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SILICATE MELT INCLUSIONS
IN IGNEOUS PETROGENESIS

by

James J. Student

(ABSTRACT)

Silicate melt inclusions are ubiquitous in quartz phenocrysts, yet there are few studies of such
inclusions from porphyry copper systems.  A melt inclusion forms when magma is trapped in a
growing phenocryst.  If a phenocryst is able to preserve the original parent magma, then accurate
information can be obtained for ancient volcanic systems.  In recent igneous systems, melt
inclusions are commonly preserved as optically clear homogeneous glass representative of magma
stored at depth before eruption.  Melt inclusions are difficult to recognize in quartz phenocrysts
from porphyry copper system because they are crystalline and hidden by exsolved magmatic
volatiles.  The inclusions range in size from less than 5 to over 150 µm.  In order to evaluate the
magmatic contribution to economic mineralization, we conducted three separate studies to determine
whether or not crystallized melt inclusions preserve representative samples of magma. 

The first study modeled the phase relationships that occur during equilibrium crystallization
and melting of haplogranite magma trapped in quartz.  Results from the model are similar to
observations made during the heating of crystallized melt inclusions from porphyry copper
systems.  It is necessary to re-melt the crystal and volatile phases before chemical analysis.  Micro-
explosions caused by heating resulted in the loss of important chemical components.  Our second
study evaluated several microthermometric heating procedures using synthetic melt inclusions
trapped at conditions similar to those inferred for porphyry copper systems.  A synthetic hydrous
melt was saturated with saline hydrothermal solutions allowing both melt and aqueous fluids to be
trapped in quartz.  Based on microthermometric measurements from these coeval melt and aqueous
fluid inclusions we were able to predict the known trapping temperature and pressure of formation.
This technique can be applied to natural samples to constrain trapping pressures and temperatures. 
It was found that slower heating rates could be used to avoid overheating and that heating under a
confining pressure greatly minimizes the decrepitation of inclusions.

The third study examined the copper concentrations in melt inclusions from the Red
Mountain, Arizona porphyry copper system.  Older andesite magma contains pyroxene with melt
inclusions of higher copper concentrations compared to melt inclusions in quartz from quartz latite.
The higher water concentrations in crystallized melt inclusions in the quartz, and abundant aqueous
fluid inclusions indicates that the exsolution of water from the magma occurred prior to the trapping
of melt inclusions in quartz.  The lower water concentrations and the absence of aqueous fluid
inclusions indicates that the andesite never reached the stage of water exsolution. The results
obtained here are consistent with models that suggest that copper is extracted from the melt by
saline magmatic fluids, producing a metal-charged hydrothermal solution and leaving behind a
metal-depleted melt and serves to identify the potential contribution of melt inclusion studies to
constrain the origin of ore metals in porphyry copper deposits.
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CHAPTER 1: INTRODUCTION

The economic importance of metals (Cu, Mo, Pb, Zn, Ag, Au and others) from porphyry

systems is unprecedented, yet the geologic source of these metals is controversial and remains

enigmatic.  Porphyry mineral deposits are characterized by hydrothermal alteration and sulfide

mineralization halos which are concentrically zoned around highly fractured quartz monzonitic to

granodioritic plutons (Lowell and Guilbert, 1970).  Orthomagmatic and wall-rock source models

have been used explain the zonation and source of metals.  A pluton acting as a central heat source

and a hydrothermal system are accepted as necessary components in each model.  Orthomagmatic

models propose that the source of copper in mineralized porphyry systems is a highly evolved late

stage magma emplaced at a shallow level (0.0-8.0 km) below and/or within a genetically related bi-

modal volcanic pile (Sillitoe, 1973).  Concentrated ore bearing fluids are believed to separate from

this late stage magma and then mix and circulate with meteoric fluids to produce concentric shells

of alteration and mineralization around the central intrusion for an extended time after magma

solidification.  Wall rock models are supported by numerical models of fluid flow around cooling

plutons (Norton and Knight, 1977; Cathles, 1977), calculations which suggest that associated

magmas are incapable of transporting enough metals and sulfur (Banks and Page, 1977; Norton,

1982), and paragenetic studies (Preece and Beane, 1982).  Yet, aspects of both models are

supported by equivocal results from case studies, experimental partitioning studies, theoretical

calculations, and fluid inclusion evidence. 

The prolonged sub-solidus history around porphyry systems is characterized by magmatic-

meteoric mixing of hydrothermal fluids as suggested by stable isotope studies (Sheppard et al.,

1971), and pervasive and selected overprinting of primary igneous mineralogy by several different

alteration assemblages (Titley, 1982, 1994; Beane, 1994).  This alteration modifies the original

igneous chemistries and hinders the determination of magmatic chemical trends.  As such, samples

with original igneous chemistries are absent or problematic in the mineralized portions of plutons. 

However, selectively un-altered phenocrysts from within altered igneous lithologies contain silicate

melt inclusions which preserve samples of the original igneous melt.

Silicate melt inclusions can be used to obtain petrogenetic information about magmatic

systems, yet there are few systematic studies of such inclusions from porphyry copper systems. 

These inclusions form in crystals as melt is trapped during mineral growth or fracture healing. 

Therefore, a representative sample of melt may be preserved as an inclusion.  The components in

the inclusion are believed to retain the original PVTX properties of the melt.  Silicate melt inclusions

provide information that can not be obtained from bulk rock analysis because the bulk rock
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chemistry is the end-product of an extended crystallization and post-magmatic history.  Some of the

information obtained from melt inclusions includes; 1)  the bulk composition of the magma at the

time of melt entrapment, 2) evidence for fluid-melt immiscibility, 3)  volatile and trace metal

concentrations in the trapped melt, 4)  minimum temperatures of melt entrapment, 5) minimum

pressures of melt entrapment,  6)  petrogenesis of the magmatic system, and 7)  the time scale of

magmatism (Lowenstern, 1995).  General assumptions developed to evaluate proper applications of

aqueous fluid inclusions (Roedder, 1984) have not been fully tested for silicate melt inclusions, and

few studies have tested the reliability of common analytical techniques and the accuracy of their

results for petrogenetic interpretations.

Given the applicability of silicate melt inclusions to understanding ore deposits, my research

focued on three related topics, including; 1) synthetic melt inclusion homogenization results and

interpretations,  2) the theoretical modeling of crystalline inclusions during the homogenization

processes, and 3)  a natural melt inclusion case study.  Two objectives to my research are 1) to

critically assess assumptions used to interpret the results from silicate melt inclusion studies and 2)

to determine and interpret Cu concentrations in silicate melt inclusions from pre-, syn-, and post-

mineralization stages in porphyry Cu-type systems.  The results can provide a new tool for the

evaluation of buried mineral resources and may help constrain trends predicted by experimental and

theoretical mass transfer models.

Topic 1: Modeling the P-V-T-X properties of haplogranite melt inclusions during heating and
cooling

A model is presented which predicts the P-V-T-X evolution of crystalline melt inclusions during

cooling and heating.  In the model, hydrous haplogranite melts (Ab-Or-Qtz-H2O) are trapped in

quartz at a selected pressure between 500-5000 bars, then allowed to cool and crystallize.  Mass and

volume relationships for melt-solid-volatile phases in the inclusions during cooling and heating are

calculated based on available phase equilibria.  Both minimum and non-minimum haplogranite melt

compositions are considered, and for each of these, H2O-saturated, H2O-undersaturated, and mixed

trapping (H2O + H2O-saturated melt) are considered.
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Figure 1.1 Volume relationships during heating and cooling of inclusions.

As an example of the results predicted by the model, Figure 1.1 shows the calculated phase

volume relationships for an H2O-saturated minimum melt trapped at 500 bars and 782 °C in quartz.

 During heating from room temperature water phases in the bubble homogenize to the liquid phase

at 365°C (Figure 1.1 A, II).  With continued heating the internal pressure in the inclusion follows

the H2O isochore to the haplogranite minimum melt curve (solidus) were first melting begins

(Figure 1.1 A, III). With continued heating, the P-T path follows the H2O-saturated solidus and the

internal pressure decreases as H2O, feldspar and quartz dissolve in the melt (Figure 1.1 A, III, IV &

V).  Total homogenization occurs at the trapping conditions with the simultaneous consumption of

H2O (Th) and feldspar-quartz (Tmsil) by the melt (Figure 1.1  A. VI).

In the H2O-saturated examples, total homogenization occurs with the simultaneous

consumption of quartz, feldspar and vapor by the melt. The entrapment temperature (Tt) is

determined by the temperature of complete melting of feldspar and quartz (Tmsil) and the vapor-

melt homogenization temperature (Th) which are both equal to Tt.  In the mixed scenario, total

homogenization occurs by vapor-melt homogenization (Th) at an unreasonably high temperature

that does not correspond to Tt.  In the mixed trapping scenario, the temperature of complete melting

for feldspar (Tmfeld) corresponds to Tt, at a temperature lower than vapor-melt homogenization

(Th).  The minimum entrapment temperature for H2O-undersaturated melts can be determined by

the temperature of complete melting of feldspar and quartz (Tmsil).  In this case, Th occurs at a

lower temperature than Tmsil, and Th defines the water saturated liquidus temperature.  Results

from the modeling suggest that phase relationships observed during the heating of natural
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Melting

First Melting
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I IIIII V
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inclusions can be used to document the evolution of a magmatic system from H2O-undersaturated

to H2O-saturated conditions.  Recognition of this transition will be useful in developing the nature

of magmatic ore forming processes. This research was published in Petrology (Student and

Bodnar, 1996) and is presented as Chapter 2.

Topic 2: Interpretations of microthermometry and geothermobarometric estimates from immiscible
haplogranite melts and aqueous solutions trapped as synthetic inclusions

Coeval silicate melt and aqueous fluid inclusions were synthesized at 800 °C and 2000 bars

for a critical evaluation of melt inclusion homogenization techniques and interpretations. 

Haplogranite components (NaAlSi3O8, KAlSi3O8, and SiO2) as glass and gel were mixed with

quartz and a 10 wt % NaCl-H2O to produce equilibrium reaction products.  An equilibrium

composition of Ab18.5Or32.6Qtz48.7 melt, quartz, and a 6.8 wt % NaCl + 4.9 wt % KCl aqueous

solution was established.  The Cl- content of the equilibrium melt was measured at 0.18 wt % with

an H2O content of 5.46 wt %.  The calculated partition ratio of chloride between the melt and

aqueous fluid ( DCl
m / aq = CCl

m CCl
aq ) is -log 1.55 and is in agreement with other studies.  The

calculated distribution coefficient of Na and K between the water and melt

(DNa / K
m / aq = (CNa

m CK
m ) (CNa

aq CK
aq ))  is 0.32 with a water:melt mass ratio of 0.36. 

Two microthermometric techniques (heating stage and vertical tube furnace) using  several

different heating rates (1 and 3 °C/min: 10 °C/day, respectively) were used to measure the

vapor/melt homogenization temperatures (Th) for melt inclusions.  Standard aqueous fluid inclusion

techniques were used to calculate aqueous fluid isochores.  The intersection of the vapor/melt

homogenization temperature range and the aqueous fluid isochore was used as a

geothermobarometer to predict inclusion entrapment temperatures and pressures.  Results using the

slowest heating rates and smallest inclusions most accurately predicted the known entrapment

pressure and temperature.

This study has documented that measured melt inclusion homogenization temperatures are

technique dependent.  An apparent Th can be measured which is fictitious and over-estimates the

actual trapping temperature when using fast heating rates (≥ 1.0 °C).  Both the heating rate and

inclusion size are important variables for determining the true Th for silicate glass inclusions.  A

lower heating rate (1 °C/min) produced lower homogenization temperatures (≈ 10 °C) than a higher

rate (3 °C/min) compared on the same inclusions.  A positive correlation between melt inclusion

size and Th occurred using a constant heating rate on a group inclusions of the same generation. 

The difference in Th was as high as 50 °C  for the size range (14-105 µm2) of inclusions used in
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this study.  Regardless, homogenization temperatures from coeval aqueous and silicate glass

inclusions were interpreted to predict accurate entrapment pressures and temperatures.  This

research was published in the Journal of Petrology  (Student and Bodnar, 1999) and is presented as

Chapter 3.

Topic 3: Copper concentrations of magma associated with mineralized and barren porphyries

The metal-melt-volatile evolution in magmatic systems is important for ore forming

processes.  The determination of the original melt chemistry is problematic due to the influx of

younger hydrothermal fluids into igneous rocks. In this study, magma chemistry (major element

and Cu) in porphyry copper systems was determined by the electron microprobe analysis of silicate

melt inclusions.  Two igneous rocks from Red Mountain, Arizona (pre-mineralization andesite and

syn-mineralization quartz latite) are comparbale to modern andesite volcanic rocks from White

Island, New Zealand, and post-mineralization quartz monzonite rocks from the Tyrone, New

Mexico porphyry copper deposit.  Chemical and textural evidence suggust that the andesite melt

was water-unersaturated when it became included in pyroxene.  Porphyritic magmatism at Tyrone,

New Mexico has been classified into 4 different stages: Stage I, diorite and biotite diorite: Stage II,

intermediate biotite granodiorite-tonalite grading into dacite: Stage III, intrusive breccias: Stage IV,

dacite.  Stage II has been correlated with the mineralizing event (DuHamel et al., 1995). Melt

inclusion-bearing quartz phenocrysts occur in Stages I, II and IV at Tyrone, NM, but only Stage IV

porphyritic quartz monzonite contained melt inclusions that were isolated from secondary

hydrothermal processes.

The inclusion host phase in this study included quartz, pyroxene, and plagioclase.  Typically

melt inclusions from volcanic rocks contain silicate glass and a vapor bubble, where as, inclusions

from intrusives rocks contain multiple mineral phases and volatiles.  The inclusions were

homogenized using standard heating stage techniques, a 1-atm vertical tube furnace, and a TZM

pressure vessel depending on decrepitation characteristics.  Typically Cu contents in andesites

range from 10-150 ppm based on whole rock analyses (Gill, 1981), and co-magmatic andesitic

volcanics are often associated with porphyry systems.  Microprobe analysis of melt inclusions in

recent andesite from White Island indicate latite chemistries and Cu contents of 340-390 ppm.  The

copper content in melt inclusions from pre-mineralization andesite at Red Mountain, Arizona are

270-370 ppm.  Where as, melt inclusions in both the syn-mineralization quartz latite and post-

mineralization quartz monzonite from Red Mountain and Tyrone contain less than 15 ppm Cu.
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 Magma composition at the magmatic-magmatic/hydrothermal transition can constrain the

importance of initial melt-Cu concentrations in ore forming processes. Chemical and textural

evidence suggust that the andesite melt was water-undersaturated at the time became trapped in

pyroxene.  Melt inclusions trapped in quartz from the quartz latite were water-saturated .  The

results obtained here are consistent with models that suggest that copper is extracted from the melt

by saline magmatic fluids (e.g., Kilinc and Burnham, 1972: Burnham, 1979: Candela and Holland,

1984: Shinohara, et al., 1989: Candela, 1989: Cline and Bodnar, 1991: Keppler and Wyllie, 1991:

Williams et al., 1994), producing a metal-charged hydrothermal solution and leaving behind a

metal-depleted melt.  Results from Topic 3 are presented as Chapter 4 of this dissertation.
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CHAPTER 2  Melt Inclusion Microthermometry: Petrologic Constraints
From the Water Saturated Haplogranite System

Abstract

A model is presented which predicts the P-T-V-X (pressure, temperature, volume, and composition)

evolution of crystalline melt inclusions during cooling.  In the model, haplogranite melts (Ab-Or-Qtz-

H2O) are trapped, as inclusions in quartz, and then allowed cool and crystallize.  Mass and volume

relationships for the phases (melt-solid-volatile) in the inclusions are determined during cooling and

heating processes.  The predicted P-T path followed by the inclusion during cooling is the reverse of

the path followed during microthermometric analysis.  As a result of second boiling during

crystallization and cooling, the trapped melt exsolves volatiles (H2O) into the inclusion cavity.  A

positive volume change is associated with the release of volatiles from the melt, and during cooling to

solidus temperatures; the internal pressure within the inclusion can increase significantly.  This

overpressure can cause inclusion decrepitation during the cooling process.  The predicted P-T path

and the increase of internal pressure is highly dependent upon the values for the partial molar volume

of H2Ototal in the melt (
2H O total

M
V ) used in the model.  Several values for 

2H O total
M

V  have been selected

(0.0, 17.0, and 22 cm3/mole) which encompass the range of reported values in recent literature.

Three different trapping scenarios for haplogranite minimum melt compositions have been

described at 500 and 2000 bars total pressure, including: 1) saturated melt entrapment, 2) immiscible

volatile-saturated melt entrapment (mixed entrapment), and 3) undersaturated melt entrapment.  The

pressure at the time of trapping fixes both the minimum melt composition and temperature.  Phase

relationships during the homogenization process can distinguish each trapping scenario.  For the

saturated scenarios, total homogenization occurs with the simultaneous consumption quartz, feldspar

and vapor by the melt.  The temperature of complete melting of feldspar and quartz (Tmsil) and the

vapor-melt homogenization temperature (Th) predict the trapping temperature (Tt).  In this case, Tmsil,
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Th, and Tt are the same.  In the mixed scenario, total homogenization occurs by vapor-melt

homogenization (Th) at an unreasonable high temperature and does not correspond to Tt.  In the

mixed scenario, the temperature of complete melting for feldspar (Tmfeld) corresponds to Tt, at a

temperature lower than vapor-melt homogenization (Th).  Initial melt compositions for the

undersaturated scenarios are determined for an activity of water in the melt (a
H O

M

2
) equal to 0.5.  The

temperature of complete melting of feldspar and quartz (Tmsil) determines the minimum trapping

temperature for undersaturated melts.  In this case, Th occurs at a lower temperature than Tmsil, and Th

defines the water saturated liquidus temperature.  The model addresses 1) the P-T-V-X properties of a

well defined closed melt system, and 2) the relationship of first melting (Tfm), Tmfeld, Tmsil, and Th

determined during the homogenization process to solidus, water saturated melt liquidi, and trapping

temperatures.
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List of Symbols

a
H O

M

2
= Activity (a) of H2O in the melt (M).

i

(PT)
= Density (ρ in g/ cm3) of phase, i, (Ab, Kspar, and Qtz) at pressure and temperature (P-

T).

hm

(PTX)

= Density of the hydrous melt (hm) at P-T and composition (X).

2H O

(PT)
= Density of H2O at P-T.

2H O

x(PT)
= Density of H2O at the solidus P-T when inclusion is totally crystalline (x).

k
H O

ma

2
= Henry's law analogue constant (k) for H2O in a pure albite melt (ma) at P-

T (from Burnham, 1994).
k

H O

melt

2
 = Henry's law analogue constant for H2O in a silicate melt at P-T-X(from 

Burnham, 1994).

Inc
(Tot)M = Total mass (M) of hydrous melt in an inclusion (Inc) at trapping (for 

saturated and undersaturated entrapment).

Inc
(Tot)Mmx = Total mass of hydrous melt in inclusion at trapping (for mixed entrapment).

i
TotM = Total mass of component i (Ab, Or, Qtz, and H2O) in inclusion at trapping.

i
M(PTX)M = Mass of component i (Ab, Kspar, Qtz) in the melt at P-T-X.

Melt
(PTX)M = Mass of the melt phase in the inclusion at some P-T-X.

2H O
(PTX)M = Mass of free H2O in the inclusion at some P-T-X.

2H O
TotM = Total mass of H2O contained in the inclusion.

2H O
M(PTX)M = Mass of H2O in 1 mole of hydrous melt at P-T-X

M
am

hm = Mass of anhydrous melt (am) in the hydrous melt.

MWam = Molecular weight (MW) of anhydrous melt (based on 8 oxygens).

i(ox8)MW = Molecular weight of oxide component (based on 8 oxygens per oxide).

VRT = Volume of inclusion at ambient conditions (cm3).

VTr = Volume of inclusion at trapping P-T.
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am
mV = Molar volume ( mV ) of anhydrous melt (cm3/mole; From Lange (1994).

2H O
M

V = Partial molar volume (V ) of H2O in a melt (cm3/mole).

Inc
TotV = Total volume of inclusion at crystallization.

2H O
x(PT)V = Volume of free H2O contained in inclusions at solidus P-T when inclusion 

is totally crystalline (x).

Sol
x(PT)V = Volume of solid material (Ab, Or, Qtz) contained in inclusions at solidus

P-T when inclusion is totally crystalline.

Sol
M(PTX)V = Total volume of melted solids (Ab, Or, Qtz) as solids at P-T-X

Melt
(PTX)V = Volume of the melt in an inclusion at P-T-X (cm3).

2H O
(PT )V X = Volume of free H2O in an inclusion at P-T-X (cm3).

Vi(1673K) = Partial molar volume of oxide components (SiO2, Al2O3, Na2O, K2O) at 

standard state (1673K and 1 bar) used to determine am
mV  in Eq.  6 (this study) 

from Lange (1994).

i
wt(M)X = Mass fraction of component i (Ab, Kspar, Qtz, H2O} in the melt at P-T-X. 

XI = Mole fraction of oxide component in the anhydrous melt (for use in 

equations from Lange (1994))

X am
hm = Mole fraction of H2O in the hydrous melt at some P-T-X. 

X am
hm = Mole fraction of anhydrous melt in the hydrous melt at some P-T-X.

Z = Mass fraction of H2O in the melt relative to the total mass of H2O in the 
inclusion.
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Introduction

Melt inclusions form when magma is trapped on mineral surfaces during crystal growth

(primary inclusions) or during later fracture healing (secondary inclusions).  As such, these inclusions

preserve a fluid thought to be representative of the magmatic system during the time of entrapment. 

Inclusions trapped at distinct times during the crystallization of a magma can provide critical

information for constraining petrogenetic processes associated with the evolution of the magmatic

system.  This information includes: (1) composition and amount of dissolved volatiles in the melt; (2)

minimum pressures of crystallization; (3) temperature at the time of entrapment; (4) physical state of

the system, i.e., evidence for volatile-melt immiscibility; (5) compositions of volatiles in equilibrium

with the melt; (6) evidence for magma mixing; (7) composition of the melt; (8) and the time scale of

magmatism (Lowenstern, 1995).  Much of this information is unobtainable from bulk rock analysis.

During post-entrapment cooling processes, a trapped melt can be preserved as a homogeneous

glass or an assemblage of glasses, volatiles and mineral phases.  Glass bearing inclusions are

commonly observed in rocks of volcanic origin, and totally crystalline inclusions are commonly

observed in rocks of plutonic origin.  Roedder (1979 and 1984) and Lowenstern (1995) discuss the

effect of inclusion size, volatile content, strength of the host phase as related to inclusion decrepitation,

cooling rates, and the geologic history on the preservation of different phase assemblages (mineral and

glass) in inclusions.  Mineral phases (daughter minerals) in melt inclusions can form as a result of

direct crystallization from the inclusion melt or by devitrification of inclusion glass.  In some cases,

solid phases (accidental solids) are trapped simultaneously with a melt during the closure of an

inclusion (solid-mixed entrapment).  If the melt is volatile-saturated, the simultaneous entrapment of a

free volatile phase and a melt, within the same inclusion (mixed entrapment), is also possible (Roedder

and Coombs, 1967).  Mixed entrapment produces a melt inclusion with a bulk composition that is not

representative of the melt or the free volatile phase.  Roedder (1984) described criteria which can be

used to determine the process of entrapment (primary, psuedosecondary, and secondary) as well as

diagnostic features which are consistent with the entrapment of a representative fluid sample.

