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Abstract Quantitative microanalysis of entire silicate
and sulfide melt inclusions by Excimer Laser-ablation
inductively-coupled-plasma mass-spectrometry (LA-IC-
PMS) has been applied to extrusive and shallow intru-
sive rocks from the andesitic Farallon Negro Volcanic
Complex (northwestern Argentina). Silicate melts are
trapped in pyroxene, amphibole, plagioclase and quartz,
and sulfide melts are trapped in amphibole. Details of
the analytical approach and the quantification proce-
dure are given and the results are evaluated to test the
accuracy of the technique and the validity of the inter-
pretation of analytical signals. Similar compositions of
silicate melt inclusions trapped in truly co-precipitating
minerals show that the quantification approach of melt
inclusion compositions from LA-ICPMS signals
through an internal standard is valid. This correspon-
dence also shows that melt inclusions investigated in this
study are not significantly influenced by the boundary
layer around a growing crystal or by post-entrapment
modifications. Post-entrapment diffusive re-equilibra-
tion only affected the Fe and Mg content of melt
inclusions in mafic phases. Thus, melt inclusions are
representative samples of the melt from which the host
mineral crystallized, with regard to most major and trace
elements. Sulfide melt inclusions (present as pyrrhotite
with exsolution of Au and Cu in phases separated during
cooling) were analyzed for their bulk Fe, Cu and Au
content, and the abundance of these eclements was
quantified using a silicate glass as external standard. The
validity of this calibration was tested by comparing
electron microprobe analyses of Fe, Cu, Ni and Co in
homogeneous sulfide minerals with LA-ICPMS results.
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Identical results within calculated uncertainty (one
standard deviation of five to nine analyses, mostly
between 1 and 5 wt% RSD) demonstrate that for these
elements, measured element ratios are independent of
the matrix using our analytical setup.

Introduction

With new developments in analytical techniques, melt
inclusions have become an increasingly powerful source
of information about processes in magmatic systems
(Anderson and Brown 1993; Hauri et al. 2002; Sobolev
and Chaussidon 1996; Sobolev and Shimizu 1993;
Wallace et al. 1995). Provided that such inclusions are
representative samples of the melt from which a phase
has crystallized in the magma, they yield unique con-
straints on the changes in melt compositions during
magma evolution (e.g., Lowenstern 1994). Electron and
ion microprobe analysis are applicable to homogeneous
inclusions quenched to a glass, naturally or through
homogenization runs in the laboratory, and then
exposed in a polished section. In basalts, melt inclusion
studies have applied these techniques with success
(Danyushevsky et al. 2002a; Kamenetsky and Clocchi-
atti 1996; Metrich et al. 1993; Sobolev 1996; Webster
et al. 1999). In water-rich, intermediate to felsic volcanic
rocks, and particularly in subvolcanic intrusions that
commonly give rise to hydrothermal mineralization,
melt inclusions are rarely glassy (Dietrich et al. 2000)
and commonly difficult to re-homogenize by heating
(e.g. Campos et al. 2002; Dietrich et al. 2000). Sulfide
melt inclusions are extremely difficult to quench, even
with a rapid heating/quenching stage (Sobolev et al.
1980) and representative analysis of their composition
with common microprobe techniques is therefore very
challenging (Alard et al. 2000; Larocque et al. 2000).
Laser-ablation inductively-coupled-plasma mass-
spectrometry (LA-ICPMS) has been successfully applied
to the analysis of major to trace elements in exposed
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homogeneous melt inclusions (Taylor et al. 1997;
Kamenetsky et al. 1998). Building on these studies, we
exploited the additional, decisive advantage of this
technique that entire, heterogeneous inclusions can be
ablated and analyzed quantitatively in any host phase.
Thus, prior homogenization of inclusions by heating is
no longer a prerequisite for their representative analysis.
This includes very water-rich inclusions that lose vola-
tiles upon heating, or inclusions of sulfide melts, which
are notoriously difficult to quench. It permits the
investigation of specific magmatic processes, including
the genesis of andesites, the formation of water-satu-
rated intrusions, the exsolution of volatile phases, the
formation of magmatic-hydrothermal fluids and associ-
ated ore deposits and the behavior of ore metals during
magma evolution in sulfide saturated igneous systems.
In addition, the analysis of inclusions in coexisting
phases allows a critical evaluation of the starting
hypothesis that melt inclusions are indeed representative
of the melt composition at the time of their entrapment.

