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Abstract

We present a new approach to determine the composition of silicate melt inclusions (SMI) using LA-ICPMS. In this study, we take
advantage of the occurrence of SMI in co-precipitated mineral phases to quantify their composition without depending on additional
sources of information. Quantitative SMI analyses are obtained by assuming that the ratio of selected elements in SMI trapped in
different phases are identical. In addition Fe/Mg exchange equilibrium between olivine and melt was successfully used to quantify
LA-ICPMS analyses of SMI in olivine. Results show that compositions of SMI from the different host minerals are identical within their
uncertainty. Thus (1) the quantification approach is valid; (2) analyses are not affected by the composition of the host phase; (3) the
derived melt compositions are representative of the original melt, excluding significant syn- or postentrapment modification such as
boundary layer effects or diffusive reequilibration with the host mineral. With this data we established a large dataset of mineral/melt
partition coefficients for the investigated mineral phases in hydrous calc-alkaline basaltic-andesitic melts. The clinopyroxene/melt and
plagioclase/melt partition coefficients are consistent with the lattice strain model of Blundy and Wood [Blundy, J., Wood B., 1994.
Prediction of crystal-melt partition-coefficients from elastic-moduli. Nature 372, 452–454].
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Silicate melt inclusions in magmatic minerals provide
key information to understand the chemical and mineral-
ogical evolution of igneous systems, provided they preserve
the composition of the silicate melt from which the host
minerals crystallized. They allow investigation of the origin
and the evolution of silicate melts by offering an often un-
ique opportunity to determine the composition of the most
primitive melt and monitor the evolution of magmas in the
crust through quantification of the relative importance of
assimilation, fractional crystallization and contamination
processes.

In recent years electron microprobe (EPMA) and
Secondary Ion Mass Spectrometry (SIMS) were the most
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commonly used analytical techniques to measure composi-
tions of SMI for major and trace elements, respectively
(Lowenstern, 1995; Schiano, 2003; Pettke et al., 2004).
Both SIMS and EPMA require surface exposed and pol-
ished SMI which were first homogenized and quenched
to a homogenous glass. Thus, they require time consuming
sample preparation and allow measurement of only a small
part of the SMI present in the sample. Homogenization of
SMI can often be rather difficult or impossible, due to po-
tential decrepitation or leakage of the SMI upon heating.
In addition, diffusive exchange of certain elements between
the host and the SMI might modify the composition of the
SMI. This may happen during magmatic evolution or dur-
ing laboratory reheating experiments which are generally
carried out under significantly different physico-chemical
conditions from those at which the inclusions were en-
trapped. In the case of H2O rich SMI it is particularly dif-
ficult to reproduce the original melt composition with
laboratory heating experiments due to rapid loss of H2O
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by H diffusion or leakage of the SMI (Danyushevsky et al.,
2002). This will result in compositional changes due to: (1)
overheating of the inclusions because of increased liquidus
temperature; (2) Fe/Mg exchange between SMI and ferro-
magnesian host minerals to compensate the decreased Fe2+

activity in the SMI due to oxidation by diffusive loss of H2

(this might also affect other elements too with variable oxi-
dation states); (3) selective loss of fluid compatible elements
in case of leakage. Difficulties with homogenization pre-
vented the use of SMI to better understand the genesis
and evolution of numerous igneous systems.

Laser ablation ICPMS offers a unique opportunity to
analyze the bulk composition of recrystallized SMI with-
out homogenization through heating. It was first success-
fully applied to glassy, surface exposed SMI (Taylor
et al., 1997; Kamenetsky et al., 1998), followed by the
application on recrystallized SMI in chemically simple
host minerals (quartz and topaz) (Günther et al., 1998;
Audetat, 2000; Audetat et al., 2000). Halter et al.
(2002) developed an approach that allows measurement
of unexposed and recrystallized SMI in chemically com-
plex minerals, greatly increasing the number of inclusions
that can be analyzed in the same crystal. The technique is
based on ablating entire SMI along with its host mineral
and subsequent deconvolution of the mixed ablation sig-
nal. Since exposure of the SMI is not necessary, this tech-
nique allows analysis of numerous SMI from the same
inclusion assemblages allowing critical evaluation of the
data and recognition of accidental entrapment of other
phases (fluid or mineral) along with the melt, or potential
boundary layer effects. Moreover as SMI do not need to
be homogenized, potential problems associated with the
homogenization step are avoided. This enables the use
of melt inclusions in many magmatic systems which were
not accessible to SMI investigations with commonly used
techniques.

The downside of the approach developed by Halter et al.
(2002) is that it requires an internal standard (an element
with known concentration in the SMI) to determine the rel-
ative contribution of the host mineral and the melt inclu-
sion to the mixed laser ablation signal. An internal
standard is difficult to obtain but essential for the quantifi-
cation of the measurement.

In this study, we show that combining analyses of SMI
in different co-precipitated host minerals allows quantifica-
tion of the LA-ICPMS analyses without having to rely on
additional information for the internal standard. We ana-
lyzed silicate melt inclusions in co-precipitated olivine, clin-
opyroxene and plagioclase phenocrysts in an erupted
basaltic andesite from the Villarrica volcano (Southern
Chile). The major goals of the study are threefold: (1) to
develop a stand alone, widely applicable approach to quan-
tify SMI compositions with LA-ICPMS; (2) to evaluate if
there is significant postentrapment modification in the con-
centration of specific elements in the inclusions form vari-
ous host minerals; (3) to establish an internally consistent
dataset of mineral/melt partition coefficients for numerous
major and trace elements in the hydrous basaltic andesite
from Villarrica. The petrogenetic interpretation of the
SMI data is beyond the scope of this paper.

2. Sample selection and petrography

The major criteria used to select the appropriate volca-
nic rock for this study was to find clear textural evidence
for the co-precipitation (cotectic crystallization) of at least
two magmatic minerals containing SMI. We eventually
selected a sample where co-precipitation of three mineral
phases occurred during a significant interval of crystalliza-
tion which enables a test of the range of applicability of the
technique, and a comparison of the results from SMI from
several host minerals. The sample is a fresh basaltic-
andesite from a late Holocene lava flow deposited on the
top of the Pucón Ignimbrite sequence of the Villarrica
volcano. This rock has a finely crystallized matrix and con-
tains approximately 10–20 vol% of phenocrysts (plagioclase
> olivine > clinopyroxene). Intergrowths of plagioclase–
clinopyroxene, plagioclase–olivine, olivine–clinopyroxene
and olivine–plagioclase–clinopyroxene was observed by
optical microscopy and back scattered electron imaging,
providing clear evidence for their co-precipitation (Fig. 1).

Plagioclase contains abundant, mostly isometric or
slightly elongated SMI with a wide size distribution be-
tween 5 and 65 lm. All SMI in plagioclase are recrystal-
lized to a fine grained mineral assemblage (Fig. 2a).

Olivine generally contains individual melt inclusions in
much lower abundance than the plagioclase. The size of
the SMI in olivine is highly variable ranging from 10 to
120 lm, most of them being between 15 and 50 lm
(Fig. 2). They are isometric or slightly elongated elliptical
in shape. The degree of recrystallization varies from almost
glassy inclusions (Fig. 2b) to partly recrystallized inclusions
with microscopically distinguishable daughter phases
(Fig. 2c). In addition to SMI, olivine contains abundant
Cr–Mg rich spinel inclusions. Cr–spinel of similar compo-
sition is also present as independent phenocrysts in the
matrix.