Valuable information concerning the original magmatic system may be inferred from results of

microthermometric analysis of the melt inclusions.  Temperatures recorded during the homogenization

process document a variety of melting and homogenization phenomena.  The observed phenomena

may include (1) ice melting within the vapor bubble or film (TmIce); (2) complete melting of soluble

phases (e.g.  halite, TmvNaCl) within the vapor bubble or film; (3) homogenization of volatile liquid and

vapor phases (Thv); (4) quartz α−β phase transformation (Tα−β); (5) change in the color of the glass



14

phase (Tcg); (6) conversion of glass to microcrystalline silicate phase(s) (Tg-sil); (7) initial formation of

silicate melt (Tfm); (8) complete melting of a silicate phase (Tmi, e.g.  plagioclase Tmplag); (9) complete

melting of all silicate phases (except host) within the melt inclusion (Tmsil); (10) homogenization of the

melt and volatile phases to a single phase (Th); (11) entrapment temperature (Tt) and; (12) inclusion

decrepitation (Td).

The observable changes in a melt inclusion described above provide information related to the

physical and chemical characteristics of the magmatic system.  Compositions and densities of volatiles

within a crystallized melt inclusion are available from Tmice, TvNaCl and Thv  measurements.  These

compositions and densities do not necessarily correspond to those of the coeval magmatic volatiles

which were present at the time of melt entrapment as discussed later.  The melt solidus temperature

(minimum temperature) can be estimated using from the temperature of first melting (Tfm).  The

temperature of the volatile-saturated liquidus (with respect to the stability of the host phase) is

approximated by the temperature of homogenization of the melt and volatile phase (Th).  If the melt

was volatile-saturated at the time of entrapment, Th also approximates the entrapment temperature (Tt). 

For undersaturated melts, Th occurs at a lower temperature than the homogenization of the silicate and

melt phases (Tmsil,), and Tmsil can constrain the minimum trapping temperature (Tt.).  Pressure inside an

inclusion (internal pressure) at Tfm , Th , Tmsil , and Tt can be estimated using the measured temperature,

isochores for associated volatiles and melts, and the appropriate melt-solid phase equilibrium. 

The significance of thermometric results obtained from silicate melt inclusions remains

controversial owing to inconsistencies in homogenization temperatures determined using different

techniques.  Methods for obtaining inclusion homogenization temperatures include heating stage

techniques (Sobolov and Kostyuk, 1975; Frezzotti, 1992, Thomas, 1994, and Lowenstern, 1994) and

standard quenching techniques (Naumov, 1979; Takenouchi, 1975; Thomas, 1994; Lowenstern, 1994).

 With the former technique, a heating stage is mounted on a petrographic microscope, and melting

phenomena and temperatures are monitored by direct observation during a single heating run. 

Reported heating rates are usually < 5 °C/min.  With the quenching technique, a sample is heated at a

similar rate to some temperature in a one-atmosphere furnace.  The sample is maintained at the highest

temperature for up to several days.  The sample in then rapidly quenched, removed from the furnace,

and observed under the microscope.  Changes from the previous lower temperature step, such as

beginning of melting, loss of phases, etc., are recorded.  The process is repeated using heating

increments of 3-50 °C until homogenization is reached.  Both the heating stage technique and the

standard quenching technique have advantages and limitations.  Significant differences in inclusion Th

obtained using the two different methods were reported by Lowenstern (1994) and Thomas (1994),

and results obtained using the standard quenching technique were consistently lower (~50-75 °C) than
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results obtained using heating stage techniques.  Using calculations based on phase interdiffusion

coefficients in silicate melts, Thomas (1994) correlated inclusion size to the time duration needed to

homogenize an inclusion at the minimum possible temperature.  Thomas (1994) determined that larger

inclusions need more time to homogenize.  Because the time duration at a specific temperature is

generally too short to allow for melt-volatile diffusional equilibration at the minimum temperature,

Thomas (1994) concluded that the normal heating stage method must be used with caution when

determining solidus, liquidus, and entrapment temperatures.  Lowenstern (1994) similarly attributed the

higher Th from heating stage measurements to heating rates which were too rapid to ensure complete

diffusional equilibrium between silicate melt and coexisting vapor bubbles during the time frame of the

heating run. 

The number of published papers presenting thermometric data for melt inclusions has

increased markedly in recent years.  Yet relatively little work has been done to better understand the

significance of the many observed phase changes reported.  In this paper we describe melting behavior

and the internal P-T-V-X evolution of melt inclusions trapped in quartz, using available phase

equilibrium data for the hydrous haplogranite system (albite-orthoclase-quartz-H2O).  The model

considers the entrapment of saturated, undersaturated, and mixed (volatile-melt) melt inclusions,

trapped at 500 and 2000 bars and at minimum melt temperatures and compositions. 

The Model

A model has been developed to describe the P-T-V-X evolution of melt inclusions using the

haplogranite system (Ab-Or-Qtz-H2O).  The model involves trapping of a minimum melt composition

for a given PH2O and aH2O.  The model then predicts crystallization behavior and changing P-T

conditions inside the inclusion during the crystallization/cooling process.  We consider saturated,

undersaturated, and mixed (oversaturated) melts trapped at 500 and 2000 bars.  At trapping, saturated

melts have a fixed aH2O= 1.0, undersaturated melts have an arbitrarily fixed aH2O= 0.5 and mixed

inclusions are assumed to contain 20 volume % excess H2O above the saturated melt H2O content. 

The 20 volume % excess H2O represents approximately 31 and 51 wt % of the total H2O in the

inclusion at 500 and 2000 bars, respectively, and was chosen arbitrarily.  The total pressure at the time

of entrapment fixes both the minimum melt composition and trapping temperature.

Compositions of water-saturated haplogranite melts (aH2O= 1.0) from 500-10,000 bars have

been determined by Tuttle and Bowen (1958), and Luth et al.  (1964).  More recent work by Ebadi and

Johannes (1990) and Holtz et al.  (1992) provide data on minimum melt compositions in the

haplogranite system with aH2O = 0.5.  Minimum melt compositions for haplogranite melts at aH2O= 1.0
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and 0.5 from the above data sets are combined in Figure 2.1.  Conditions below 500 bars for saturated

melts and below 2000 bars in undersaturated melt systems were extrapolated from the available data

sets and may be poorly constrained.

Temperatures (°C) for pressures ≤ 2000 bars along the water saturated minimum melt curve have been

fit as a function of pressure according to:

  T=   948.8 - (0.4837 P) + (3.348x10-4 P2) - (8.0x10-8 P3)        Eq.  1

For pressures greater than 2000 bars the minimum melt temperature is given by:

  T=  705 - (0.01117 P) - (1.666x10-7P2) Eq.  2

The above equations fit the available experimental data to ± 10 °C.

Compositions along the water-saturated minimum melt curve are given by:

wt % Ab = 24.2 + (0.01466 P) - (1.800x10-6 P2) + (1.333x10-10 P3) Eq.  3

wt % Or = 33.2 - (0.004533 P)+ (2.700x10-7 P2) + (1.333x10-10 P3) Eq.  4

wt % Qtz = 42.6 - (0.005933 P) + (1.600x10-6 P2) - (2.666x10-10  P3) Eq.  5

Equations 3-5 reproduce experimental data of Tuttle and Bowen (1958) and Luth et al (1964) to ± 1 wt

% of the components from 500-3000 bars.

In order to calculate the change of pressure within the inclusion during crystallization,

volumetric properties of the trapped hydrous melt must be known.  To accomplish this, anhydrous melt

molar volumes ( am
mV corresponding to P-T-X conditions at the time of entrapment and during cooling

were determined using the following equation from Lange (1994). 

am
mV  = Xi [ Vi(1673K) + dVi/dT (T - 1673K) + dVi/dP(P - 1bar)] Eq.  6

Xi represents the mole fractions of oxide components in the melt, and values for Vi(1673K) (partial molar

volume of oxide component at standard state), dVi/dT, and dVi/dP are provided by Lange (1994). 
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Lange's am
mV  is based on 2 moles of oxygen (O) per mole of melt for haplogranite compositions.  In

the current model, am
mV  is recast to 8 moles of oxygen per mole of melt to correspond to Burnham's

H2O solubility model (Burnham, 1994).

The density of the hydrous melt was determined assuming ideal mixing of the water and

silicate components according to:

hm
am

hm

hm
am

(PTX) H O
M(PTX)

H O H O
 M

am
hm  m

(M  +  )

(X *V ) (X  * 4 * V )
2

2 2

 =  
M

 +  total

              Eq.  7

The mass of H2O in 1 mole of hydrous melt is given by:

M X *18.02 g / mole
H O

M(PTX)

H O

hm

2 2
=                       Eq.  8

The molecular weight of 1 mole of anhydrous melt is given by:

MWam = Xi * MWi(ox8)        Eq.  9

The mass of anhydrous melt in 1 mole of hydrous melt is given by:

M X *MW
am

hm

am

hm

am
=                    Eq.  10

The mole fraction of anhydrous melt in 1 mole of hydrous melt is given by:

X 1 X
am

hm

H O

hm

2
= −            Eq.  11

The molecular weight of the anhydrous melt, based on 8 oxygens per oxide component, is given by:

MWam =  Σ Xi  * MWi(ox8)                              Eq.  12
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The mole fraction of water in the melt (for 
2H O

MX  < 0.5) at a given P-T-X condition is calculated using
the Burnham Model (Burnham, 1994) and is given by:

 
2H OXhm = [aw/k

H O

melt

2
]1/2                              Eq.  13

 ln k
H O

melt

2

  = ln k
H O

ma

2
 + 0.47 * (1- (XAb + XOr))      Eq.  14

          ln k
H O

ma

2
 =   5.00 + (lnP)(4.481x10-8 T2 - 1.51x10-4 T - 1.137)         Eq.  15

          + (lnP)2 (1.831x10-8 T2 - 4.88x10-5 T + 4.656x10 -2)

                                   + 7.80x10-3(lnP)3 - 5.012x10-4(lnP)4 + T(4.754x10 -3 -1.621x10-6T)

In equation (15), T is in Kelvin and P is in bars.

The weight percent of H2O in the melt is given by:

wt % H2O
M  = [(18.02*

2H O
MX )/(18.02*

2H O
MX  + (1-

2H O
MX )*MWAM)]*100 Eq.  16

Densities of hydrous melts are currently poorly known due to uncertainties in the speciation of

H2O in melts and the wide range of reported values for the partial molar volume of H2O (both

molecular and total) in silicate melt systems.  In the present study, hydrous melt densities were

estimated using a range of available values for the partial molar volume of H2O in the melt (
2H O total

M
V ). 

The best estimate for 
2H O total

M
V  in silicate melt systems is approximately 17±5 cm3/mole (Lange, 1994)

with a broad range; 
2H O molecular

M
V  ≈ 0.0 cm3/mole in rhyolites at ≤ 1500 bars and 850°C (Silver et al.,

1990) to ~ 22 cm3/mole at 1000-8000 bars and 1000°C in albite melts (Silver et al., 1990).  Lange

(1994) reported densities of 2.16, 2.23, 2.31 g/cm3 (
2H O total

M
V = 22.0, 17.0, and 12.0 cm3/mole,

respectively) for the Bishop Tuff (5.5 wt % H2O, 2000 bars and 750 °C).  This compares to densities

of 2.13, 2.21, 2.29 g/cm3 for a saturated haplogranite melt (5.69 wt % H2O, 2000 bars and 682 °C)

calculated using the equations above.  As will be shown later the value of 
2H O total

M
V = 0 used in the

calculations has a significant effect on calculated first melting temperatures for melts trapped at low

pressures (< 1000 bars). 

In our model we select a trapping P-T condition which defines the melt composition, and the

initial water content of that melt.  In our mixed trapping scenario, we also trap 20 volume % of free
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vapor (pure H2O) with the melt.  The mass of all components (Ab, Or, Qtz, and H2O) in the inclusion

is determined using the volume of the inclusion at trapping (VTr), and the hydrous melt density ( hm

PTX ).

For saturated and undersaturated inclusion types the total mass of material in the inclusion ( Inc
TotM ) is

given by:

 M
V

Inc
Tot HM

(PTX)

Tr

=                     Eq.  17

The total mass of each component, i, (Ab, Or, Qtz, and H2O) in these inclusions is determined using

the Inc
TotM and the mass fraction of each component in the melt ( i

wt(M)X ) by:

i
Tot

i
wt(M)

Inc
TotM  =  X  * M Eq.  18

In the mixed inclusion types, the total mass of all components in the hydrous melt is given by:

M
0.8*VInc

mx(Tot) hm

(PTX)

Tr

= Eq.  19

The total mass of the components, i, (Ab, Or, and Qtz,) in the mixed inclusion types is given by:

i(Inc)
Tot

i
wt(M)

Inc
(Tot)M  =  X  * Mmx Eq.  20

The total mass of H2O in the mixed inclusions is given by:

( )2 2

2

H O
Tot

H O
wt(M)

Inc
M(Tot) H O

(PT)

Tr

M  =  X  * M  +  
0.2 * V

        Eq.  21

For calculation purposes it is more straight forward to start at room temperature with a

completely crystallized inclusion and calculate the P-T path followed during heating to the original

trapping temperature.  Obviously, the reverse of the heating path defines the P-T path followed by the

inclusion during cooling.  During heating from ambient conditions the P-T-X path followed by the

inclusion is calculated based on mass and volume balance considerations.  The volume of the inclusion

cavity itself changes during heating and has been estimated using techniques presented by Sterner and
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Bodnar (1991).  The change in inclusion size from ambient to trapping conditions can be as large as

4.7 % under the conditions described.  This is the volume change from thermal expansion of the host

only, and does not include volume increases resulting from dissolution of material from the inclusion

walls.  At the solidus temperature, the sum of the volumes of albite, orthoclase, and quartz (V
Sol

x(PT) ) are

always less than the total inclusion volume ( V
Inc

Tot ) and this remaining space ( V
H O

x(PT)

2
) is filled with

exsolved and/or excess H2O and is given by:

2H O
x(PT)V  =  Inc

TotV  -  Sol
x(PT)V  =  Inc

TotV  −   Ab
Tot(PT)M

Ab
(PT)

 
 
  

 
 + Or

Tot(PT)M

Or
(PT)

 
 
  

 
 + Qtz

Tot(PT)M

Qtz
(PT)

 

 
  

 
 

 

 
 

 

 
 Eq.  22

The H2O density after complete crystallization at solidus conditions is determined from the mass of

H2O in the volume V
H O

x(PT)

2
 according to:

2

2

2

H O
x(PT) H O

Tot

H O
x(PT)

 =  M

V
Eq.  23

During heating, first melting is defined by the intersection of the isochore for the water phase in the

inclusion (determined using the density from Eq.  23) with the water-saturated solidus (for example

point A on Figure 2.2).  At this point, the saturated minimum melt composition, the solubility of water

in the melt, and the densities of all the phases are known.  Using mass balance constraints, the amount

of melt that must form at this P-T point is determined with the following equality:

Sol
M(PTX)

H O
x(PT)

Melt
(PTX)

H O
(PT)V V V V2 2

 +   =   +  Eq.  24

This expands to:

 Ab
wt (M)X( )  Z*

2H O
(Tot)M  / 

2H O
wt (M)X( )

Ab
(PT)ρ

 + 
 Kfeld

wt (M)X( )  Z*
2H O

(Tot)M  / 
2H O

wt (M)X( )
Kfeld
(PT)ρ

 + 
 Qtz

wt (M)X( )   Z*
2H O

(Tot)M  / 
2H O

wt (M)X( )
Qtz
(PT)ρ

 

 
  

 
  + 

2H O
x(PT)V      =       

Z * 
2H O

TotM  / 
2H O

wt(M)X

HM
(PTX)

 
 
  

 
  +   

(1− Z )
2H O

TotM

HM
(PTX)

 
 
  

 
 Eq.  25
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where Z = weight fraction of H2O in the melt relative to the total mass of H2O in the inclusion and is

determined through iteration.  Equation 25 is also used to determine phase masses and volumes along

the homogenization path after first melting.  The magnitude of VH2O
x(PT) does not change significantly

between the solidus temperature and the entrapment temperature (< 0.3 %) but it is corrected for using

the technique of Sterner and Bodnar (1991).  Densities for feldspar along the homogenization P-T

path are estimated using albite and orthoclase end-members from Ribbe (1994).  Quartz densities

along the homogenization P-T path are estimated using techniques presented by Sterner and Bodnar

(1991).  The density of H2O along the melting path are selected from the NBS/NRC Steam Tables,

from Haar, Gallagher, and Kell, (1984).  The following equations are used to determine the melt mass,

and the mass of each component (Ab, Or, Qtz, and H2O) dissolved in the melt along the

homogenization path:

Melt
(PTX) H O

Tot

H O
wtMM  =  Z * M

X
2

2

Eq.  26

H O
PTX

H O
wt(M)

H O
Tot

2 2 2
Z MM( )

Ab Melt
(PTX)M X M =   *   =    *  Eq.  27

Ab
M(PT)

Ab
M(PTX)

Melt
(PTX)

Ab
M(PTX) H O

Tot

H O
wt(M)M X M X

M

X
2

2

 =   *   =   *  Z *       Eq.  28

Or
M(PT)

Or OrM  =   *   =   *  Z *  M(PTX)
Melt
(PTX) M(PTX) H O

Tot

H O
wt(M)X M X

M

X
2

2

Eq.  29

Qtz
M(PT)

Qtz
M(PTX)

Melt
(PTX)

Qtz
M(PTX) H O

Tot

H O
wt(M)M X M X

M

X
2

2

 =   *   =   *  Z *  Eq.  30

The mass of each solid phase along the homogenization path is found using Eq.  18 (for saturated and

undersaturated inclusions types) or Eq.  20 (for mixed inclusion types) and subtracting the appropriate

equation (Eq.  28-30).  The mass of the free vapor phase along the homogenization path is found using

Eq.  18 (for saturated and undersaturated inclusions types) or Eq.21 (for mixed inclusion types) and

subtracting Eq.  27.

Once first melting begins, saturated inclusion types follow the saturated minimum-melt curve

to trapping P-T.  Mixed inclusion types follow the saturated minimum melt curve t the trapping P-T. 
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With further heating, the homogenization path leaves the minimum melt curve and pressure continues

to decrease to an unknown homogenization pressure, temperature and melt composition. 

Undersaturated inclusion types follow the saturated minimum melt curve until the inclusion undergoes

vapor homogenization (Th), then the homogenization path follows the vapor free melt isochore to the

trapping P-T. 

Results from the Model

The density of exsolved water within crystallized inclusions that trapped saturated melts at 500

bars were calculated assuming values of 
2H O total

m
V = 0.0, 17.0, and 22.0 cc/mole.  Isochores were

determined from these densities and are shown in Figure 2.2 (points A-C, respectively).  During

crystallization the internal pressure within an inclusion increases and this increase in pressure is

highly dependent upon the value for 
2H O total

m
V  and the initial water content of melt.  After complete

crystallization at solidus temperatures, the internal pressure in these inclusions is greater than the total

pressure at the time of entrapment, owing to the larger volume of exsolved H2O compared to its

volume in the melt.  A saturated melt inclusion trapped at 782 °C and 500 bars and modeled with

2H O total
m

V = 0.0 generates a very high internal pressure after crystallization.  For this inclusion the

internal pressure within the inclusion at the solidus reaches 5650 bars at a temperature of 640 °C

(Figure 2.2, point A).  The same inclusion type is also modeled with 
2H O total

m
V = 17.0 and 22.0

cm3/mole, and P-T conditions at the solidus are 1700 bars and 700 °C and 1500 bars and 705 °C

(Figure 2.2, points B and C , respectively).  For a comparison, the fluid isochore for a mixed inclusion

type (20 volume % excess H2O) trapped at 500 bars was determined using a 
2H O total

m
V = 22.0

cm3/mole, and the solidus occurs at 1050 bars and 725 °C (Figure 2.2, point D).  A saturated melt

inclusion trapped at 682 °C and 2000 bars and modeled with 
2H O total

m
V = 0.0 generates unreasonably

high H2O fluid densities (> 1.9 g/cm3) after crystallization.  For this reason, the model proceeds using

a constant value of 
2H O total

m
V = 22 cm3/mole which represents one of the highest reported values and

constrains the minimum pressure generated by during the complete crystallization of an inclusion.

A graphical representation of phase volumes (melt, vapor, quartz, and feldspar) at entrapment

conditions, solidus conditions, and during the homogenization process is presented in Figure 2.3 for

saturated, mixed, and undersaturated inclusion types trapped at 500 bars (rows A, B, and C,

respectively).  The inclusions are modeled as spheres, and the view in Figure 2.3 is a plane cut through

the maximum dimension of the inclusion.  In the figure, quartz is precipitated onto the inclusion walls.
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 The precipitation of quartz on the inclusion walls effectively  reduces the apparent inclusion size from

the onset of crystallization to ambient conditions.  The feldspar volumes in the inclusions are

represented by spheres for graphical purposes.  Exsolved and excess water is contained in a void space

( V
H O

x(PT)

2
) between the quartz rim and the feldspar sphere for conditions below solidus temperatures.

Homogenization P-T paths for saturated, mixed and undersaturated inclusions types are shown

in Figures 2.4A-F.  Roman numerals listed in Figure 2.3, in rows A-C correspond to the Roman

numerals in Figure 2.4A-C for saturated, mixed, and undersaturated melts trapped at 500 bars,

respectively.  Table 2.1A-F compiles relevant P-T-V-X data for specific points along the

homogenization paths in Figures 2.4A-F, and for relevant conditions in the following descriptions.

Saturated Melts

Trapping at minimum melt compositions and temperatures for saturated melts in the

haplogranite system restricts the melting path during homogenization for the entrapment conditions

selected.  In the case of a saturated melt trapped at 500 bars and 782°C, the composition of the melt is

Ab29.0 Or31.0 Qtz40.0 (2.98 wt % H2O).  The inclusion is shown at trapping conditions in Figure 2.3, row

A, column 1, and in P-T space in Figure 2.4A , Roman numeral I.  The volume percent of the phases

(melt, albite, orthoclase, quartz, and H2O), the relative mass percent of components consumed by the

melt, the melt composition, and the hydrous melt density are listed in Table 2.1A at each described P-T

condition.  During cooling the inclusion crystallizes to solidus temperatures and pressures to 705 °C

and 1500 bars (Figure 2.3 row A, column 2: Figure 2.4A , Roman numeral II).  During heating from

room temperature, homogenization of the vapor phase (Thv
) occurs at 365 °C (Figure 2.3 row A,

column 3: Figure 2.4A-point III).  First melting conditions within the inclusion occur at 1500 bars and

705°C.  First melting occurs where the H2O isochore intersects the water saturated minimum

haplogranite melt curve and Tfm coincides with the solidus temperature for the (Figure 2.3 row A,

Column 4: Figure 2.4A , Roman numeral IV).  At this condition, the composition of the melt is Ab36.3

Or27.3 Qtz36.4 (4.97 total wt % H2O).  The first melting temperature is 76 °C below the original trapping

conditions.  At the first melting condition, an infinitesimal amount of melt is present (0.006 total mass

% melt relative to total inclusion mass) and this mass is determined using equation 17, equation 25

(Z=0.001) , and equation 26.  For further melting to proceed the temperature must increase.  As the

temperature increases melt compositions and internal pressures within the inclusion follow the

minimum melt curve in P-T-X space.  A positive volume change from the melting of solid phases (e.g. 

