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ABSTRACT

Silicate melt inclusions are ubiquitous in phenocrysts in porphyry copper deposits. Compared to melt inclusions in other
igneous environments, those in porphyry copper deposits are more difficult to recognize and analyze, for a variety of reasons. The
inclusions are usually partially to completely crystallized or altered by hydrothermal fluids, resulting in a dark, granular appear-
ance. In this study, a protocol for identifying and homogenizing crystallized melt-inclusions from porphyry copper deposits is
described. The protocol has been used to obtain preliminary data from melt inclusions in the Red Mountain, Arizona, and the
Tyrone, New Mexico, porphyry copper deposits. Many melt inclusions in syn- and post-mineralization samples show evidence of
alteration by magmatic-hydrothermal fluids that produced alteration and mineralization in the plutons, and many inclusions
trapped crystals or fluid (or both) along with the melt. Elevated concentrations of metal in pre-mineralization (H,O-undersaturated)
melt inclusions, and lower concentrations of metal in later syn- and post-mineralization (H,O-saturated) melt inclusions are
consistent with models that invoke quantitative transfer of copper and other metals from the melt into the magmatic aqueous
phase when the melt reaches H,O saturation. Results from Red Mountain and Tyrone are compared to melt inclusions from the
White Island, New Zealand, active volcano.
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SOMMAIRE

Des reliquats de magma pi€gés sont répandus dans les phénocristaux des gisements porphyriques cupriferes. En comparaison
des reliquats magmatiques d’autres milieux ignés, ceux des gisements porphyriques cupriferes sont plus difficiles & reconnaitre
et a analyser, et ce, pour plusieurs raisons. Les inclusions sont généralement cristallisées, en partie ou complétement, ou altérées
par des fluides hydrothermaux, avec comme résultat une apparence sombre et granuleuse. Dans ce travail, nous décrivons un
protocole pour identifier et pour homogénéiser les reliquats magmatiques cristallisés provenant de gisements porphyriques
cupriferes. Ce protocole a été utilisé pour obtenir des données préliminaires portant sur les reliquats magmatiques aux gisements
cupriferes de Red Mountain, en Arizona, et de Tyrone, Nouveau-Mexique. Plusieurs reliquats inclus dans des échantillons
contemporains ou tardifs par rapport a la minéralisation témoignent d’une altération par des fluides magmatiques et hydrothermaux
qui ont produit I’ altération et la minéralisation de ces plutons, et plusieurs des inclusions ont piégé cristaux ou fluide (ou les deux)
en plus du liquide silicaté. Des teneurs élevées en métaux dans les inclusions de liquide silicaté pré-minéralisation (sous-saturées
en H,0), et des concentrations plus faibles en métaux dans les venues plus tardives par rapport a la minéralisation (saturées en
H,0) concordent avec les modeles faisant appel au transfert quantitatif de cuivre et autres métaux du magma a la phase aqueuse
orthomagmatique aussitot que la saturation en H,O est atteinte. Les résultats sur les inclusions de Red Mountain et de Tyrone sont
comparés aux données sur les reliquats magmatiques provenant de I’Tle White, en Nouvelle-Zélande, volcan actif.

(Traduit par la Rédaction)

Mots-clés: reliquats magmatiques inclus, gisements porphyriques cupriferes, Red Mountain, Arizona, Tyrone, New Mexico, ile
White, Nouvelle-Zélande.
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INTRODUCTION

Porphyry copper deposits represent an important
economic source of copper and other metals, including
molybdenum, gold, silver, zinc and lead (Cox 1986,
Guilbert & Parks 1986). Copper and other ore metals
are considered to have been extracted from the silicate
melt when magmatic fluids exsolved from the magma
during crystallization and decompression processes
(Burnham 1967, 1979, 1997, Hedenquist & Lowenstern
1994). The metals are later precipitated in an ore shell
within and around the pluton as the magmatic fluids cool
and mix with externally derived fluids (Beane & Titley
1981).

In this study, we have examined crystallized melt
inclusions in quartz phenocrysts from the Red Moun-
tain, Arizona, and Tyrone, New Mexico, porphyry cop-
per deposits in an attempt to develop a protocol for
identifying and studying melt inclusions in this ore-
forming environment. The inclusions represent magma
that was trapped during (Red Mountain) and following
(Tyrone) mineralization. In addition, melt inclusions in
pre-mineralization Meadow Valley andesite from Red
Mountain, Arizona, have been examined in an effort to
characterize the early stages of the magmatic system,
before the magma evolved to the ore-forming stage.
Finally, we have examined melt inclusions in recent
lavas of basaltic andesite composition from the active
volcanic system at White Island, New Zealand, as a
modern analogue representing the very earliest stages
in the formation of a porphyry-copper-forming system.

BACKGROUND INFORMATION

Numerous studies over several decades have char-
acterized the physical and chemical environment asso-
ciated with hydrothermal activity, mineralization, and
alteration in porphyry copper deposits (c¢f. Lowell &
Guilbert 1970, Beane & Titley 1981, Beane & Bodnar
1995, Roedder & Bodnar 1997). Less information is
available concerning the early (pre-mineralization) mag-
matic stage because the host rocks have generally been
altered by later hydrothermal fluids, effectively destroy-
ing the original igneous phases and altering the bulk-
rock compositions. In addition, in many porphyry
copper deposits, the pre- or syn-mineralization volcanic
cover has been removed by erosion, thus destroying any
information that these rocks might have provided.

Melt inclusions represent samples of melt trapped
during crystallization of magmas, and have been used
successfully to study magmatic evolution in igneous
systems (Clocchiatti 1975, Lowenstern 1995, Roedder
1979, Sobolev 1996, Danyushevsky et al. 2002). In
volcanic systems in which the rocks cooled rapidly, melt
inclusions are commonly preserved as a homogeneous
glass (with or without shrinkage bubbles or bubbles
containing exsolved volatiles), and are relatively easily
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recognized and analyzed. Melt inclusions from deeper
plutonic environments, or volcanic systems that cooled
more slowly, are not only more difficult to recognize,
but also present significant analytical challenges (cf.
Thomas 1994a, b, Yang & Bodnar 1994, Lowenstern
1994, Davidson & Kamenetsky 2001, Frezzotti 2001,
Thomas et al. 2002, Fedele er al. 2003, Rapien et al.
2003). In these systems, melt inclusions are preserved
as partially devitrified glass or completely crystallized
mineral inclusions, usually with a deformed and com-
monly obscure vapor phase. Such melt inclusions are
characteristic of igneous rocks that cooled slowly
(Roedder 1979, Lowenstern 1995). The inclusions are
commonly dark to opaque in transmitted light (owing
to the presence of abundant crystallites) and are not eas-
ily recognized during routine petrographic examination
(see Fig 1, inclusions at 22°C).