SMI in clinpyroxene are rare, they are usually isometric
or slightly elongated and contain small daughter crystals in
a transparent residual glass (Fig. 2d). Their size ranges
from 15 to 55 lm.

3. Analytical techniques

Table 1 provides a summary of the analytical conditions
and data acquisition parameters used for LA-ICPMS anal-
ysis. The system consists of a 193 nm ArF excimer laser
with an energy homogenized beam profile (Günther
et al., 1997) coupled with an ELAN 6100 ICP quadrupole
mass spectrometer. The laterally homogenous energy den-
sity of the laser beam allows controlled ablation with a flat
bottomed ablation crater. The ablation rate was between
0.12 and 0.16 lm/pulse for all analyzed minerals and glass-
es. The system permits online observation of the ablation



Fig. 1. (a) Microphotograph of olivine + clinopyroxene + plagioclase showing tight intergrowth (transmitted light); (b) back scattered electron image of a
plagioclase–clinopyroxene intergrowth.

Fig. 2. (a) Recrystallized SMI in a plagioclase phenocrysts; (b) Glassy SMI and Cr–spinel inclusions in olivine; (c) recrystallized SMI in olivine; (d)
recrystallized SMI in clinopyroxene.
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signal which is a prerequisite for controlled SMI analysis.
Analyses of 16 unknowns were bracketed by measurement
of an external standard (NBS SRM 610) to allow linear
drift correction. Linear dynamic range of 8 orders of mag-
nitude of the detector in the ELAN 6100 allows simulta-
neous measurement of major and trace elements (down
to sub-ppm level). This allows quantification of the mea-
surements by normalizing the concentration of the major
elements to 100 wt% using the relative sensitivity factors
(signal intensity/concentration in the sample) determined
for each elements with the external standard. The BCR-
2g glass standard, which has a similar major element com-
position as the melt inclusions, was repeatedly analyzed as
unknown during the measurement sessions to test the accu-
racy of the system. An average analysis of the BCR-2g
standard (obtained by normalizing major elements to a



Table 1
LA-ICPMS analytical conditions

Excimer 193-nm ArF laser Complex 110I

Output energy 80–85 mJ
Energy density on

sample
�10 J/cm2, homogenous energy density

Pulse duration 15 ns
Repetition rate 10
Pit sizes Between 14 and 90 lm
Ablation cell volume 8 cm3

Cell gas flow 1.0 l/min He

Elan 6100 quadrupole ICP-MS

Nebulizer gas flow 0.72–0.83 l/min
Auxiliary gas flow 0.75 l/min
Cool gas flow 14–15 l/min
RF power 1350 V
Detector mode Dual, 8 order of magnitude linear dynamic range
Quadropole settling

time
3 ms

Data acquisition parameters

Sweeps per reading 1
Readings per replicate 200–350
Replicates 1
Dwell time per isotope 20 ms for Nb, Ta, Yb and Lu, 10 ms for all others
Points per peak 1 per measurement
Oxide production rate Tuned to <0.5% ThO
Isotopes analyzed 7Li, 11B, 23Na, 25Mg, 27Al, 29Si, 31P, 39K, 42Ca, 45Sc, 49Ti, 51V, 53Cr, 55Mn, 57Fe, 62Ni, 65Cu, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 133Cs,

137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 151Eu, 157Gd, 159Tb, 165Ho, 173Yb, 175Lu, 178Hf, 181Ta, 208Pb, 232Th 238U
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100%) is shown, and compared to the certified data in Ta-
ble 2.

Time-dependent elemental fractionation during ablation
has been shown to be minimal with the use of a 193 nm
ArF excimer laser and a He gas flow in the ablation cham-
ber. They generate, respectively, a narrow particle size dis-
tribution and reduced particle deposition in the ablation
chamber (Günther et al., 1997; Günther and Heinrich,
1999a,b; Günther et al., 2001; Guillong and Gunther,
2002; Guillong et al., 2003a,b). This is a crucial issue for
SMI analysis as small errors on the compositions induce
an enlarged effect on the resulted element concentrations
in SMI due to the quantification through extrapolation
from the mixed host + inclusion signal. Thus even a small
degree of fractionation might significantly affect the deter-
mination of compatible elements which are present in a
much higher concentration in the host mineral than in
the SMI. To reduce any potential elemental fractionation
effect in the ablation crater, melt inclusions were ablated
using manual active focusing (i.e., the laser beam is always
focused on the bottom surface of the ablation crater by
moving the sample stage of the microscope). This is impor-
tant in the case of small (<20 lm) and relatively deep seat-
ed inclusions (deeper than half their diameter) where the
crater depth/diameter ratio becomes large at the end of
the analysis.

Magmatic phenocrysts have also been analyzed for their
major element composition by a JEOL SUPERPROBE
JXA-8200 electron microprobe at ETH-Zürich. A 15 kV
acceleration voltage and a 15 nA beam current were used.
Counting times of 20 s on the peak and 10 s on the back-
ground on both sides were used for each element.

To obtain a bulk rock composition, XRF analyses were
carried out for major elements. In addition to the XRF
analyses, a small amount (about 1 g) of rock powder was
molten and held at 1300 �C for 1 h in a Pt crucible at ambi-
ent pressure, and subsequently quenched. The resulting
glass was analyzed by EPMA for major elements and by
LA-ICPMS for major and trace elements. Consistency of
multiple analyses with the latter two methods granted the
homogeneity of the glass. Na2O and K2O concentrations
from XRF and EPMA are consistent, indicating that vola-
tile elements were not lost during melting of the powder.
This is further supported by the fact that the weight of
the starting powder and the quenched glass were identical
within a 0.1& relative error.

4. Bulk rock and mineral compositions

The studied rock sample is a calc-alkaline basaltic
andesite (Table 2). Its trace element composition is typical
for island arc settings, exhibiting strong negative Nb and
Ta and positive LILE anomalies (Fig. 3).

Despite the relatively high SiO2 content of the rock
(SiO2 = 57 wt%), phenocrysts display a primitive composi-
tion. Plagioclase is highly calcic, the anorthite content ranges
from 87% to 77%. The magnesium number (mg#) of the oliv-
ine varies between 87 and 78. The chromium number (cr#) of
spinel inclusions in olivine and spinel phenocrysts is between
37 and 46. The clinopyroxene is CaO rich (18.9–22.4 wt%)



Table 2
Whole rock composition and average analysis of BCR-2g glass standard compared to the certified composition

Bulk rock

BCR-2g Glass XRF pellet

Certified Measured (7) Uncertainty (%) LA-ICPMS (9) Uncertainty (%) EPMA (16) XRF (1)

SiO2 55.0 55.7 0.47 57.3 1.97 56.6 57.3
TiO2 2.32 2.04 2.38 0.99 3.80 1.09 1.14
Al2O3 13.1 13.4 0.40 15.9 3.09 15.8 16.0
FeO 12.4 12.0 1.17 7.46 2.47 7.42 7.18
MnO 0.21 0.19 1.19 0.14 2.52 0.14 0.15
MgO 3.57 3.39 1.28 4.23 3.01 4.41 4.32
CaO 7.1 6.95 2.01 7.02 3.98 7.00 7.25
Na2O 3.14 3.19 1.01 4.09 2.03 3.47 3.50
K2O 1.77 1.83 2.76 1.04 3.55 1.07 1.03
P2O5 0.37 0.29 0.29 1.79 0.35 0.35
Total 98.61 98.61 98.24 97.42 98.24