Ab, Or, Qtz) occurs, yet as more melt forms, the internal pressure within the inclusion decreases
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because of the larger volume change associated with H2O being incorporated into melt.  At 720 °C the

internal pressure within the inclusion is 1000 bars (Figure 2.3, row A, column 5: Figure 2.4A, Roman

numeral V).  At this condition 76 wt % H2O, 62 wt % Ab, 51 wt % Or, and 51 wt % Qtz from the

original inclusion is consumed by the melt, and the melt occupies 55.2 volume percent of the original

inclusion.  The amount of melt that forms is controlled by pressure, temperature, composition, volume

and density constraints.  Continued heating proceeds along the minimum melt curve until the inclusion

reaches homogenization (Th and Tmsil) with the simultaneous consumption of feldspar, quartz, and

vapor by the melt at 782 °C and 500 bars (Figure 2.3, row A, column 7: Figure 2.4A, point III).  This

condition represents the original trapping temperature (Tt) and pressure.

The saturated minimum melt trapped at 2000 bars and 682°C has a similar melting path when

compared to the saturated melt trapped at 500 bars described above (Figure 2.4D and 2.4A,

respectively).  At trapping conditions (Figure 2.4D, Roman numeral I), the composition of the melt is

Ab39.0 Or26.0 Qtz35.0 (5.69 wt % H2O).  The volume percent of the phases (melt, albite, orthoclase,

quartz, and H2O), the relative mass percent of components consumed by the melt, the melt composition,

and the hydrous melt density are listed in Table 2.1D at each described P-T condition.  Total

crystallization within the inclusion occurs at 2300 bars and 678 °C and this represents solidus

conditions (Figure 2.4D, Roman numeral II).  During heating from room temperature, homogenization

of the vapor phase (Thv) occurs at 350 °C (Figure 2.4D, Roman numeral III).  First melting occurs at

2300 bars and 678 °C with the intersection of the H2O isochore and the minimum melt curve (Figure

2.4D, Roman numeral II).  As the temperature increases, melt compositions and internal pressures

within the inclusion follow the minimum melt curve in P-T-X space.  At 681 °C the internal pressure

within the inclusion is 2100 bars.  At this condition 87 wt % H2O, 86 wt % Ab, 84 wt % Or, and 87 wt

% Qtz from the original inclusion have been consumed by the melt.  With continued heating the

inclusion follows the minimum melt curve until it homogenizes (Th and Tmsil) with the simultaneous

consumption of feldspar, quartz, and vapor by the melt at 682 °C and 2000 bars (Figure 2.4D, Roman

numeral I).  This condition represents the original trapping temperature and pressure. 

Mixed Trapping

A mixed melt-volatile inclusion is trapped under the same P-T conditions as the first saturated

inclusion described above.  The melt composition of the mixed inclusion at the time of entrapment is

the same as the saturated melt trapped at 500 bars and 782 °C, but the total water content in the

inclusion is greater.  The inclusion appearance at trapping is shown in Figure 2.3, row B, column 1, and
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in P-T space in Figure 2.4B, Roman numeral I.  The volume percent of the phases (melt, albite,

orthoclase, quartz, and H2O), the relative mass percent of components consumed by the melt, the melt

composition, and the hydrous melt density are listed in Table 2.1B at each described P-T condition.  In

this example , the inclusion trapped 20 volume % H2O along with a saturated melt.  During cooling, the

inclusion crystallizes to solidus conditions (810 bars and 735 °C) , and the inclusion is shown in

Figure 2.3, row B, column 2, and in P-T space in Figure 2.4B, Roman numeral II.  During heating

from room temperature, homogenization of the vapor phase (Thv) occurs at 372 °C (Figure 3, row B,

column 3: Figure 4B, Roman numeral III).  First melting occurs at the intersection of the H2O isochore

and the minimum melt curve at 810 bars and 735 °C (Figure 3, row B, column 4: Figure 4, Roman

numeral IV).  With continued heating, the inclusion follows the saturated minimum melt curve.  At 773

°C the pressure on the minimum melt curve is 540 bars.  At this condition, 65 wt % total H2O, 90 wt %

Ab, 88 wt % Or, and 89 wt % Qtz have been consumed by the melt (Figure 2.3, row B, column 5:

Figure 2.4B, Roman numeral V).  With continued heating, at the original trapping temperature (782

°C) all the original feldspar and quartz is consumed (Tmsil), leaving an inclusion which contains melt

and 20 volume % vapor (Figure 2.3, row B, column 6: Figure 2.4B, Roman numeral IV).  Additional

heating melts quartz from the inclusion walls and increases the silica content of the melt.  This

additional heating results in a decrease in the internal pressure of the inclusion until all the vapor is

consumed by the melt at some unknown higher temperature (Figure 2.3, row B, column 7: Figure

2.4B, Roman numeral VII).  Th does not correspond to the entrapment temperature. 

Mixed trapping at 2000 bars and 682 °C assumes entrapment of an H2O -saturated melt along

with 20 volume % H2O and the condition of entrapment in P-T space is shown in Figure 2.4E, Roman

numeral I.  The melt composition at the time of entrapment is the same as the saturated inclusion

trapped at 2000 bars and 682 °C.  The volume percent of the phases (melt, albite, orthoclase, quartz,

and H2O), the relative mass percent of components consumed by the melt, the melt composition, and

the hydrous melt density are listed in Table 2.1E at each described P-T condition.  During cooling, the

inclusion crystallizes to solidus conditions (2178 bars and 680 °C) and its location in P-T space is

shown in Figure 2.4E, Roman numeral II.  During heating from room temperature, homogenization of

the vapor phase (Thv) occurs at 357 °C (Figure 2.4E point I).  First melting in the inclusion occurs at

2178 bars and 680 °C with the intersection of the H2O isochore and the minimum melt curve (Figure

2.4E point II).  With continued heating, the inclusion follows the saturated minimum melt curve.  At

681 °C the pressure on the minimum melt curve is 2100 bars.  At this condition, 57 wt % Ab, 56 wt %

Or, 56 wt % Qtz and 28.0 wt % of the total H2O have been consumed by the melt (Table 2.1E).  At the

original trapping temperature (682 °C), Tmsil will occur (Figure 2.4E, Roman numeral I).  Additional

heating results in the melting of excess quartz and a decrease in the internal pressure, until all the vapor
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is consumed by the melt (Th).  Complete homogenization (Th) will occurs at some unknown

temperature which is higher than Tt at some unknown P-T-V-X condition (Figure 2.4C, Roman

numeral IV).

Undersaturated

An undersaturated minimum melt with an aH2O= 0.5 trapped at 500 bars and 840 °C has a melt

composition of Ab26 Or34 Qtz40 (1.84 wt % H2O), and is shown at the trapping condition in Figure 2.3,

row C, column 1, and in P-T space in Figure 2.4C, Roman numeral I.  The volume percent of the

phases (melt, albite, orthoclase, quartz, and H2O), the relative mass percent of components consumed

by the melt, the melt composition, and the hydrous melt density are listed in Table 2.1C for each

described P-T condition.  During cooling the inclusion crystallizes, and internal pressure inside the

inclusion decreases until the remaining melt reaches water saturation (Figure 2.4C, Roman numeral

IV).  From this condition with continued cooling, the internal pressure in the inclusion increases to the

solidus condition (1135 bars and 714 °C).  The appearance of the inclusion at solidus conditions is

shown in Figure 2.3, row C, column 2, and in P-T space in Figure 2.4C, Roman numeral II.  At the

solidus, the inclusion appears similar to the saturated inclusion shown in Figure 2.3, row A, column 2. 

During heating from room temperature, vapor homogenization (Thv) occurs at 373 °C (Figure 2.3, row

C, column 3: Figure 2.4C, Roman numeral III).  First melting occurs at intersection of the H2O

isochore and the saturated minimum melt curve at 1135 bars and 714 °C (Figure 2.3, row C, column 4:

Figure 2.4C, Roman numeral IV).  At 720 °C and 1000 bars internal pressure, the melt will have

consumed 29.1 wt % of the total H2O.  At 782°C and 500 bars internal pressure, the melt will have

consumed 87.8 wt % total H2O with 41.1 wt % original albite, 51.0 wt % orthoclase and 46.2 wt % of

the original quartz remaining (Figure 2.3, row C, column 5: Figure 2.4C, Roman numeral V).  As the

temperature is increased, melting continues along the minimum melt curve until all of the H2O is

consumed (Th) at 826 °C and 320 bars (Figure 2.3, row C, column 6: Figure 2.4C, Roman numeral

point VI).  At this condition, 20 wt % albite, 29 wt % orthoclase, and 28 wt % of the original quartz will

remain.  A temperature increase is necessary to homogenize the inclusion at the original entrapment P-

T conditions (840 °C and 500 bars).  With continued heating, the homogenization P-T path follows the

vapor absent melt isochore.  Total homogenization (Tmsil) occurs at the original trapping conditions with

total consumption of feldspar and quartz (Figure 2.3, row C, column 7: Figure 2.4C, Roman numeral

VII).  The trapping temperature in this example is equal to Tmsil.

 An undersaturated minimum melt trapped at 2000 bars and 780 °C with an aH2O= 0.5 (Figure

2.4F, Roman numeral I) has a melt composition of Ab36 Or29 Qtz35 (3.21 wt % H2O).  The volume

percent of the phases (melt, albite, orthoclase, quartz, and H2O), the relative mass percent of
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components consumed by the melt, the melt composition, and the hydrous melt density are listed in

Table 2.1F for each described P-T condition.  During cooling the inclusion crystallizes, and the internal

pressure inside the inclusion decreases until the remaining melt reaches water saturation (Figure 2.4F,

Roman numeral IV).  From this condition with continued cooling, the internal pressure in the inclusion

increases to the solidus condition (1800 bars and 696 °C).  In this example, the solidus pressure is less

than the trapping pressure.  During heating from room temperature, homogenization of the vapor

phase (Thv) occurs at 369 °C (Figure 2.4F, Roman numeral III).  First melting occurs at the intersection

of the H2O isochore and the saturated minimum melt curve at 1800 bars and 696 °C (Figure 2.4F,

Roman numeral II.  With continued heating , at 710 °C and 1300 bars, the melt will have consumed 79

wt % total H2O.  As the temperature increases, melting continues along the minimum melt curve until

all the H2O is consumed at a Th of 735 °C and 800 bars (Figure 2.4F point IV).  At this condition, 25

wt % albite, 12 wt % orthoclase, and 6 wt % of the original quartz remain, and this condition represents

Th of the inclusion.  With continued heating, the homogenization P-T path follows the vapor-absent

melt isochore.  The total homogenization occurs with the consumption of feldspar and quartz (Tmsil). 

Tmsil occurs at the original trapping temperature (Tt) and pressure (Figure 2.4F, Roman numeral I).

Discussion and Conclusions

The observed melting phenomena and homogenization P-T paths predicted by our model have

similarities to homogenization results presented by Thomas (1994a) for natural crystalline melt

inclusions.  Homogenization P-T paths of crystallized inclusions are different from those of glass

inclusions.  Glass may retain nearly all its water and thus have no exsolution of vapor upon

solidification.  In this case, the solidification of the melt to glass produces a volume decrease, and

typically, a volatile poor shrinkage bubble is preserved.  As such, inclusions preserved as glass may

follow a path that results in an internal pressure decrease (relative to entrapment pressure) during

solidification.  Lowenstern (1994, 1995) describes the P-T paths for solidification and homogenization

of glass-bearing silicate melt inclusions. 

Using available P-V-T-X data for the haplogranite-H2O system, theoretical heating and cooling

P-T paths have been calculated for crystalline melt inclusions representing a variety of trapping

scenarios.  The results of these calculations show that the pressure within a melt inclusion may

increase significantly during the initial stage of crystallization and over a relatively narrow temperature

range.  Crystallization P-T paths for melt inclusions are strongly influenced by the value of 
2H O total

m
V . 

If 
2H O total

m
V  is low (0.0 cm3/mole), internal pressures generated by fluid exsolution during

crystallization may be high enough to rupture the inclusion.  For example, the pressure inside an
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inclusion that traps a water-saturated melt at 500 bars and 782 °C would increase to 5650 bars as the

temperature decreased to 640 °C during crystallization (assuming 
2H O total

m
V  = 0.0 cm3/mole), as shown

in Figure 2.2, point A.  Based on the cracking threshold and tensile strength of quartz from Tait (1992),

spherical inclusions > 10 µm in radius would be expected to rupture at 5150 bars internal

overpressure.  We suggest that some natural decrepitation is a result of crystallization within melt

inclusions during cooling and the associated large increase in internal pressure.  Dilational stress

caused by pressure differences between molten inclusions and an external pressure decrease caused by

melt decompression (of the magmatic system) during eruption is another mechanism of melt inclusion

decrepitation (Tait, 1992).

The effect of the value of 
2H O

m
V  on the internal pressure generated inside an inclusion at

solidus temperatures is shown in Figure 2.2.  Low values for 
2H O

m
V  produce higher exsolved fluid

densities.  These higher fluid densities reduce the solidus temperature and initiate first melting at

higher internal pressures.  The solidus temperatures determined from the crystalline melt inclusions in

our model do not reflect the solidus temperatures of the bulk melt system, but they may constrain a

minimum solidus temperature.  For example, the saturated minimum melt trapped at the 500 bars and

782 °C (on the solidus) undergoes Tfm at 708 °C, nearly 76 °C less than the actual solidus of the bulk

melt system.  For saturated minimum melts trapped at 2000 bars, the difference between Tfm and the

solidus is only 4 °C.  As such, melts trapped in low pressure environments (<1000 bars) and preserved

as crystalline inclusions yield larger errors in the estimation of solidus temperatures based on first

melting.  Below 1000 bars, the minimum melt curve has a shallow negative slope.  Above 1000 bars,

the slope of the minimum melt curve increases and solidus temperatures calculated by Tfm approach the

actual melt solidus temperatures.  In contrast, the difference between the molar volume of pure H2O

and the partial molar volume of H2O in the melt decreases with increasing pressure.  At 2000 bars and

680 °C the molar volume pure H2O is 35 cm3/mole compared to 159 cm3/ mole at 500 bars and 780

°C.  At 5000 bars and 600 °C the molar volume of H2O is 22 cm3/mole. 

Heating stage measurements commonly over estimate Th (Lowenstern 1994; Thomas 1994). 

With high heating rates, melts in inclusions do not maintain the lowest possible pressures and

temperatures during homogenization.  Specifically, P-T conditions in the inclusion depend on the rate

at which the volatile phase is able to diffuse into the melt.  Rapid heating rates cause internal pressures

within the inclusion to be higher than internal pressures obtained using slower heating rates which

allow for complete diffusional equilibrium between the melt and volatile phases.  The P-T path during

rapid heating will not follow the minimum melt curve, and the P-T path will be influenced by a

component of the H2O isochore as shown in the inset in Figure 2.2.  Variability of volume and melt
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composition (with respect to the degree of host melting), can produce a range of possible equilibrium

conditions at different homogenization temperatures and pressures.  Melt-solid phase equilibria is

different along an elevated P-T homogenization path, and final melt compositions may not be

equivalent to the composition of the original entrapped melt.

In the three basic examples of entrapment (saturated, mixed and undersaturated), the order of

melting phenomena within each example was different and these differences are related to whether or

not the melt was saturated.  In the saturated examples, the remaining crystalline material (Ab, Or, and

Qtz) within the inclusion homogenized at the same instant as the vapor bubble, and Tt is equal to both

Th and Tmsil.  In the mixed entrapment examples, the crystalline feldspar was consumed at a temperature

(Tmsil) and pressure representative of the original entrapment conditions, but the inclusions still

contained a large vapor bubble.  In mixed inclusions the trapping temperature is given by Tmsil.  In the

mixed examples, Th would only occur at unreasonably high temperatures.  In the undersaturated melt

examples, Th occurred at a lower temperature than Tt.  Final homogenization occurred with the

consumption of feldspar and quartz at the original pressure and temperature of entrapment.  For

undersaturated melts, Th occurs at a lower temperature than Tmsil, and Tmsil constrains the Tt.

The model described here considers only minimum melt compositions.  In natural systems, the

entrapment of saturated and undersaturated compositions may be more likely.  Both saturated and

undersaturated melts can be trapped in the host phase (quartz or feldspar) when non-minimum melts

are in equilibrium with quart or feldspar or on the quartz-feldspar cotectic.  For example, in Figure

2.4D and 2.4F, the conditions of entrapment (2000 bars-800 °C) of a saturated melt of non-minimum

composition (Ab37Or16Qtz47) in equilibrium with the quartz stability field is shown.  In this case first

melting will still occur at the intersection of the exsolved fluid isochore and the saturated minimum

melt curve.  As is shown in Figure 2.4F the entrapment temperature for this saturated melt is higher

than the entrapment temperature of an undersaturated melt trapped at the same pressure, but the melting

behavior during heating will distinguish saturated and undersaturated melts.  In the case of the

saturated melt, total homogenization temperatures are given by equivalent Th and Tmsil , and total

homogenization temperatures in undersaturated melts are given by Tmsil where Th is lower than Tmsil.

The homogenization phenomena described by the model are for crystalline melt inclusions

and the P-T paths during cooling and crystallization and the related melting phenomena do no apply

to glass-bearing and crystal/glass-bearing inclusions.
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Figure 2.1  Haplogranite minimum melt curves for aH2O= 1.0 and 0.5.

Haplogranite minimum melt curves for aH2O= 1.0 and 0.5are projected onto the Ab-Or-Qtz ternary.
Data for aH2O = 1.0 are represented by the black open squares and are from the experimental results
of Tuttle and Bowen (1958) and Luth et al., (1964).  Data for aH2O = 0.5 are represented by the
black circles and are from the experimental work of Ebadi and Johannes (1990) and Holtz et al.,
(1992).  Data below 2000 bars have been extrapolated in this study for an aH2O = 0.5.  The figure
shows the compositional variation along the minimum melt curves.
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Figure 2.2  Isochores for water in melt inclusions (
2H O

m
V = 0.0, 17.0, and 22.0 cm3/mole).

Isochores determined for exsolved water during the cooling and total crystallization of saturated
type melt inclusions are shown for values for 

2H O
m

V = 0.0, 17.0, and 22.0 cm3/mole.  The water
saturated minimum melt curve, the H2O liquid-vapor curve and critical point, and the H2O critical
isochore are also shown.  The inclusions are trapped at 500 and 782 °C (solid black circle) on the
water saturated minimum melt curve.  The internal pressures generated by second boiling and
crystallization are strongly influenced by the value of 

2H O
m

V .  During cooling the inclusion P-T path
follows the saturated minimum melt curve to solidus conditions and then follows the fluid isochore to
the H2O liquid-vapor curve down to ambient temperatures.  Using a 

2H O
m

V = 0.0 cm3/mole, exsolved
waters generate extremely high internal pressures within the melt inclusion at solidus conditions
(point A).  The predicted first melting temperature should correspond to the point where the fluid
isochore intersects the saturated minimum melt curve (5650 bars and 640 °C).  Using a 

2H O
m

V  = 17.0
cm3/mole, the exsolved water isochore for a crystalline inclusion is shown intersecting the saturated
minimum melt curve at solidus conditions (point B). 
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Figure 2.2 cont.) Using a 
2H O

m
V  = 22.0 cm3/mole, the exsolved water isochore for a totally crystalline

inclusion is shown intersecting the saturated minimum melt curve at solidus conditions (point C). 
Higher internal pressures are generated with lower values of a 

2H O
m

V  when comparing inclusions

trapped at identical conditions (points A-C).  Regardless of the value chosen for a 
2H O

m
V  the first

melting observed in crystalline inclusions occurs well below the predicted solidus at entrapment
conditions.  This is a result of the internal pressure generated by H2O exsolved during crystallization
in a closed system.  Point D shows the predicted solidus condition using a value of a 

2H O
m

V  = 22.0
cm3/mole for a mixed inclusion type which trapped 20 volume % excess H2O.  In this scenario, the
trapping of excess water increases the first melting temperature, as compared to Point C were a
saturated inclusion was trapped at the same condition.  The inset shows the effect of the fluid isochore
in producing elevated P-T homogenization paths.  In this, case the heating rate is to rapid to produce
diffusional equilibrium between the melt and vapor phases, and internal pressures on the
disequilibrium melting P-T path are elevated when compared to equilibrium melting at the same
temperature.  As such, melt homogenization can occur at a different P-T condition and may have an
influence on the resulting bulk composition of the homogenized melt. 
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Figure 2.3 Volume relationships and P-T conditions during heating and cooling of inclusions.
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Fig 2.3 cont.) Volume relationships and P-T conditions during cooling and homogenization for
inclusions trapped at 500 bars under saturated, mixed, and undersaturated entrapment
conditions(rows A-C, respectively) are shown for a value of 

2H O
m

V  = 22 cm3/mole.  In the mixed
entrapment example, 20 volume % excess H2O was trapped with the saturated melt.  In all three
examples, a rim of quartz is precipitated onto the inclusion walls effectively reducing the inclusion
volume during crystallization (column 2), and feldspar volumes are represented by spheres.  The rim
of quartz is resorbed by the melt during the homogenization process.  The view is through the
maximum dimension of each inclusion.  The Roman numerals (I-VII) correspond to specific points
on the cooling-homogenization P-T paths shown in Figures 2.4A-C for saturated, mixed, and
undersaturated inclusion types, recpectively.  Saturated melts homogenize (Th and Tmsil) with the
simultaneous consumption of quartz, feldspar, and volatiles at the original entrapment conditions (row
A, column 7).  In the mixed example, vapor-melt homogenization (Th) occurs at unreasonably high
temperatures with the melting of phenocrystic quartz (row B, column 7).  In undersaturated
example, Th (row C, column 6) occurs at a lower temperature than Tmsil .   Total homogenization
occurs with the consumption of feldspar and quartz (Tmsil) at the original entrapment condition (row
C, column 7).  Additional descriptions are provided in the text.
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Figure 2.4 P-T paths for cooling and heating of melts trapped in inclusions.

