from the hydrous melt of more than 3 wt.%
H2O.
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Pliocene absarokites from Tavua and Astrolabe
Group volcanoes (Fiji) contain olivine phenocrysts Fo
93-72. Primitive olivines (>Fo 85) show a significant
range in CaO content (0.1-0.47 wt% CaO), with high-
Ca olivine (>0.35 wt% CaO) being most abundant.
Melt inclusions (MI) hosted by high-CaO olivine are
large and numerous. On the other hand, low-CaO prim-
itive olivines are either devoid of MI, or MI tend to
be smaller and comparatively less abundant. Prior to
analysis, MI have been reheated to 1160-1325 oC for
3-5 min. and quenched to glass. MI hosted by evolved
olivine (<Fo85) have compositions that match evolved
rocks of the suites. In contrast, primitive high-CaO
olivine hosts contain MI with very high CaO (up to
19 wt%), low SiO2 and Al2O3, resulting in extreme
CaO/Al2O3 ratios (up to 1.95). The less abundant and
comparatively smaller MI, hosted by primitive medium-
CaO olivine (CaO 0.25-0.35 wt%) have compositions
representative of primitve shoshonitic melts. They
have higher SiO2, and ’normal’ CaO (10-14wt%) and
Al2O3 (13-17wt%), resulting in CaO/Al2O3<1. Low-
CaO olivines (<0.25 wt%) contain rare low-CaO, low-
SiO2 MI with high Na2O, K2O and TiO2 contents. Oc-
currence of large and numerous MI in high-CaO olivines
reflects rapid magma cooling and olivine growth. An
environment where this can occur is at margins of a hot
magma body where it interacts with colder wallrocks.
The high-CaO MI in these olivines may then represent
hybrid melts formed during localised assimilation. Less
abundant, smaller primitive MI with ”normal” compo-
sitions are likely trapped within the slow-cooling bulk
of the magma, and are under represented due to a sam-
pling bias phenomenon whereby hybrid melts are pref-
erentially trapped during fast crystallisation.
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Chrome rich spinel is a detrital component in tur-

bidites from the well-exposed, mid-late Cretaceous
Tianba Flysch sequence in the Nieru Valley, south-
ern Tibet. Microprobe results indicate that the
spinels have a well-developed Fe-Ti trend, and have
Cr/(Cr+Al) 0.4-0.65, Mg/(Mg+Fe2+) 0.3-0.9, and
TiO2 >1 wt.%. The compositional range of these de-
trital spinels closely matches that of spinels from intra-
plate basalts, and is very similar to spinel inclusions
in olivine from Hawaii and Disko Island. In addition,
5% spinels contain melt inclusions of 0.005-0.06 mm di-
ameter, glassy or partly crystallized. To homogenize
the crystallized melt inclusions for subsequent analy-
sis by electron microprobe, spinels were heated at 1250
#C for 96 hours at controlled oxygen fugacity (FMQ)
and quenched. Compositions of homogenized melt in-
clusions are (in wt.%): SiO2 (42-55), TiO2 (1.5-3),
Al2O3 (11.5-15), MgO (9-13), CaO (6-12), Na2O (2-
2.5), K2O (0.5-1.1), and CaO/Al2O3 (0.7-1.0), which
indicates an alkali basalt affinity. The compositions
of melt inclusions correlate well with the compositions
of host spinels, and both show a possible cocrystal-
lization of olivine and spinel in the parental magma.
Based on palaeo-tectonic reconstruction, presence of
mid-late Cretaceous fossils in the strata, and the chem-
ical compositions of spinels and associated melt in-
clusions, we conclude that volcanics of the Rajmahal,
which are associated spatially and temporally with Ker-
guelen hotspot activity on India about 117 Ma ago,
were the source for these Cr-rich spinels. Although the
Tianba Flysch looks in the field like a typical collisional
product, and the presence of Cr-rich spinels might sug-
gest an ophiolitic source and a Cretaceous ophiolite-
obduction on the northern Indian continental margin,
our detailed work shows clearly that the Tianba Flysch
is neither ophiolite-derived, nor related to the start of
the India-Asia collision.