P 1615.5 1281 1.71 1295 1.79
Sc 31.8 31.2 2.92 23.1 4.10
V 414.0 421 1.69 158 2.83
Cr 18.8 16.0 4.25 96.9 8.85
Ni 13.0 15.4 8.86 85.0 8.95
Cu 15.5 18.1 4.72 55.3 8.72
Rb 47.0 50.1 1.97 27.2 1.78
Sr 342 322 3.57 393 3.60
Y 36.9 31.3 4.44 26.9 14.18
Zr 188 169 4.07 117 6.38
Nb 12.3 10.6 3.61 2.4 3.59
Ba 683 637 2.76 270 4.20
Cs 1.1 1.2 2.69 3.5 4.38
La 25.0 25.3 3.47 11.0 4.19
Ce 53.3 51.4 3.76 25.7 4.71
Pr 6.6 6.3 2.98 3.4 6.49
Nd 28.9 27.7 2.89 16.6 4.88
Sm 6.6 6.3 3.30 4.2 3.89
Eu 2.0 2.0 6.05 1.2 6.78
Gd 6.7 5.8 9.22 4.1 8.10
Tb 1.1 1.0 7.24 0.7 5.51
Ho 1.3 1.2 9.75 0.9 5.65
Yb 3.4 3.3 5.56 2.6 4.21
Lu 0.50 0.47 4.05 0.37 6.99
Hf 5.1 4.5 5.40 3.1 4.25
Ta 0.76 0.57 5.85 0.24 10.42
Pb 10.6 11.0 3.99 9.4 4.79
Th 6.1 5.6 4.33 2.2 5.25
U 1.7 1.7 3.23 0.8 7.71
Li 9.6 10.4 1.83 15.2 3.77

Major elements in wt%, trace elements in ppm. Certified values of BCR-2g composition are from Rocholl (1998) for major and from Jochum et al. (2005)
for trace elements. LA-ICPMS analyses are normalized to the total of certified (BCR-2g) or XRF (bulk rock) data.
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and its mg# (using FeOt) decreases from 85 to 79 with the de-
crease of the Cr2O3 content from 0.8 to 0.2 wt%.

In most phenocrysts, narrow rims of a more evolved
composition were observed. In plagioclase, this overgrowth
displays significantly lower anorthite contents (from 60%
to 70%), in olivine, more iron rich compositions with
mg# of 72–74 were identified. Spinel generally has a nar-
row Cr-poor, iron rich overgrowth. These overgrowths
did not contain silicate melt inclusions.

5. Quantification of SMI analyses

Analyses of SMI and quantification of their composition
were based on the method described by Halter et al. (2002).
The principles of the quantification and uncertainty estima-
tion are discussed there and we provide only a brief
description herein. The technique is based on the ablation
of entire SMI with their host mineral, using the smallest
beam size possible to ablate the entire melt inclusion. The
collected signal consists of a contribution form the SMI
and the host mineral. To obtain the composition of the
SMI, we need to subtract the contribution of the host min-
eral from the mixed signal (Fig. 4). This requires that (1)
the composition of the host is known and (2) the relative
contribution of the host and the SMI to the bulk signal
can be quantified.

The composition of the host mineral can be derived
from the ablation signal before or after the melt inclusion,



Fig. 3. Primitive mantle normalized spider diagram of SMI and bulk rock. SMI show consistent trace element patterns regardless of the host minerals.
These patterns are similar to those in bulk rocks, although shifted to lower concentrations. The shift is due to the fact that SMI concentrations are taken at
the primitive end (Rb = 10 ppm) of the melt evolution.

Fig. 4. Schematic representation of SMI analysis by LA-ICPMS. The whole SMI is ablated together with its host mineral, both contributing to the
ablation signal in this interval (mixed signal). The composition of the SMI can be calculated through extrapolation from the mixed (melt inclusion + host)
composition if the mass ratio of the SMI and host (x) in the ablated volume is known. The composition of the host mineral can be directly calculated from
the ablation signal before or after the inclusion (host signal), or from a separated shot next to the inclusion. mi = mass of the SMI, mh = mass of the host
mineral contributing to the mixed signal, ci = concentration of a selected element.
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or preferably, by analyzing the host mineral right next to
the melt inclusion and integrating the ablation signal from
the same depth interval as the SMI. This further minimizes
the effect of depth induced elemental fractionation during
the analysis.

Quantification of the relative contribution of the host
and the SMI to the mixed ablation signal has been done
previously using an internal standard. An internal standard
is an independently determined element or element ratio in
the SMI. Different approaches were suggested by Halter
et al. (2002) to determine this internal standard. They all
suppose information from an external source, which can
be (1) EPMA analyses of homogenized SMI from the same
assemblage; (2) extensive bulk rock data from the same sys-
tem providing characteristic element concentrations or
ratios; (3) well established mineral/melt partition coeffi-
cients in systems with similar composition to the one
investigated.

Here, we introduce new alternatives to deconvolute the
mixed signal based either on mineral/melt exchange coeffi-
cients (SMI in olivine) or on occurrence of SMI in different
co-precipitated host minerals (SMI in clinopyroxene and
plagioclase). Below, the quantification procedures are dis-
cussed separately for SMI trapped in different host
minerals.

5.1. Quantification of SMI analyses in plagioclase

Quantification of the plagioclase hosted SMI was based
on the textural evidence that olivine and plagioclase



Fig. 5. Examples of determination of the mass ratio for a single
plagioclase hosted SMI. The data points sampling the liquid line of
descent are derived from olivine hosted SMI. The dashed line is a linear fit
to these data, the solid line shows the modeled composition of the single
SMI in plagioclase with variable degree of host subtraction from the
mixed signal. The values on the line represent the mass ratio (x).
Intersection of the lines defines the correct degree of host subtraction.
Symbols in rectangles are outlier SMI data derived from a single
phenocryst, these have been disregarded for the fitting.
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crystallized simultaneously. Based on this observation we
can assume that SMI in these two minerals represent the
same melt composition or overlapping compositional
trends. This assumption will be verified later.

Using elements that are incompatible in olivine we can
determine element ratios representing the entrapped melt
directly from the mixed analysis of SMI + olivine since
the contribution from the host mineral is negligible. Thus,
the variation of certain element ratios along the liquid line
of descent is given by the analysis of olivine hosted SMI be-
fore deconvolution of the host and inclusion signal. As
olivine and plagioclase were co-precipitated we can assume
that these elements have the same ratios in SMI in plagio-
clase. Consequently we can iteratively subtract the host
plagioclse composition from the mixed analyses of plagio-
clase hosted SMI to reach the required element ratio char-
acteristic for the melt. With this approach the contribution
of the host plagioclase to the bulk signal and the composi-
tion of SMI in plagioclase can be calculated. For accurate
quantification we use a ratio between a compatible and an
incompatible element in plagioclase. This ensures that this
ratio is strongly different in the host mineral and the en-
trapped melt, thus step by step subtraction of the host min-
eral from the bulk signal results in a rapid change in the
apparent element ratio and an accurate determination of
the mass ratio (i.e., ratio of the relative contribution of
the host mineral and the SMI to the bulk LA-ICPMS sig-
nal). In this study we used the Al2O3/V ratios obtained
from the mixed analyses of the olivine + SMI mixtures to
determine the mass ratio for plagioclase + SMI analyses
since the Al2O3/V ratio is a steep function of the mass ratio
(Fig. 5a).