P-T paths are displayed for the cooling and heating melts trapped at 500 bars and 2000 bars for
saturated, mixed, and undersaturated inclusion types.  A) Saturated melts at 500 bars, B) Mixed
melts at 500 bars, C) Undersaturated melts at 500 bars, D) Saturated melts at 2000 bars, E) Mixed
melts at 2000 bars, and F) Undersaturated melts at 2000 bars.
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Table 2.1 A) Saturated (500 bars-781 °C),
2H O

m
V = 22.0 cc/moles

Condition Pressure
bars

Temp.
°C

Free H 2O
Density

Hydrous
Melt Density

Melt Composition Percent of Original Material
Consumed by Melt

Volume Percent of Phase in Inclusion

g/cc g/cc Ab Or Qtz H20 Ab Or Qtz H2O Melt Ab Or Qtz H2O
Trapping 500 782 --- 2.20 29.0 31.0 40.0 2.98 100 100 100 100 100.0 --- --- --- ---
Solidus 1500 708 0.4092 --- --- --- --- --- --- --- --- --- --- 24.2 26.1 33.7 16.0
First Melt 1500 708 0.4092 2.15 36.3 27.3 36.4 4.97 0.007 0.005 0.005 0.010 0.006 24.2 26.1 33.6 16.0
Melting 1000 720 0.2689 2.17 33.0 29.0 38.0 4.14 61.6 50.6 51.4 76.0 55.2 9.4 13.0 16.5 5.9
Melting1 540 773 .1248 2.20 28.4 29.9 38.6 3.09 96.5 94.8 94.9 99.08 95.6 0.8 1.4 1.7 0.5
Homogenized1 500 782 --- 2.20 29.0 31.0 40.0 2.98 100 100 100 100 100.0 --- --- --- ---

Table 2.1 B) Mixed (500 bars-781 °C), 
2H O

m
V = 22.0 cc/mole

Condition Pressure
bars

Temp.
°C

Free H 2O
Density

Hydrous
Melt Density

Melt Composition Percent of Original Material
Consumed by Melt

Volume Percent of Phase in Inclusion

g/cc g/cc Ab Or Qtz H20 Ab Or Qtz H2O Melt Ab Or Qtz H2O
Trapping 500 782 0.1133 2.20 29.0 31.0 40.0 2.98 100 100 100 69.92 80.0 --- --- --- 20.0
Solidus 810 735 0.2289 --- --- --- --- --- --- --- --- --- --- 19.3 20.9 26.9 32.9
First Melt 810 735 0.2289 2.18 31.6 29.7 38.7 3.75 0.012 0.011 0.010 0.010 0.005 19.3 20.9 26.9 32.9
Melting 540 773 0.1248 2.20 29.3 30.8 38.6 3.09 90.4 88.4 88.9 64.8 71.6 1.9 2.3 3.0 21.2
Melting 500 782 0.1133 2.20 29.0 31.0 40.0 2.98 100 100 100 69.92 80.0 --- --- --- 20.0
Homogenized2 <<500 High --- ? ? ? ? ? 100 100 >100 100 100.0 --- --- ? ---

Table 2.1C) Undersaturated  (500 bars-840 °C), 
2H O

m
V = 22.0 cc/mole

Condition Pressure
bars

Temp.
°C

Free H 2O
Density

Hydrous
Melt Density

Melt Composition Percent of Original Material
Consumed by Melt

Volume Percent of Phase in Inclusion

g/cc g/cc Ab Or Qtz H20 Ab Or Qtz H2O Melt Ab Or Qtz H2O
Trapping 500 840 --- 2.24 26.0 34.0 40.0 1.85 100 100 100 100 100.0 --- --- --- ---
Crystalline 1135 714 0.3104 --- --- --- --- --- --- --- --- --- --- 22.4 29.5 34.7 13.4
First Melt 1135 714 0.3104 2.17 34.0 28.5 37.5 4.38 0.0023 0.0030 0.0040 0.010 0.004 22.4 29.5 34.7 13.4
Melting 500 780 0.1133 2.20 29.0 31.0 40.0 2.98 60.0 49.0 53.8 87.8 55.0 9.0 15.1 16.2 4.5
Melting 320 826 0.0660 2.22 27.4 31.8 40.8 2.39 80.6 71.5 78.2 100 79.1 4.5 8.6 7.8 ---
Homogenized1 500 840 --- 2.24 26.0 34.0 40.0 1.85 100 100 100 100 100.0 --- --- --- ---

Table 2.1 D) Saturated (2000 bars-682 °C), 
2H O

m
V = 22.0 cc/mole

Condition Pressure bars Temp.°C Free H 2O Density Hydrous
Melt Density

Melt Composition Percent of Original Material
Consumed by Melt

Volume Percent of Phase in Inclusion

g/cc g/cc Ab Or Qtz H20 Ab Or Qtz H2O Melt Ab Or Qtz H2O
Trapping 2000 682 --- 2.13 39.0 26.0 35.0 5.69 100 100 100 100 100.0 --- --- --- ---
Crystalline 2300 678 0.5741 2.13 --- --- --- --- --- --- --- --- --- 30.6 20.6 27.7 21.2
First Melt 2300 678 0.5741 2.13 40.4 25.5 34.1 6.07 0.010 0.009 0.009 0.010 0.009 30.6 20.6 27.7 21.2
Melting 2100 681 0.530 2.13 39.5 25.8 34.7 5.82 85.8 84.1 84.1 86.8 84.9 4.3 3.3 4.4 3.0
Homogenized1 2000 682 --- 2.13 39.0 26.0 35.0 5.69 100 100 100 100 100.0 --- --- --- ---

Table 2.1 E) Mixed (2000 bars-682 °C), 
2H O

m
V  = 22.0 cc/mole

Condition Pressure bars Temp.°C Free H 2O Density Hydrous
Melt Density

Melt Composition Percent of Original Material
Consumed by Melt

Volume Percent of Phase in Inclusion

g/cc g/cc Ab Or Qtz H20 Ab Or Qtz H2O Melt Ab Or Qtz H2O
Trapping 2000 682 0.5168 2.13 39 26 35 5.69 100 100 100 48.5 80.0 --- --- --- 20.0
Crystalline 2178 680 0.5430 --- --- --- --- --- --- --- --- --- --- 24.4 16.5 22.2 36.9
First Melt 2178 680 0.5430 2.13 39.8 25.6 32.6 5.92 0.020 0.020 0.020 0.01 0.016 24.4 16.5 22.2 36.9
Melting 2100 681 0.530 2.13 39.5 25.8 34.7 5.82 57.1 56.0 56.0 28.0 45.2 10.5 7.2 9.8 27.2
Melting 2000 682 0.5168 2.13 39 26 35 5.69 100 100 100 48.5 80.0 --- --- --- 20.0
Homogenized1 , 2 <<2000 High --- ? ? ? ? ? 100 100 >100 100 100.0 --- --- ? ---

Table 2.1 F) Undersaturated (2000 bars-780 °C), 
2H O

m
V = 22.0 cc/mole

Condition Pressure bars Temp.°C Free H 2O Density Hydrous
Melt Density

Melt Composition Percent of Original Material
Consumed by Melt

Volume of Phase in Inclusion

g/cc g/cc Ab Or Qtz H20 Ab Or Qtz H2O Melt Ab Or Qtz H2O
Trapping 2000 780 --- 2.22 36.0 29.0 35.0 3.21 100 100 100 100 100.0 --- --- --- ---
Crystalline 1800 696 0.4602 --- --- --- --- --- --- --- --- --- --- 30.2 24.6 29.7 15.5
First Melt 1800 696 0.4602 2.14 38 26.5 35.5 5.4 0.006 0.005 0.006 0.01 0.006 30.2 24.6 29.7 15.5
Melting 1300 710 0.3250 2.16 35.1 27.9 37.0 4.65 52.0 51.5 56.5 78.6 55.9 14.5 11.9 12.9 4.7
Melting 800 735 0.2255 2.18 31.5 29.8 38.7 3.73 74.9 88.0 94.8 100 87.9 7.6 3.0 1.5 ___
Homogenized1 2000 780 --- 2.22 36.0 29.0 35.0 3.21 100 100 100 100 100.0 --- --- --- ---

1 Shaded cells indicate phase homogenization into melt.
2 Homogenization cannot be determined with any level of confidence.  Inclusion internal pressure

should continue to decrease until complete vapor homogenization together with the consumption of  
excess quartz by the melt.
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CHAPTER 3:  Synthetic fluid inclusions XIV:  Coexisting silicate melt and aqueous
fluid inclusions in the haplogranite-H 2O-NaCl-KCl system

Abstract

Coeval silicate melt and aqueous fluid inclusions were formed at 800°C and 2000 bars in
the quartz-saturated haplogranite-H2O-NaCl-KCl system to evaluate melt inclusion

homogenization techniques and interpretations. An equilibrium assemblage of Ab19.2Or31.1Qtz49.1

melt, quartz, and an aqueous solution with a composition of 7.4 wt % NaCl + 5.9 wt % KCl was

produced at run conditions. The melt contained 0.18 wt.% Cl- and ≈5.5 wt % H2O.  The calculated

partition coefficient of chloride between the melt and aqueous fluid ( DCl
m / aq = CCl

m CCl
aq ) is 0.021. 

The calculated distribution coefficient of Na and K between the melt and the aqueous phase
(DNa / K

m / aq = (CNa
m CK

m ) (CNa
aq CK

aq ))  is 0.40. 

The behavior of synthetic silicate melt inclusions during heating was examined using a

high-temperature microscope heating stage and a vertical tube furnace. Homogenization

temperatures obtained by heating in 10.0°C increments each day in a tube furnace (with quenching

between each increment to monitor homogenization progress) agreed with known formation

temperatures, with no size dependence. When measured in a high-temperature microscope heating

stage, a heating rate of 1°C/min produced homogenization temperatures that were about 10°C lower

(i.e., closer to the formation temperature) compared to those obtained from the same inclusions

using a heating rate of 3°C/min, although both heating rates produced homogenization temperatures
above the formation temperature.  A positive correlation between inclusion size and Th was

observed for both heating rates.

Results confirm that microthermometric data from coeval silicate melt and aqueous fluid

inclusions trapped in quartz can be used to accurately predict P-T formation conditions if data from

the smallest melt inclusions are used, or if the melt inclusions are homogenized using a slow

heating rate (<1°C/min).  Moreover, coexisting silicate melt and aqueous inclusions trapped in

quartz may be used to study the distribution of various elements between melt and fluid phases.

Keywords:   distribution coefficient; haplogranite; melt inclusions; synthetic fluid inclusions
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Introduction

In recent years the study of silicate melt inclusions has gained considerable popularity as a method

to characterize the PTX evolution of igneous processes (Anderson, 1974; Roedder, 1979;

Lowenstern, 1995).  Of special interest has been the study of melt inclusions trapped in an

immiscible fluid-melt system (Roedder, 1979; 1984; 1992; Hansteen & Lustenhouwer, 1990;

Frezzotti, 1992; Naumov et al., 1992; 1996; Yang & Bodnar, 1994;  Student & Bodnar, 1996). 

Microthermometric data from such inclusions can be used directly to determine formation

temperatures and pressures, without the necessity of invoking difficult to prove assumptions or

requiring an independent geobarometer or geothermometer (Roedder & Bodnar, 1980).

Roedder (1992) describes specific types of magmatic immiscibility (immiscibility being

defined as the existence of two or more non-crystalline, multi-component solutions which differ in

properties and composition at equilibrium), including silicate melt/silicate melt, silicate melt/sulfide

melt and silicate melt/aqueous fluid.  In this study we have investigated the behavior of synthetic

fluid inclusions trapped under conditions of silicate melt/aqueous fluid immiscibility in the

haplogranite-H2O-NaCl-KCl system.  We interpreted microthermometric data obtained from melt

inclusions trapped in quartz using phase equilibrium data for the haplogranite-H2O system from

Tuttle & Bowen (1958), ignoring the potential effect of chloride on the phase relationships (see

Koster van Groos & Wyllie, 1969; Webster, 1992).  The compositions of aqueous inclusions

trapped in equilibrium with the melt  were interpreted using data from Hall et al. (1988), Sterner et

al. (1988) and Bodnar et al. (1989).  The P-T path for the aqueous inclusion isochore was

calculated using PVTX data from Bodnar & Vityk (1994).

Experimental procedures

The technique used to produce synthetic melt and aqueous inclusions in this study is a modification

of the technique described by Sterner & Bodnar (1984) and Bodnar & Sterner (1987) for aqueous

fluid inclusions.  Quartz cores approximately 4 mm in diameter were cut from optical grade,

inclusion-free Brazilian quartz crystals.  The cores were then fractured using a thermal shock

technique, as described by Bodnar & Sterner (1987).  Melt and aqueous inclusions were formed at

elevated temperature and pressure when small droplets or thin films of melt and aqueous solution

were trapped during the fracture-healing process.  Some inclusions were also trapped when new
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quartz precipitated on the outer rim of the quartz core during the experiment, and when new quartz

microphenocrysts nucleated and grew during the run, as described below.

The quartz core, along with materials to produce the melt and aqueous solution, were loaded

into 5mm-OD x 4cm-long platinum capsules.  The haplogranite melt starting material was a mixture

of silica gel and Ab25Or75 fused glass.  The bulk composition, represented by point "A" on Figure

3.1, includes the silica gel, the Ab25Or75 fused glass, and the quartz core.  Before loading, the silica

gel was dehydrated in a 1 atmosphere muffle furnace at 900°C overnight.  The Ab25Or75 glass was

dried at a lower temperature (600°C) for several hours.  Previous work had shown that this

temperature was sufficiently high to drive off any adsorbed water from the glass without causing

sodium loss.  The Ab25Or75 glass was prepared for an earlier study (Voigt et al., 1981) using

techniques described by Hamilton & Henderson (1968).  The 10 wt% NaCl aqueous solution was

prepared from steam-distilled, de-ionized H2O and ultrapure grade NaCl.

The starting materials were loaded into the Pt capsules in the following order:  silica gel,

Ab25Or75 fused glass, 10 wt% NaCl solution, and pre-fractured quartz core.  Approximately 1

gram (total) of starting material was used with a solid:fluid weight ratio of ≈ 3:1.  The weight of

each component was pre-determined based on phase relationships for the water-saturated

haplogranite system at 800°C and 2000 bars (Tuttle & Bowen, 1958) as shown in Figure 3.1.  The

amount of silica gel used was in excess of the amount needed to produce the equilibrium melt

composition at run conditions (see Figure 3.1).  Excess silica was added to assure that quartz would

be a stable phase on the liquidus at run conditions and thus promote the healing of fractures and the

precipitation of additional quartz onto the quartz core.  Immediately after addition of the NaCl

solution and quartz core, the capsules were sealed using an arc welder.  The sealed capsules were

weighed, placed in a vacuum oven at 100°C for several hours, and then reweighed to check for

leakage.

The sealed capsules were placed in horizontal cold-seal type vessels and heated/pressurized

to avoid the NaCl-H2O 2-phase region (see Bodnar et al., 1985).  The run was stabilized at 2000

bars and 800°C within 35 minutes of initial heat-up and maintained at that condition for 7 days. 

During the quench, the pressure was maintained at 2000 bars during cooling to 450°C (slightly

below the glass transition temperature, Romano et al., 1994) to help prevent loss of water from the

melt and to avoid the NaCl-H2O 2-phase region (Bodnar et al., 1985). The pressure was then

decreased to 1000 bars and allowed to further decrease with temperature to ambient conditions to

avoid rupturing the Pt capsule.
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After removing the capsules from the pressure vessel, the capsules were cleaned and

weighed to check for leakage during the run.   Although 4 different samples were run, all results

described below are from a single sample.  The reason that the other three samples were not used

was because the number and size of the melt inclusions in these three samples was insufficient for

electron microprobe analysis or to obtain a statistically-valid number of data points.  Why only one

experiment produced large numbers of both aqueous and melt inclusions, whereas the other three

did not, is unclear at this time.  However, the three experiments in which melt inclusions were small

and/or rare did not include silica gel in the starting material.  In the three experiments without silica

gel numerous aqueous fluid inclusion were trapped, but very few melt inclusions formed. 

Moreover, the abundance, aperture and geometry of fractures in the original quartz core are not

easily controlled.  Failure to form abundant, large melt inclusions in three samples may be related to

all of these factors. 

After completion of the run, the experimental charge consisted of a single 3.5 cm long

tubule containing a mixture of haplogranite glass and quartz microphenocrysts, with the quartz core

attached to one end (Figure 3.2a).  Disks approximately 1 mm thick were sliced from the quartz

core as well as from the haplogranite glass + quartz microphenocryst portion of the charge,

mounted on a glass slide, and doubly polished for petrographic observation.  Each disk was

examined optically to determine the inclusion distribution and textural features.  Following

microthermometric analysis to homogenize the inclusions, selected glass inclusions (often

containing bubbles that re-appeared during the quench) were exposed at the surface by further

grinding and polishing in preparation for glass (melt) analysis by electron microprobe and SIMS.

Aqueous fluid inclusions trapped in the quartz core were analyzed with a USGS-type gas

flow heating/freezing stage (Werre et al., 1979).  The stage was calibrated at -56.6°C , 0.0°C,

374.1°C and 573°C using synthetic fluid inclusions and the quartz a/ß transition.  The accuracy and

precision for  temperatures ≤ 0.0°C are ± 0.1°C and ± 1.0°C for temperatures between 100° and

500°C.  Salinities and sodium-to-potassium ratios of aqueous inclusions were calculated based on

the sylvite dissolution temperature and the final ice-melting temperature, interpreted within the

H2O-NaCl-KCl ternary (Hall et al., 1988; Sterner et al., 1988; Bodnar et al., 1989).  The average

ice-melting temperature and liquid/vapor homogenization temperature were used to calculate an

NaCl-equivalent salinity (Bodnar, 1993) and isochore (Bodnar & Vityk, 1994) for the aqueous

inclusions.  Bodnar (1983) had previously shown that the PVT properties of mixed electrolyte

systems are reasonably-well approximated by the PVT properties of an NaCl solution having the

same freezing-point depression as that of the mixed electrolyte.
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Silicate glass inclusions in the quartz core were analyzed on a Linkam TS1500 heating

stage.  The stage is mounted on an Olympus BX60 microscope equipped with an 80x objective. 

With this arrangement, features as small as 1-2 µm are easily resolved.  The stage was calibrated at

the critical temperature of H2O (374.1°C), the melting point of ultrapure NaCl (801°C), and the

melting point of silver (961°C). The accuracy and precision of homogenization temperatures of melt

inclusions is estimated at  better than ± 5°C.  The stage was flushed with an argon + 1% H2 gas

mixture during heating to minimize oxidation.  From room temperature to 400°C, a heating rate of

30°C/min was used.  The rate was slowed to 10°C/min from 400° to 600,°C and then held at that

temperature for thirty minutes before proceeding with homogenization runs. 

Three different heating procedures were followed to measure the homogenization

temperatures of melt inclusions.  For one sample, a heating rate of 3°C/min was used above 600°C,

except that the temperature was held constant for a few minutes several times during the heating run

to photograph the inclusions.  Additionally, near the homogenization temperature, it was necessary

to thermally cycle the sample by several degrees to confirm that the bubble had indeed disappeared.

 If, during cooling,  the bubble immediately grew back at the same location where it was last

observed, it was assumed that homogenization was not achieved.  If the bubble did not re-appear

with several degrees of cooling, or if the bubble re-appeared in a different area of the inclusion, it

was assumed that homogenization had been achieved.  This thermal cycling technique is similar to

that used to study small aqueous inclusions, where it has been found to produce accurate and

reproducible homogenization temperatures (Goldstein & Reynolds, 1994).

The terminology used in the literature to describe the bubbles that occur in silicate melt

inclusions is inconsistent and, often, confusing.  Bubbles in silicate melt inclusions may have at

least four different origins.  If the melt is saturated in a volatile phase, the inclusion may trap both

melt and vapor to produce a vapor (or fluid) bubble in the resultant inclusion.  Or, if the inclusion

traps only a volatile-bearing melt phase, the melt may become saturated in the volatile component

and exsolve a separate fluid phase during cooling, producing a bubble in the melt inclusion.  If the

inclusion traps a volatile-free melt (or one with a low concentration of volatiles) the melt may not

become saturated in the volatile component during cooling.  But, owing to the different coefficients

of thermal expansion and compressibility of the melt and its host mineral, the melt (glass) volume

will decrease more than the mineral during cooling, producing a void space that is essentially a

vacuum in the inclusion.  Finally, a melt inclusion may leak with loss of some melt before the

inclusion is completely sealed, leaving behind an inclusion with bubble.  This process often occurs

with hourglass inclusions (Lowenstern, 1995; Anderson, 1991).  To avoid confusion, we use the

term "bubble" or "vapor bubble" to refer to any approximately spherical (non-glassy) void within a
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melt inclusion, with no genetic or compositional implications.  In some cases, we use the term

"quench bubbles" to describe small, uniformly distributed bubbles that presumably form by

exsolution of water from the melt during the quench, as reported by Burnham & Jahns (1962).  We

recognize, however, that in reality all of the bubbles in the melt inclusions, except for those rare

examples of heterogeneous trapping of melt plus fluid, are in fact "quench bubbles".    

Homogenization temperatures of melt inclusions in a second quartz wafer were measured

using two different heating rates.  First, a heating rate of 1°C/min was used for heating above

600°C, and this rate was maintained until the last inclusion homogenized at 853°C.  The sample was

then cooled to 600°C, where the temperature was maintained for thirty minutes.  The sample was

then reheated at 3°C/min until the last inclusion homogenized at 863°C.  In both cases, heating rates

were constant above 600°C and the inclusions were not thermally cycled - this could lead to an

under-estimation of the homogenization temperature by a few degrees, based on results from the

earlier experiment in which thermal cycling was used.  In all cases, a bubble reappeared during

cooling following homogenization. 

A third quartz wafer containing glass inclusions was incrementally-heated in a 1-atmosphere

vertical tube furnace.  The wafer was placed in a Pt holder and suspended from the top of the

furnace.  The sample was positioned within the "hot-spot" of the furnace, where previous tests had

determined a thermal gradient  of ± 5°C over a distance of ± 8 cm from the center of the "hot spot".

 The furnace thermocouple was calibrated using pure silver at 961°C, and at lower temperatures this

thermocouple was calibrated against another well-calibrated thermocouple.  The accuracy and

precision of temperature measurements at 800°C is estimated at ± 10°C.  The sample was initially

placed in the pre-heated furnace at 750°C for a period of 1 day.  After one day, the sample was

rapidly quenched in water at a rate >800°C/sec and observed with a petrographic microscope.  The

procedure was repeated with a 10°C increase in temperature each day until the quenched inclusions

contained only a single glass phase following quenching, indicating that the inclusions were

homogenized at run conditions.  Note that, unlike the experiments conducted in the microscope

heating stage in which vapor bubbles were generated during the relatively slow cooling, the cooling

rate for the furnace experiments was sufficiently high to prohibit formation of  bubbles during

cooling, once homogenization was achieved.