In this contribution, we present details of the analyt-
ical procedure used to quantify melt inclusion composi-
tions in an andesitic system that includes co-magmatic
volcanic and subvolcanic intrusive rocks. We evaluate
precision, accuracy and the influence of post-entrapment
modifications on the derived melt composition. Samples
used for this study are part of an integrated study of the
Farallon Negro Volcanic Complex (FNVC) in north-
western Argentina, which hosts the large Bajo de la
Alumbrera porphyry Cu-Au deposit. The geological
background is documented in Halter et al. (2004a) and
the geochemical interpretation of the melt inclusion data
and their significance for magmatic and ore-forming
processes are presented in the following companion
paper by Halter et al. (2004b) and Halter et al. (2002a).

Melt inclusion petrography

The Farallon Negro Volcanic complex in northwestern
Argentina formed between 9.6 and 6.3 Ma and consists
of a large stratovolcano with basaltic to dacitic flows,
intruded by numerous shallow porphyry stocks of
basaltic-andesitic to rhyodacitic composition (Llambias
1970). Each stock is formed of several intrusions,
depicting a range in compositions. Samples were selected
to represent various stages in the volcanic sequence and
most of the intrusive stocks. Details are given in Halter
et al. (2004a) and Halter et al. (2004b).

Silicate melt inclusions were analyzed in phenocrysts
of pyroxene, amphibole, plagioclase and quartz in fresh
and slightly altered rocks. The inclusions are either
crystallized or glassy and both types can co-exist in the
growth zones of a given crystal. Their apparent size
ranges from a few to approximately 50 um, the largest
ones being trapped in quartz and pyroxene (Fig. 1).
Many inclusions show evidence for crystallization onto
inclusion walls. In pyroxene (Fig. 1A) this is apparent
from large bubbles and from daughter phases that are

partly surrounded by the host mineral. Similar or even
more pronounced textures of this type are found in
amphibole (Fig. 1B). Melt inclusions in pyroxene are
abundant in volcanic rocks, but nearly absent in intru-
sions. Within mafic phases, melt inclusions have a wide
range in size, and are randomly distributed (Fig. 1A),
suggesting trapping during continuous growth of the
host crystals. In plagioclase, inclusions occur mostly as
populations along growth zones (Fig. 1C). Inclusions
in quartz can have either of these two occurrences
(Fig. 1D).

Sulfides were trapped as primary inclusions in some
amphibole crystals only (Fig. 1E). These sulfides are
generally less than 10 pm across and occur in clusters of
a few to some 30 inclusions. The larger inclusions have
very irregular shapes (Halter et al. 2004b) suggesting
entrapment as a liquid phase.

Data acquisition

Individual melt inclusions were analyzed using an
Excimer laser-ablation inductively-coupled-plasma mass-
spectrometry (LA-ICPMS) system. Melt compositions
and their uncertainties were quantified following the
procedure described in Halter et al. (2002b). Since
inclusions are not homogenized to a glass, critical data
evaluation has to be applied to identify inclusions that
are not representative of a melt because of heteroge-
neous entrapment or because they behaved as open
systems after entrapment. This is done by analyzing
several inclusions in a given assemblage of simulta-
neously trapped inclusions (e.g., on a same growth
zone), which is easily possible given that only a few
minutes are necessary for each LA-ICPMS measure-
ment. Analyses are considered representative of the melt
only if they yield consistent results within an inclusions
assemblage. Individual inclusions or outliers were not
reported in tables and figures.