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The H2O and CO2 contents of melt inclusions can

potentially be used to infer pressures of crystalliza-
tion and inclusion entrapment because the solubility
of mixed H2O-CO2 vapor has been determined ex-
perimentally for basaltic and rhyolitic melts. How-
ever, melt inclusions commonly develop shrinkage bub-
bles caused by the greater thermal contraction of the
melt compared with the host mineral during post-
entrapment cooling. Because the solubility of CO2 in
silicate melts is much less than that of H2O, result-
ing in relatively high vapor-melt partition coefficients
for CO2, formation of a shrinkage bubble can strongly
deplete the coexisting melt of dissolved CO2 that was
present at the time of entrapment. To investigate the
loss of CO2 into shrinkage bubbles, we have experimen-
tally reheated large melt inclusions in olivines from a
Mauna Loa picrite in order to redissolve the vapor in
the bubble. The olivines were sampled from Puu Wahi,
a scoria cone situated at "3000 m elevation on the
NE rift zone of Mauna Loa. The olivines (Fo88) come
from reticulite scoria and so were naturally quenched to
glass during eruption, but all inclusions contain shrink-
age bubbles $ 3 vol% of the inclusion. Reheating to
1400#C rehomogenized the shrinkage bubble into the
melt, but even with rapid quenching a small vapor bub-
ble formed during quench. CO2 contents measured by
FTIR spectroscopy and recalculated for melt in equi-
librium with the olivine host are 300-600 ppm (n=11)
for reheated inclusions, much higher than the CO2 con-
tents of the naturally quenched inclusions (60-180 ppm;
n=8), which all contain shrinkage bubbles. Dissolved
H2O contents of the melt inclusions are very uniform
(0.36 ± 0.05 wt%). Pressures of inclusion entrapment
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basaltic scoria samples from Guguan, Pagan and Agri-
gan islands of the Mariana arc. The MIs studied are
olivine-hosted (Fo 68-82), 50-300 m, clear brown glass
with no visible evidence of devitrification. We have
analyzed these MIs for H2O and CO2 by FTIR, ma-
jor elements by EMP and trace elements by laser abla-
tion ICP-MS. The MIs range in water content from 1-4
wt.%, but MIs with detectable CO2 indicate a tighter
range of H2O concentrations in undegassed inclusions
from 2.5-4 wt.% and averaging 3 wt.% H2O. The MIs
are broadly similar in both major and trace elements
to lavas from the same islands, but these new data ex-
tend the range of trace element compositions observed
in Mariana arc lavas. We have analyzed MIs from Agri-
gan with trace element systematics nearly identical in
Ba/La and La/Sm to that of bulk subducting sediment
in the Marianas, and from Guguan with a composition
very close to the inferred slab-derived fluid composi-
tion. One Guguan inclusion is of particular interest.
It has 3.5 wt.% H2O with an NMORB REE pattern
(La/Sm=0.76), high Ba/La (70) and very high U/Th
(1.1). It also has high Pb/U (25) demonstrating a pref-
erence for Pb over U in slab-derived fluids. The compo-
sition of this inclusion also plots near the y-intercept
(zero sediment flux) on global arc-sediment flux cor-
relation diagrams, confirming that it represents close
to an average global sediment-free slab fluid composi-
tion. Compositions this extreme have never been mea-
sured in Mariana arc lavas before. On the other hand,
this fluid-rich arc melt has a very different composition
from a comparable melt calculated using the H2O-rich
component of Stolper & Newman (1994) for the Mari-
ana back-arc, which has lower Ba/La (11), U/Th (0.4)
and Pb/U (4.2). This contrast in arc and back-arc flu-
ids is suggestive of two potential processes. A similar
slab-derived fluid may be added to variably depleted
mantle, less depleted in the back-arc and more depleted
beneath the arc. Alternatively, the slab may undergo
progressive dehydration, where sub-arc dehydration re-
moves fluid-mobile elements and depletes the slab of
such elements before further dehydration in the back-
arc.
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Water and CO2 variation in arc magmas has been
investigated using olivine melt inclusions from nine
scoria and ash deposits in Central America. Samples
from Nejapa and Granada regions of Nicaragua are
among the most primitive (bulk MgO 6.9 to 8.8 wt.%),
have moderate Ba/La ratios (30 to 60) and contain
olivine phenocrysts of composition Fo81!86. Melt in-
clusions within these deposits are characterized by low
to moderate water and high CO2 (2 to 3.5 wt.% and
1,000 to 2,500 ppm, respectively; determined by FTIR).