Electron microprobe analyses were performed on a Cameca SX50 electron microprobe,

equipped with both wave and energy dispersive spectrometers (WDS and EDS, respectively) at

Virginia Tech.  Quantitative analyses were conducted using WDS.  Analysis and standardization

were performed using silicate, oxide, and phosphate standards and the data were corrected using

PAP methodology according to Pichou and Pouchoir (1985) using vendor supplied software. 
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Standard deviations (1 sigma) based on Benson orthoclase and Amelia albite standards,

respectively, are as follows: SiO2 ±0.49 & 0.59 wt%; Al2O3 ±  0.22 & 0.23 wt%; K2O ± 0.26 &

0.04 wt%; Na2O ± 0.04 & 0.26 wt%; and Cl- ± 0.01 & 0.02 wt% (Table 3.1).  Standard deviation

(1 sigma) for Cl- in a Durango apatite standard is ± 0.01 wt %. Analyses were performed at 15 kV,

using a current of 2 nA with a 2 micron rastered beam.  Counting times and analytical sequence

were as follows: Na2O-10 seconds, K2O-10 seconds, Cl--15 seconds, Al2O3-20 seconds, and

SiO2- 20 seconds.  These beam conditions and analytical sequence resulted in non-detectable

volatilization and migration of Na, K, and Cl for the first analysis conducted at a single spot location

on standard samples.  Larger melt inclusions were analyzed multiple times (up to 3) when previous

spot analysis locations within the inclusion could be avoided. 

Secondary ion mass spectrometry (SIMS) analyses were performed on a Cameca 6F ion-

probe with a cesium gun at the Department of Terrestrial Magnetism at the Carnegie Institution of

Washington. The elements H and Cl were analyzed in situ  using a 10 kV primary beam of Cs+

with a current of 3-8 nA and a beam diameter of 20-30 µm.  Secondary ions were analyzed at an

accelerating voltage of +5kV.  A small field aperture of 8 µm diameter was inserted into the

secondary ion beam to filter out edge effects.  Secondary ions were referenced to counts of 30Si

with an analytical uncertainty of ± 10 % in terms of 1H:30Si and 35Cl:30Si.  Si concentrations

were previously determined by electron microprobe.  Only five melt inclusions were large enough

for analysis without producing an edge effect from the host quartz. 

Results

Sample Description

The run product consists of the quartz core at one end of the charge, with a heterogeneous mixture

of glass and quartz microphenocrysts comprising the majority of the sample (Figure 3.2a).  The

quartz core contains healed fractures with either aqueous fluid inclusions or silicate glass

inclusions.  Some rare fractures contain both types of inclusions.  A similar inclusion distribution,

with many fractures containing inclusions of a single type, was observed for inclusions trapped in

the two-phase (liquid + vapor) field in the H2O-NaCl system by Bodnar et al. (1985).  Relatively

fewer fractures were observed which contained both liquid-rich and vapor-rich inclusions. 
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However, the compositions of inclusions in fractures containing only liquid-rich or only vapor-rich

inclusions were identical to compositions of similar inclusions found in less-abundant fractures

containing both types of inclusions.  Bodnar et al. (1985) interpreted this behavior to indicate that

even though many fractures contained inclusions of only a single type, the composition of those

inclusions was representative of one or the other of the two immiscible phases present at run

conditions.  Based on that analogy, as well as the excellent agreement between observed and

expected compositions described below, we interpret the compositions of the aqueous and melt

inclusions in the quartz host to be representative of the equilibrium melt and aqueous fluid phases

present at 800°C and 2000 bars.

Sheets of glass (originally films of melt) and isolated glass inclusions occur within healed fractures

in the quartz core (Figure 3.2b).  Often the glass- (melt-)filled fractures are not completely isolated

within the quartz core but, rather, are connected to the surface.  These glass sheets commonly

contain small (< 1 µm) bubbles.

Some areas of the charge show clear haplogranite glass that preserves isolated quartz

microphenocrysts and aqueous fluid inclusions (Figure 3.2c).  The quartz microphenocrysts occur

in a range of sizes (15-250 µm) and shapes and sometimes contain glass inclusions. In other

regions of the charge, the glass is milky with fewer quartz microphenocrysts and aqueous fluid

inclusions compared to the clear glass.  The opacity of the glass is due to the presence of numerous

small quench bubbles (Figure 3.2d).  The end of the charge opposite from the quartz core consists

of quartz micro-phenocrysts (<20 µm in length) fused together by haplogranite glass (Figure 3.2e).

 This represents the end of the capsule which originally contained silica gel, and the micro-

phenocrysts represent a portion of the excess silica gel that has crystallized to quartz.

Aqueous Fluid Inclusions

Two aqueous fluid inclusion assemblages (FIA(aq) 1 & 2) are preserved in the charge.  FIA(aq) 1

is preserved in healed fractures in the quartz core.  These inclusions have a mature morphology,

consisting of either well-rounded or negative-crystal forms (Figure 3.3a).  At room temperature, the

inclusions contain 2-phases, liquid and vapor, in approximately equal volumetric proportions

(Figure 3.3c).  FIA(aq) 2 occurs in the glass portion of the charge away from the quartz core. These

inclusions contain variable volumetric proportions of liquid and vapor, ± halite ± rare, highly

birefringent needles of muscovite (based on the petrographic characteristics of the needles) (Figures

3.3d-g).  The inclusions are typically flattened and elongated with compressed (deformed) bubbles.
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 The long axis of the inclusions is usually parallel to the long axis of the charge.  A halo of smaller

bubbles ( < 1.0 µm) commonly occurs around FIA(aq) 2 inclusions (Figure 3.3f) in the

haplogranite glass.  The bubbles may be related to loss of water from the aqueous inclusions to the

glass during the relatively slow quenching used in our inclusion synthesis experiments, as has been

reported by Romano et al. (1994).  Water loss from the aqueous inclusions might also explain the

highly variably salinities of the inclusions in glass, including the presence of some inclusions with

halide daughter minerals (Figures 3.3d, e, g).  Alternatively, Davis & Ihinger (1998) have reported

the heterogeneous nucleation of lithium disilicate crystals on bubbles in supercooled melt, and the

halide crystals in bubbles observed in this study may have a similar origin.

Silicate Melt Inclusions

Silicate glass inclusions occur in healed fractures in the quartz core, beneath an overgrowth layer on

the quartz core, and in quartz microphenocrysts throughout the remainder of the charge.  Inclusions

associated with the quartz core are classified as melt fluid inclusion assemblage 1 (FIA(mlt) 1) and

inclusions in quartz microphenocrysts are classified as FIA(mlt) 2.  Melt inclusions from

assemblage 1 are shown in Figures 3.2b and 3.3 (h, i, j, k, and o).  Inclusions from assemblage 2

are shown in Figures 3.2c and 3.3 (l, m, n and p).  Inclusions from both FIA(mlt) 1 and FIA(mlt) 2

have similar phase ratios (glass to vapor) at room temperature and range in size from < 1 µm to

about 20 µm.  One exceptionally large inclusion approaches 100 µm in maximum dimension

(Figure 3.3m).

Inclusions from FIA(mlt) 1 commonly have a negative-crystal form and contain a single

vapor bubble.  Typically the bubble constitutes approximately 15% of the inclusion area as seen in

plan view (Figures 3.3h and i).  Melt inclusions that were trapped when quartz precipitated during

fracture healing are shown in Figure 3.3j.  Aqueous fluid was also trapped in this fracture, as

evidenced by an isolated 2-phase aqueous inclusion at the boundary between quartz and glass. 

Aqueous liquid and vapor cannot be distinguished in the majority of bubbles observed in melt

inclusions.  Large inclusions (> 30 µm) often contain one (or a few) large vapor bubbles as well as

numerous smaller quench bubbles (Figure 3.3k).

FIA(mlt) 2 inclusions occur within quartz microphenocrysts in the haplogranite glass.  The

inclusions are triangular, oblong and rounded in shape.  Negative inclusion forms are not common

as in FIA(mlt) 1.  The majority of inclusions from FIA(mlt) 2 occur beneath quartz skeletal

overgrowths on the microphenocrysts (Figure 3.3l).  The skeletal overgrowths are believed to have
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formed during quenching of the experiments.  Such inclusions are classified as zonal primary

inclusions  by Sobolev & Kostyuk (1975).  An especially large FIA(mlt) 2 inclusion (100 µm) is

triangular in form and occurs on a rhombohedral prism of a quartz microphenocryst (Figure 3.3m

and n).  Channels of glass/melt surround the inclusion and some of these channels contain several

vapor bubbles.  Aqueous liquid and vapor can be distinguished in some of the larger bubbles. 

Inclusions from FIA(mlt) 2 also occur in the interiors of the microphenocrysts.  A mixed aqueous

fluid-melt inclusion (heterogeneous) is shown in Figure 3.3o.  The inclusion trapped a

heterogeneous mixture of both haplogranite melt and aqueous solution.  Scepter-type quartz

crystals with inclusions also occur (Figure 3.3p).  A natural ß-quartz phenocryst from the Valley of

Ten Thousand Smokes, Alaska (Clocchiatti, 1975) is shown in Figure 3.3q for comparison.

Microthermometry

Aqueous Fluid Inclusions

The composition and density (isochore) of the aqueous inclusions were determined based on low

temperature phase behavior and the homogenization temperature, respectively.  The inclusion

compositions were interpreted using phase equilibrium data for the H2O-NaCl-KCl system

(Sterner et al., 1988; Hall et al., 1988; Bodnar et al., 1989).  The aqueous inclusions were first

cooled to liquid nitrogen temperature (-196°C).  During cooling the inclusions froze to an

assemblage consisting of ice, hydrohalite (NaCl•2H 2O) and sylvite. When heated from low

temperature, FIA(aq) 1 show first melting at approximately -22.6°C, in good agreement with the

eutectic temperature for the system H2O-NaCl-KCl, which is -22.9°C (Hall et al., 1988).  At the

eutectic, the inclusions contain ice, sylvite and a liquid with the eutectic composition (20.24 wt.%

NaCl + 5.72 wt.% KCl; Sterner et al., 1988)  (Figure 3.3b).  With continued heating, the inclusions

follow the ice-sylvite cotectic until the sylvite completely disappears (Figure 3.4).  Sylvite

dissolution temperatures ranged from -15.8° to -17.1°C.  With continued heating, the inclusions

follow a path from the ice-sylvite cotectic directly towards the H2O apex as the remaining solid

phase (ice) melts (Figure 3.4).    Final ice-melting temperatures ranged from -8.4° to -7.4°C with a

mean value of -8.2°C for a group of 68 inclusions (Figure 3.5, inset a).  The intersection of the fluid

inclusion path from the ice-sylvite cotectic to the H2O apex with the -8.2°C isotherm defines the

fluid inclusion composition of 7.4 wt.% NaCl + 5.9 wt.% KCl (Figure 3.4).  Solution



49

compositions were calculated from the measured microthermometric data using the FORTRAN

program SALTY (Bodnar et al., 1989). These same inclusions homogenized to the liquid phase

over the temperature range 469°-481°C, with a mean temperature of 474°C (Figure 3.5, inset b). 

Inclusions from FIA(aq) 2 show a wide range in phase ratios at room temperature, and

some contain halite crystals at room temperature.  In general, inclusions with halite show higher

volumes of liquid than vapor (Figs. 3d and e).  The majority of the FIA(aq) 2 inclusions are liquid-

rich and do not contain halite (Figure 3.3f); others are nearly all vapor with (Figure 3.3g) or without

halite.  When heated to measure the halite dissolution temperature, all of these inclusions

decrepitated at around 200°C as the surrounding matrix glass fractured.  Similar behavior was

observed for aqueous inclusions in glass by Romano et al. (1994).  These workers attributed the

fracturing to loss of water from the inclusion to the glass during slow quenching, resulting in

differential thermal contraction of the glass immediately surrounding the inclusion, compared to the

bulk glass.  This, in turn, leads to thermal stress in the glass around the inclusion during heating,

and subsequent fracturing. 

The heterogeneous nature of FIA(aq) 2 fluid inclusions is thought to be a result of

disequilibrium processes which occurred during the quench.  The high and variable salinities of the

inclusions observed in the glass are consistent with the salinities expected for aqueous solutions

that exsolve from a silicic melt during "second boiling" (crystallization and formation of skeletal

quartz overgrowths) at a constant pressure of 2 kbars (Cline & Bodnar, 1991).  These inclusions

thus do not represent the aqueous fluid that was present at run conditions and are not considered

further. 

Silicate Melt Inclusions

FIA(mlt) 1 inclusions were heated using 4 routines to examine the effect of different heating

procedures on Th.   In the first example, 16 inclusions from a single quartz wafer were examined,

using a heating rate of ≈ 3°C/min with thermal cycling near the homogenization temperature.  The

inclusions ranged in size from 8-30 µm, but 10 of the inclusions had a similar size of ≈ 15 µm in

maximum length.  Homogenization temperatures ranged from 819°-839°C with a mean of 833°C

(Inset as a Th histogram within Figure 3.6).  Smaller inclusions typically homogenized at lower

temperatures.  During heating, the small bubbles (<1 µm) in the largest inclusion collapsed between

590°-620°C.  The reason for the rapid collapse of the small bubbles over a relatively narrow

temperature interval is not known, but may be related to (1) solubility of water from vapor bubbles
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back into the melt, or (2) volume increase as glass transforms to melt at the glass transition

temperature, thus eliminating small bubbles.  If the latter explanation is the cause of the bubble

collapse, it should be noted that the glass transition temperature inferred from this change is higher

than is observed during quenching of the run.  A series of photomicrographs showing the changes

during heating and subsequent cooling of two inclusions using this heating routine are shown in

Figure 3.7a and b.  Note that the inclusion shown in Figure 3.7a before heating (22°C, left photo)

shows a mottled appearance owing to the uniform distribution of numerous small quench bubbles

throughout the glass, in addition to the larger vapor bubble.  After homogenization and quenching

back to 22°C (right photo), the inclusion contains only a single vapor bubble which nucleated

during the quench.

A second group of 16 inclusions from another quartz wafer was studied using two different

constant heating rates above 600°C.  The inclusions ranged in size from 6-18 µm in maximum

length.  Using a heating rate of 1°C/min above 600 °C, Th ranged from 806-853°C and a positive

correlation between inclusion size and homogenization temperature was observed (Figure 3.6).  The

same inclusions were re-heated (after cooling to 600°C to re-nucleate the bubbles) at a rate of

3°C/min and Th in this experiment ranged from 819-863 °C.  Again a positive correlation between

inclusion size and homogenization temperature was observed  (Figure 3.6).   In the three

experiments described above using the heating stage, reappearance of the vapor bubbles occurred

between 750-650 °C during cooling.  The new vapor bubble was smaller than the original bubble

and in no case did the smaller quench bubbles reappear.  These features are thought to be a function

of the relatively faster quenching rates (150°C/min) used in the homogenization experiments,

compared to the original quench rate (85°C/min) used to cool the cold-seal bombs following

inclusion synthesis.

A third quartz wafer with 18 inclusions was incrementally heated in a vertical tube furnace,

starting at a temperature of 750°C.  The inclusions were 8-20 µm in maximum length.  The size of

the vapor bubble (as observed after quenching to room temperature) in several inclusions appeared

to remain constant from one heating increment to the next, up to 780°C, but decreased notably when

heated to 790°C.  All inclusions homogenized during the heating step from 790° to 800°C (Figure

3.6).  During quenching (>800°C/sec) the vapor bubbles did not reappear (unlike the results of

heating stage experiments).
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Composition of Melts

Quenched glass inclusions in the quartz wafer from the 1 and 3°C/min heating stage experiments

were analyzed by electron microprobe and SIMS after grinding and polishing to expose the

inclusion glass.  The composition, in terms of albite, orthoclase and quartz, of each inclusion was

calculated from oxide totals determined by electron microprobe.  These are plotted in Figure 3.8

and listed in Table 3.1.  The average composition (in wt.%) for nine inclusions is 77.92 SiO2, 8.93

Al2O3, 5.23 K2O, 2.27 Na2O, 5.46 H2O, 0.18 Cl-.  This average composition is used below to

represent the equilibrium melt composition (Ab19.2Or31.1Qtz49.1) to determine the Na/K partition

coefficient between the melt and aqueous fluid.  Five melt inclusions were analyzed using SIMS,

yielding average water contents of 5.5 wt% and Cl- contents of 0.18 wt %.  Spot electron

microprobe analyses were also obtained from clear haplogranite matrix glass adjacent to the quartz

core and adjacent to quartz micro-phenocrysts.  Compositions of this glass range from the average

of the glass inclusions to a more silica-depleted composition of Ab26Or38Qtz35 (Figure 3.8).  The

trend in glass compositions from the average composition of melt inclusions towards the cotectic

shown in Figure 3.8 is consistent with that predicted by Tuttle & Bowen (1958) for melts

undergoing quartz crystallization (as evidenced by skeletal overgrowths on quartz micro-

phenocrysts) during isobaric cooling.  The composition of FIA(mlt) 2 inclusions was not

determined because these inclusions presumably formed during the quench and thus do not

represent the melt present at run conditions.

Interpretations

Melt and Aqueous Fluid Compositions

FIA(aq) 1 and FIA(mlt) 1 inclusions trapped in the quartz core were used to determine the

equilibrium compositions of the immiscible silicate melt and aqueous fluids at 800°C and 2000

bars.  Based on the average final ice-melting temperature (-8.2°C), the FIA(aq) 1 inclusions had a

salinity of 11.9 wt% NaCl equivalent.  The average homogenization temperature of these same

inclusions was 474°C.  The isochore for a fluid inclusion with this composition and
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homogenization temperature passes through the P-T run conditions (Figure 3.5), providing strong

evidence that the fluid inclusions do contain samples of the aqueous fluid present at run conditions

and that the inclusions have not been altered during the quench.  Note that the isochore shown on

Figure 3.5 is the isochore for an NaCl-H2O fluid composition (11.9 wt.%) corresponding to the

measured ice-melting temperature of the aqueous inclusions (-8.2°C), and not the isochore for the

fluid composition (7.4 wt.% NaCl + 5.9 wt.% KCl = 13.3 wt.% total salt) determined from sylvite

and ice-melting temperatures of the inclusions.  The reasons for using the isochore corresponding

to the ice-melting temperature are as follows.  First, PVT data for the system H2O-NaCl-KCl do

not exist for high temperatures and pressures.  Secondly, Bodnar (1983) has shown that the PVT

properties of mixed aqueous electrolyte solutions are approximated reasonably well by the PVT

properties of an H2O-NaCl solution having the same freezing-point depression (ice-melting

temperature) as the mixed electrolyte.

The average composition of the glass inclusions plots on the 2000 bar, 800°C isotherm in

the Ab-Or-Qtz-H2O “ternary” system (Figure 3.8, inset), providing convincing evidence that the

melt inclusions contain a sample of the melt that was present, and in equilibrium with the aqueous

phase, at run conditions.  Thus, the properties and behavior of the aqueous and melt inclusions are

both consistent with having been trapped at 800°C and 2000 bars in the haplogranite-H2O-(NaCl-

KCl) system, and may be used to study the behavior during heating of melt inclusions of known

composition and formation conditions.  It is also worth noting the excellent agreement between our

results and those of Tuttle and Bowen (1958), even though they used "pure" water in their

experiments whereas we used a 10 wt.% NaCl aqueous solution.  If the aqueous solution exhibits

ideal behavior at experimental conditions, the activity of H2O in our experiments would have been

0.96.  Moreover, Webster (1992) reports that as the alkali chloride concentration in the aqueous

phase increases, the activity coefficient for water in the aqueous fluid exhibits increasingly positive

deviations from ideality, indicating that the calculated activity of 0.96 based on ideal behavior

represents a minimum water activity.  Thus, the water activity in our aqueous chloride solutions may

not have been much different from that of Tuttle of Bowen's (1958) "pure" water experiments. 

Note that the compositions of the melt inclusions and the matrix glass (Figure 3.8) do not

fall along the pseudobinary that passes through the original starting composition (point "A", Figure

3.8).  Rather, the compositions fall along a pseudobinary representing a melt that is enriched in

sodium (or depleted in potassium) relative to the starting composition.  This observed shift in the

melt composition reflects the exchange of sodium and potassium between the melt and the

coexisting aqueous phase at run conditions.  (Remember, the aqueous solution loaded into the

capsule initially only contained NaCl.). 
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Using the average melt inclusion Na/K ratio (Figure 3.8) and the Na/K ratio of the aqueous

fluid determined from sylvite and ice-melting temperatures (Figure 3.4), the calculated distribution

coefficient ( DNa / K
m / aq ) for sodium and potassium exchange between melt and coexisting aqueous

chloride solution = 0.40.  The analogous partition coefficient for Cl- between the melt and aqueous

solution ( DCl
m / aq ) is 0.021.  This value is in agreement with earlier work by Kilinc & Burnham

(1972) and Webster (1992), but disagrees with results of Shinohara et al. (1989).  Note, however,

that the melt composition used by Shinohara et al. (1989) was considerably more sodium-rich than

that used here, and Malinin & Kravchuk (1996) report that chlorine partitioning between melt and

fluid depends on the Na/K ratio of the melt.

The H2O content of melt inclusions determined by SIMS ranges from 4.83 to 6.35 wt.%

(n=5), with an average of 5.5 wt%. The experimentally-determined water solubility at 2 kbars and

800°C in a haplogranite melt with a composition (Ab19.05Or35.86Qtz45.85NaMS0.23) similar to

that of the melt inclusions is 5.63 wt.% (Holtz et al., 1992).  The water solubility in a melt with the

average composition for the melt inclusions, calculated using the Burnham model (Burnham, 1979)

is 5.33 wt %.  Thus, the experimentally-determined and calculated water solubilities are in good

agreement with the measured water content of the melt inclusions, suggesting that there has been

little or no water loss during quenching.   

Melt Inclusion Formation Conditions

Previous workers have used results obtained from presumably coeval melt and aqueous fluid

inclusions to constrain the temperature and pressure of formation of the inclusions (Naumov et al.,

1992; 1996; Yang & Bodnar, 1994; Thomas, 1994a).  The assumptions upon which this technique

are based are that (1) the aqueous fluid inclusion isochore passes through the P-T formation

conditions and (2) the temperature of formation of the melt inclusions is equal to their

homogenization temperature, i.e., the melt inclusions were trapped on the water-saturated solidus. 

Thomas (1994b) considers examples where the melt inclusions are not trapped on the water-

saturated solidus.  We have already seen (Figure 3.5) that the aqueous inclusion isochore for our

synthetic inclusions does indeed pass through the formation P-T conditions.  Thus, use of

microthermometric data from coeval aqueous and melt inclusions becomes a matter of determining

the "correct" homogenization temperature for the melt inclusions.  In this study we have attempted

to identify the most reliable technique for determining Th, as well as the factors that affect that

measurement.



54

In the first homogenization experiment, thermal cycling was used to determine Th, and

heating was not continuous.  The Th determined for melt inclusions ranged from 819-839 ± 5 °C. 

If this temperature range (814-844 °C) were used to represent the homogenization (and trapping)

temperature of the melt, the predicted trapping pressure would be 2073-2212 bars, as shown in

Figure 3.9a and b.