For most inclusions that contain only glass (+ a va-
por bubble), one need only to expose the inclusion at
the surface before conducting analyses. However, to
study crystallized melt inclusions, it is necessary to first
homogenize the inclusion to a glass. Halter ez al. (2002)
described a technique for analyzing crystallized melt
inclusions without the need for re-homogenization, us-
ing laser-ablation ICP-MS. Whereas this technique is
indeed applicable for determining concentrations of
many elements of interest in melt inclusions, other im-
portant chemical and petrological information may be
lost. For example, observation of melt inclusions dur-
ing heating provides information concerning the order
and temperature at which various phases dissolve, which
in turn can be used to infer the trapping environment of
the melt inclusion (i.e., on the H,O-saturated solidus or
on a cotectic; Student & Bodnar 1999); such observa-
tions can help to identify solids that have been trapped
along with the melt (cf. Fedele et al. 2003). In addition,
information concerning the volatile (H,O, CO,) budget
of the melt is not available from LA-ICP-MS analyses,
and this information is critical to understanding ore-
forming processes in magmatic hydrothermal systems.
The protocol described here allows one to: (1) deter-
mine the temperature of trapping of the melt, (2) iden-
tify those inclusions that have trapped only a single,
homogeneous melt phase (based on the order and con-
sistency of phase changes within a group of coeval melt
inclusions during heating), and (3) produce a homoge-
neous glass phase that may be analyzed for major, mi-
nor and trace elements, including volatile components.

SAMPLE DESCRIPTION
Rock samples
Samples of quartz latite from Red Mountain, Ari-
zona, were obtained from a depth of approximately

1,500 m in drill hole 148 (Corn 1975). Unaltered
Meadow Valley andesite was collected from the surface
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The change in appearance of two crystallized silicate-melt inclusions in a quartz phenocryst from a quartz latite dike at

Red Mountain, Arizona, during heating from room temperature (22°C) to the homogenization temperature (810°C). Evidence
for melting is first observed at 675°C. By 725°C, the volatiles (V) have coalesced into a single, spherical bubble in the melt,
and feldspar daughter minerals (xtl) are noticeably reduced in size. At 790°C, each inclusion contains a small feldspar crystal
(not visible) in contact with the vapor bubble. The vapor bubble and feldspar are still present after heating to 800°C, but are
gone after heating to 810°C. Simultaneous disappearance of vapor and crystal indicates that the melt was trapped on the H,O-
saturated quartz—feldspar cotectic. These inclusions were heated under 1 kbar confining pressure in a TZM vessel. The inclu-
sion labeled RM148B—6 was analyzed by EPMA, and its composition is listed in Table 1.

on the northeastern side of Red Mountain. This same
andesite was encountered in drill core, but the pheno-
crysts (plagioclase and pyroxene) had been destroyed
by alteration, and could not be used for melt-inclusion
studies.

Surface samples of monzonite and quartz monzonite
were collected from the pit and surrounding country-
rock at the Tyrone porphyry copper deposit, New
Mexico. Samples represent the four main periods of
magmatism (Duhamel et al. 1995), but only the
unfractured and unmineralized quartz monzonite of
Stage IV contains relatively isolated melt inclusions
suitable for study. This rock is a post-mineralization
member of the overall magmatic system that produced
the Tyrone deposit. We assume that it represents a
sample of a productive magma after it has lost its met-
als to the magmatic-hydrothermal fluid.

Results from the porphyry copper deposits at Red
Mountain and Tyrone were compared to melt inclusions
from White Island, New Zealand, which represents a
young porphyry-copper-forming system that has not yet
reached the productive stage (Rapien 1998, Rapien et
al. 2003). The White Island basaltic andesite is inter-
preted to be analogous to early, pre-mineralization vol-
canic rocks in porphyry copper systems, such as the
Meadow Valley andesite at Red Mountain.

Additional details concerning sample selection and
analytical techniques are available in Student (2002).

Melt inclusions

Melt inclusions examined in this study show vari-
able proportions of glass, crystals and vapor. Some melt
inclusions in pyroxene from the Meadow Valley andes-
ite at Red Mountain and all inclusions in pyroxene and
plagioclase from White Island contain only glass + va-
por. Other inclusions (in pyroxene) from the Meadow
Valley andesite contain one or more crystals in addition
to vapor and glass. Plagioclase daughter crystals (iden-
tified on the basis of polysynthetic twinning and elec-
tron-microprobe data) have been identified in some of
these inclusions. All inclusions in quartz from the Red
Mountain quartz latite and from Tyrone are completely
crystallized and contain distorted vapor bubbles that fill
the interstices between the daughter crystals and the host
walls. The largest daughter mineral occupies >50% of
the inclusion volume and has been identified as feld-
spar (Anj;_40) based on electron-microprobe analysis
(EPMA) and optical characteristics. The variable phase
relations observed in melt inclusions reflect the differ-
ent rates of cooling of the melt inclusions (and host
rocks) following entrapment, with glass-bearing inclu-
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sions generally assumed to have cooled more rapidly
than crystallized or crystal + glass inclusions of the same
size (Roedder 1979, 1984). In addition, many of the melt
inclusions trapped mixtures of melt + crystals + fluid,
as indicated by results of heating experiments described
below.

The melt inclusions studied in some cases occur
along growth zones or along trails, but the majority of
inclusions observed in quartz phenocrysts from Red
Mountain occur as isolated individual inclusions, or
small groups of inclusions, within phenocrysts. At
White Island, coexisting melt and solid inclusions (pla-
gioclase inclusions in pyroxene and pyroxene inclusions
in plagioclase) commonly occur along the same growth
zone (Rapien 1998). The size of the melt inclusions
ranges from about 20 to 50 wm in the Red Mountain
andesite, from <5 to about 25 pwm in the Red Mountain
quartz latite, and from <5 to about 35 wm in the Tyrone
quartz monzonite. At White Island, the inclusions are
generally less than 20 wm in diameter. Larger inclusions
occur in all samples from all of the locations studied,
but these generally show evidence of natural decrepita-
tion, such as a halo of smaller inclusions surrounding a
larger central inclusion, or radial fractures extending
from the inclusion (Vityk & Bodnar 1995, Vityk et al.
1995, Bodnar 2003); also, they may be intersected by
planes of secondary aqueous inclusions that altered the
inclusion contents, or such inclusions decrepitated dur-
ing heating to homogenize the contents.

ANALYTICAL TECHNIQUES
Sample preparation

Doubly polished thin sections 30 pm and 1.5 mm
thick were prepared from all samples, with the thick-
ness varying as a function of phenocryst size and clar-
ity. Sections were examined petrographically, and those
samples containing recognizable melt inclusions were
selected for further study. Note that the term “recogniz-
able” is somewhat misleading in that most crystallized
melt inclusions would not be recognizable as such by
many petrographers who are unfamiliar with this sub-
ject. Most of the inclusions appear as dark, irregular
areas within the host, occasionally with discernible crys-
tals and bubbles (Fig. 1; inclusions at 22°C). It is only
after the inclusions are heated to produce a homoge-
neous glass (+ vapor bubble) that one can be reasonably
certain that the feature was indeed a crystallized melt-
inclusion.