Commonly, silicate melt inclusions from a single mineral
phase represent a range of melt compositions along an evo-
lutionary trend. Consequently we cannot assume a fixed
element ratio but have to consider changes in the melt com-
position along the liquid line of descent. We used the ratio
of two further elements, sensitive to the degree of crystalli-
zation, to monitor melt evolution. The CaO/Na2O ratio is
an ideal candidate due to co-precipitation of calcic clinopy-
roxene and anorthite rich plagioclase, both characterized
by much higher CaO/Na2O ratio than the silicate melt
from which they crystallized. Intersection of the trend in
Al2O3/V versus CaO/Na2O defined by olivine hosted inclu-
sions with the trend resulting from step by step subtraction
of the host plagioclase composition from the mixed analy-
sis of plagioclase + SMI defines the appropriate mass ratio
between the inclusion and the host and allows proper
deconvolution and quantification of the SMI compositions
in plagioclase (Fig. 5a). It is important to note that the ele-
ment ratio used for quantification (in this case Al2O3/V)
must be selected in such a way that its variation is not only
due to the crystallization of plagioclase. If this was the case,
subtraction of the host mineral from the bulk laser ablation
signal would result in a trend similar to the liquid line of
descent, as plagioclase is effectively fractionated in both
calculations. In the present case V is incorporated in spinel,
and variation of Al2O3/V along the liquid line of descent
(deduced from analysis of SMI in olivine) occurs at a high
angle with the modeled variation due to plagioclase
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removal from the mixed signal of plagioclase hosted SMI
(Fig. 5a).

The uncertainty in the deconvolution is given by the
standard deviation of the data around the trend defined
by the liquid line of descent. Scattering of the results comes
from (1) analytical uncertainty and (2) natural variability
in the melt composition. Analytical uncertainties in the
mixed olivine + SMI signal are generally low, especially
for elements present at relatively high concentrations. For
Al2O3, V, Na2O and CaO, one standard deviation in the
mixed signal is generally below 2% relative. Natural scat-
tering of the data displayed on Fig. 4a is 10% relative at
one standard deviation. This has been considered for the
uncertainty determination of the single SMI analyses as
an uncertainty in the mass ratio. We tested if the use of ele-
ment ratios other than Al2O3/V would result in the same
mass ratio. Al2O3/TiO2 and CaO/Sc ratios were selected
based on the above detailed criteria. Resulting mass ratios
differ by less than 7 relative % (Figs. 5b and c) which is
within the uncertainty calculated above.

The SMI compositions are normalized to 100% minus
the H2O content of the melt (H2O is not detected by LA-
ICPMS). We estimated the water content of the melt based
on CaO/Na2O exchange coefficients between plagioclase
and melt using data from (Sisson and Grove, 1993b; Sisson
and Grove, 1993a), established for silicate melts quite sim-
ilar in composition to the Villarrica basalts and basaltic-
andesites. CaO/Na2O ratios characteristic for the melt
could be obtained from the mixed signal of olivine hosted
SMI prior to quantification as both elements are incompat-
ible in olivine. Results scatter around 4 wt% H2O, thus
SMI compositions have been normalized to a total of
96%. This water content was also used to quantify the com-
position of SMI in other host minerals.

5.2. Quantification of SMI analyses in olivine

To test the validity of the approach based on the coex-
istence of the mineral phases and the accuracy of the data
produced, we used an independent method for the quanti-
fication of SMI compositions in olivine. This method does
not require the existence of any other co-precipitating
phase and can be used in studies dealing with olivine hosted
SMI only.

Here, the mass ratio was determined by using the Fe2+/
Mg exchange equilibrium between olivine and silicate melt
ðKdol=melt

Fe�MgÞ. With this Kd the Fe2+/Mg ratio in the melt can
be predicted form the Fe2+/Mg ratio in the host olivine. As
the Fe2+/Mg ratio is very different in the melt and the oliv-
ine, it is a steep function of the mass ratio. Thus, the host
olivine composition can be subtracted iteratively from the
mixed olivine + SMI analysis until the predicted Fe2+/Mg
ratio is obtained.

A value of 0.31 was used for the Kdol=melt
Fe�Mg based on data

of Ulmer (1989) at low pressures (0.1–0.3 GPa). We esti-
mated the Fe2+/(Fe2+ + Fe3+) ratio in the melt using the
method of Kress and Carmichael (1991). Oxygen fugacity
values have been estimated by the method of Ballhaus
et al. (1991) based on equilibrium Cr–spinel and olivine
compositions. Application to 10 spinel–olivine pairs yield-
ed log fO2 values of FMQ + 1.57 ± 0.26, which corre-
sponds to an Fe2+/(Fe2+ + Fe3+) ratio of 0.76 ± 0.02.

The FeO/MgO ratio in olivine hosted melt inclusions is
known to be influenced by postentrapment modification by
continuous reequilibration of the trapped crystallizing melt
and the host olivine. The process is described in details by
Danyushevsky et al. (2000) and results in an FeO loss and a
MgO gain in melt inclusions. The extent of postentrapment
Fe-loss depends on the width of the temperature interval
over which slow cooling occurred, the amount of olivine
that can be crystallized on the inclusion walls in this tem-
perature range and on the degree of equilibration (Danyu-
shevsky et al., 2000). We modeled the potential Fe-loss in
melt inclusions using the ‘‘Fe-loss’’ software written by
L. Danyushevsky (Danyushevsky et al., 2000). For the
model we used 50 �C as an interval of slow cooling with
reequilibration and the composition of one of the most
primitive SMI trapped in plagioclase. The 50 �C cooling
interval resulted in decrease of the mg# of the host olivine
from 85 to 82. This range in mg# is wider than the mea-
sured difference between core and rim in any of the studied
olivine grains. Thus postentrapment modifications are
probably less than calculated with the model for the highest
degree of reequilibration. Results of the modeling assuming
0%, 50% and 100% reequilibration are shown in Fig. 6. It
can be seen that direct quantification of LA-ICPMS would
yield compositions with lower MgO and FeO concentra-
tions in the SMI because the Fe-loss causes subtraction
of higher amount of olivine from the mixed signal to reach
the FeO/MgO ratio dictated by the Kdol=melt

Fe�Mg. However the
error on the mass ratio is small: approximately 3% relative
even for a 100% reequilibration for the most primitive
SMI. Certainly this uncertainty would be significantly en-
larged in systems where the slow cooling temperature inter-
val is wider and if the melt has a high potential to
crystallize ferromagnesian phases. Uncertainty on the
Kdol=melt

Fe�Mg also introduces uncertainty on the determination
of the mass ratio. This has also been estimated by using
an absolute uncertainty of ±0.03 on Kdol=melt

Fe�Mg (most exper-
imental and natural data scatters within this range). This
resulted in only a 2.8% uncertainty on the calculated mass
ratio. The uncertainty on the mass ratio induced by the
uncertainty on Fe2+/Fe3+ ratio estimation in the melt is be-
low 0.5% relative. Given these estimations, we used a 3%
relative uncertainty on the mass ratio as additional input
for calculation of the uncertainties on the single SMI
compositions.