In the second and third homogenization experiments, the heating rates were constant at 1

and 3°C/min, respectively, during homogenization of the melt inclusions.  Thermal cycling was not

used for homogenization confirmation.  The lack of thermal cycling may result in apparent

homogenization temperatures which are less than the actual homogenization temperature by a few

degrees.  For these two experiments, the Th of the smallest inclusion was selected for entrapment

pressure and temperature estimates because, based on results shown on Figure 3.6, this temperature

most closely represents the "true" homogenization temperature, which, for inclusions trapped at

water-saturation, also equals the actual formation temperature.  Results presented by Thomas

(1994a) also indicate that apparent Th measurements for smaller inclusions are lower than those for

coeval larger inclusions (see also, Sobolev and Kostyuk, 1975).   In the 1°C/min heating

experiment, the lowest Th was 806 ± 5 °C.  The intersection of the aqueous fluid inclusion isochore

with this temperature range predicts entrapment at 801-811°C and 2012-2058 bars (Figure 3.9b). 

In the 3°/min heating experiment, the lowest Th was 819 ± 5°C.  The intersection of the aqueous

fluid inclusion isochore with this Th range gives formation conditions of 814-824°C and 2073-

2119 bars (Figure 3.9b).

Finally, Th was determined through incremental heating in a tube furnace using 10°C/day

heating increments.  Vapor/melt homogenization was observed at 800 ± 10°C for all inclusions. 

The predicted entrapment estimate is 790-810°C and 1961-2054 bars (Figure 3.9b).  This

formation condition estimate is in excellent agreement with the run conditions (which also represent

the trapping conditions).

Discussion and summary

Thomas (1994 a,b) and Lowenstern (1994) reported that homogenization measurements obtained

from natural inclusions using a heating stage differed by as much as 75°C from values obtained

using a tube furnace.  Both studies suggested that heating rates are important variables that can

significantly affect the measured homogenization temperature.  These workers suggested that the

relationship between heating rate and apparent homogenization temperature reflected the fact that
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diffusion of volatiles in melt inclusions is too slow to maintain a homogeneous volatile composition

throughout the melt with the relatively fast heating rates used in microthermometry.  Thus, as the

solubility of the volatile phase in the melt increases as temperature and, especially, pressure increase

during the heating experiment, volatiles from the vapor bubble are unable to diffuse through the

melt sufficiently fast to maintain a homogeneous (equilibrium) composition.  As such, the

homogenization temperatures obtained using microscope heating stages often exceed the true

homogenization temperature.  One could ask then, "Why don't workers simply use slower heating

rates when using microscope heating stages?"  In principle this is possible, but problems with

oxidation during long duration heating runs, as well as potential damage to the microscope optics

from the high temperatures, discourage most workers from conducting long-term heating

experiments using microscope heating stages.  

Results presented here confirm suggestions by other workers that the smallest inclusions

and the slowest heating rate most accurately predict the actual entrapment temperature. Further, our

results prove that in immiscible silicate melt/aqueous fluid systems the pressure of entrapment can

be accurately predicted using isochores determined from microthermometric measurements of

aqueous fluid inclusions and homogenization temperatures obtained from coeval silicate melt

inclusions.  Our results also suggest that, in general, Th values determined using microscope

heating stages (with relatively fast heating rates) will exceed the "true" Th value.  This statement

applies most directly to silicate melt inclusions that trap a water-saturated melt.  If the inclusion

traps a water-undersaturated melt, the measured Th may be less than the trapping temperature

because the vapor bubble will disappear before the trapping temperature is reached (see Lowenstern,

1995, his Figure 3.4).  Similarly, if the hydrous melt crystallizes during cooling, the P-T path

followed during subsequent heating to measure Th may produce internal pressures in the inclusions

that are well in excess of the original trapping pressure, and may cause decrepitation before the

homogenization temperature is reached (Student & Bodnar, 1996).   

When using a microscope heating stage to measure homogenization temperatures, workers

should select the smallest inclusions for study.   Using a constant heating rate, the apparent Th

approaches the true homogenization temperature as the inclusion size approaches zero.  The use of

small inclusions does, however, have disadvantages, including the increased difficulty of making

accurate observations under the microscope and the larger uncertainties in composition that result as

the inclusion size approaches the analytical area (or volume) of the microanalytical instrument

(electron microprobe, SIMS, laser ICP-MS).  Additionally, boundary layer effects, leading to melt

inclusion compositions that may differ from the bulk melt composition, become more problematical

as inclusion size decreases (Lowenstern, 1995).  Alternatively, incremental  heating in a tube furnace
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provides accurate Th determinations that are not size-dependent (if the sample is maintained at an

elevated temperature for a sufficiently long period of time, i.e., 24 hours).  Thomas (1994c) did,

however, observe a size-dependence for crystallized melt inclusions heated in a one-atmosphere

furnace.  It should be noted that one-atmosphere heating runs of long duration may lead to severe

oxidation of samples (owing to hydrogen loss from the melt by diffusion through the host phase at

high temperature (Mavrogenes and Bodnar, 1994), especially those containing significant amounts

of iron, and may be unreliable if the homogenized melt phase cannot be quenched to a single-phase,

homogeneous (crystal-free) glass.

Perhaps the most important result of this study is the observation that glass and aqueous

inclusions trapped in the quartz core contain samples of the melt and aqueous solution that were in

equilibrium at run conditions.  Moreover, both the melt and aqueous inclusions maintain their

compositions (and volumetric properties) during quenching to room temperature and may be used

to study the distribution of components between melt and fluid phases.  Aqueous inclusions

trapped in quartz do not lose water to the host phase during the quench, as do similar inclusions in

glass (c.f., Romano et al., 1994), and the aqueous phase does not undergo ion exchange with the

host, thus changing the fluid composition during the quench (Shinohara et al., 1989).  Further, the

aqueous inclusions in the quartz core (FIA(aq) 1) maintain volumetric properties representative of

original formation conditions, and do not continue to change volume during cooling to the glass

transition temperature (Romano et al., 1994).  As a result, the isochore for aqueous inclusions in the

quartz core passes through the formation conditions, rather than through the glass transition

temperature, permitting determination of the original formation conditions.

Because it is possible to trap representative samples of both the liquid and the vapor phases

in immiscible aqueous fluid systems (Bodnar et al., 1985), the technique described here may be

used to study the important problem of metal partitioning in crystal/melt/liquid/vapor systems.  At

the present time, the concentrations of metals and other components in the coexisting aqueous

phases are calculated based on previously-determined chlorine concentrations of the immiscible

phases, using the metal concentration in the bulk fluid measured after quenching (c.f., Webster,

1992; Candela & Piccoli, 1995; Williams et al., 1995).  However, use of the synthetic fluid

inclusion technique described above (specifically, trapping the inclusions in quartz or some other

"inert" crystal host rather than in glass), combined with microanalytical techniques such as

synchrotron X-ray fluorescence (Mavrogenes et al., 1995) or laser-ablation ICP-MS (Audétat et al.,

1998) for individual inclusion analysis, may permit the direct sampling and analysis of fluids that

were in equilibrium at run conditions, eliminating the need to calculate fluid compositions. 

Trapping samples of the coexisting phases at run conditions in a relatively impermeable and inert



57

crystal bottle (quartz) eliminates, or at least minimizes, the possibility that the compositions will be

altered during quenching and extraction of the sample from the capsule. 

.
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Figure 3.1 The H2O-saturated haplogranite ternary system at 2000 bars.

The H2O-saturated haplogranite ternary system at 2000 bars (after Tuttle & Bowen, 1958).  The
800 °C isotherm is shown with a dashed line.  The stability fields for quartz and alkali feldspar at
800°C are represented by the shaded areas labeled "Quartz" and "Feldspar", respectively.  The
unshaded region represents the melt field at 800°C.  The minimum melting temperature is 682°C on
the quartz-alkali feldspar cotectic (heavy line).  Eutectic minimums for quartz-albite and quartz-
orthoclase are shown at 748° and 756°C, respectively.  Point "A" represents the anhydrous starting
composition used in this study, including all components except the H2O-NaCl solution.  Point "P"
represents the predicted melt composition at 800°C based on the starting anhydrous bulk
composition and assuming no exchange of sodium and potassium between melt and aqueous
phase.  For a starting composition of "A", quartz, melt of composition "P", and wt% quartz at run
conditions.water coexist at 800°C and 2000 bars.  For the bulk composition "A", the system
contains 67 wt% melt and 33.                                                                                      
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Figure 3.2 Textures observed in the run products.

a)  The experimental charge showing the quartz core at the far left and the glass + quartz
microphenocryst assemblage to the right.  The darker gray area at the far right consists mostly of
microphenocrysts of quartz. b) Sheets of glass (SG) with numerous bubbles trapped beneath a
quartz overgrowth on the quartz core (Qtz).  Necking down of the sheet has formed an isolated melt
inclusion (MI).  c)  Clear haplogranite glass (G), isolated FIA(aq) 2 inclusions (FI), and quartz
microphenocryst (qtz).  The quartz microphenocrysts are rimmed with skeletal quartz (sqtz).  The
microphenocryst contains FIA(mlt) 2 inclusions (MI).  d)  Milky glass (FG) containing numerous
quench bubbles.  An FIA(aq) 2 inclusion (FI) occurs in the upper left-hand corner. e)  Abundant
quartz microphenocrysts (qtz) in clear haplogranite glass.
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Figure 3.3  Representative aqueous and silicate melt inclusions. 
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Figure 3.3 cont.) a)  Two rounded to negative-crystal form FIA(aq) 1 inclusions (FI).  Each
inclusion contains an aqueous liquid (L) surrounding a vapor bubble (V).  b)  Photograph at -20°C
of the same inclusion shown at the top of Figure 3.3a.  The inclusion contains a vapor bubble (V),
ice (I), liquid (L) and sylvite (S).  c)  Acicular-shaped FIA(aq) 1 inclusion with nearly equal
volumetric proportions of aqueous liquid (L) and vapor (V) at room temperature.  d)  FIA(aq) 2
inclusion in haplogranite glass.  The inclusion contains aqueous liquid (L) and vapor  (V), several
halite crystals (H), and muscovite (Ms). e)  FIA(aq) 2 inclusion in haplogranite glass.  Note the
deformed vapor bubble.  f)  FIA(aq) 2 inclusion in haplogranite glass.  The inclusion contains
aqueous liquid and vapor.  Note the quench bubbles (q) in the haplogranite glass surrounding the
inclusion.  g) FIA(aq) 2 inclusion in haplogranite glass.  Note the large volumetric proportion of
vapor (V) and the halite crystal (H).  h)  Plane of FIA(mlt) 1 inclusions (MI) along a fracture in the
quartz core (Qtz).  i)  Close-up of two FIA(mlt) 1 melt inclusions from the same plane of inclusions
shown in Figure 3.3h.  The inclusions have a negative-crystal form.  Each inclusion contains glass
(G) and a vapor bubble (V) at room temperature.  j)  Necking down of a sheet of melt/glass (SG) in
a fracture in quartz (Qtz) to form isolated FIA(mlt) 1 inclusions (MI) and a single FIA(aq) 1
inclusion containing aqueous liquid (L) and vapor (V).  k)  Oblong FIA(mlt) 1 inclusion (MI) with
a vapor bubble (V) and smaller quench bubbles (q).  l) FIA(mlt) 2 inclusions (MI) trapped beneath
a skeletal overgrowth (sqtz) on a quartz microphenocryst (qtz).  m)  A triangular FIA(mlt) 2
inclusion (MI) trapped on a rhombohedral prism of a quartz microphenocryst (qtz).  The inclusion
is surrounded by helical channels (hc) of melt/glass.  The inclusion glass appears dark from
numerous small quench bubbles, except near the single, large vapor bubble (V).  n)  Close-up of the
vapor bubble and portions of the surrounding melt/glass channels (hc) from the inclusion shown in
Figure 3 m).  The bubbles contain glass quench spheres (sp) and prismatic feldspar (pl).  Note the
small glass inclusions (MI).  o)  Mixed inclusion (heterogeneous) containing H2O-saturated
haplogranite melt and aqueous fluid.  The inclusion contains glass (G) surrounding a 2-phase
aqueous inclusion with liquid (L) and vapor (V) at room temperature.  p)  Scepter quartz crystal
(qtz) in glass (G).  Six FIA(mlt) 2 inclusions (MI) occur on separate rhombohedral prisms near the
top of the crystal.  q)  SEM photograph of a ß-quartz crystal from the Valley of Ten Thousand
Smokes, Alaska, from Clocchiatti (1975).  This Hopper-type prism face defect provides a site for
melt entrapment as shown by the synthetic melt inclusion in Figure 3 m).
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Figure 3.4 Low-temperature phase equilibria in the H2O-KCl-NaCl system.

Portion of the H2O-KCl-NaCl phase diagram showing the low-temperature phase equilibria (after
Hall et al., 1988).  Aqueous fluid inclusions (FIA(aq) 1) begin melting at -22.6°C, which is close to
the ternary eutectic temperature (-22.9°C).  With continued heating, the inclusions follow the ice-
sylvite cotectic until sylvite melts between -15.8° and -17.1°C.  With continued heating the
inclusions follow a path towards the H2O apex until the last ice crystal melts.  The intersection of
the melting path with the isotherm corresponding to final ice-melting (-8.2°C) defines the
composition of the aqueous solution (7.4 wt.% NaCl + 5.9 wt.% KCl).  The aqueous solution
composition was calculated using the FORTRAN program SALTY (Bodnar et al., 1989).  Also
shown is the composition of the aqueous fluid based on mass balance constraints.
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Figure 3.5 Microthermometric data for aqueous fluid inclusions (FIA(aq) 1).

Microthermometric data for aqueous fluid inclusions (FIA(aq) 1).Final ice-melting temperatures are
shown in histogram form in inset a.  Homogenization temperatures are shown in inset b.  The
liquid-vapor curve (Liquid/Vapor) for a composition of 11.9 wt% NaCl, and the isochore
corresponding to the measured homogenization temperature (Th) are also shown.  The isochore
intersects the experimental conditions for formation of the melt and aqueous inclusions, shown by
the black rectangle. 
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Figure 3.6 Homogenization results for synthetic melt inclusion.

Summation of Th results for FIA(mlt) 1 for four different heating routines.  The Th ranges for the
tube furnace and the thermal cycling experiments are shown by the shaded boxes, along with the
experimental conditions.  These experiments did not consider inclusion size.  A histogram with
frequency verses Th for the thermal cycling experiment is inset along the right side of the diagram.
Inclusion area (as viewed through the microscope) verses Th for the continuous heating
experiments (1°C/min and 3°C/min) are indicated with unfilled and filled circles, respectively. 
Black vertical tie lines link data for the same inclusion.  The solid line drawn through the data points
for the continuous heating experiments shows the general relationship between inclusion size and
homogenization temperature, with Th approaching the trapping temperature as inclusion size
approaches zero.  The homogenization temperature for the tube furnace experiment coincides most
closely with the trapping temperature.
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Figure 3.7 Behavior during heating for two glass inclusions.

Behavior during heating for two glass inclusions. a)  Oblong melt inclusion containing numerous
small quench bubbles and a single large vapor bubble at 22°C (left), at the homogenization
temperature (828°C, center), and after quenching back to 22°C (right).  Note the presence of only a
single vapor bubble after homogenization and quenching.  b)  Negative-crystal form melt inclusion
containing a single vapor bubble at 22°C (left).  The center image shows the inclusion at the
homogenization temperature (839°C), and the right image shows the inclusion during quenching, at
the approximate temperature (740°C) at which the vapor bubble reappeared.



70

Figure 3.8 Matrix glass and FIA(mlt) 1 inclusion compositions.

Matrix glass and FIA(mlt) 1 inclusion compositions plotted on the 2000 bar H2O-saturated
haplogranite ternary as described for Figure 3.1.  Compositions were determined for nine melt
inclusions from the quartz core and for 42 matrix glass locations.  Data points labeled MI + qtz and
Matrix glass + qtz represent analyses in which the beam intersected both glass and quartz.  Data are
listed in Table 3.1.  Also shown are the initial starting composition for the non-aqueous
components (point "A"), the expected melt composition in the NaCl-free, H2O-saturated
haplogranite system assuming no exchange of sodium and potassium between melt and aqueous
fluid (point "P"), and the calculated starting composition including NaCl from the aqueous phase
(point "C").  The Na/K distribution coefficient for the system assuming no exchange of sodium
and potassium between the melt and aqueous solution ( DNa / K

m / aq = 0.0), and the calculated distribution

coefficient based on the measured melt and aqueous inclusion compositions ( DNa / K
m / aq = 0.40) are

also shown.
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Figure 3.9 Estimated P-T conditions for the formation of inclusions.

Estimated P-T formation conditions for the coexisting melt and aqueous synthetic inclusions of this
study, calculated using vapor/melt homogenization temperatures for the four different
homogenization heating experiments a)  P-T estimate for the ≈3°C/min thermal cycling heating
experiment, showing the aqueous inclusion liquid/vapor curve and isochore to illustrate the
"intersecting isochore" technique (Roedder & Bodnar, 1980) used to determine formation
conditions.  b)  P-T estimates for the four different homogenization heating experiments.  See text
for details.
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Table  3.1 Electron microprobe data for melt inlcusions and matrix glass.

Sample SiO 2 Al 2O3 Na2O K2O Cl Total Ab N Or N Qtz N C NaKMS Total n

S i l i c a t e  m e l t  i n c l u s i o n s

MI I 76.97 9.16 2.08 5.06 0.19 93.39 18.9 32.1 48.8 0.3 100 1
MI G 76.35 8.64 1.94 4.84 0.18 91.92 17.9 31.2 50.7 0.2 100 3
MI H 75.94 8.72 2.01 4.86 0.18 91.67 18.6 31.4 49.9 0.2 100 3
MI C 76.43 8.61 1.94 4.89 0.17 92.02 17.9 31.4 50.5 0.1 100 3
MI F 77.17 8.76 2.06 4.99 0.18 93.16 18.7 31.6 49.7 0.0 100 1
MI B 76.33 8.63 2.10 5.18 0.18 92.41 18.3 31.6 49.4 0.7 100 2
MI D 75.35 8.69 2.63 5.46 0.17 92.3 20.5 29.7 47.4 2.3 100 3
MI A 75.45 8.70 2.61 5.33 0.17 92.23 20.7 29.6 47.6 2.1 100 3
MI E 75.27 8.65 2.57 5.39 0.17 92.03 20.3 29.8 47.7 2.2 100 3

Average 7 6 . 1 4 8 . 7 3 2 . 2 2 5 . 1 1 0 . 1 8 9 2 . 3 7 1 9 . 2 3 1 . 1 4 9 . 1 0 . 7 1 0 0 9

Max 77.17 9.16 2.63 5.46 0.19 94.24 20.7 32.1 50.7
Min 75.27 8.61 1.94 4.84 0.17 91.67 17.9 29.6 47.4
Stdev 00.69 0.17 0.30 0.24 0.01 00.57 1.10 01.0 01.3

Si l i ca t e  me l t  and  exces s  g las s  w i th   S iO 2 from quartz

MI J 76.53 8.41 1.29 4.12 0.09 90.43 12.0 27 59 2.0 100 2
MI K 77.59 8.74 1.61 4.16 0.08 92.18 14.8 26.7 56.8 1.7 100 2
Gla4 74.44 10.92 1.56 4.12 0.14 91.18 14.5 26.7 54.5 4.3 100 1
MI L 76.26 8.42 1.77 4.63 0.10 91.16 16.4 30 53 0.6 100 2

M a t r i x  g l a s s

Gla22 71.77 10.65 2.99 6.2 0.15 91.77 25.3 36.6 36.6 1.5 100 1
Gla21 72.08 11.06 3.11 6.42 0.13 92.8 26.0 37.5 34.9 1.5 100 1
Gla32 72.45 10.80 3.02 6.22 0.16 92.65 25.5 36.7 36.5 1.4 100 1
Gla28 72.67 10.72 3.2 6.18 0.15 92.93 26.2 35.3 36.7 1.9 100 1
Gla27 73.43 10.85 3.06 6.13 0.17 93.65 25.8 36.0 37.0 1.2 100 1
Gla33 73.73 10.94 2.34 5.67 0.12 92.80 21.4 36.2 41.5 1.0 100 1
Gla5 73.74 10.98 2.49 5.75 0.12 93.07 22.7 36.6 40.1 0.7 100 1
Gla42 73.89 11.19 2.43 5.87 0.10 93.49 22.0 37.1 39.9 0.9 100 1
Gla42 73.93 10.64 2.38 5.59 0.12 92.67 21.8 35.7 41.8 0.7 100 1
Gla42 74.04 10.67 2.07 4.95 0.16 91.89 19.1 31.9 46.9 2.1 100 1
Gla42 74.19 10.70 2.34 5.19 0.14 92.56 21.4 33.2 44.1 1.3 100 1
Gla42 74.24 11.11 2.04 4.62 0.13 92.14 18.8 29.7 48.6 3.0 100 1
Gla42 74.45 10.60 2.39 5.64 0.17 93.25 21.7 35.8 41.9 0.6 100 1
Gla42 74.76 10.19 2.37 5.68 0.12 93.13 21.6 36.1 42.2 0.2 100 1
Gla42 74.79 10.30 2.45 5.58 0.11 93.23 22.3 35.4 42.1 0.2 100 1
Gla42 74.85 8.68 2.48 5.51 0.17 91.67 19.8 30.7 47.4 2.1 100 1
Gla42 75.30 9.02 2.55 5.53 0.12 92.52 20.7 31.3 46.2 1.8 100 1
Gla42 75.54 10.00 2.34 5.20 0.11 93.2 21.3 33.0 45.2 0.6 100 1
Gla42 75.64 9.21 2.44 5.46 0.15 92.9 20.7 32.3 46.0 1.1 100 1
Gla42 75.66 9.04 2.74 5.63 0.14 93.21 21.2 30.5 45.9 2.3 100 1
Gla42 75.72 8.84 2.75 5.54 0.15 93 21.1 29.6 46.8 2.5 100 1
Gla42 75.78 8.57 2.09 4.95 0.17 91.56 18.9 31.2 49.6 0.3 100 1
Gla42 75.82 9.57 2.21 5.47 0.11 93.19 20.1 34.7 45.2 0.0 100 1

GlaD41 75.89 8.54 2.59 5.30 0.17 92.5 20.3 29.0 48.5 2.2 100 1
GlaD4 75.97 8.94 2.12 5.18 0.16 92.38 19.1 32.6 48.0 0.2 100 1
Gla42 76.04 8.55 2.08 4.99 0.12 91.77 18.6 31.2 49.8 0.4 100 1
Gla42 76.05 8.58 2.05 4.88 0.18 91.75 18.8 31.2 49.9 0.1 100 1
Gla42 76.20 8.89 2.13 4.94 0.17 92.34 19.6 31.7 48.7 0.0 100 1
GlaD2 76.20 8.67 2.24 5.09 0.15 92.34 19.4 30.8 49.1 0.8 100 1
Gla42 76.36 8.90 2.10 5.05 0.14 92.53 19.2 32.2 48.6 0.0 100 1
Gla42 76.40 8.44 2.12 4.84 0.14 91.93 18.9 30.1 50.5 0.4 100 1
Gla42 76.45 8.50 2.26 5.22 0.13 92.56 18.8 30.3 49.6 1.3 100 1
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Table  3 .1  ( cont . )

Sample SiO 2 Al 2O3 Na2O K2O Cl Total Ab N Or N Qtz N C NaKMS Total n

Matrix glass (cont).
GlaD6 76.57 9.37 2.13 5.26 0.12 93.45 19.3 33.3 47.2 0.2 100 1
GlaD3 76.58 9.15 2.06 5.14 0.17 93.10 18.8 32.7 48.3 0.2 100 1
Gla42 76.64 9.25 2.31 5.12 0.14 93.47 20.7 32.1 47.0 0.1 100 1
Gla42 76.69 8.88 2.17 5.17 0.17 93.09 19.1 31.9 48.6 0.4 100 1
Gla42 76.79 8.67 2.15 5.02 0.13 92.76 19.0 31.0 49.6 0.5 100 1
Gla42 76.97 9.06 2.26 5.02 0.17 93.49 20.3 31.5 48.1 0.1 100 1
Gla42 76.97 8.54 2.13 5.00 0.14 92.78 18.6 30.5 50.2 0.6 100 1
GlaD5 76.98 8.96 2.29 5.04 0.09 93.37 20.2 31.0 48.4 0.4 100 1
Gla42 77.04 8.81 2.08 5.12 0.14 93.2 18.6 32.0 49.2 0.2 100 1
GlaD1 78.01 8.90 2.13 5.06 0.14 94.24 19.0 31.5 49.4 0.1 100 1

Average 7 5 . 2 6 9 . 5 9 2 . 3 9 5 . 3 9 0 . 1 4 9 2 . 7 8 2 1 . 5 3 3 . 8 4 4 . 5 0 . 3 1 0 0 4 2

Max 78.01 11.19 3.2 6.42 0.18 94.24 26.2 37.5 50.5 3 2.5 42
Min 71.77 8.44 2.04 4.62 0.09 91.56 18.6 29 34.9 0 0 42
Stdev 1.52 0.96 0.33 0.44 0.02 0.61 2.3 2.4 4.6 0.8 0.8 42

Electron microprobe standards
Albite 0.59 0.23 0.25 0.04 0.02 Stdev 32

 Orthoclase 0.49 0.22 0.04 0.26 0.01 Stdev 29

Table 3.1  Electron microprobe data (in wt %) for oxides and Cl-  for melt inclusions and matrix
glass.  Electron microprobe results have been recast in terms of haplogranite components albite
(Ab), orthoclase (Or), quartz (Qtz), corundum (C), and alkali metasilicate (NaKMS).  NaKMS is
calculated as a mixture of Na2SiO3 and K2SiO3 with  Na:K equal to microprobe results and the
Na:K in the haplogranite components albite and orthoclase.  Four of the analyses yielded
unreasonably high Qtz values and indicate heterogeneous analysis of both melt and surrounding
quartz.  Standard deviations (1 sigma) are based on analyses of Amelia albite and Benson
orthoclase standards. 
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Chapter 4:  Silicate Melt Inclusions in Porphyry Copper Systems: Identification,
Analytical Techniques and Interpretations

Abstract

Silicate melt inclusions have been studied in pre-mineralization andesite from the porphyry

copper deposit at Red Mountain, Arizona and in the quartz from syn-mineralization quartz latite

from Red Mountain and in post-mineralization quartz monzonite from Tyrone, New Mexico. 