Phenocrysts (quartz, plagioclase, and pyroxene) with
melt inclusions were removed from the thin section by
scoring the sample and glass slide using a diamond
scribe, and then removing the portion of the sample
containing the phenocryst. The size of the area removed
ranged from about 1 mm to 1 cm in maximum dimen-
sion. Quartz phenocrysts ranging in size from about 1
mm to 1 cm were also obtained by crushing the rock in
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a mini jaw crusher, followed by hand picking under a
binocular microscope. Pyroxene phenocrysts were ex-
tracted from andesite by crushing followed by sieving
and magnetic separation. Phenocrysts removed by
crushing were mounted on glass slides and ground to
produce a flat surface and then polished. The pheno-
crysts were then removed from the slide and remounted
with the polished side down, and the second side was
ground and polished to produce doubly polished wafers.
In some cases, quartz phenocrysts were mounted with
the ¢ axis either parallel or perpendicular to the glass
slide to facilitate identification of growth zones contain-
ing primary fluid inclusions.

During heating to homogenize crystallized melt-
inclusions, groundmass adhering to phenocrysts usually
begins to melt before the melt inclusions are completely
homogenized, degrading the optical quality and, in some
cases, causing the host phase to melt. Groundmass melt-
ing also caused the sample to adhere to the heating stage
or the platinum capsule after quenching. To minimize
these problems, groundmass attached to phenocrysts
was removed by gently abrading away the material with
a diamond scribe, as described by Student (2002). For
some samples, the surrounding matrix could not be re-
moved mechanically. In this case, the sample (quartz
phenocryst) was placed in concentrated hydrofluoric
acid (HF diluted with 50% H,0) for several seconds to
two minutes, similar to the technique described by
Anderson (1991). Acid cleaning also highlighted frac-
tures connecting melt inclusions with the outer surface;
such inclusions likely lost (or gained) volatiles and per-
haps other components after trapping and were avoided
during analysis. However, as described below, even
with these precautions, several of the inclusions ana-
lyzed had apparently re-equilibrated with external hy-
drothermal fluids following trapping.

After homogenizing the inclusions (as described
below), host phenocrysts were ground and polished by
hand to expose homogenized melt inclusions for elec-
tron-microprobe analysis. Phenocrysts were mounted
with Superglue on a round glass slide 2.5 cm in diam-
eter. Care was taken to insure that the adhesive lapped
up the sides of the phenocryst to prevent plucking and
scratching during polishing. Grinding and polishing
were accomplished with 5, 3, 1, and 0.25 pm diamond
pastes on cloth mounted on glass plates. A polishing jig
described by Naney (1984) was used to control the
amount of sample being ground away and to prevent
wedging of the sample. The slide was attached to the
polishing device with double-sided tape so that the
sample could be easily removed to monitor progress
using reflected light microscopy.

Techniques for homogenization of melt inclusions
As noted above, the major difficulty in working with

melt inclusions from porphyry copper deposits (and
other deep plutonic environments) is that the inclusions
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have crystallized following entrapment. Thus, our first
goal was to develop a technique to homogenize the in-
clusions without loss of any of the inclusion’s contents.
Other investigators have homogenized partially or com-
pletely crystallized melt-inclusions (cf. Skirius et al.
1990), but the inclusions generally contained less H,O
(and other volatiles) than the inclusions described here,
and the host phases were not crosscut by the abundant
trails of aqueous fluid inclusions common in quartz
phenocrysts from porphyry copper deposits. Thus, the
two factors that complicated homogenization of melt
inclusions in this study were: (1) decrepitation of vola-
tile-rich melt inclusions during heating, and (2) the
abundance of primary and secondary aqueous fluid in-
clusions that decrepitated during heating, fracturing the
host phase and opening the melt inclusions (Webster et
al. 1997). Three methods were evaluated in the course
of this study to homogenize melt inclusions: 1) heating
in a microscope heating stage, 2) heating in a 1-atmo-
sphere vertical tube furnace, and 3) heating under pres-
sure in a cold-seal pressure vessel.

Crystal-bearing melt inclusions in quartz pheno-
crysts were initially heated on a programmable Linkam
TS1500 heating stage. Homogenizing melt inclusions
under the microscope is the preferred method because
the inclusions can be monitored continuously during
heating. This allows the homogenization temperature to
be determined more precisely (compared to step-heat-
ing, described below) and allows one to observe any
changes that might occur during cooling (such as nucle-
ation of a vapor or shrinkage bubble or precipitation of
daughter minerals). The stage was flushed with an ar-
gon + 1% H, gas mixture to minimize oxidation during
heating. Samples were heated at 30°C/min from room
temperature to S00°C. The sample was then heated at a
rate of 10°C/min until first melting was observed. At
this point, a heating rate of 1-2°C/min was used until
homogenization was achieved, as indicated by either the
complete dissolution of the last visible crystal or vapor
bubble. In some cases, the final crystal and bubble dis-
appeared at the same temperature. A complete run lasted
about 3 hr. Some investigators have suggested that long
duration heating may lead to loss of water from quartz-
hosted inclusions. However, Skirius et al. (1990) re-
ported only minimal loss of H,O (several tenths of a
percent) from inclusions in quartz that were heated to
800°-900°C for 20 hr.

The majority of heating runs in the Linkam stage
failed owing to decrepitation of mostly secondary aque-
ous fluid inclusions located near melt inclusions. Such
behavior was also reported by Webster er al. (1997). In
addition, nearly all melt inclusions greater than about
15 pwm decrepitated before homogenization, presumably
because of high internal pressures generated during
heating of melt inclusions with high H,O contents (Stu-
dent & Bodnar 1996). Only two successful determina-
tions of homogenization temperature were obtained with
the Linkam stage, and both of these were higher (by
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about 100°C; Table 1) than those obtained by heating
the sample under pressure, as discussed below. In an
attempt to eliminate the decrepitation problem, several
phenocrysts were heated in a 1 atm vertical tube fur-
nace following the procedure described by Webster et
al. (1997) and Student & Bodnar (1999). After heating,
polished sections were prepared from the phenocrysts.
We anticipated that by heating the entire phenocryst
before grinding and polishing, the additional surround-
ing host-material might prevent or minimize decrepita-
tion of melt-inclusions. However, as with inclusions
heated in the Linkam stage, decrepitation of the abun-
dant secondary aqueous fluid inclusions fractured the
host phenocryst in the vicinity of melt inclusions, caus-
ing most melt-inclusions to leak.

The method that proved most successful to homog-
enize crystallized melt inclusions involved heating
samples in a TZM (Titanium — Zirconium — Molybde-
num alloy) cold-seal pressure vessel. The phenocrysts
were placed in a 5 mm long, 5 mm OD platinum cap-
sule and loaded into the pressure vessel. The capsule
was pierced with a needle before being placed into the
pressure vessel to permit the argon pressure medium to
freely enter the capsule at run conditions to prevent col-
lapse of the capsule and possible crushing of the sample.
The vessel was sealed and pressurized with argon to
300-500 bars, then lowered into a preheated furnace.
As the TZM vessel was heated, pressure increased.
When the pressure reached about 1000 bars, argon was
bled off during continued heating, to maintain the pres-
sure at about 1000 bars, and the pressure was fixed at
1000 bars after the temperature stabilized.