Other Nicaraguan (including Momotombo, Cerro Ne-
gro, Telica) and Guatemalan (Fuego) samples are more-
evolved (bulk MgO 3.4 to 6.4 wt.%), have moderate to
high Ba/La ratios (52 to 116) and contain olivine phe-
nocrysts of composition Fo78!82. Melt inclusions are
characterized by high water contents (generally 3.5 to
4 wt.%) and CO2 of 1,200 ppm or less. Many sam-
ples (including primitive Nejapa and Granada) show
evidence of heterogeneity. For example, high-TiO2 in-
clusions are sometimes found in low-TiO2 magmas and
vice versa, or low-B and Ba inclusions are found in units
where high-B and Ba inclusions predominate. Also,
some individual eruptive units display heterogeneity in
water abundance. For instance, some define steep CO2-
degassing trends at nearly constant water while others
show significant H2O variation (1 to 1.5 wt.%; "30%
relative) at elevated CO2 that cannot be explained by
degassing. Instead, the heterogeneity in water and ma-
jor and trace elements suggests that individual erup-
tive units are comprised of variably admixed magma
batches. In the Nejapa and Granada area, where the
arc signature is less pronounced, there is an appar-
ent positive correlation between water abundance (av-
erage melt inclusion) and bulk-determined (ICP-MS)
incompatible elements (K, Rb, Ba, Sr, Pb, U) with
low-TiO2 magmas having higher water abundance than
high-TiO2 magmas. In contrast, volcanic units with
stronger arc signatures show no correlation between wa-
ter and trace elements. The latter observation may be
caused by multiple additions of slab-derived material
to the magma source region.
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At least two (and probably more) episodes of an-
desite to basaltic andesite magma recharge and differ-
entiation led to the accumulation of the large " 45 to
50 km3 of rhyodacitic magma beneath Mt. Mazama.
These recharge events are recognized on the basis of
Sr concentrations in plagioclase phenocrysts and ma-
trix glasses in both ryhodacitic pumices and andesitic
scoria. Strontium concentrations of plagioclase phe-
nocrysts in rhyodacitic tephra erupted during earlier
smaller volume " 2 km3 Llao Rocks 7015 ± 45 yr.B.P.
(Bacon, 1983) and shortly preceding Cleetwood erup-
tions provide some temporal constraints (200 170
years) on the timing of these magma recharge episodes.
An electron microprobe and FTIR study of glassy
melt inclusions in rhyodacitic tephra from the climac-
tic, Cleetwood and Llao Rocks eruptions was initi-
ated in order to observe the temporal variation in dis-
solved volatiles (H2O, CO2, Cl, S, F) concentrations in
the accumulating rhyodacitic magma body. Dissolved
volatiles concentrations and trace element data are
used to evaluate the effectiveness of magma recharge
as a potential eruption trigger for the climactic erup-
tion.

Several samples from various stratigraphic levels of
the climactic, Cleetwood and Llao Rocks pumice fall
sequences were selected for the melt inclusion study.
Rhyodacitic melt inclusions in plagioclase and orthopy-
roxene in climactic tephra range from felsic dacite (68-
69 % SiO2 anhydrous) to rhyolite (70-73% SiO2 anhy-
drous). Total dissolved H2O concentrations determined
by FTIR range from 4.3 wt.% to 6.0 wt.%. Dissolved
CO2, concentrations were below detection level (" 20
ppm) in all climactic rhyodacitic inclusions. Chlorine
concentrations range from 1720 ppm to 3930 ppm in
less evolved inclusions. Dissolved sulfur concentrations
range from 70 to 300 ppm with highest sulfur concen-
trations occurring in high Cl and H2O inclusions. Dis-
solved fluorine concentrations range from 200 ppm to
900 ppm but do not exhibit any obvious correlation
with other volatiles. Cleetwood melt inclusions span
the same composition range as observed in climactic
samples (68-73% SiO2). Total dissolved H2O concen-
trations by FTIR range from 4.2 to 5.4 wt.%. Dissolved
CO2, concentrations were below detection in most in-
clusions although one inclusion with 4.22 wt.% H2O by
FTIR has 60 ppm CO2. Chlorine concentrations are
similar to those observed in climactic inclusions and
range from 1700 to 3950 ppm. Sulfur concentrations in
Cleetwood rhyodacitic to dacitic inclusions range up to
500 ppm with several inclusions in the 330 to 450 ppm
range. These high sulfur inclusions generally occur in
inclusions with > 5.00 wt. % H2O and > 2100 ppm Cl.
Llao Rock rhyodacitic inclusions exhibit similar H2O
concentrations but typically have much lower dissolved
sulfur concentrations in the range of 60 to 130 ppm,
with Cl concentrations from 1600 to 1800 ppm. Stron-
tium and barium trace element data indicate that high
sulfur, chlorine and H2O inclusions in Cleetwood and
climactic phenocrysts can be attributed to fractiona-
tion from high Sr and sulfur basaltic andesite parent
liquid(s) which recharged the chamber 170 years (or
less) before the climactic eruption.