5.3. Quantification of SMI analyses in clinopyroxene

Compositional data from SMI in plagioclase and olivine
were used to quantify the clinopyroxene hosted SMI. To do
this we use the concentration of Al2O3 which does not
change significantly with melt evolution, but is very



Fig. 6. Model of the uncertainty on the mass ratio for SMI analyses in
olivine as a result of potential postentrapment Fe-loss from the inclusions.
The opened circle shows the initial composition of the trapped melt used
as a starting point for the model. The dashed lines indicate the mg# of the
melt in the inclusion. The interval of slow cooling allows different degree
of reequilibration (0%—A, 50%—B, 100%—C) between the host olivine
and the entrapped melt leading to various degrees of Fe-loss from the
inclusion. In the fast cooling interval (to A0, B0 and C0) olivine is still
crystallizing on the inclusion walls but there is not enough time for
diffusive reequilibration. Dashed arrows show the SMI composition
obtained by adding the host olivine to the modified SMI composition (A0,
B0 and C0). The intersections (marked by stars) of these arrows with the
line representing the melt composition in equilibrium with the host olivine
(mg# = 63) defines the mass ratio. Results show that melt compositions
derived by quantification of the LA-ICPMS analysis are low in both MgO
and FeO because the Fe-loss causes subtraction of higher amount of host
mineral (inappropriately low mass ratio) to reach the appropriate Fe2+/
Mg ratio However the relative error on the mass ratio is low (in the order
of a few relative %). The temperatures shown are estimated by ‘‘Fe-loss’’
algorithm written by L. Danyhusevsky.

Fig. 7. Quantification of clinopyroxene hosted SMI. Symbols show the
melt composition determined in olivine and plagioclase hosted SMI and
the dashed line is the regression through these points. The solid line shows
the modeled Rb and Al2O3 concentrations in SMI from clinopyroxene as a
function of various mass ratios between 0.2 and 0.7. The intersection
defines the correct mass ratio.
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sensitive to the mass ratio in clinopyroxene. We selected Rb
as a monitor of melt evolution because it is highly incom-
patible in all the crystallizing minerals. This implies that
concentrations of Rb must increase in the melt with pro-
gressing crystallization and that it is not subject to posten-
trapment modifications in the clinopyroxene. Fig. 7 shows
that Al2O3 concentrations in plagioclase and olivine hosted
SMI do not show significant variations as a function of Rb
content. However, the modeled Al2O3 content in clinopy-
roxene hosted SMI is quickly changing with the mass ratio
due to its incompatible behaviour. We used the mean
Al2O3 concentrations obtained from plagioclase and oliv-
ine hosted SMI (16.9 wt%) to quantify the composition
of clinopyroxene hosted inclusions. Relative standard devi-
ation (RSD) of the Al2O3 content of 59 plagioclase and
olivine hosted inclusions is 5.9%. This results in a slightly
higher, 7% relative uncertainty on the mass ratio determi-
nation since the Al2O3 content of the clinopyroxene is
2.28–3.68 wt%. This 7% relative uncertainty on the mass
ratio was considered in the calculation of the uncertainties
of element concentrations in the single SMI. It is important
to note that the same approach could be used even if the
Al2O3 content displays a change with melt evolution. In
this case the intersection of the trend line from the plagio-
clase and olivine hosted SMI and the modeled line with
various x values would define the mass ratio.
6. Data analysis and comparison

Element concentrations in single SMI and their host
minerals determined by LA-ICPMS and associated uncer-
tainties are shown in electronic annex EA-1.
6.1. Data analysis

As mentioned above SMI in each mineral show a signif-
icant range in composition. This range is likely due to an
evolution in the melt composition and this evolution is best
monitored by the Rb content of the melt. Rb is highly
incompatible in all crystallizing minerals and present in
high enough concentration to be characterized with rela-
tively low uncertainties (<12% relative at 1 SD in most melt
inclusions). Plots of major and trace element concentra-
tions as a function of Rb are shown on Fig. 8. The data
from various hosts overlap over a broad range of Rb con-
centrations. This confirms our hypothesis that SMI in the
various phases were trapped from the same melt over the
same interval of its evolution.

To allow direct comparisons between compositions of
SMI from the different host minerals, data for each element
were fitted by an uncertainty weighted linear regression.
The uncertainty of the fit (RSD of parameters ‘‘a’’ and
‘‘b’’ from the fitting equation y = ax + b) were also calcu-
lated. This regression was used to compare element concen-
trations (and uncertainties) in SMI from each host mineral
at the same degree of melt evolution, i.e., at a Rb content of
10 ppm. It is important to note that middle and heavy REE
are below limit of detection in a significant number of the
clinopyroxene hosted inclusions. Thus, the uncertainty in



Fig. 8. Selected major and trace element concentrations in SMI analyzed in different host minerals. The error bars show the median uncertainty in the
measured concentrations. The tight overlap in the element concentrations indicates that our quantification approach is correct, and that SMI compositions
did not suffer significant syn- or postentrapment modification, except for Na2O in plagioclase hosted SMI.
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the fitting for these elements is rather large, strongly
exceeding the uncertainty of single SMI analyses. This is
further enlarged by the error propagation when calculating
the ratio of concentrations in SMI from different host min-
erals. Li and B concentrations are highly scattering in SMI
from each host minerals thus the quality of the fit is also
poor for these elements.

The calculated element concentrations in SMI at
10 ppm Rb are shown in Table 3. In Fig. 3 we com-
pared the data on a primitive mantle normalized spi-
der diagram. This comparison shows that the data
obtained from SMI of different hosts are in good
agreement, and also that the trace element pattern
mimics the pattern of the bulk rock. The middle
Table 3
Major and trace element compositions in SMI trapped in different host miner

Plagioclase Clinopyroxene

Value at
Rb = 10 ppm

Median 1r uncertainty
(%)

Value at
Rb = 10 ppm

SiO2 51.8 2 55.6
TiO2 0.65 10 0.55
Al2O3 17.2 9 16.9
FeO 6.9 9 6.9
MnO 0.13 10 0.12
MgO 4.6 10 5.3
CaO 9.9 9 8.9
Na2O 3.9 6 3.2
K2O 0.55 10 0.54

P 373 10 457
Sc 32 11 31
V 205 10 219
Cr 86 18 512
Ni 20 33 51
Cu 521 10 55
Rb 10.0 11 10.0
Sr 381 8 452
Y 13.1 11 10.4
Zr 45 10 42
Nb 0.78 16 1.03
Ba 140 10 150
Cs 0.80 17 0.86
La 4.9 12 4.7
Ce 12.1 11 13.3
Nd 7.0 15 7.6
Sm 1.63 24 1.98
Eu 0.68 24 0.69
Gd 2.21 24 1.63
Tb 0.36 25 0.37
Yb 1.16 23 1.32
Lu 0.22 23 0.20
Hf 1.29 24 1.10
Ta 0.04 39 0.05
Pb 4.6 14 4.8
Th 0.73 18 0.90
U 0.21 31 0.29
Pr 1.41 14 1.57
Ho 0.53 21 0.51
B 8.4 29 11.6
Li 9.0 17 6.6

The shown concentrations are the values that the linear trendlines took at Rb =
single SMI analyses in the specified host mineral. Major elements in wt%, tra
and heavy REE pattern based on the SMI of clinopy-
roxene is not smooth which is likely due to the higher
uncertainty of the data. However, the absolute values
scatter around those obtained from the plagioclase
and olivine hosted SMI.