The protocol for homogenizing the melt inclusions
in a pressure vessel consists of two stages. During stage
one, the goal is to determine the lowest temperature that
will result in homogenization of a significant propor-
tion of the inclusions. We contend that those inclusions
with the lowest temperature of homogenization are most
likely to have trapped a single, homogeneous phase and
to have not re-equilibrated following trapping, because
trapping multiple phases or the loss of H,O or other
components following entrapment both result in an in-
crease in the temperature of homogenization. To deter-
mine the minimum temperature of homogenization, one
or a few phenocrysts from one sample were heated in-
crementally. Once the minimum temperature was de-
termined in this way, several phenocrysts from the same
sample were heated to that temperature in one step and
held there for 24 hours.

In stage one, the sample was initially heated to 550°C
(in about 20 minutes) and held at this temperature for
24 hours. The vessel was then removed from the fur-
nace and quenched in water at a rate in excess of 600°C
per second. After quenching, the sample was removed
from the TZM vessel and observed with a microscope
(Fig. 1). If the inclusion had not completely homog-
enized (i.e., the inclusions in Fig. 1 at 625°, 675°, 725°
and 790°C), the sample was reinserted into the vessel as
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Table 1. Homogenization temperatures and compositions of melt inclusions.

Sample Th*C 50 Ti0. ALO;, FeC MnO MgO Ca0 Na,C KO P,G; Ba Cl Total Zn Cu HO
Red Mountain quartz laiite melt inclusions
RM148B-1 915 7519 005 1243 053 006 004 089 132 212 002 009 9255 7 11 75
AM148B-2 915 7415 008 1280 028 003 007 055 156 1485 003 0.14 9284 7 10 7.4
AM148E-3 825 7686 007 1324 042 002 007 068 280 269 005 003 013 9668 8 10 3.3
RM148B-4 825 76140 011 1080 022 001 004 054 566 =221 004 003 009 9595 9 13 4.1
RM148A-1 iy 7497 009 1208 038 003 0065 059 145 236 Q08 005 0112 9223 9 13 7.8
RM148B-5 835 7467 012 1280 042 002 008 066 540 2.41 012 96.70 7 11 3.3
RM148B- 6 (AMD2) 810 7395 007 1315 041 000 003 067 437 245 013 95.23 8 13 4.8
RM148A-2 810 7732 009 1201 037 003 004 082 034 245 003 Q08 0.14 93586 7 9 8.4
AM148A-3 310 7568 0.t 1238 054 003 011 068 038 261 004 004 015 92,62 9 17 7.4
RM148B-7 835 7484 020 1138 044 001 005 0.07 500 2.45 012 9456 8 15 5.4
RM148B-8" 810 7637 007 1077 041 000 003 087 437 245 013 9527 8 13 4.7
Average MI 7536 0.1¢ 1233 040 002 006 063 345 236 005 Q04 0.z 94 .92 g 12 57
Red Mountain andesite melt inclusions
RMMVA-1 1168 5590 099 1107 748 020 6863 1157 323 221 004 008 002 9942 65 336 0.6
BMMVA-2 1165 5516 081 1029 806 023 882 1294 273 144 023 010 003 10085 81 282 -0.9
RMMVA-3 1172 5636 138 1127 625 012 517 1258 323 295 042 015 042 9983 76 346 0.0
RMMVA-4 1170 5622 116 1146 625 007 547 1240 266 317 020 010 047 9930 68 362 0.7
RMMVA-5 1168 9395 082 1171 755 022 954 1183 204 192 026 000 011 10003 50 396 0.0
RMMVA-G 1168 54.37 128 1100 752 015 956 11.72 179 181 060 0.03 0.06 99.84 5 277 0.2
RMWVA-7 1170 53562 102 1121 733 021 600 1145 177 193 032 004 006 9783 73 312 241
RMMVA-8 1177 5430 114 1187 651 047 857 1206 286 053 0146 005 004 9830 66 346 1.7
RMMVA-9 1175 5477 100 11896 682 014 837 1169 276 195 028 0141 016 10000 &0 328 Q.0
RMMVA-10 1170 5443 109 1142 583 011 836 1329 272 161 028 010 013 9943 57 368 0.6
RMMVA-11 1172 5527 090 1183 608 011 847 1273 272 117 025 0.08 0412 9953 54 328 0.5
Avgrage MI 5493 108 1136 689 016 800 1221 252 188 028 008 009 9952 &4 331 05
Red Mountain andesite melt inclusions {unhomogenized)
RMMVA-12 67.056 061 1600 033 004 008 080 402 817 068 011 025 9613 88 457 3.9
RMMVA-13 6741 058 1688 045 003 008 076 383 618 048 013 025 9706 80 398 29
AMMVA-14 6&.81 054 1644 042 002 004 081 387 641 057 019 0.23 96.14 a1 424 3.9
AMMVA-15 6797 054 1683 028 001 005 078 388 620 058 017 027 9780 84 458 22
RMMVA-18 6676 057 1683 038 003 008 084 422 815 044 012 0419 9688 77 432 3.3
RMMVA-17 6616 0568 1803 202 000 013 121 442 555 030 008 025 9871 a3 432 1.3
RMMVA-18 6638 042 1783 041 008 014 1.23 459 6561 036 012 024 9748 77 377 25
RMMVA-19 6269 061 1337 467 013 4584 516 317 452 138 005 019 10048 84 411 -0.5
RMMVA-20 6283 083 1312 465 014 438 544 308 439 120 008 010 10022 79 390 -0.2
AMMVA-21 61.92 084 1311 478 012 449 535 310 443 107 020 0.14 99.54 a3 43 0.5
RMMVA-22 6191 088 1320 462 010 347 6.02 291 480 038 006 018 9855 73 388 1.5
RMMVA-23 6325 098 128 478 003 370 485 362 442 028 008 015 9881 83 438 1.1
RMMVA-24 64.15 0.95 1362 443 0N 370 448 308 465 045 011 0.7 99.89 78 418 0.1
Average MIUH 6502 069 1526 248 0068 1.91 289 367 534 063 012 020 9828 &1 419 1.7
Tyrone guartz monzonite melt inclusions
Ty-1 805 7537 0.1t 1323 032 001 006 053 338 327 004 Q04 009 9642 4 5 386
Ty-2 808 75056 002 1308 035 001 004 054 318 322 008 004 008 9571 3 3 4.3
Ty-3 305 7471 008 1284 038 001 005 050 248 318 001 003 008 9411 5 5 59
Ty-4 826 7197 007 1472 043 0.07 007 046 243 592 003 003 014 9634 4 7 3.7
Ty-5 826 7138 008 1514 044 005 008 047 245 621 003 005 045 9654 3 13 35
Ty-8 820 74.00 0.22 1339 047 007 006 042 311 462 004 0.04 0.58 27.1 5 7 3.0
Ty-7 805 78.09 007 1255 032 001 0.05 0.60 325 3.39 002 0.04 0.11 96.50 5 7 3.5
Ty-8 805 755t 007 1183 027 001 003 059 232 3.09 006 003 008 9380 3 8 6.1
Ty-8 305 7537 008 1156 027 002 004 056 201 310 007 Q08 008 9319 4 5 68
Ty-10 320 73.70 0.08 1357 053 008 007 034 281 563 07 003 012 96.81 4 7 3.2
Ty-11 820 7243 007 1411 056 0.07 005 036 268 573 003 00z 014 9625 4 5 3.7
Ty-12 820 7279 007 1506 062 008 007 043 2865 594 005 008 0146 9801 2 3 20
Ty-13 32; 7353 008 1173 025 003 003 048 311 330 002 008 010 9272 3 g 73
Ty-14 826 7584 002 1183 028 0.00 003 062 238 342 000 006 0.11 94.59 4 6 5.4
Ty-15 820 74067 002 1216 023 001 006 057 473 360 012 004 008 9569 3 2 4.3
Ty-16 320 7541 0.17 1305 0G40 009 007 052 320 432 010 002 041 776 3 ] 22
Ty-17 806 7596 016 1336 053 002 005 051 432 319 005 Q.02 0.09 98.20 6 5 1.8
Ty-18 805 7102 004 1327 037 003 002 049 338 332 014 003 006 9217 5 5 78
Ty-19 805 7156 005 1085 05 008 010 016 586 316 0.02 004 015 9237 4 8 76
Ty-20 305 7325 009 1114 031 001 005 042 299 287 001 003 005 9122 5 8 a8
Ty-21 826 7572 008 1280 036 0.03 007 058 455 336 011 003 008 9757 4 5 24
Average M| 7404 008 1283 0238 004 006 048 312 399 005 004 014 9539 4. 5 4.6
White Island andesite melt inclusions
Wi-1 62.00 085 1678 4384 0.08 1.81 618 350 2.11 98.16 75 383 1.8
Wl-2 5895 088 1638 481 012 1.86 687 365 1.90 9713 &7 387 29
WI-3 5895 090 1877 458 008 146 756 310 1.81 97.21 80 343 28
Wi-4 65.98 092 1555 562 008 201 516 420 223 1176 73 379 -1.8
WI-5 6130 059 1812 357 0.03 158 767 395 1.61 9842 65 348 1.6
Wl-8 6421 112 1451 735 011 204 579 193 227 2933 58 330 0.7
Avarage MI 6207 088 1679 515 008 173 654 339 199 98867 66 357 13
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described above, and heated to a higher temperature for
an additional 24 hours. The sample was then quenched,
removed from the vessel, and re-examined. The heating
steps ranged from 50°C to 5°C, with smaller steps used
as the homogenization temperature was approached.
This procedure was repeated until total homogenization
occurred (i.e., the inclusions in Fig. 1 after heating to
810°C). In most samples, a large portion of the melt
inclusions homogenized over a range of a few tens of
degrees; at this point, the heating experiment was
stopped. If heating were continued in an attempt to ho-
mogenize all inclusions in the phenocryst, those that
homogenize at lower temperatures would have decrepi-
tated or changed composition by dissolving excess silica
from the quartz host. Moreover, those inclusions that
did not homogenize commonly contained either large
vapor bubbles or large crystals, or both, indicating that
those inclusions had trapped an aqueous phase, or a solid
phase, or both, along with the melt. Once the homog-
enization temperature for a particular sample had been
determined by this step-heating procedure, using only
one or a few phenocrysts from the sample, other phe-
nocrysts from the same sample were heated to that tem-
perature in a single step to minimize the loss of volatiles
or other possible re-equilibration associated with heat-
ing melt inclusions (Qin et al. 1992, Nielsen et al. 1998,
Danyushevsky et al. 2000). The sample was held at tem-
perature for 24 hours, on the basis of results of a study
of synthetic silicate melt inclusions. This amount of time
gave the most reliable (accurate) temperature of homog-
enization (Student & Bodnar 1999).