Analytical procedure

Entire unexposed melt inclusions 5 to 30 um beneath the
sample surface were considered for analysis, to avoid
non-representative sampling of heterogeneous inclusions
due to loss of daughter crystals. Inclusions were ablated
using an optically homogenized UV beam from a
193 nm ArF Eximer laser (Gunther et al. 1997) and
details of run conditions are reported in Table 1. The
size of the laser spot can be adjusted between 8 and
80 um using pinhole apertures. For each inclusion, the
pit size was selected to be slightly larger than the inclu-
sion diameter (Fig. 1F). The ablated material was
transported by He carrier gas to an Elan 6100 quadru-
pole mass-spectrometer, which sequentially records
signals for all the elements of interest. Ablation was
monitored through an optical microscope and the re-
corded signal was displayed in real time on a computer
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Fig. 1 Examples of melt inclusions analyzed in various host
minerals. Inclusions in pyroxene (A) and amphibole (B) are
generally glassy and contain daughter crystals. In pyroxene (A),
melt inclusions commonly have an opaque daughter crystal and a
large bubble (10 to 20 vol%). The large shrinkage bubble,
particularly in amphibole, suggests extensive crystallization of host
mineral onto the inclusion walls. Inclusions in plagioclase (C) are
characterized by negative crystal shapes and are often crystallized,
except in late intrusions. In the latter case, melt inclusions contain
bubbles of approximately 20 vol%. Quartz phenocrysts host both
glassy and finely crystallized melt inclusions (D) with bubbles of
20 to 30 vol%. These inclusions have a negative crystal shape and
often depict small cracks at opposite corners. Sulfide melt
inclusions (E) are very irregular in shape and trapped only
in amphibole. Inclusions were analyzed by using laser beam sizes
slightly larger than the inclusion and an example of resulting pits
are shown in (F). Only inclusions entirely enclosed in the host
mineral were analyzed, inclusions that were not analyzed are partly
exposed to the sample surface
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crystallized

monitor to guarantee maximum control of the ablation
procedure. Each transient signal is composed of 20 to
30 s of instrument background measurement, followed
by the analytical signal from the ablation of the host
mineral and the inclusion (Fig. 2). The analytical signal
is composed of a steady response from the ablation of
the host mineral before and after the inclusion, and an
intermediate transient signal from the combined abla-
tion of host and inclusion in varying proportions. The
analytical setup is described in detail by Gunther et al.
(1997) and Heinrich et al. (2002) and the validity of
its application to melt inclusions in recent volcanic rocks
has been tested by Pettke et al. (2002).

Sulfide melts were analyzed using the same approach
as described for silicate melt inclusions (Halter et al.
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Table 1 LA-ICPMS machine and data acquisition parameters

Excimer 193 nm ArF laser Compex 1101
Output energy
Pulse duration/repetition rate
Pit size
Cell He gas flow
ELAN 6100 DRC quadrupole ICP-MS
Nebulizer gas flow
Auxiliary gas flow
Cool gas flow
rf power
Detector mode
Detector housing vacuum
Data acquisition parameters
Readings per replicate
Dwell time per isotope
Isotopes

15 ns/10 Hz

2Na, Mg, YAl 2
93Nb Mo,

133CS ”7Ba 139La 14OC

Adjusted to between 27 and 200 mJ at 193 nm

Between 8 and 80 pm
Optimized between 0.9 and 1.2 1 min™~

1

Optimized between 0.95 and 1.20 I min™' Ar

Optimized between 0.75 and 1.00 1 min™" Ar

Optimized between 14.0 and 16.0 1 min™" Ar

Optimized between 1,450 and 1,550 kV

Dual, up to 9 orders of mdgmtude linear dynamic range
Between 1.5 and 2.8x107> Torr during analysis

Between 200 and 1,000 as a function of number of isotopes
AdJusted between 10 ms (standard) and 30 ms gto lower LOD)

3Mn, *’Fe, ®°Cu, %Zn, *Rb, *%sr, ¥Y, *7r,

YK, ¥Ca, Ti, )
146Nd 173Yb 175Lu lSlTa OSPb 232Th 238U

Fig. 2 Typical ablation signals
for selected elements (from a
27-element menu) in silicate
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2002b). A typical signal obtained from the analysis of a
sulfide melt inclusion in amphibole is shown in Fig. 3.
As for silicate inclusions, the signal consists of a back-
ground measurement, monitored prior to ablation, a
signal from the host before and after the ablation of the
inclusion and an evolving signal of host plus inclusion
mixture. Note the conspicuous internal heterogeneity of
the sulfide melt inclusion.

Quantification of melt inclusion compositions
Quantification of the chemical composition of silicate

melt inclusions is obtained through a three-step proce-
dure. First, analytical signals of the host and the host
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plus inclusion mixture are converted into element ratios
using element sensitivity factors determined through
bracketing external standards (SRM-610 from NIST,
hereafter NIST 610). Second, element concentrations in
the host and the mixed segment are calculated by nor-
malizing to a total concentration of major elements of
100 wt% (or less if a certain water concentration is ex-
pected). Finally, the relative contributions of the host
and the inclusions to element concentrations in the
mixed host + inclusion signal need to be assessed, to
determine element concentrations in the originally
trapped melt. This is done for each inclusion using an
internal standard (Halter et al. 2002b). An internal
standard is a known element concentration in the melt,
by which the mass ratio between the host and the
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inclusion can be uniquely determined. Once the inclu-
sion/host ratio is known, the concentration of all the
elements in the melt can be quantified through a simple
mathematical procedure, graphically presented in Fig. 4.