In Fig. 9, absolute concentrations of each element in
SMI from each host mineral are compared on logarith-
mic plots. In Fig. 10, ratios of the element concentra-
tions in SMI of different host minerals are shown. It is
obvious on both plots that for all elements, except for
Cr, Ni, Cu, Na, Y and Sr (see below), concentrations
in SMI of the different host minerals are consistent with-
in their 1 SD uncertainty regardless of their absolute
concentrations.
als

Olivine

Median 1r uncertainty
(%)

Value at
Rb = 10 ppm

Median 1r uncertainty
(%)

5 50.9 3
5 0.68 3
5 17.3 3
5 7.8 8
7 0.11 9

27 5.3 38
21 9.9 3
6 3.2 3
6 0.51 3

7 498 5
34 30 7
8 212 4

23 159 18
37 425 23
9 86 8
8 10.0 8
6 406 3

10 15.0 6
7 50 5

13 0.85 18
7 137 5

14 0.97 17
9 5.1 9
7 12.2 6

17 7.8 13
32 2.39 27
34 0.72 30
31 2.14 26
30 0.43 24
29 1.52 24
32 0.24 22
30 1.46 27
36 0.05 36
10 5.5 11
16 0.72 21
26 0.21 34
14 1.49 14
26 0.56 22
26 13.2 22
17 11.5 22

10 ppm. The uncertainties shown are the median of the uncertainty of each
ce elements in ppm.



Fig. 9. Comparison of the composition of SMI from different host
minerals. The plotted concentrations are the calculated concentrations in
the melt at Rb = 10 ppm. Concentration of major elements are plotted in
wt% oxides, trace elements are plotted in ppm of the element. Except for
Cu, Ni, Cr, Na2O, Sr and Y all elements have the same abundance
regardless of the host mineral. Error bars show the uncertainty of the
values at 10 ppm Rb defined by the linear regression. Ni content of
clinopyroxene hosted SMI were below limit of detection except for two
analyses, thus values at Rb = 10 ppm could have not been calculated.
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6.2. Validity of the data

Figs. 9 and 10 show that there is an excellent agreement
in the concentrations of most major and trace elements in
SMI from various host minerals. This has several
implications:

1. To quantify SMI analyses in plagioclase and clinopyrox-
ene, we assumed (based on textural evidence for their
cotectic crystallization) that melts entrapped in both
minerals show overlapping evolution trends with respect
to their Al2O3/V ratio and Al2O3 content. The good
agreement in the concentration of almost all other ele-
ments suggests that the assumption is valid. If this
assumption had not been correct, the deconvolution of
the mixed signal would have been carried out using erro-
neous mass ratios and the derived SMI compositions
would not have been consistent in the different hosts.
The only possibility to have consistent concentrations
of elements that are compatible in one phase and incom-
patible in another is to have a mass ratio that is correct
and that the phases were indeed co-precipitating.

2. Analytical artifacts such as non-representative sampling,
elemental fractionation during ablation, particle trans-
port or ionization are negligible. Errors resulted by such
effects would be enlarged by the extrapolation from the
mixed signal to the SMI composition. Since there is no
discrepancy in the SMI composition we conclude that
our analytical approach is valid. This includes the quan-
tification procedure based on the deconvolution of the
mixed SMI + host mineral signal.

3. Syn- or postentrapment modification processes did not
significantly modify the composition of SMI, these
would have resulted in enrichment or depletion of ele-
ments as a function of their compatibility. Since even
elements which are highly incompatible in one host but
compatible in an other show consistent concentrations
we suggest that in the present case, SMI compositions
have not been significantly modified by boundary layer
effects during entrapment or by diffusion processes after
entrapment. Thus SMI are a representative sample of
the original melt composition with respect to most
analytes.

6.3. Potential sources of errors

Cr concentration in some olivine and clinopyroxene
hosted SMI are strongly elevated. In olivine the reason
for the high Cr-concentrations is likely to be the heteroge-
neous entrapment of Cr–spinel along with the melt. Cr–spi-
nels are observable in microscopic and BSE images, as well
as on the time resolved LA-ICPMS signals through well de-
fined Cr peaks during the ablation of SMI. Wide scattering
of the Cr-concentrations in olivine hosted SMI is also pri-
mary evidence of heterogeneous entrapment. Data from
SMI containing more than 2000 ppm Cr in bulk composi-
tion were disregarded since these inclusions contain more
than 1 wt% heterogeneously entrapped Cr–spinel and con-
centration of other elements compatible in Cr–spinel such
as V can be significantly modified.



Fig. 10. Ratio of major and trace element concentrations at Rb = 10 ppm between SMI from different host minerals. Error bars are calculated by the
propagation of the uncertainty of the values at 10 ppm Rb defined by the linear regression for SMI in each host mineral.
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Cr is highly compatible in clinopyroxene and very small
heterogeneities in the host mineral can lead to significant
errors on the derived SMI composition due to subtraction
of inappropriate host mineral composition from the mixed
signal. Thus data on Cr concentration in most clinopyrox-
ene hosted inclusions are subject to large uncertainties. For
example, an uncertainty of 10% in the Cr-content of the
clinopyroxene would typically result in a difference of



Fig. 12. Correlation of the excess Na2O in plagioclase hosted SMI with
the Cu content. The correlation suggests that selective enrichment of these
two elements is due to heterogeneous entrapment of a Cu and Na rich
phase, such as a saline fluid.
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700 ppm Cr in the derived SMI composition. In contrast,
plagioclase hosted SMI provide very consistent Cr concen-
tration showing good negative correlation with the Rb con-
tent or the mg# of the melt (Fig. 11). A negative
correlation between two incompatible elements cannot be
generated by boundary layer effects. A similar interpreta-
tion to Cr in clinopyroxene hosted SMI can be made to ac-
count for the variation in the calculated Ni content of
olivine hosted SMI.

Cu concentrations in plagioclase hosted inclusions are
highly variable and reach extremely high values (up to
5000 ppm). These high Cu concentrations are unlikely to
represent true concentrations in melts and are inconsistent
with those analyzed in clinopyroxene and olivine hosted
SMI. SMI in plagioclase also show variable amounts of ex-
cess Na2O compared to olivine and clinopyroxene hosted
SMI (Figs. 8–10). The amount of excess Na2O for plagio-
clase hosted SMI was calculated using the Rb versus
Na2O plots, taking the difference between the Na2O con-
tent of each plagioclase hosted SMI and the linear regres-
sion from the clinopyroxene hosted SMI. The excess
Na2O correlates with the Cu content in plagioclase hosted
SMI (Fig. 12). Thus we suggest that in plagioclase the ele-
vated Cu contents are likely due to heterogeneous entrap-
ment of variable amounts of a fluid phase. Detailed
discussion of this process is beyond the scope of this paper
and will be published elsewhere. Considering that concen-
tration of the rest of the analytes in the plagioclase hosted
SMI are consistent with those hosted by clinopyroxene and
olivine, we think that the volume proportion of such a het-
erogeneously entrapped fluid phase must have been low,
and did not contain other analytes in significant
concentrations.

Yttrium is present in slightly different concentration in
the SMI of different hosts, Sr shows slightly elevated con-
centration in clinopyroxene hosted SMI. The reasons for
these differences are unclear.
Fig. 11. Rb versus Cr concentration in plagioclase hosted SMI. Error bars
are 1r uncertainties. The negative correlation shows that variations in
element concentrations are not induced by boundary layer effect, since Rb
and Cr are both incompatible in plagioclase.
The above examples of heterogeneous entrapment high-
light the critical importance of analyzing a significant num-
ber of SMI. As SMI are heterogeneous prior to analysis,
accidentally trapped phases cannot be identified petro-
graphically. Thus, the only way that anomalous concentra-
tions due to heterogeneous entrapment can be identified is
through analyses of multiple inclusions. Our examples
show that this approach is efficient in identifying trapped
phases. This also implies that concentration of elements
that do not scatter can be considered reliable.