Compositions of melt inclusions in pre-mineralization andesite from Red Mountain have also been

compared to melt inclusions in andesite from the pre-natal porphyry copper system at White Island,

New Zealand.

Silicate melt inclusions are ubiquitous in quartz phenocrysts in porphyry copper systems. 

The inclusions are not easily recognizable because they are typically crystallized and/or altered by

coeval and later hydrothermal fluids.  Melt inclusions from pyroxene associated with pre-

mineralization andesite have lower water concentrations and higher metal concentrations compared

to melt inclusions in quartz from syn- and post-mineralization quartz latite and quartz monzonite

rocks.  Owing to the high water contents of the melt inclusions and abundant trails of secondary

aqueous fluid inclusions in the host quartz phenocrysts, most melt inclusions decrepitate during

heating to homogenization when heated at atmospheric pressure.  Inclusions can be successfully

homogenized if heated in a pressure vessel under elevated confining pressure. 

Most melt inclusions in syn- and post-mineralization samples show evidence of alteration

by the magmatic-hydrothermal fluids that produced alteration and mineralization in the pluton. 

Elevated metal concentration in pre-mineralization (water-undersaturated) melt inclusions, and lower

metal concentrations in later syn- and post-mineralization (water-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 water saturation. 

 

Keywords:  melt inclusions; porphyry copper deposits; Red Mountain, Arizona; Tyrone, New

Mexico; White Island, New Zealand
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Introduction

The porphyry copper deposits represent an important economic source of copper and other

metals including molybdenum, gold, silver, zinc, lead, etc., (Cox, 1986; Guilbert and Parks, 1986). 

Porphyry copper deposits are associated with subduction-related, calc-alkaline porphyritic plutons

ranging in composition from granodiorite to quartz monzonite (Guilbert and Parks, 1986).  Our

current understanding of the formation of these deposits is that copper and other ore metals are

extracted from the silicate melt as magmatic/hydrothermal fluids exsolve from the magma during

crystallization and de-pressurization processes (Burnham, 1967; 1979; 1997; Hedenquist and

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 waters (Beane and Titley, 1981). 

Numerous detailed studies over the past several decades have characterized the physical and

chemical environment associated with hydrothermal activity, mineralization, and alteration in

porphyry copper deposits (c.f., Lowell and Guilbert, 1970; Beane and Titley, 1981; Beane and

Bodnar, 1995; Roedder and Bodnar; 1997).  However, little information is available concerning the

early (pre-mineralization) magmatic stage because the original igneous rocks have been altered by

later hydrothermal fluids, effectively replacing the original igneous phases.  Additionally, in most

porphyry copper deposits the younger volcanic stratigraphy above mineralized intrusions has been

removed by erosion, eliminating any information related to the ore-forming process that these rocks

might have provided. 

Melt inclusions represent samples of melt trapped during crystallization of magmas, and

have been used successfully in recent years to study magmatic evolution in igneous systems

(Lowenstern, 1995; Sobolev, 1996).  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 of exsolved volatile phases), and are relatively easily recognized and analyzed (Sobolev,

1996; Anderson, 1991).  In contrast, Thomas (1994a, 1994b), Yang and Bodnar (1994), Lowenstern

(1994) and Frezzotti (2001) have described melt inclusions from deeper plutonic systems.  In these

systems, the melt inclusions are preserved as partially devitrified glass (with or without shrinkage

bubbles or bubbles of volatile phases) or as crystals of different mineral phases that are usually

enveloped by volatile phases.  Such crystallized melt inclusions are characteristic of igneous rocks

that cooled slowly (Roedder, 1979; 1984; Thomas, 1994a, b; Yang and Bodnar,1994; Lowenstern,

1995).  The walls of the inclusions are commonly outlined by volatile phases that are dark to
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opaque in transmitted light, hiding all or portions of the crystalline phases inside the inclusion. 

These inclusions are not easily recognized as melt inclusions during routine petrographic

examination.  It is currently unknown whether the crystalline phases in these inclusions are phases

that during cooling to solidus temperatures or are in part secondary in nature and related to the

coarse de-vitrification of a “glass phase?” or smaller crystallites. 

In this study, crystallized melt inclusions in quartz phenocrysts from hypabyssal quartz

latite dikes at Red Mountain, Arizona, and from quartz monzonite stocks at Tyrone, New Mexico,

porphyry copper deposits have been studied.  The inclusions represent magma that was trapped

during (Red Mountain) and following (Tyrone) mineralization.  Additionally, melt inclusions in

pre-mineralization Meadow Valley andesite from Red Mountain, Arizona, have been examined. 

Pre- and syn-mineralization volcanic rocks are mostly absent from porphyry copper deposits in the

southwestern U.  S., and the Meadow Valley andesite provides an opportunity to characterize the

melt representing the early stages of the magmatic system, before the magma evolved to the ore-

forming stage.  Finally, melt inclusions in recent basaltic-andesite lavas from the active volcanic

system at White Island, New Zealand, have been examined as a modern analog of the very earliest

stages in the formation of a porphyry copper-forming system. 

The original goal of this study was to select melt inclusions representing the entire

magmatic evolution within the overall porphyry copper ore-forming system by sampling rocks from

different magmatic stages within individual deposits and by studying melt inclusions in phenocrysts

of different relative age, or along different growth zones within individual phenocrysts.  It soon

became apparent that this would not be possible because the igneous mineral phases in most early

intrusive rocks within the ore deposits have been substantially altered or replaced by later magmatic-

hydrothermal fluids and mineral assemblages.  Moreover, the only phenocryst phase that typically

survives this extensive hydrothermal activity is quartz (owing to the fact that the hydrothermal fluids

and their alteration assemblages are in equilibrium with quartz).  However, the large majority of melt

inclusions in quartz phenocrysts in porphyry copper deposits have been compromised by

mircoscopic fracturing and the massive influx of hydrothermal fluids that is evidenced by the web

of cross-cutting planes of fluid inclusions.  These fractures commonly intersect melt inclusions and

change the original magmatic chemistry of the trapped melt (see, for example, Frezzotti, 1992;

Varela, 1994).  Finally, when isolated or apparently uncompromised melt inclusions are identified,

in many cases these inclusions decrepitate or leak during heating to produce a homogeneous glass

for analysis, owing to the high water contents and the P-T path followed by the inclusions during

heating (see Student and Bodnar, 1996).  Thus, while the melt inclusion record described here is

incomplete, it nevertheless provides valuable insights into the evolution of pre-, syn- and post-
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mineralization magmas in porphyry copper systems and serves to identify the potential contribution

of melt inclusion studies to constrain the origin of ore metals in porphyry copper deposits.

Sample Description

Rock Samples

Samples from Red Mountain, Arizona, were selected from drill cores based on preservation of

original igneous textures and the presence of mineralized veins and quartz phenocrysts.  The

samples represent different magmatic stages, hydrothermal alteration assemblages, fracture densities,

and mineralization styles recognized at Red Mountain (Corn, 1975).  Sample depth ranged from the

surface to approximately 5,700 feet beneath the surface.  One hundred and eighty seven core

samples were collected and examined for melt inclusions and three samples of similar quartz latite

from different bore holes were selected for this study.  Quartz latite dikes were encountered at

depths of greater than 4600 feet.  The dikes likely represent the upper fringes of a deeper plutonic

system (Corn, 1975).  The quartz latite showed well preserved igneous textures but much of the

original igneous mineralogy was replaced by alteration phases.  Quartz phenocrysts containing melt

inclusions survived the alteration and were used in this study.  Specimens with well preserved melt

inclusions from unaltered Meadow Valley andesite were collected from the surface on the

northeastern side of Red Mountain.  Although this same andesite in drill core preserved igneous

textural feature, the original phenocrysts (plagioclase and pyroxene) had been replaced by later

alteration, and could not be used for melt inclusion studies. 

Surface samples were collected from the pit and surrounding country rock at the Tyrone

porphyry copper deposit, New Mexico.  Samples represent the four main periods of monzonite-

quartz monzonite magmatism (DuHamel et al., 1995), but only Stage IV unfractured (on a

macroscopic scale) and unmineralized (non-economic) quartz monzonite contained relatively isolated

melt inclusions suitable for study.  Melt inclusions were observed in quartz phenocrysts from stages

I-III, but the phenocrysts were crosscut by numerous planes of fluid inclusions.  The fluid

inclusions intersected and altered nearly all recognizable melt inclusions.  Stage IV quartz monzonite

at Tyrone is a post-mineralization intrusion that is part of the overall magmatic system that produced

the Tyrone porphyry copper deposit.  In this study it is assumed to represent a sample of a

productive magma after it has lost its metals to the magmatic-hydrothermal fluid. 
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Samples from White Island, New Zealand, were collected as part of a larger study which

concluded that White Island represents a young porphyry copper-forming system that has not yet

reached the productive stage (Rapien, 1998; Rapien et al., 2002).  Numerical models (Norton 1979;

1982) models suggest that for a single emplacement of melt, 20,000 - 30,000 years is required for a

pluton 4 km tall and 2 km wide, to cool below its solidus.  Hydrothermal activity associated with

mineralization and alteration may continue for several tens to hundreds of thousands of years longer.

 The White Island system is only about 10,000 years old and thus has not yet matured to the stage

of magmatic-hydrothermal activity that can eventually lead to significant porphyry copper type

mineralization.  The White Island basaltic andesite is interpreted to be analogous to early, pre-

mineralization volcanic rocks in porphyry copper systems, such as the Meadow Valley andesite at

Red Mountain. 

Melt Inclusions

Melt inclusions examined in this study showed variable proportions of glass, crystals and

volatile phases.  Some melt inclusions in pyroxene from the Meadow Valley andesite from Red

Mountain and all inclusions examined in pyroxene and plagioclase from White Island contained

only glass with a bubble(s) of volatile phases.  Other inclusions in pyroxene from the Red Mountain

andesite contained one or more crystals in addition to glass and volatile phases.  Plagioclase was

identified as the largest crystal phase in these inclusions based on electron microprobe analysis

(EMPA).  Smaller  Fe-Ti oxides were also identified by EMPA.  All melt inclusions in quartz

phenocrysts from the quartz latite (Red Mountain) and from Stage IV quartz monzonite (Tyrone)

were crystallized and contained volatile phases that fill the interstices between the crystalline phases

and the inclusion walls.  The largest crystal typically occupies more than 50 volume percent of the

inclusion.  The larger crystals are identified as plagioclase by EPMA and optical characteristics.  The

EMPA identification was preformed on both unheated and partially homogenized (heated)

inclusions.  The optical identification (based on the presence of polysynthetic twinning) of the

plagioclase was useful in selecting fluid inclusion assemblages (FIA) (Goldstein and Reynolds,

1994) i.e., coeval inclusions that showed similar phase proportions prior to heating.  The variable

phase relations observed in melt inclusions reflect the different cooling rates of the melt inclusions

(and host rocks) following entrapment, with glass-bearing inclusions generally assumed to have
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cooled more rapidly than crystallized or crystal + glass inclusions of the same size (Roedder, 1979;

1984). 

Melt inclusions commonly occur along growth zones (in plagioclase and pyroxene) or form

trails and planes (in quartz), but most inclusions observed in the quartz from Red Mountain are

isolated, or occur in small groups within phenocrysts.  At White Island, coexisting melt and solid

inclusions commonly occur along the same growth zone (Rapien, 1998).  The size of melt inclusions

studied here ranges from about 20-50 µm in the Red Mountain andesite,  from <5 to about 25 µm in

the Red Mountain quartz latite, and from <5 to about 35 µm in the Tyrone quartz monzonite.  White

Island inclusions were generally less than 20 µm.  Larger inclusions occur in all samples from all of

the locations studied, but these generally showed evidence of natural decrepitation, or were

intersected by planes of secondary aqueous inclusions that altered the inclusion contents, or the

inclusions decrepitated during heating to homogenize the contents. 

Analytical Techniques

Sample Preparation

Doubly polished thin sections 30µm - 1.5mm thick were prepared from all samples, with

the thickness varying as a function of phenocryst size and clarity.  Sections were examined

petrographically, and those samples containing recognizable and useable melt inclusions were

selected for further study.  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 phenocryst.  Quartz phenocrysts ranging in size from about 1 mm to 1 cm

were also obtained by crushing the rock in a mini jaw crusher, followed by hand picking under a

binocular microscope.  Pyroxene phenocrysts were extracted from andesite by crushing followed

by size sieving and magnetic separation.  Phenocrysts removed by crushing were mounted on glass

slides, ground to produce a flat surface and then polished.  The phenocrysts 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 ranging from 30µm to 1.5mm thick.  In some cases

quartz phenocrysts were mounted with the c-axis either parallel or perpendicular to the glass slide to

facilitate identification of crystal growth zones containing primary melt inclusions. 
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During heating to homogenize crystallized melt inclusions, groundmass adhering to

phenocrysts typically begins to melt before the melt inclusions are completely homogenized,

degrading the optical quality and sometimes causing the host phase to melt.  Groundmass melting

also caused the sample to adhere to the heating stage or the platinum capsule during quenching.  To

minimize these problems, groundmass was removed by gently plucking away the material with a

diamond scribe.  To prevent the loss of small phenocrysts during groundmass removal, the sample

was placed into a 1” by 1” plastic box with a removable clear plastic lid containing a magnifying

lens.  A small steel needle was inserted through a hole in the bottom of the box – the point of the

needle extended a few hundred microns above the inside bottom surface to provide a "mini chisel"

to break the sample.  A hole just large enough to insert the diamond scribe was drilled through the

lid of the box.  The sample was placed into the box so that it rested on the point of the needle.  The

lid was placed on the box and the diamond scribe was inserted through the hole and used to remove

the remaining matrix from the phenocryst.  Placing the sample in the box prevented it from

skipping away during cleaning, and the needle in the bottom served as a mini chisel to facilitate

removal of attached groundmass.  Some larger phenocrysts (> 2mm diameter) separated from

crushed samples or extracted from hand samples were also trimmed in this fashion.  This design

was nearly 100 percent effective in preventing the loss of small fragments during trimming. 

For some quartz phenocrysts, the surrounding matrix could not be removed mechanically. 

In this case the sample was placed in concentrated hydrofluoric acid (HF diluted by 50% H2O) for

several seconds to two minutes, similar to the technique described by Anderson (1991).  After

removing the sample from the acid, it was cleaned with borax soap to neutralize the acid and rinsed

with distilled water in an ultrasonic bath.  This technique produced a minimal amount of etching,

pitting and surface frosting.  An added benefit of removing groundmass with concentrated

hydrofluoric acid was that crystals in inclusions that were opened to the surface were dissolved,

leaving behind an empty pit that was easily identified as an opened inclusion.  Acid cleaning also

highlighted fractures connecting melt inclusions with the outer surface – such inclusions likely lost

(or gained) volatiles and perhaps other components after trapping and were avoided during analysis.

 However, as described below, even with these precautions several of the inclusions analyzed had

apparently been modified by hydrothermal fluids following trapping. 

After homogenizing the inclusions (described below), host phenocrysts were ground and

polished by hand to expose homogenized melt inclusions for electron microprobe analysis. 

Phenocrysts were mounted on a 1” round glass slide, taking care 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 µm diamond pastes on cloth mounted on glass
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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 the grinding progress

using reflected light microscopy.  After a suitable sized surface area of the inclusion was exposed

and polished (usually > 10 x 8 µm), then sample was carbon-coated for EMPA. Melt Inclusion

Homogenization Techniques

The majority of inclusions examined in this study consisted of a heterogeneous mixture of

crystals and/or glass plus a volatile phase.  In order to produce a homogeneous glass for EMPA, it

was necessary to heat the inclusions to melt the crystalline phases and dissolve the volatiles back

into melt (homogenization).  Then the melt was rapidly cooled to form a homogeneous glass.  Two

factors that complicated homogenization of melt inclusions were 1) the abundance of primary and

secondary aqueous fluid inclusions that decrepitated during heating, fracturing the host phase and

opening melt inclusions (see Webster et al., 1997), and 2) decrepitation of volatile-rich melt

inclusions during heating.  As these problems were encountered during this study, the technique for

homogenizing melt inclusions was continuously modified so that uncompromised, homogeneous

melts (glass) could be obtained for analysis.  The three methods for melt inclusion homogenization

that were utilized and evaluated in the course of this study included 1) heating in a microscope

heating stage, 2) heating in a 1 atmosphere vertical tube furnace, and 3) heating under pressure in a

cold-seal pressure vessel. 

Crystal-bearing melt inclusions in quartz phenocrysts were initially heated on a

programmable Linkam TS1500 heating stage.  The stage was mounted on an Olympus BX60

microscope equipped with an 80x objective.  The stage was calibrated at the critical point of H2O

(374.1°C), the melting point of NaCl (801°C), and the melting point of silver (961°C).  Based on

the reproducibility of phase change temperatures of standard materials (bracketing the measured

homogenization temperatures in this study), the accuracy and precision of homogenization

temperatures of melt inclusions is estimated to be better than ±5 °C.  The stage was flushed with an

argon + 1% H2 gas mixture to minimize oxidation during heating.  Prior to and during heating, pre-

selected individual melt inclusions and areas within quartz phenocrysts were photographed to

record changes during heating.  Samples were heated at 30°C/min from room temperature to 500°C

and held at that temperature for 30 min.  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 evidenced by either the complete dissolution of the last visible crystal or volatile bubble.

 In some cases, the final crystal and bubble disappeared at the same temperature.  A complete
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heating run lasted about 3 hours Skirius et al. (1990) reported only minimal (several tenths of a

percent) water loss from inclusions in quartz heated to 800° – 900°C for 20 hr under 1-2 kbar of

argon confining pressure. 

After the inclusion homogenized, the sample was removed from the stage to quench the

melt.  The sample cooled from the homogenization temperature (about 800°-900°C) to 200°-300°C

in a few seconds.  The majority of heating runs in the Linkam stage failed due to decrepitation of

mostly secondary aqueous fluid inclusions located near melt inclusions – similar behavior was

reported by Webster et al. (1997).  Additionally, nearly all melt inclusions greater than 15 µm

decrepitated before homogenization, presumably because of high internal pressures generated

during heating of melt inclusions with high water contents (see Student and Bodnar, 1996).  The

few homogenization temperatures determined in the Linkam stage were higher (by about 100

degrees Celsius; Table 4.1) than those obtained using the TZM pressure vessel, as discussed below.

In an attempt to eliminate decrepitation problem during heating with the Linkam stage,

several phenocrysts were heated in a 1 atm vertical tube furnace following the procedure described

by Webster et al. (1997), and Student and Bodnar (1999).  After heating, polished sections were

prepared from the phenocrysts.  It was anticipated that by heating the entire phenocryst before

grinding and polishing, the additional surrounding host material might prevent or minimize

decrepitation of melt inclusions.  However, as with inclusions heated in the Linkam stage,

decrepitation of the abundant secondary aqueous fluid inclusions fractured the host phenocryst in

the vicinity of melt inclusions, causing most melt inclusions to leak. 

The method that proved most satisfactory to homogenize crystallized melt inclusions

involved heating samples in a TZM (Titanium-Zirconium-Molybdenum)  cold-seal pressure vessel.