An internal standard can be obtained through several
methods, discussed by Halter et al. (2002b). In the
FNVC, the best choice for an internal standard comes
from the tight correlation between FeO and Al,O;
content of bulk rocks (Fig. 4). Varying the relative mass
of host and inclusion in a given analysis modifies the
calculated element ratio in the melt, thus the assumption
that melt inclusions have similar FeO/Al,O5 ratios as
bulk rocks uniquely defines the concentrations of both
FeO and Al,O; in the inclusion and, thus, the mass ratio
(Halter et al. 2002b).

During cooling after melt inclusion entrapment, a
considerable quantity of host mineral crystallizes from
the melt onto the inclusion wall. Element concentrations
obtained during ablation of the host +inclusion mixture
include this newly crystallized wall and an unknown
amount of additional host mineral. The use of an
internal standard has the advantage that no prior
knowledge of the amount of crystallization onto the
inclusion wall is required since it is ablated with the
residual inclusion melt during the analysis and the bulk
of the ablated material is used for quantification. Thus,
re-melting of the inclusion wall is not necessary for this
analytical approach.

Sulfide melt inclusions were quantified using the same
approach and the same external standard as for silicate
melt inclusions, i.e., a silicate glass NIST 610. Sulfur was
not quantified and element concentrations were ob-
tained by assuming that the inclusion was stoichiometric

Time (s)

(Fe,Cu)S with sufficiently small Cu concentration (max.
3 wt%) that the valence and stoichiometric state of Cu is
irrelevant within the analytical uncertainty (5-10 wt%).
The mass ratio between the inclusion and the host was
calculated by assuming that the inclusion contained no
silica, i.e., elements contributions from the host mineral
(essentially Fe from amphibole in this case) were sub-
tracted in proportion of the SiO, content of the host
mineral. To increase the number of determinations and
the counting time on Au, the number of elements ana-
lyzed was reduced to four (Si, Fe, Cu, Au). This signif-
icantly decreased the uncertainty and the limit of
detection for Au and granted a more representative
sampling (Pettke et al. 2000) of the commonly short
Au signal generated from tiny nuggets formed upon
solidification of the sulfide melt.

Individual analyses of silicate and sulfide melt inclu-
sions and the host mineral for each inclusion are avail-
able as an electronic data repository of the companion
paper (Halter et al. 2004b).

Uncertainties and limits of detections

Analytical uncertainties in element concentrations are
the combined result of plasma flickering (evident from
the rapid, short term fluctuation in the signal; Fig. 2),
counting statistics, and the restricted number of deter-
minations of a given element during analysis. These
uncertainties can be quantified and were propagated
through the calculations of element concentrations for
each inclusion (Halter et al. 2002b). A large contribution
of the host to the total measured element concentrations
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Fig. 4 Successive steps in the quantification of element concentra-
tions in melt inclusions. The correlation between FeO and Al,O3
in whole rocks constrains the concentration of Al,O; in the
inclusions, which is used as an internal standard. The mass ratio
between the host mineral and the melt inclusions is used to quantify
concentrations of all other elements in the inclusions. Modified
from Halter et al. (2002b)

in the mixed signal increases the uncertainty on the
inclusion composition. Thus, analyses were only re-
tained if the melt contribution to the mixed signal was
more than 20 wt%. Limits of detection for major to
trace element concentrations in melt inclusions vary
between a few thousand and a few ppm, depending on
the compositions of the host mineral and the mass ratio
between the inclusion and the host mineral in the mixed
ablation interval (Fig. 2). Analytical uncertainties on
element concentrations of a single melt inclusion are on
the order of 2 to 30% depending on the element and
increase rapidly with increasing host/inclusion ratio.
Additional uncertainty results from the signal
de-convolution and depends on the accuracy with which
the internal standard is determined. Quantification using
the FeO/Al,O5 leads to small uncertainties because the
AlOscontent varies only between 18 and 14 wt% over
the entire differentiation trend, so that the adjustment to
the FeO/Al,O5 ratio is a second-order correction only
(Fig. 4). Results are therefore also not sensitive to
uncertainties in the Fe’" /Fe’" ratio of melts or phe-
nocrysts, or to some post-entrapment modification of