7. Limitations

7.1. Application area

Application of LA-ICPMS is most advantageous in
studies focusing on (1) magma chamber processes (rapid
analysis of numerous melt inclusions in various host miner-
als allowing recognition of mixing, assimilation and con-
tamination); (2) melt inclusions trapped at high pressures,
for example in early phenocrysts, igneous cumulates and
mantle xenoliths (avoiding problems with decrepitation of
the SMI or stretching of the host mineral during heating);
(3) hydrous melt inclusions, as homogenization experi-
ments are rather difficult in such samples; (4) variations
in concentrations of metals of economic importance (often
residing in the bubble which can frequently not be redis-
solved in the melt during heating).

A major limitation of LA-ICPMS analysis of SMI com-
pared to SIMS, and EPMA is that it does not allow anal-
ysis of volatile elements (H2O, Cl, S, CO2) and isotopic
ratios of light elements. In studies focusing on the pre-erup-
tive volatile content of melts, SIMS and/or EPMA should
be the technique of choice. Indeed, homogenization of
selected SMI should always be attempted to complement
LA-ICPMS data. Vice versa, data obtained on volatile con-
tents or isotopic compositions of homogenized SMI are
more meaningful if the conditions at which the SMI were
trapped (timing during melt evolution or magma mixing
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events) can be well defined. This can easily be done com-
paring the major and trace element composition of the
homogenized SMI to a large dataset produced by LA-
ICPMS on unheated SMI. Furthermore, simultaneous
application of LA-ICPMS and SIMS/EPMA allows assess-
ment of potential compositional changes during heating
experiments. As H2O contents can be determined by Ra-
man spectroscopy (Zajacz et al., 2005; Behrens et al.,
2006; Di Muro et al., 2006; Thomas et al., 2006) all major
and trace elements (except for CO2) can be analyzed with
commonly available LA-ICPMS, electron microprobe,
and Raman spectroscopy.

Application of the quantification strategies presented
here for LA-ICPMS analyses of SMI requires either pres-
ence of SMI in at least two co-precipitating mineral or
the presence of SMI in olivine. These conditions are met
in most igneous rocks, since most magmas have cotectic
phase assemblages along a major part of the liquid line
of descent apart from near liquidus conditions (Foden
and Green, 1992; Moore and Carmichael, 1998; Grove
et al., 2003; Holtz et al., 2005). In a large portion of basaltic
and basaltic andesitic rocks, at crustal pressures, olivine is
the first mineral to appear on the liquidus (Foden and
Green, 1992; Moore and Carmichael, 1998; Danyushevsky,
2001; Grove et al., 2003), thus SMI trapped all along the
liquid line of descent can be analyzed. Quantification of
SMI analyses in orthopyroxene could be done similarly
to olivine hosted inclusions with the use of Fe2+/Mg ex-
change coefficients however it has not been tested in this
study.

In rocks formed by magma mixing, identification of co-
precipitating mineral pairs has to be done very carefully
since phenocrysts from different magmas can co-exist in
the same rock. In this case, intergrowth of two mineral
phases provides the only clear evidence of their co-precipi-
tation. If intergrowths are rare, or intergrown crystals do
not contain an adequate number of SMI, the composition
of the intergrown phenocrysts can be analyzed and their
composition can be used to identify which SMI-rich, indi-
vidual phenocrysts were co-precipitated. Subsequently
analyses of SMI in these phenocryst populations can be
quantified and the composition of the end member melts
determined. As an alternative to the intergrowth of miner-
als, mineral/mineral or mineral/melt equilibrium known
from experimental studies can also be used to identify co-
precipitating minerals (Streck et al., 2005).

8. Comparison with bulk rock compositions

SMI represent the residual melt in the magma at the
time of their entrapment. Bulk rocks are composed of the
residual melt and different phenocrysts the amount of
which can be selectively decreased by fractionation or in-
creased by accumulation. In a hypothetical closed system,
in case of efficient fractionation, trends in bulk rock com-
positions will overlap with the composition of SMI, while
at perfect equilibrium crystallization most SMI will show
more evolved compositions than the bulk rocks. In opened
systems, however, bulk rock compositions are further mod-
ified compared to the magma by assimilation and contam-
ination processes or degassing. In case of magma mixing,
SMI will represent the evolution of the melt phase of each
magma existing before and after the mixing event. Since
this is a methodological study, our aim was to select a sys-
tem with a simple evolution, characterized by nearly frac-
tional crystallization showing no evidence of magma
mixing, so that comparison to bulk rock data can be used
to check the quality of the SMI analyses.

In Fig. 13 we compared the composition of SMI with
the composition of Villarrica lavas from Hickey-Vargas
et al. (2004). Agreement between the composition of bulk
rocks and the composition of SMI is very good for
Al2O3, MgO, CaO and K2O. However SMI have lower
abundances of Fe2O3, P2O5 and TiO2. The Na2O content
of the olivine and clinopyroxene hosted SMI closely resem-
ble that of the whole rocks but are elevated in plagioclase
hosted SMI for the reasons mentioned above.

Danyushevsky et al. (2002) reported that FeO and
TiO2 depletion in MORB plagioclase hosted inclusions
is likely due to modification by syn- or postentrapment
diffusion of these elements. Michael et al. (2002) also
reported significant TiO2 and HFSE depletion in MORB
plagioclase hosted SMI and attributed this mainly to
synentrapment modification of the melt composition
due to entrapment in a continuous cycle of growth and
dissolution of the host plagioclase. Similar scenarios in
the present case are, however, unlikely considering that
SMI have consistent Fe2O3, TiO2 and P2O5 concentra-
tions regardless to their host mineral. The FeO/MgO ra-
tios in SMI in plagioclase (which is a nearly inert host
for these elements) are in equilibrium with the olivine
compositions at the estimated redox conditions. This is
further evidence that the determined FeO concentrations
are representative of the melt.

It is important to note that most lavas investigated from
Villarrica in previous studies contain a population of phe-
nocrysts of more evolved composition: olivines with mg#
between 72 and 80 and plagioclases with a bimodal distri-
bution of the An content, clustering in the range of 58–66
and 78–84 (Hickey-Vargas et al., 2004). The bimodal distri-
butions of the plagioclase composition has been attributed
to a sudden drop in the An content due to ascent and deg-
assing of the magma. The rock investigated in this study
mainly contains phenocrysts crystallized at depth at high
pH2O with only a very narrow rim of low Ca/Na (An60–

70) overgrowth on the plagioclase crystals. This implies that
transportation and quenching of the parental magma hap-
pened relatively quickly after leaving the deeper crustal res-
ervoir. Furthermore, the high mg# of the olivine (87–78)
and the clinopyroxene (85–79), high Cr-contents of the
clinopyroxene (0.8–0.2 wt%) and abundant occurrences of
Cr-rich spinel inclusions in olivine also suggest that cores
of the investigated phenocrysts crystallized near the liqui-
dus of a primitive magma under the Villarrica volcano.