Decrepitation of melt inclusions during heating to
homogenization encountered with the Linkam and 1 atm
furnace techniques was significantly reduced by heat-
ing the inclusions under pressure. However, even under
these conditions, the larger inclusions (greater than
about 30-50 pm) still decrepitated. Other investigators
(Sterner & Bodnar 1989, Skirius et al. 1990, Schmidt et
al. 1998) have previously shown that heating aqueous
or melt inclusions under a confining pressure eliminates
(or minimizes) decrepitation.

Melt inclusions in pyroxene and plagioclase pheno-
crysts from the Meadow Valley andesite were homog-
enized using a Vernadsky stage (Sobolev et al. 1980).
These inclusions could be homogenized at one atmo-
sphere without decrepitation owing to the lower H,O
contents of these melts and the absence of planes of
secondary aqueous inclusions.

Electron-Microprobe Analysis (EPMA)

Quantitative analyses were performed at Virginia
Tech on a Cameca SX50 electron microprobe, equipped
with four wavelength-dispersion spectrometers. For
SiO,, TiO,, Al,03, FeO, MnO, MgO, Ca0O, Na,0, K,0,
BaO, P,0Os and Cl, analysis and standardization were
performed using silicate, oxide, phosphate and glass
standards, and the data were corrected with the PAP
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method developed by Pouchou & Pichoir (1985) using
vendor-supplied software. Copper and zinc concentra-
tions were also determined for several melt inclusions
by EPMA. These analyses were complicated by the fact
that the majority of the inclusions that could be homog-
enized successfully are small (<15 wm), and Cu and Zn
are present in the inclusions at or near the detection lim-
its. The analytical conditions for measuring trace con-
centrations of Cu and Zn recommended by Fialin et al.
(1999), Lynton et al. (1993) and Williams et al. (1995)
were used here. Analyses of standards and inclusions
for Cu and Zn were performed at 35 kV, using a current
of 50 nA with a 10 wm rastered beam. During the analy-
sis, a pit was burned into the NIST standard glasses and
inclusion glasses owing to the high beam-current. For
this reason, melt inclusions were analyzed for the major
and minor elements before being analyzed for Cu and Zn.