Fe/Mg (see below). Other element correlations such as
TiO,/AlL,O30r CaO/SiO, were also used to test the
accuracy of the FeO/Al1,0O; ratio as an internal standard
but these ratios are not universally applicable because of
the high compatibility of Ti and Ca in some minerals
and their low abundance in highly fractionated melts.
Using the correlation between FeO and Al,O3 as an
internal standard, variations in the concentration of
most elements closely follow those of whole rocks
(Halter et al. 2004b), justifying the use of this internal
standard. To illustrate that results are rather insensitive
to these assumptions, we report in Table 2 the compo-
sition of a melt inclusion in pyroxene, quantified using
the Al,Oscontent derived from the bulk rock chemical
trend and deviations of 1 wt% from this concentration,
which covers half of the entire range in the Al,O5 con-
centrations of the parent magmas. Table 2 shows that
most calculated element concentrations are not signifi-
cantly affected by this uncertainty on a carefully selected
internal standard. As this uncertainty cannot be quan-
tified for each analysis, it was not included in the
calculation.

Differences between the melt and the bulk rock
compositions also result from equilibrium crystallization
of phenocrysts. In the FNVC, the most abundant phe-
nocrysts are amphibole and plagioclase, and the pre-
cipitation of these two phases has opposing effects on
the Al,O; content of the melt. Some rocks contain only
amphibole and crystallization of 20% amphibole phe-
nocrysts will raise the Al,O5; content of the residual melt
by 1.7 wt%. The average amount of amphibole pheno-
crysts in these rocks is well below 20% and this effect is
therefore expected to be of similarly subordinate
importance to the result.

Influence of the host mineral and significance of the data

A first requirement underlying any petrogenetic use of
melt inclusions is the assumption that inclusions are truly
representative of the melt in which the host mineral grew.
In particular, boundary layer effects (i.e., a melt layer of
different composition from the bulk melt surrounding
growing crystals) have been suggested as a potential
mechanism that could affect the representativity of melt
inclusions. To evaluate the significance of this effect,
we analyzed inclusions in two distinct phases where
petrographic criteria indicate that they crystallized
simultaneously. Note that such pairs are rarely found in
the system under investigation and evidence from melt
inclusions suggest that phases generally do not co-exist
(see Halter et al. 2004b). The selected inclusions are from
a plagioclase-pyroxene pair and an amphibole-plagio-
clase pair in a volcanic and an intrusive rock, respec-
tively. With the exception of Fe and Mg, which have
abundances that do not overlap within their uncertainly,
and Cu in the plagioclase—pyroxene pair, the relative
abundance of element concentrations in the two pairs is
mostly identical within their uncertainty (Fig. 5).



Table 2 Effect of an uncertainty of 1 wt% Al,O5 on the calculated
composition of a melt inclusion trapped in pyroxene

Internal standards:

Al,Osfrom bulk Fractionation Fractionation
fractionation trend trend -1 wt% trend +1 wt%
Al,O3 Al,O4
Deviation Deviation
SiO, 58.95 58.16 1% 59.74 -1%
TiO, 0.32 0.34 =7% 0.30 7%
Al,O3 16.45 15.45 6% 17.45 —-6%
Fe,03 591 6.24 -6% 5.57 6%
MnO 0.15 0.17 —-12% 0.13 12%
MgO 2.79 3.66 -31% 1.92 31%
CaO 4.04 5.13 —27% 2.96 27%
Na,O 3.19 2.97 7% 3.41 =7%
K,0 4.20 3.88 8% 4.52 —8%
H,O 4.00 4.00 4.00
Total 100.00  100.00 100.00
Cu 67 62 7% 72 =7%
Zn 37 39 —-6% 35 6%
Rb 129 119 8% 139 —8%
Sr 350 326 7% 374 =7%
Y 22 23 -4% 21 4%
Zr 172 162 6% 182 -6%
Nb 16 14 8% 17 —-8%
Mo 2 2 7% 2 =7%
Ba 464 429 8% 500 -8%
Cs 6 6 8% 7 —-8%
La 26 24 7% 28 =7%
Ce 50 47 5% 52 -5%
Nd 22 22 2% 22 -2%
Yb 2 2 -9% 2 9%
Ta 1 1 7% 1 7%
Pb 12 11 8% 12 —8%
Th 9 8 8% 10 -8%
U 3 3 8% 3 -8%
Mass factor 0.44 0.47 0.41
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Major elements are in wt%, trace elements in ppm