Fig. 13. Comparison of element concentrations in SMI with the compositional field covered by bulk rocks from lava flows of the Villarrica Volcano. The
large open stars show the bulk composition of the studied rock sample. The large dots indicate compositions of two cogenetic rocks from Villarica which
display significantly more evolved composition than most of the volcanic rocks.
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Fig. 14. Rb contents of the SMI as a function of the composition of the
host phenocrysts. Same symbols represent SMI measurements from the
same crystals. Correlation between the composition of the host mineral
and SMI in plagioclase and clinopyroxene is obvious and indicates that
the evolution in the melt composition, revealed by the SMI, corresponds
to the variation in the composition of the host minerals.
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Accordingly, the studied rock represents a quenched
primitive magma which evolved mostly at moderate crustal
pressure prior to eruption. This contrasts with most Villar-
rica-lavas which underwent a significant interval of crystal-
lization, and degassing at low pressure. This likely results
in slight differences in fractional crystallization processes,
which could explain differences in the FeO, P2O5 and
TiO2 content compared to most surface volcanic rocks.

As shown in Fig. 3, trace element patterns of SMI close-
ly mimic those of the bulk lavas, even though the absolute
concentrations of incompatible trace elements are generally
higher in the bulk rocks, than in the more primitive melt
inclusions. Sc, V and Sr show only a slight difference due
to their compatible behaviour in some of the crystallizing
minerals.

In Fig. 14 we compare the Rb content of the SMI with
the host phenocrysts compositions to see if their chemical
variability correlates with the melt evolution. Correlations
can be observed with the An content of the plagioclase and
the mg# of the clinopyroxene while the trend in olivine is
likely blurred by Fe–Mg diffusion in the crystal lattice.
The concentration of most incompatible trace elements,
such as Rb, is increasing by a factor of 3 while host pheno-
crysts compositions display a relatively narrow range. The
observed enrichment in incompatible trace element concen-
trations would require 66% of crystallization in the case of
a closed system evolution. This is very unlikely considering
the narrow range of phenocryst compositions. Stable and
long lived radiogenic isotope studies on Villarrica lavas
concluded that crustal contamination processes in the his-
tory of this lavas are subordinate (Hickey-Vargas et al.,
1989, 2004). However, more recent studies on short lived
radiogenic isotopes suggested that contamination or assim-
ilation of cogenetic felsic rocks, crystallized earlier in the
crust, is likely (Sun, 2001; Hickey-Vargas et al., 2004). Par-
tial remelting and assimilation of such rocks could explain
the rapid increase in trace element concentrations with rel-
atively small change in the major element content of the
melt and phenocrysts composition.

We conclude that SMI compositions compare well with
the bulk lava compositions from Villarrica Volcano. They
represent a primitive batch of magma, crystallizing in the
crust at high pH2O, and likely monitor the interaction with
earlier, solidified cogenetic but more felsic magmas.

9. Partition coefficients

Simultaneous analysis of SMI and their host mineral
provides an opportunity to determine mineral/melt parti-
tion coefficients for each analyte. The use of SMI has the
advantage of granting equilibrium between the melt and
the mineral, a condition that cannot always be verified
for partition coefficients based on analysis of magmatic
phenocrysts and their matrix glass.

We determined the partition coefficients for each SMI
analysis in plagioclase and clinopyroxene, along with their
uncertainties using error propagation. In the host olivine,
most trace elements were below the limits of detection thus
partition coefficients could not be calculated. Concentra-
tion of highly incompatible elements were often below limit
of detection in the other host minerals too, thus the number
of partition coefficients that could be calculated is lower
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than the number of inclusions analyzed. Data calculated
from less than five data points were disregarded.

We checked for each element if partition coefficients de-
pict a systematic variation along the liquid line of descent
by plotting them against the Rb content of the specific
SMI. Since no trends are apparent, uncertainty weighted
averages of the partition coefficients could be calculated
for each element. The uncertainties of the average values
are given by the RSD of the single partition coefficients.
Average partition coefficients are shown in Table 4.

To check the validity of the set of partition coefficients
we fitted them with the model of (Blundy and Wood,
1994; Wood and Blundy, 1997) describing the dependence
of partition coefficients on cation charges, effective ionic ra-
dii and elasticity of the crystal lattice sites. Effective ionic
radii for each cation were taken from (Shannon, 1976).
Fig. 15 shows that the model fits our data well with the
exception of Ba and Pb in clinopyroxene. Deviant behav-
iour of Pb and Ba was also found by (Wood and Blundy,
1997) and in the case of Pb2+ it was attributed to its non-
spherical nature.

The consistency of the partition coefficients with the the-
oretical model further supports the quality of our data and
Table 4
Mineral/melt partition coefficients

Plagioclase/melt Clinopyroxene/melt

Partition
coefficient

1r
uncertainty

Partition
coefficient

1r
uncertainty

Ti 0.029 0.008 0.481 0.087
Al 1.84 0.14 0.172 0.020
Mn 0.042 0.008 1.25 0.22
Mg 0.032 0.008 3.75 1.03
Ca 1.72 0.29 2.77 0.75
Na 0.42 0.09 0.075 0.009
K 0.050 0.011 0.0021 0.0012
P 0.094 0.032 0.053 0.016
Sc 0.015 0.007 4.11 0.72
V 0.016 0.005 1.14 0.24
Cu 0.038 0.013
Rb 0.0095 0.0055 0.0045 0.0017
Sr 1.71 0.18 0.065 0.005
Y 0.0110 0.0036 0.698 0.147
Zr 0.0051 0.0024 0.105 0.024
Nb 0.021 0.005
Ba 0.143 0.026 0.0005 0.00004
La 0.072 0.020 0.067 0.023
Ce 0.055 0.014 0.114 0.035
Pr 0.055 0.020 0.197 0.069
Nd 0.043 0.013 0.285 0.075
Sm 0.039 0.017 0.502 0.210
Eu 0.258 0.120 0.600 0.198
Gd 0.038 0.018 0.685 0.231
Tb 0.570 0.122
Ho 0.681 0.169
Yb 0.625 0.102
Lu 0.486 0.148
Hf 0.213 0.111
Pb 0.117 0.036 0.043 0.018
Th 0.0089 0.0013
Li 0.094 0.043

Fig. 15. Mineral/melt partitioning data calculated using the SMI and host
mineral compositions as a function of effective ionic radius. Lines
represent the fit obtained by the theoretical model of Blundy and Wood
(1994).
shows that LA-ICPMS analysis of SMI is an appropriate
tool to determine partition coefficients in natural systems.
10. Conclusions

We optimized the use of LA-ICPMS to analyze unheat-
ed SMI by developing independent approaches avoiding
the use of any additional information or hypothesis on
the melt composition. One approach builds on the analysis
of SMI in co-precipitated magmatic phenocrysts and quan-
tifies their compositions by assuming overlapping trends in
the concentration of selected elements. In the second ap-
proach, we use the Fe–Mg exchange between olivine and
melt for quantification of SMI in olivine. These approaches
provide a unique tool to determine the composition of SMI
that cannot be homogenized and the partition coefficients
between these melts and minerals. The methods presented
here are widely applicable, and can be used over an extend-
ed interval of the liquid line of descent in most magmatic
rocks.

Similar melt compositions derived from various host
phases imply that SMI are indeed representative of the melt
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from which the host mineral formed. Any postentrapment
modification or boundary layer effect would affect melt
compositions in different way in different host minerals.
Thus, melt inclusions provide direct and representative
information on melts present in a magmatic systems and
processes involved in their evolution. Our new approach
enables the investigation of melt inclusions in a much larg-
er variety of systems than previously accessible.
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