REsuLTS
Homogenization temperatures

Homogenization temperatures were determined ei-
ther by monitoring melt inclusions during continuous
heating under the microscope using the Linkam or
Vernadsky stages, or by examining inclusions follow-
ing each heating step in the one-atmosphere furnace or
the TZM pressure vessel. We emphasize that the pri-
mary goal of heating melt inclusions was not to deter-
mine the homogenization temperature, but rather to
obtain a homogeneous glass for EPMA analysis. Hav-
ing said this, the observed temperatures of homogeni-
zation and the consistency of these temperatures within
a given sample, combined with the good agreement be-
tween the measured temperatures and those predicted
by thermodynamic models as described below, suggest
that temperatures of homogenization determined in the
pressure-vessel experiments closely approximate the
actual trapping temperatures. Temperatures of homog-
enization of melt inclusions in pyroxene and plagioclase
from the Meadow Valley Andesite at Red Mountain,
Arizona, range from 1165° to 1177°C (Table 1, Fig. 2).
Seven melt inclusions in plagioclase homogenized (in
the Vernadsky stage) by disappearance of the vapor
bubble at 1175°C, but during quenching the melt recrys-
tallized and the phenocryst shattered. These inclusions
were not analyzed and are not included in Table 1. Dur-
ing heating, phases in melt inclusions in pyroxene ho-
mogenized in the order plagioclase (1070°-1120°C),
opaque phases (1135°-1165°C), vapor bubble (1155°-
1177°C). The inclusion size increased noticeably dur-
ing heating as pyroxene melted from the walls. The
consistency in the order in which phases homogenized,
and the narrow range in temperature over which this
occurred, suggest that all of the inclusions have similar
compositions and trapped only melt, and this interpre-
tation is supported by EPMA analyses of the melt in-
clusions (Table 1, Fig. 3).
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Melt inclusions in quartz from the Red Mountain
quartz latite homogenized in the range 810° to 915°C
(Table 1, Fig. 2). The two inclusions that homogenized
at 915°C were heated using the Linkam stage. Eight
other inclusions heated in the TZM vessel homogenized
between 810° and 835°C. For reasons described later,
we believe that temperatures of homogenization of in-
clusions heated under elevated confining pressure in the
TZM vessel more closely represent the actual tempera-
tures of formation. Recognizable melting of the inclu-
sions began at about 675°C, and final homogenization
occurred either by dissolution of the vapor bubble into
the melt (Fig. 1), or by the simultaneous disappearance
of plagioclase and the vapor bubble. Note that only
about 1/3 to 1/2 of the melt inclusions in the samples
showed the expected behavior. Most of the larger inclu-
sions decrepitated during heating, and many inclusions
still contained large crystals, or large vapor bubbles, or
both, after heating was stopped. These are interpreted
to represent inclusions that trapped a solid or aqueous
phase, or both, along with the melt, or that re-equili-
brated either following entrapment in nature or during
heating in the laboratory. This observation emphasizes
the need to homogenize crystallized melt-inclusions
before conducting chemical analyses in order to distin-
guish between those inclusions that trapped only melt
(and did not re-equilibrate after trapping) and those that
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trapped multiple phases or re-equilibrated after trapping.
As with melt inclusions in pyroxene described above, a
significant amount of quartz was dissolved from the
inclusion walls during heating, and many inclusions
showed a negative crystal shape after homogenization
(Fig. 1).

Quartz-hosted melt inclusions from Stage IV at
Tyrone homogenized between 805° and 835°C (Table 1,
Fig. 2). As with the quartz-hosted inclusions from Red
Mountain, successful homogenization was indicated by
the simultaneous disappearance of plagioclase and vapor
bubble, or by dissolution of the vapor bubble into the
melt after dissolution of the last daughter mineral. Many
inclusions failed to homogenize, and these are inter-
preted to represent inclusions that trapped melt *
crystals * fluid.

Melt inclusions from White Island contain only glass
(£ bubble), and were not heated before analysis.

Melt composition

Major-element compositions of melt inclusions and
host phenocrysts from Red Mountain, Arizona, and
Tyrone, New Mexico, are plotted on Harker variation
diagrams in Figure 3. The data are also listed in Table 1,
along with data for TiO,, MnO, P,0s, Ba, Cl, Cu and
Zn. Whereas the compositions show significant variabil-

1200 ; : ; . :
@ /\RM QL MI -
1100k ORMAndMI | |
+ Ty QM M
1000 F -
O
< I |
=
900 - .
800 F ﬁﬁﬂ% i
1 1 1 1 L
50 0 80

SiO, (Wt%)

FiG. 2. Temperature of homogenization versus SiO, content for melt inclusions in Red
Mountain, Arizona, andesite and quartz latite and in Tyrone, New Mexico, quartz
monzonite. The Red Mountain quartz latite melt inclusions with temperatures of ho-
mogenization above 900°C were measured in the Linkam microscope heating stage. All
other Red Mountain quartz-latite-hosted melt inclusions and the Tyrone quartz-
monzonite-hosted melt inclusions were homogenized in a TZM pressure vessel at 1
kbar confining pressure. Melt inclusions in the Red Mountain andesite were homog-
enized in the Vernadsky stage (Sobolev et al. 1980).
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FiG. 3. Harker variation diagrams showing concentrations of Al,O3, FeO, MgO, CaO, Na,O, and KO as a function of SiO,

concentration. Note that the ordinates for the FeO and MgO plots are logarithmic, but the inset diagrams are all plotted on a
linear scale. The open oval symbol (RM And MI) represents melt inclusions in pyroxene phenocrysts from Red Mountain,
Arizona, andesite. The open triangle symbol (RM QL MI) represents melt inclusions in quartz phenocrysts from Red Moun-
tain, Arizona, quartz latites. The cross symbol (Ty QL MI) represents melt inclusions in quartz phenocrysts from Tyrone, New
Mexico, quartz monzonite. The filled triangle symbol (RM QL feld) represents feldspar inclusions in quartz phenocrysts from
Red Mountain, Arizona, quartz latites. The filled diamond symbol (RM And plag) represents groundmass plagioclase in
andesite from Red Mountain, Arizona. The filled oval symbol (RM And pyx) represents pyroxene phenocrysts in andesite
from Red Mountain, Arizona. The filled square symbol (quartz) represents the composition of quartz. Compositions of host
phases (quartz, plagioclase, pyroxene) are plotted to facilitate identification of those compositions that may be contaminated
by the host phase (either by incorrect placement of the electron beam or as a result of dissolving too much host phase into the
melt during the homogenization procedure).
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ity overall, melt compositions for a given rock-type
show much smaller variation, and the relative differ-
ences in composition are what would be expected dur-
ing fractional crystallization.

An electron-microprobe traverse across a melt inclu-
sion in quartz from Red Mountain, showing SiO,,
Al,O3, CaO, FeO, K,0, and CI concentrations in the
inclusion and host quartz, is shown in Figure 4. Copper
and zinc concentrations in melt inclusions from Red
Mountain, Tyrone, and from the basaltic andesite of
White Island, are summarized in Figure 5. All melt in-
clusions in quartz from Red Mountain quartz latite and
in quartz from the Tyrone quartz monzonite have con-
centrations of Cu and Zn that are below our estimated
detection-limits (~15 ppm for Cu and ~20 ppm for Zn).
The actual values obtained have no significance; these
data are plotted simply to illustrate the point that Cu and
Zn concentrations for the quartz-hosted melt inclusions
are lower than those in the Red Mountain andesite and
the White Island basaltic andesite. Note that the Cu con-
centrations in melt inclusions from the Meadow Valley
andesite are about 20—40 times higher compared to melt
inclusions in the Red Mountain quartz latite, consistent
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with whole-rock copper contents determined by Simons
(1972).

The H,O contents of melt inclusions were calculated
from electron-microprobe results, assuming that differ-
ences from 100 wt% totals represent H,O in the glass.
We recognize that this is a somewhat simplistic assump-
tion that ignores possible contributions from carbon (in
carbon dioxide) and other light elements not included
in the analytical scheme. Data are listed in Table 1 and
shown on Figure 6. Anderson (1973, 1979) and Devine
et al. (1995) have shown that the EPMA difference tech-
nique is valid for glasses containing more than about 1
wt% H,0. The H,O concentrations of melt inclusions
in quartz determined by the EPMA difference technique
vary significantly, from less than 2 wt% to greater than
8 wt%. Contents of H>O in melt inclusions in pyroxene
from the Red Mountain andesite and White Island ba-
saltic andesite are less than 3 wt% (Fig. 6). In spite of
the relatively large errors associated with EPMA deter-
minations of H>O content, it is clear that the H,O con-
tents of melt inclusions in quartz from syn- and
post-mineralization intrusions are generally higher than
H,O contents of melt inclusions from pre-mineraliza-
tion melt inclusions.
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FiG. 4. Electron-microprobe traverse across a homogenized melt-inclusion in a quartz
phenocryst from Red Mountain, Arizona. The electron beam size was 10 X 8 wm. The
step size along the traverse is 4 wm. The CaO, FeO and CI concentrations are plotted in
weight percent, and Al,O3 and K,O concentrations are in weight percent divided by 10.
The SiO, concentration along the traverse is shown on the right axis. The shaded area
represents compositions monitored partially or completely within the melt inclusion.
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the same as in Figure 3, with the added bold cross symbol (WI MI) representing melt
inclusions in plagioclase and pyroxene from White Island, New Zealand. The inset
shows an enlargement of the area containing data for melt inclusions in Red Mountain
Meadow Valley andesite and White Island basaltic andesite.