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Magmatic fluids are found in vesicular volcanic
rocks that host several hydrothermal fields in the east-
ern Manus backarc basin. Dredged samples of fresh
lavas, of basalt to rhyolite composition, define a calc-
alkalic trend consistent with fractionation of a common
source. Their vesicularity decreases with Si, K, Ba and
Zr, and increases with Ca, Mg, Fe and Sc of the bulk
samples, suggesting that the degassing of volatiles was

linked to crystal fractionation of the magma. The fel-
sic rocks have much lower vesicularities (<10%) than
the mafic rocks (>30%), indicating that the fraction-
ated felsic magma lost most of its vesicles before its
eruption. High concentrations of H2O (0.9 to 2.5%)
and Cl (up to 0.45%) observed in the mafic melt in-
clusions in phenocryst minerals of the basaltic andesite
point to a volatile-rich magma. A separate fluid phase
is present in the melt inclusions so the magma must
have been saturated with volatiles in the magma cham-
ber. The volatiles exsolved as an immiscible fluid
with increasing crystal fractionation, and the compo-
sition of the degassed magmatic fluid changed with the
evolving magma. The fluid is CO2-dominated during
the degassing of weakly fractionated mafic magma and
becomes a mixture of CO2 and H2O as H2O is in-
creasingly exsolved from the highly-fractionated felsic
magma. The ore metals in the degassed fluid, as in-
ferred from the compositions (by EPMA, SEM/EDS
and TOF-SIMS) of metallic precipitates in the vesi-
cles of melt inclusions and matrix glass, progressively
change from Ni+Cu+Zn+Fe in basalt and basaltic an-
desite, to Cu+Zn+Fe in andesite, Cu+Fe in dacite, Fe
in rhyodacite and Fe+Zn (+Pb?) in rhyolite. This
trend provides evidence that fluids, released from a
fractionating magma, could be an enriched source of
metals for various types of ore deposits. In particu-
lar, the pre-eruptive degassing of magmatic fluids from
felsic magmas could be responsible for the Fe, Cu, Zn
and Pb metals in the sulfide chimneys at PACMANUS
and Susu in the eastern Manus basin. By analogy, a
magmatic fluid can provide a major source of ore met-
als for large or super large volcanogenic massive sul-
fides deposits in the geological record of ancient island
arcs.
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We observed nanocrystalline diamonds in magmatic
rocks from Hawaii (Salt Lake Crater). They occur in
mantle xenoliths (Ga-pyroxenites) in melt inclusions in
ortho- and clinopyroxene. The xenoliths are incorpo-
rated in the host lava and have been transported from
the Earth’s interior to the surface by volcanic erup-
tions. Consequently, such xenoliths allow an insight
into the structure, the chemical composition and the P-
T conditions of the Earths mantle. Salt Lake Crater py-
roxenites are interpreted as high-pressure basaltic cu-
mulates trapped and adiabatically cooled within the
Hawaiian lithosphere at 1000# - 1150#C and 1.6 2.5
GPa (50-80 km). The melt inclusions were investigated
by using TEM and AEM.

Specimen preparation was performed by focused ion
beam technique (FIB) at the GeoForschungsZentrum
Potsdam (GFZ). Promising melt inclusions in pyroxene
have been selected from thin sections. FIB technique
uses oil-free vacuum to avoid contamination of the foil.
The resulting TEM foil has the dimensions 20 µm x
10 µm x 100 nm. Coating of the TEM ready foil with
carbon was not necessary.

Nanocrystalline diamonds are embedded in melt
droplets, which are enclosed in pyroxene crystals. The
melt inclusions with an average diameter of about 5 m
are always associated with a fluid phase or gas. The
matrix of the melt inclusion consists of amorphous ma-
terial (basaltic glass) containing very small inclusions
of e.g. ZnS, Fe-Pd-S, Ag and In-rich minerals, native
nanocrystalline iron and copper. Most of the diamonds
occur in approximately rectangular shaped aggregates
of polycrystalline diamonds, between 20 and 500 nm in
size. The grain size of individual diamonds within each
aggregate varies from 5 to 50 nm. The diamonds have
been identified by X-ray analysis, electron diffraction
and by EELS. The carbon K-edge in the EEL spectra al-
lows to discriminate diamond, graphite and amorphous