This result has several implications. First, it confirms
that calculated compositions of the melt inclusions are
not biased by the composition of the host mineral phases
during signal de-convolution, even though some com-
patible major or trace elements have up to 5 times
smaller concentrations in the melt than in the host. This
is evidence that the analytical approach using hetero-
geneous inclusions and the selected internal standard are
valid and yield correct inclusion compositions. The plots
also illustrate that uncertainties can differ significantly
depending on whether an element is compatible or
incompatible in the host mineral, and that the calculated
de-convolution uncertainties are a good measure of the
overall uncertainty. For instance, the uncertainty on Sr
is much higher in plagioclase than in pyroxene, because
the high Sr content of the plagioclase dominates the
mixed signal. Conversely, Zn concentrations are more
accurately determined in plagioclase than in the pyrox-
ene, because the Zn concentration in plagioclase is lower
than in the pyroxene (Fig. 5a).

Consistent melt compositions in contrasting host
minerals also imply that the boundary layer around the
growing crystal has little or no effect on the composition
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Fig. 5 Comparison between element concentrations in melt inclu-
sions from a co-existing plagioclase-pyroxene pair in a volcanic
rock (A) (sample NB5B), and a plagioclase-amphibole pair from an
intrusive rock (B) (sample NB32B). Nearly all the elements have
identical concentrations (within their uncertainty) in both pairs of
inclusions, demonstrating the validity of the analytical procedure,
notably the de-convolution of the mixed signal to calculate element
concentrations in the inclusion and that element concentration in
melt inclusions are not extensively modified by post-entrapment
diffusion or boundary layer phenomena around growing crystals.
Major elements are in wt% and trace elements in ppm

of the melt inclusions. If boundary-layer effects were
significant, host mineral specific deviations would be
expected depending on whether an element is compatible
or incompatible in one or the other host mineral. Tho-
mas et al. (2002) have similarly concluded from electron
microprobe studies of glassy melt inclusions in various
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co-genetic phases from the Toba Tuff that melt inclu-
sions of 20 um or larger are representative samples of
the bulk melt.

Post-entrapment modifications

A second requirement for interpretable melt inclusion
data is that inclusions were preserved as a closed system
after entrapment, i.e., that the composition of the
inclusion and the host mineral that crystallized from the
inclusion did not exchange with the surrounding mineral
or melt. Calculations suggest that significant diffusion of
elements under strong chemical gradients can signifi-
cantly modify the concentration of some eclements in
melt inclusions (Gaetani and Watson 2000). From
Fig. 5, post entrapment diffusion can be discarded as a
process that significantly affects melt inclusion compo-
sitions because it would be unexpected coincidence if
these modifications were identical in highly contrasting
host minerals. Diffusion rates for various elements are
significantly different in plagioclase, pyroxene and
amphibole and diffusion would affect element concen-
trations to various extents in different minerals.

Iron and magnesium deviate significantly in their
concentrations in the pyroxene — plagioclase pair (in
Fig. 5B both elements are below the limit of detection in
inclusions in amphibole and could not be compared).
The concentration of Fe is lower (5 to 10% relative), and
that of Mg is higher in inclusions trapped in pyroxene
and amphibole, compared to inclusions in plagioclase
or in the bulk rock at similar silica content (Fig. 6).
Moreover, Mg# [the Mg-number Mg/(Mg + Fe), in mol]
in host minerals and inclusions are similar, i.e., their
ratio is close to 1. This is incompatible with frozen
equilibrium conditions between the two phases which
fixes the ratio between the Mg# of ferromagnesian
minerals and the melt between ~0.23 (orthopyroxene)
and ~0.38 (amphibole; Sisson and Grove 1993). Mea-
sured ratios of 1 imply that post-entrapment modifica-
tion has caused selective Fe-Mg exchange in the mineral
and/or melt inclusion.