10 | 1 I 1 1
8- /N AM QL MI + i
| O RMAnd MI - éi
- b RM And UHMI i A _
Tl [TTvamm + |
:‘:%6 & wimi &
o I N A T
QL o5, _FH‘ ﬁ_% 4
- + Ec[h #
. b = i
2 @) +
@) 4=r +
i gy qp ]
g m o F
0 I 1 r_:}ll | ]

50 60 70 80
S |02 (wt%)

Fic. 6. H,O content as function of SiO, concentration for melt inclusions. All inclusions
contain only glass except for the Red Mountain unheated melt inclusions in andesite
(RM And UHMI).



1594
DiscussioN

Homogenization of crystallized melt-inclusions pro-
vides valuable information concerning the origin of
melts, including the temperature of trapping as well as
the state of the system. For example, was the melt vola-
tile-saturated? Which phases were crystallizing at the
time the melt was trapped? Moreover, homogenization
is required before the volatile concentration of the melt
can be determined. However, heating to homogeniza-
tion is fraught with problems, not the least of which is
decrepitation or re-equilibration of the inclusions. In the
present study, decrepitation of all but the largest inclu-
sions was minimized by heating the inclusions under
confining pressure. The consistency of results from in-
dividual samples, as well as the expected differences
between samples from different rock-types, suggests
that re-equilibration during homogenization was mini-
mal.

One unresolved concern relates to addition of com-
ponents to the melt from the inclusion walls during the
homogenization process. It is clear from observations
of inclusions before and after homogenization that sig-
nificant amounts of host material are dissolved into the
melt (Fig. 1). During homogenization of melt inclusions
in quartz (or any other host), either too much or too little
host may be incorporated back into the melt. As an ex-
ample, Webster & Duffield (1991) noted that failure to
reheat glass- and crystal-bearing inclusions in quartz
resulted in SiO, concentrations that were too low, be-
cause SiO; that crystallized onto the walls was not in-
corporated back into the melt. Results obtained here
suggest that heating beyond the homogenization tem-

albite orthoclase
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perature may not significantly affect the SiO, concen-
tration of the melt for inclusions hosted by quartz. As
noted earlier, initial attempts to homogenize melt inclu-
sions involved heating the inclusions at atmospheric
pressure in the Linkam stage. Two inclusions
(RM148B-1 and RM148B-2; Table 1) from the Red
Mountain quartz latite homogenized at 915°C when
heated in the Linkam stage. All other similar inclusions
in the quartz latite homogenized between about 810° and
835°C when heated in a pressure vessel. In spite of the
approximately 100°C difference in the temperature, the
inclusions have essentially the same SiO, concentrations
(Fig. 2, Table 1).

When plotted in the system Ab—Or—Qtz, normative
compositions of quartz-hosted melt inclusions from Red
Mountain and Tyrone define linear trends (Figs. 7A, B).
Previous investigators (Frezzotti 1992, Varela 1994)
also observed a linear trend in studies of melt inclusions
from silicic igneous systems that underwent extensive
subsolidus hydrothermal alteration. These investigators
attributed the linear trend to interaction of the melt in-
clusions with circulating hydrothermal fluids. Quartz
phenocrysts from Red Mountain and Tyrone show evi-
dence of widespread hydrothermal activity in the form
of abundant cross-cutting planes of aqueous inclusions.
Many of these trails clearly have intersected melt inclu-
sions. Such inclusions were avoided in this study, but it
is likely that many melt inclusions that did not appear to
be intersected by aqueous inclusions had nevertheless
undergone some alteration.

The Red Mountain inclusions define a trend that
projects from the interior of the ternary system toward
the Qtz—Or join (Fig. 7A). This trend has been inter-

B quartz

A RMQLMI
A RM148B-8
+ Ty QM MI
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FiG. 7. Chemical evolution of melt inclusions as a result of interaction with hydrothermal fluids at Red Mountain, Arizona, (A)
and Tyrone, New Mexico (B). The Red Mountain data are consistent with alteration of some melt inclusions by fluids with
compositions near the quartz-rich end of the quartz—orthoclase join. This trend is considered to reflect interaction of the melt
inclusion with fluids responsible for phyllic alteration. Compositions of melt inclusions at Tyrone define two trends, one that
is similar to the Red Mountain phyllic trend, and one that projects to the orthoclase apex, and considered to reflect interaction

with fluids responsible for potassic alteration.
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preted to indicate that the melt inclusions were altered
by the same fluids responsible for phyllic alteration in
the deposit (Frezzotti 1992). Some melt inclusions from
Tyrone show a similar trend, as well as a trend directly
toward the Or apex (Fig. 7B). This latter trend is as-
sumed to reflect alteration by fluids associated with
potassic alteration, as has previously been recognized
by Varela (1994).

The alteration trend shown of Figure 7A for Red
Mountain starts at a composition of approximately
Qtz490ry0Abyo, and extends toward the quartz—ortho-
clase join. If the trend toward the Qtz—Or join is the re-
sult of alteration of the original melt, we can interpret
the grouping of melt-inclusion compositions near
Qtz490r20Aby to represent the original unaltered melt
trapped in the quartz. To test this interpretation, the com-
position of the melt predicted by the crystallization
model of Burnham (1997) was compared to the melt-
inclusion compositions. For this analysis, melt inclusion
RM148B-6, whose composition lies within the group
of inclusions near Qtz49Ory0Abag (Fig. 7A, Table 1) was
used. Model input includes the melt composition, the
estimated H,O content in the melt (or one can input an
activity of H,O equal to 1 to indicate an H,O-saturated
melt), and pressure. In our model, we used the melt com-
position obtained by EPMA analysis of RM148B-6 and
an activity of H,O equal to 1 (we did not correct the
activity for the effect of dissolved salt or volatiles on
H,O0 activity). The model predicts the liquidus tempera-
ture for the melt, as well as the solubility of H,O at the
pressure that was selected. In our example, the input
pressure was varied until the predicted H,O content of
the melt agreed with that inferred from EPMA analysis
of the melt inclusion. The calculated pressure corre-
sponding to the measured H,O content (4.7 wt%) for
melt inclusion RM148B-6 is 1.4 kbar. More impor-
tantly, the plagioclase plus quartz liquidus temperature
predicted by the model is 810°C, identical to the mea-
sured temperature of homogenization. The calculated
phase-behavior thus agrees with the observation that the
plagioclase and the H,O vapor bubble disappear simul-
taneously at the homogenization temperature of 810°C.