A systematic study of the behavior of Mg and Fe in
olivine and its melt inclusions by Danyushevsky et al.
(2002a) has shown that post entrapment diffusive re-
equilibration of olivine crystallized from the melt onto
inclusion walls results in an increase in the Mg/Fe ratio
in the inclusion after homogenization. A similar process
to that suggested by Danyushevsky et al. (2002b) for
olivine is likely to have affected the Fe and Mg content
of melt inclusions and mafic minerals in our samples,
partly explaining the similar Mg# in melt inclusions and
the host mineral.

In addition to this process, we suggest that mafic
minerals exchange Fe and Mg with the surrounding melt
after the inclusion had solidified. This resulted in a
further decrease in the Mg# of the host to values close to
those measured in the melt inclusions. This also requires
that exchange between the mineral and the melt sur-
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Fig. 6 Molar concentrations of Fe, Mg and Fe+ Mg in melt
inclusions and bulk rocks from the Farallon Negro Volcanic
Complex. Due to post-entrapment re-equilibration of Fe and Mg,
the concentration of Fe in melt inclusions trapped in mafic phases
is lower, and that of Mg higher than the corresponding concen-
trations measured in melt inclusions in plagioclase or in bulk rocks
at the same SiO, content. The sum of Fe+ Mg in the inclusions, in
moles, follows the same tight correlation trend as the bulk rocks,
suggesting that a stoichiometric exchange affected Fe/Mg ratios
only. Shaded areas underline the main bulk rock trends

rounding phenocrysts continued to lower temperatures
than the exchange between the mineral and the inclusion
melt. The process causing this is unclear, but the con-
centration of Fe and Mg in melt inclusions hosted by
mafic phases are cannot be taken as representative of the
concentrations in the original melt. Even though the
abundance of Fe and Mg in melt inclusions from mafic
phases appears to be modified, the sum of the molar
abundance of these two elements is identical to that
measured in plagioclase and in the bulk rocks (Fig. 6).
This supports the hypothesis of a stoichiometric FeMg_;
exchange after entrapment of inclusions, rather than
an analytical artifact or heterogeneous entrapment.
Besides Mg and Fe, some other elements also differ
significantly in the melt inclusions of the cogenetic
pyroxene-plagioclase pair. These are likely to be primary



differences, in particular for Cu (see Halter et al. 2004b)
and reflect entrapment of the inclusions at slightly dif-
ferent stages in the growth of the plagioclase and the
pyroxene.

Sulfide melt inclusions
Analytical precision

Earlier tests (e.g., Jackson et al. 1992; Fryer et al. 1995;
Longerich et al. 1996; Gunther et al. 1997; Heinrich
et al. 2002) have shown that laser-ablation ICPMS is
relatively insensitive to matrix effects as long as silicate-
based matrices are compared. Sylvester (2001) suggested
that accurate quantification of element concentrations
in sulfides requires the use of a sulfide as an external
standard. The analysis of sulfide melt inclusions in sili-
cate minerals thus poses a potential problem for the
quantification of the mixed signal of sulfide melt inclu-
sion +silicate host in variable and initially unknown
proportions. We therefore evaluated the applicability of
using a silicate glass standard (NIST 610) for calibration
of sulfides with the Excimer laser system, by comparing
the concentrations of the siderophile elements Fe, Ni
and Co and the chalcophile element Cu to those ob-
tained by EMP on the same synthetic sulfide grains of
pyrrhotite, chalcopyrite and millerite (Table 3). Within
an uncertainty of one standard deviation, both LA-IC-
PMS and EMP yield the same results (Fig. 7). The large
variation in the Fe and Co content of one millerite is due
to a coupled substitution with Ni.

Controlled ablation of some silicate host minerals
(notably quartz) requires a high energy density on the
ablation spot, whereas sulfides require lower energy for
ablation. Sulfide ablation behavior may be different at
high energy densities and therefore, we tested the
dependence of sulfide LA-ICPMS analysis upon the
laser output energy and ablation spot size. Tests (Fig. 8)
demonstrate that these two parameters exert little
influence on the results shown in Fig. 7.