CONTRIBUTION OF MELT INCLUSIONS
TO UNDERSTANDING OF ORE-FORMING PROCESSES

The goal of this study was not to conduct a detailed
study of melt inclusions in porphyry copper deposits,
but rather to develop a protocol for studying melt inclu-
sions in this and similar types of deposit. However, the
limited amount of data obtained here do serve to illus-
trate the significant potential of melt inclusions in stud-
ies of porphyry copper deposits. In particular, melt
inclusions provide the best means, if not the only one,
to determine the chemical composition of pristine early
pre- and syn-mineralization magmas in these systems,
including the metal budgets of these early magmas.
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In the orthomagmatic model for the formation of
porphyry copper deposits, the metals are derived from
the magma that generated the host pluton (Burnham
1967, 1997, Nielsen 1968, Lowell & Guilbert 1970,
Guilbert & Lowell 1974, Hedenquist & Lowenstern
1994). During crystallization, the hydrous, metal-bear-
ing magma becomes saturated in H,O and exsolves a
saline hydrothermal fluid. Chlorine is partitioned into
this magmatic aqueous fluid (Candela & Holland 1986,
Cline & Bodnar 1991), and this promotes the extraction
of copper and other metals from the magma as chloride
complexes (Candela 1989). During the early crystalli-
zation of porphyry-related magmas, the metal concen-
tration of the melt is generally assumed to increase as
anhydrous, generally base-metal-free minerals crystal-
lize (Candela & Piccoli 1995). Of course, metals can be
depleted during this early stage of crystallization if min-
erals that incorporate base metals, including sulfides and
perhaps some silicates such as biotite, also are forming.
Once H,0 saturation is reached, experimental and theo-
retical studies agree that copper will be strongly parti-
tioned into the exsolving aqueous phase, rapidly
depleting the melt. According to this scenario, we should
expect to find relatively metal-rich (or, at the very least,
not significantly metal-depleted) melts early in the mag-
matic history of a porphyry copper system, and metal-
poor melts after the magma has reached H,O saturation.

In this scenario, the Meadow Valley andesite at Red
Mountain and the basaltic andesite from White Island
are interpreted to represent the pre-mineralization mag-
mas in porphyry-copper systems. The Red Mountain
system evolved through a copper mineralization stage
(albeit, non-economic at the present time), whereas the
White Island system is expected to reach the copper
mineralization stage at some time during the next few
tens to hundreds of thousands of years (Rapien et al.
2003). As noted previously, the quartz latite at Red
Mountain is spatially and temporally associated with
mineralization, and is considered to represent the caus-
ative intrusion, whereas the Stage-IV quartz monzonite
from Tyrone was intruded after mineralization, although
it is part of the same magmatic event that produced the
mineralization. Melt inclusions in the studied samples
thus represent magmas trapped before, during and fol-
lowing mineralization in porphyry copper systems.

Based on the lack of aqueous fluid inclusions in py-
roxene and plagioclase phenocrysts, the andesite at Red
Mountain did not reach saturation in H,O. Conversely,
quartz phenocrysts from the Red Mountain quartz latite
contain abundant magmatic aqueous fluid inclusions
(Bodnar 1991, 1995, Beane & Bodnar 1995, Roedder
& Bodnar 1997), indicating that the magma was satu-
rated in H,O at the time the phenocrysts and their con-
tained melt inclusions formed. Copper contents of melt
inclusions in Red Mountain Meadow Valley andesite
are significantly elevated compared to those in the
quartz latite (Fig. 6). We interpret this difference to re-
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flect the loss of copper from the melt to the exsolving
magmatic aqueous phase to produce the ore-forming
fluid. This interpretation is consistent with theoretical
models of Cline & Bodnar (1991) for the Yerington
system, and Burnham (1997) for the Bingham system.
Moreover, it is consistent with the observation that mag-
matic halite-bearing inclusions in porphyry copper de-
posits contain ubiquitous chalcopyrite as a daughter
mineral (Nash 1976, Roedder 1971, Bodnar 1995), and
with the observation that magmatic fluids in silicic ig-
neous systems have copper contents in the range 1000—
10000 ppm (Bodnar 1999).

Results obtained here are consistent with results of
laboratory, experimental and theoretical studies indicat-
ing that early magmas transport ore metals into the por-
phyry copper system. The metal concentrations continue
to increase as the magma evolves, until the melt reaches
H,O saturation, at which point metals are quantitatively
transferred from the melt into the magmatic aqueous
phase. In many porphyry systems, metals may remain
in solution for some unknown period of time until the
solutions cool and mix with meteoric water and precipi-
tate (Beane & Titley 1981). It is likely that some metals
are deposited and remobilized numerous times as the
system evolves. For example, analyses of fluid (Bodnar
1995) and melt inclusions indicate that Zn is an impor-
tant component of the early magmatic-hydrothermal flu-
ids, yet zinc mineralization in porphyry deposits is
generally associated with the latest, peripheral, low-tem-
perature mineralization event (Lowell & Guilbert 1970).
Either zinc remains in solution until very late in the
hydrothermal history of the system, or zinc is continu-
ously deposited and subsequently remobilized as the
hydrothermal system collapses. Studies of melt inclu-
sions and associated magmatic hydrothermal inclusions
offer the possibility to resolve this and similar questions
concerning the source and transport and depositional
mechanisms for metals in magmatic hydrothermal ore
deposits.

CONCLUSIONS

Melt inclusions are common in porphyry copper
deposits, but relatively few data are available on melt
inclusions from these deposits. The paucity of studies is
related to the fact that the melt inclusions are not easily
recognized; most are partly to completely crystallized.
Moreover, the high H,O content of melts associated
with ore formation results in decrepitation of most larger
inclusions, either in nature following entrapment or
during later laboratory studies to homogenize the inclu-
sions. This problem is exacerbated by the numerous
planes of aqueous inclusions that crosscut the host min-
erals. Some of these intersect the melt inclusions, alter-
ing their composition. Finally, studies of melt inclusions
in porphyry copper deposits are limited because some-
what specialized equipment is required to homogenize
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the inclusions under high confining pressure to prevent
(or minimize) leakage and decrepitation.

Preliminary data from melt inclusions from porphyry
copper deposits show a consistent progression from
silica-poor to silica-rich compositions during evolution
of the ore-related magmas. Early pre-mineral melts are
H,0O-undersaturated, whereas later syn- and post-min-
eral melts are H,O saturated. Copper and zinc concen-
trations are high in melt inclusions considered to
represent pre-mineral melts at both Red Mountain, Ari-
zona, and White Island, New Zealand. Conversely, syn-
and post-mineralization melts at Red Mountain, Ari-
zona, and Tyrone, New Mexico, are depleted in copper
and zinc compared to the earlier melts. The results are
consistent with models that suggest that copper and zinc
are extracted from the melt by high-salinity magmatic
fluids, producing a metal-charged hydrothermal solu-
tion and leaving behind a metal-depleted melt.
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