Our analytical comparison between the electron
microprobe and LA-ICPMS (Fig. 7) shows that for
these elements, the calibration of sulfide analyses by
external calibration on silicate glass standards is accu-
rate for the beam-homogenized 193-nm laser system
employed here—despite the strongly contrasting matri-
ces between standard and sample. This is even true for
variable beam energies and differing pit sizes as shown
in Fig. 8, as required for the controlled ablation of melt
inclusions in any host silicate mineral. These results
demonstrate that ratios between siderophile (Fe, Co)
and chalcophile (Cu, Ni) elements in sulfides can be
accurately quantified by the use of silicate glass stan-
dards on our instrumental setup. We are therefore
confident that the calibration of sulfide melt inclusions
hosted by silicate minerals is also accurate for Au when
using a silicate glass as an external standard (Halter
et al. 2002a).
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Representative sampling

Petrographic observations on polished surfaces show
that sulfide melt inclusions are composed of several
sulfide minerals, presumably formed by exsolution and
crystallization upon cooling. This observation is con-
firmed by the signal in Fig. 3, which shows a heteroge-
neous distribution of Cu and Au relative to Fe within
the inclusion. Thus, for a representative analysis of the
melt, it 1s essential that entire inclusions are ablated,
whereas spot analysis at the sample surface would not
yield true melt compositions.

Figure 3 shows that in heterogeneous inclusions the
signal from Cu and Au may be a short fraction of the
total signal length. This limits the number of determi-
nations for which these two elements (and Au in par-
ticular) generate a signal significantly above the
background. This uncertainty in the sampling increases
the uncertainty on the element ratios obtained by signal
integration, and may be significant for short signals with
less than approximately 10 determinations (Pettke et al.
2000). As in other inclusion analyses, the variability of
the result in a population of cogenetic inclusions is the
best measure of true analytical uncertainty.

Conclusions

Laser-ablation ICP-MS is a powerful tool for efficient
and systematic analysis of major to trace elements in
melt inclusions, because it allows complete integration of
bulk melt compositions and, thus, the analysis of crys-
tallized inclusions in any phenocryst phase without prior
homogenization. Quantification of inclusion composi-
tions is done through the use of an internal standard,
which corrects for the crystallization of host mineral
onto inclusion walls upon cooling. This is an alternative
to thermal homogenization and has the advantage that
independent checks on the reconstituted melt composi-
tion can be made (e.g., use of various internal standards,
use of melt inclusion populations). Heterogeneous
entrapment and selective post-entrapment modifications
(e.g., through loss of volatiles or alteration) can be
identified through the analysis of several inclusions from
a single assemblage (Roedder 1984).

The effect of post-entrapment re-equilibration of the
Fe and Mg content of mafic host minerals has become
apparent from analysis of co-existing host minerals and
their melt inclusions. It affects Fe/Mg ratios, but not
their sum, in the inclusion and is not an artifact of the
analytical technique; re-melting of a modified host
would likewise not yield the Fe/Mg ratio in the original
melt. Such a modification can potentially affect all
elements that easily exchange through substitutions in
the crystal lattice. Only Fe and Mg appear to be sig-
nificantly affected by this process in our sample suite,
and both elements were, therefore, not used in the
geological interpretation of the data (Halter et al.
2004b).
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Fig. 7 Comparison of average concentrations of Fe, Cu, Ni and Co
in sulfides obtained with the electron microprobe (five analyses per
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independent of the matrix within a typical sampling precision of
a few wt% RSD

(5 Hz, 78mJ 60um pits
A
+ Fe
5t ¢ Co o
= o Nj
é a Cu
54 £
s B’
=
63 P
o A
o b
- '/
2 i
] 5 Hz, 28mJ 40um pits
1 2 3 4 5 6

Log concentration (ppm)

Fig. 8 Comparison between element concentrations in sulfide
standards using different pit sizes and laser output energies. The
close agreement in the calculated element concentrations demon-
strates that the measured ratios between Fe, Cu, Ni and Co are
insensitive to the laser beam energy used for the ablation

Results from melt inclusions trapped simultaneously
in different host minerals demonstrate that the mathe-
matical de-convolution of the mixed mineral + melt
signal is valid and not influenced by the composition of
the host. Moreover, they show that melt inclusions
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reliably represent samples of the melt from which min-
erals grew. In particular, the effect of a boundary layer
around the growing crystal appears to be negligible for
inclusions greater than about 10 um in diameter. Thus,
carefully selected melt inclusion assemblages represent
true samples of the melt from which the crystal grew,
and their composition can be used to reliably derive
quantitative information on processes controlling the
evolution of magmatic systems.
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