 The phenocrysts were placed inside a 5 mm long, 5 mm OD platinum capsule and loaded into the

pressure vessel.  A small hole was punched into the capsule bottom and top to permit argon to

freely enter the capsule at run conditions to prevent collapse of the capsule and possible crushing of

the sample.  The TZM 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 pressure at about

1000 bars.  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 furnace 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 (Figure 4.1).  If the inclusion had not completely

homogenized, the sample was reinserted into the TZM as described above, and heated to a higher

temperature for an additional 24 hours.  The sample was then quenched, removed from the vessel,
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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.  In a given sample, melt inclusions homogenized over a range of a few

tens of degrees and heating was continued until the majority of inclusions being monitored had

homogenized.  If heating were continued in an attempt to homogenize all inclusions in the

phenocryst, those with lower homogenization temperatures would have decrepitated or changed

composition by dissolving excess silica from the quartz host.  Once the homogenization

temperature range had been determined for a given sample (up to seven steps), other phenocrysts

from the same sample were heated to that temperature in a single step to minimize the loss of

volatiles or other possible reequilibration associated with heating melt inclusions (Nielsen et al.,

1998; Danyushevsky, et al., 2000).  No systematic difference was observed in between samples that

were heated once or multiple times.

The TZM was calibrated by synthesizing H2O-NaCl fluid inclusions trapped in the two-

phase (liquid + vapor) field at 600, 700, 800 and 900°C (as recorded by the thermocouple in the

TZM system), all at 1000 bars.  Note that the thermocouple in the TZM system is inserted into a

metal sleeve that circulates low-pressure argon gas around the pressure vessel to prevent oxidation,

and is not inserted into the actual pressure vessel.  Therefore, it is necessary to develop a calibration

curve that relates the temperature recorded by the thermocouple to the actual temperature in the

vessel at the sample location.  The homogenization temperature of the liquid-rich inclusions was

interpreted to be the actual temperature inside the TZM vessel at the sample position.  Previous

studies (Bodnar et al., 1985) have shown that the homogenization temperature of liquid-rich

inclusions trapped in the two-phase field in the H2O-NaCl system is equal to the formation

temperature.  A calibration curve was constructed using the measured homogenization temperature

of the liquid-rich inclusions plotted versus TZM thermocouple temperature.  Temperatures

predicted by the calibration curve are estimated to be accurate to ± 5°C, with a 20°C temperature

gradient over a distance of 3 cm near the bottom of the vessel where the capsule is located.  The

sample was always placed in the same position in the vessel to minimize the effect of the relatively

large vertical temperature gradient. 

Decrepitation of melt inclusions greater than 20 um during heating to homogenization

encountered with the Linkam and 1 atm furnace techniques was almost completely eliminated by

heating under pressure in the TZM.  Other workers (Sterner and 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. 
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Melt inclusions in pyroxene and plagioclase phenocrysts from the Meadow Valley andesite

were homogenized using a Vernadsky stage (Sobolev et al., 1980).  These inclusions could be

homogenized at one atmosphere confining pressure without decrepitation owing to the lower water

contents of these melts and the absence of planes of secondary aqueous inclusions.  The Vernadsky

stage is designed to flow He gas (that had been deoxygenated by passing through a tube of

powdered Ti metal heated to 600°C) over the sample, thus preventing oxidation and darkening of

iron-bearing phases.  The stage was mounted on a Leitz petrographic microscope equipped with a

20x-long working-distance objective.  After homogenization the power was turned off and the

temperature decreased several hundred degrees in the first few seconds, with slower cooling rates

below about 400-500°C. 

Electron Microprobe Procedures

Quantitative electron microprobe analyses (EMPA) were performed at Virginia Tech on a

Cameca SX50 equipped with four wavelength dispersive spectrometers.  Two separate analytical

schemes were chosen for major/minor oxide and trace metal (Cu and Zn) analyses, respectively. 

For SiO2, TiO2, Al2O3, FeO, MnO2, MgO, CaO, Na2O, K2O, BaO, P2O5, and Cl, analysis and

standardization were preformed using silicate, oxide, phosphate and glass standards, and the data

were corrected with the PAP method, developed by Pichou and Pouchoir (1985), using vendor-

supplied software.  Standard deviations in terms of relative percent (1 sigma) of oxide or element in

the standards are: amorphous SiO2 glass (100 wt% SiO2), SiO2 ± 1.12%, TiO2 (100 wt% TiO2),

TiO2 ± 1.05%; Benson orthoclase (19.2 wt% Al2O3 and 15.3 wt% K2O), Al2O3 ± 2.44% and K2O

± 2.40%; fayalite (67.9 wt% FeO), FeO ± 1.25%; synthetic pyrolusite (99.8 wt% MnO2), MnO2 ±

1.70%; Marjalahti olivine (47.59 wt% MgO), MgO ± 0.80%; Durango apatite (54.02 wt% CaO,

40.78 wt% P2O5, and 0.41 wt% Cl), CaO ± 1.18%, P2O5 ± 1.88% and Cl ± 5.56%; Amelia albite

(11.5 wt% Na2O), Na2O ± 2.83%; and synthetic barium apatite (76.1 wt% BaO), BaO ± 2.25%. 

The analytical sequence and counting times on 4 spectrometers were: spectrometer 1 (TAP) Na2O -

24s; MgO - 15s; Al2O3 - 10s; SiO2 - 10s: spectrometer 2 (PET) Cl - 30s; K2O - 15s; CaO - 15s:

spectrometer 3 (PET) P2O5 - 20s; BaO - 20s: and spectrometer 4 (LIF) TiO2 - 10s; FeO - 10s;

MnO - 10s.  Standards were analyzed at 35 kV, using a current of 2nA with a 10 x 8 µm rastered

beam. 

Melt inclusion analyses used a rastered beam that ranged from 7-10 x 5-8 µm depending on

inclusion size.  Beam conditions and analytical sequence resulted in detectable volatilization of Na

from melt inclusion glass (and several synthetic hydrous haplogranite glasses) tested in this study. 
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Sodium loss was not detected for the Amelia albite standard under these same operating conditions

(19 separate single spot analysis during this study gave an average of 11.47 wt% Na2O compared

to the reported 11.5 wt% Na2O in the standard).  Backgrounds for standards and mineral phases

were collected between each oxide and/or element analysis but were not collected when analyzing

glass inclusions in an effort to minimize Na loss.  The same spot in each glass inclusion was

analyzed 5 times resulting in a total of 360 seconds of electron beam exposure.  A correction for

sodium loss during analysis was obtained by plotting beam exposure time as a function of Na2O

concentration, and extrapolating to time zero (Figure 4.2).  This correction method is similar to that

described by Hanson et al. (1996) and Morgan and London (1996).  That this correction procedure

produces reasonably accurate sodium concentrations for silicic glass was confirmed in this study

by analyzing several synthetic hydrous alkali feldspar glasses (Voigt et al., 1981).  The corrected

Na2O concentrations agree with the known concentrations in the glasses within a few tenths of a

percent.  For example, the corrected value for a synthetic alkali feldspar glass containing 8.23 wt%

Na2O is 8.19 wt% (Figure 4.2).  Most corrected Na2O concentrations reported here are slightly

higher (by about 0.2 wt%) than the initial first spot Na2O concentration determined for each

inclusion. 

In addition to sodium, EPMA of synthetic hydrous alkali feldspar glasses using the

standardization procedure described above also produced consistent, systematic errors in both the

SiO2 and Al2O3 concentrations.  Using the relationship between the known and measured Al2O3

and SiO2 values, the following corrections were applied to these data:

(Al2O3)k = 0.943*(Al2O3)m + 2.99

(SiO2)k = 0.866*(SiO2)m + 7.81

The subscripts k and m represent the known and measured concentrations, respectively.  The

synthetic hydrous alkali feldspar glasses contain from 4.3-8.1 wt% H2O and bracketed the SiO2,

Al2O3, K2O and Na2O concentrations of inclusions in quartz phenocrysts from the quartz latite at

Red Mountain, Arizona and the quartz monzonite at Tyrone, New Mexico.  The Al2O3 and SiO2

corrections were not applied to the lower water and higher FeO content glasses measured in melt

inclusions in pyroxene from the andesite at Red Mountain, Arizona. 

One objective of this study was to improve our understanding of the concentration and

distribution of ore metals in melts associated with porphyry copper deposits.  Toward this end,

copper and zinc concentrations were determined for several melt inclusions from all samples. 
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These analyses were complicated by the fact that the majority of the inclusions that could be

homogenized successfully were small (<15 µm), and Cu and Zn are present in the inclusions at or

near electron microprobe detection limits.  Analytical conditions similar to those recommended by

Fialin et al. (1999), Lynton et al. (1993) and Williams et al. (1995) for measuring trace

concentrations of Cu and Zn were used here.  The EMPA was standardized for Cu using a

chalcopyrite standard at 34.62wt% Cu and for Zn using willemite at 58.67wt% Zn.  Then using an

internal calibration for standard glasses with low concentrations of Cu and Zn which bracketed the

measured concentrations found in the melt inclusions from this study, counts per second for Cu

and Zn were converted to concentration using a linear regression of counts per second verses

known concentrations in the glass standards (Figure A1).  Standard deviations (1 sigma) for the

standards are as follows: NIST 610-611: Cu ± 15 ppm and Zn ± 25 ppm; NIST 612-613: Cu ± 15

ppm; ultra pure natural quartz (<1 ppm Cu and Zn).  The average of three analyses on the same spot

is reported for each inclusion.  The analytical sequence and counting times on 2 spectrometers

were: spectrometer 3 (LIF) Cu - 100s; spectrometer 4 (LIF) Zn - 100s.  Analyses of standards and

inclusions were conducted at 35 kV, using a current of 50nA with a 10 µm rastered beam.  During

the analysis, a pit was burned into the NIST standard glasses and inclusion glasses owing to the

high beam current.  For this reason, major oxides and minor elements were analyzed before Cu and

Zn. 

Results

Homogenization Temperatures

Homogenization temperatures were determined either by monitoring melt inclusions during

continuous heating under the microscope using the Linkam or Vernadsky stages, or by examining

inclusions following each heating step in the one atmosphere furnace or the TZM pressure vessel. 

We emphasize that the primary goal of heating melt inclusions was not to determine the

homogenization temperature, but rather to obtain a homogeneous glass for EPMA.  Having said

this, the observed homogenization temperatures and the consistency of these temperatures within a

given sample, combined with the good agreement between the measured temperatures and those

predicted by thermodynamic models as described below, suggest that the measured homogenization

temperatures closely approximate the actual trapping temperatures.  Homogenization temperatures

of melt inclusions in pyroxene and plagioclase from the Meadow Valley Andesite at Red Mountain,

Arizona, ranged from 1165°-1177°C  (Table 4.1, Figure 4.3).  Seven melt inclusions in plagioclase
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homogenized (in the Vernadsky stage) by disappearance of the volatile bubble at 1175°C, but

during quenching the melt recrystallized and the phenocryst shattered.  These inclusions were not

analyzed and are not included in Table 4.1.  During heating, phases homogenized in the order:

plagioclase (1070°-1120°C); opaque phases (1135°-1165°C); volatile bubble (1155°-1177°C).  The

inclusion size increased noticeably during heating as pyroxene melted from the walls (Figure 4.1). 

Melt inclusions in quartz from the Red Mountain quartz latite homogenized in the range

810°-915°C  (Table 4.1, Figure 4.3).  The two inclusions that homogenized at 915°C were heated in

the Linkam stage.  Eight other inclusions heated in the TZM vessel homogenized between 810° and

835°C.  For reasons described below, we believe inclusions heated under elevated confining

pressure in the TZM vessel more closely represent the real or equilibrium homogenization (and

formation) temperature.  Recognizable melting of the inclusions began at about 675°C, and final

homogenization occurred either by dissolution of the volatile bubble into the melt (Figure 4.1), or

by the simultaneous disappearance of plagioclase and the volatile bubble.  As with melt inclusions

in pyroxene described above, a significant amount of host was dissolved from the inclusion walls

during heating, and many inclusions showed a negative crystal shape after homogenization (Figure

4.1). 

Quartz-hosted melt inclusions from Stage IV at Tyrone homogenized between 805°-835°C

(Table 4.1, Figure 4.3) using the TZM technique.  As with the Red Mountain quartz-hosted

inclusions, homogenization occurred by the simultaneous disappearance of plagioclase and the

volatile bubble, or by dissolution of the volatile bubble into the melt after dissolution of the last

daughter mineral. 

Melt inclusions from White Island contained only glass (± bubble) and were not heated

before analysis. 

Electron Microprobe Analyses (EMPA)

Major element (Al2O3, FeO, MgO, CaO, Na2O, K2O) compositions of melt inclusions and

host phenocrysts from Red Mountain, Arizona, and Tyrone, New Mexico, are plotted against SiO2

on Harker variation diagrams in Figure 4.4.  The data are also listed in Tables 4.1 and 4.2 along

with data for TiO2, MnO, P2O5, Ba, Cl, Cu and Zn.  An electron microprobe traverse across a melt

inclusion in quartz from Red Mountain, showing SiO2, Al2O3, CaO, FeO, K2O, and Cl

concentrations in the inclusion and host quartz, is shown in Figure 4.5.  Copper and zinc

concentrations in melt inclusions from Red Mountain, Tyrone, and a recent basaltic andesite from
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White Island, New Zealand, are summarized in Figure 4.6.  All melt inclusions in quartz from Red

Mountain quartz latite and in quartz from the Tyrone quartz monzonite have concentrations that are

below our estimated detection limits for these metals (≈15 ppm for Cu and ≈20 ppm for Zn). 

These calculated values are plotted on Figure 4.6, but it should be noted that the actual values have

no significance – these data are plotted simply to illustrate the point that Cu and Zn concentrations

for the quartz-hosted melt inclusions are 1-2 orders of magnitude lower than those in the Red

Mountain andesite and the White Island basaltic andesite.  Even though the actual values for Cu and

Zn in quartz-hosted melt inclusions are not significant, traverses across melt inclusions in both

quartz and pyroxene show an obvious increase in metal concentration in the melt compared to the

host (Figure 4.7).  It should be noted that the standard are ± 15 ppm for Cu and ± 25 ppm for Zn

at the detection limits of 15 and 25 ppm Cu and Zn, respectively.  The inferred Cu and Zn

concentrations of inclusions are supported by synchrotron XRF maps of melt inclusions (Figure

4.8), which show Cu and Zn “hot spots" associated with inclusions.  Note that the Cu

concentrations in melt inclusions from the Meadow Valley andesite are about 20-40 times higher

compared to melt inclusions in the Red Mountain quartz latite.  These higher concentrations for Cu

are consistent with whole rock copper contents determined by Simons (1972) for the Meadow

Valley andesite . 

The water contents of melt inclusions were calculated from electron microprobe results,

assuming that differences from 100 wt% totals represent water dissolved in the glass.  Some of the

deficiency is likely may be related to F, CO2, B, S and/or other components not measured in this

study.  Data are listed in Table 4.1 and shown on Figure 4.9.  Anderson (1973; 1979) and Devine

et al. (1995) have shown that the EPMA difference technique is valid for glasses containing more

than about 1 wt% H2O.  We also tested the difference technique by measuring water contents of

synthetic hydrous alkali feldspar glasses (Voigt et al., 1981).  We found that, using the analysis

parameters described above, the EPMA difference technique predicts water concentrations that are

too high by up to 25 % relative (i.e., the EPMA-derived water content of a glass containing 8.1 wt%

H2O was  9.8 wt% H2O based on difference from 100%).  The H2O concentrations of melt

inclusions in quartz determined by the EPMA difference technique vary significantly, from less

than 2 wt% to greater than 8 wt%.  Water contents of melt inclusions in pyroxene from the Red

Mountain andesite and White Island basaltic andesite are less than 3 wt% (Figure 4.9).
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Discussion

When a crystal traps a sample of volatile-undersaturated melt and is rapidly cooled, the

resulting single-phase glassy inclusion is relatively easy to analyze and interpret (Clocchiatti, 1975;

Anderson, 1979; Roedder, 1979; Anderson et al., 1989; Lowenstern, 1994).  However, if the host

crystal cools relatively slowly and the melt crystallizes, analysis and interpretation are much more

complicated (Roedder, 1979; Lowenstern, 1994; Frezzotti, 2001; Davidson and Kamenetsky, 2001).

 This complexity is enhanced if the crystal traps additional solid or volatile phases along with the

melt, or if the melt inclusions undergo later volumetric or chemical reequilibration (Frezzotti, 1992;

Qin et al., 1992; Manley, 1996; Nielsen et al., 1998; Gaetani and Watson, 2000; Danyushevsky et

al., 2000; 2002).  Thus, while crystallized melt inclusions in plutonic rocks can provide valuable

information concerning magmatic/hydrothermal evolution in these systems, it is not always easy to

recognize uncompromised melt inclusions or to confirm that the inclusion represents the original

homogeneous melt.  Below we consider the analytical results obtained from melt inclusions in this

study and list various mechanisms that might have produced these inclusions. 

Trapping conditions and the texture and chemistry of melt inclusions in Red Mountain

andesite are significantly different from those in quartz latites from Red Mountain.  Specifically,

andesite trapped water-undersaturated melts, as evidenced by the lower water concentrations and

lack of a halo of aqueous fluid inclusions that typically surrounds melt inclusions that trap water-

saturated melts (Yang and Bodnar, 1994; Davidson and Kamenetsky, 2001).  Moreover, pyroxene

in Red Mountain andesite lacks cross-cutting trails of aqueous inclusions, whereas quartz from

quartz latite contains abundant aqueous inclusion trails, many of which intersect melt inclusions. 

Finally, melt inclusions in the andesite show a smaller range in homogenization temperature (Figure

4.3) and composition (Figure 4.3, 4.4, 4.6). 

Chemical differences between andesite-hosted and quartz latite-hosted melt inclusions at

Red Mountain are consistent with the evolution from a more primitive mafic pre-mineralization

magma to a more silicic magma associated with ore formation.  SiO2 ranges from 53.5-56.4 wt% in

homogenized inclusions in the andesite, compared to 73.9-77.3 wt% in the quartz latite.  The SiO2

content of melt inclusions in the andesite is similar to whole rock SiO2 reported for early volcanic

units in Laramide magmatic systems in Arizona (Lang and Titley, 1998).  Lang and Titley consider

these volcanic rocks to be part of stage 1 in the magmatic sequence that leads to the emplacement of

the later mineralizing plutons.  The Al2O3 content of melt inclusions in the andesite (10.3-12.0

wt%) is slightly higher than those in the quartz latite (10.8-13.2 wt%) (Figure 4.4, Table 4.1).  FeO,

MgO and CaO contents are markedly higher in the andesite hosted inclusions compared to those in
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the quartz latite.  FeO ranges from 5.8-8.1 and 0.2-0.5 wt%, MgO ranges from 5.1-9.6 and 0.03-

0.11 wt%, and CaO ranges from 11.4-13.3 and 0.1-0.7 wt%, in the andesite hosted inclusions and

quartz latite, respectively (Figure 4.4, Table 1).  Chemical differences between the two melts are

consistent with fractionation of pyroxene and plagioclase from a basaltic-andesite melt with

depletion of CaO, MgO, FeO causing enrichment in SiO2 and H2O towards compositions found in

the quartz latite (Figure 4.10).  Na2O contents of melt inclusions in the andesite (1.8-3.2wt%) fall

within the wider range of compositions for the quartz latite (0.3-5.7 wt%).  K2O contents range

from 0.5-3.2 and 1.8-2.7 wt%, in the andesite and quartz latite, respectively. The TiO2 contents

range from 0.8-1.2 and 0.05-0.20 wt%, in the andesite and quartz latite, respectively. Porphyry

copper systems are characterized by multiple intrusive events (Sillitoe, 1973), commonly with an

evolution from more mafic to more silicic compositions.  The Red Mountain deposit follows this

general pattern (Corn, 1975), with the Meadow Valley andesite representing an early mafic magma

and the quartz latites representing later silicic magma.  It is logical to assume a petrogenetic link

between early and late magmas at Red Mountain, and chemical data from melt inclusions and their

host phases obtained in this study are consistent with that interpretation.  Compositions of melt

inclusions in Red Mountain andesite and quartz latite are plotted along with compositions of several

mineral phases from Red Mountain on Figure 4.10.  Also shown on Figure 4.10 is the composition

of glass in unheated melt inclusions in pyroxene from Red Mountain andesite.  These data define a

chemical trend that projects towards the compositions of melt inclusions in quartz latite.  During

cooling of melt inclusions after trapping, some melt will precipitate on the inclusion walls - the

amount of melt that precipitates generally being a function of the cooling rate.  This process of

precipitation on the inclusion walls is analogous to melt evolution in a closed system.  Thus,

crystallization of pyroxene on the walls of a pyroxene-hosted melt inclusion causes the remaining

melt composition to evolve away from the pyroxene composition.  Thus, the composition of the

glass in an unheated melt inclusion in pyroxene represents the composition that the original melt

would evolve towards as pyroxene crystallizes from the magma.  As expected, the composition of

the glass in unheated melt inclusions lies along a trend that extends from the composition of the

pyroxene host, through the composition of homogenized melt inclusions in pyroxene, toward the

composition of glass in unheated inclusions.  Extrapolation of this trend to its intersection with the

trend defined by compositions of Red Mountain plagioclase approximates the compositions of melt

inclusions in Red Mountain quartz latite. 

When plotted in the albite-quartz-orthoclase (Ab-Qtz-Or) ternary, normative compositions

of quartz-hosted melt inclusions from Red Mountain and Tyrone define linear trends.  The Red

Mountain inclusions define a trend that projects from the interior of the ternary towards the quartz-



91

orthoclase join (Figure 4.11A).  Some melt inclusions from Tyrone show a similar trend, as well as

a trend directly towards the orthoclase apex (Figure 4.11B).  Previous workers (Frezzotti, 1992;

Varela, 1994) observed similar trends in melt inclusions from silicic igneous systems that

underwent extensive subsolidus hydrothermal alteration.  These workers attributed the observed

trends to interaction of the melt inclusions with circulating hydrothermal fluids.  Quartz

phenocrysts from Red Mountain and Tyrone show evidence of widespread hydrothermal activity in

the form of abundant cross-cutting planes of aqueous inclusions.  Many of these trails clearly have

intersected melt inclusions.  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 aqueous alteration. 

The alteration trend shown of Figure 4.11A for Red Mountain starts at a composition of

approximately Qtz40Or20Ab40 , and extends towards the quartz-orthoclase join.  We interpret the

grouping of melt inclusion compositions near Ab40Qtz40Or20 to represent the original unaltered melt

trapped in the quartz.  This interpretation is supported by results obtained from the theoretical

model of Burnham and Holloway (personal communication, 1996) for inclusion RMD2, whose

composition lies within the group of inclusions near Ab40Qtz40Or20  (Figure 4.11A, Table 1). 

Model input includes the melt composition, an estimated water content in the melt (or one can input

an activity of water equal to 1 to indicate a water-saturated melt), and pressure.  In our calculation

we used the melt composition obtained by EPMA of RMD2 and an activity of water equal to 1 (we

did not correct the activity for the effect of salt on water activity, or for the effect of other volatiles). 

The model predicts the initial crystallizing phase compositions and their liquidus temperatures for

the input melt, as well as the solubility of water at the pressure that was selected.  In our example,

the input pressure was varied until the predicted water content of the melt agreed with that predicted

from EPMA of the melt inclusion (based on the difference technique).  The calculated pressure

corresponding to the measured water content (4.7 wt%) for melt inclusion RMD2 was 1.42 kb. 

More importantly, the plagioclase and quartz liquidus temperatures predicted by the model were

both 810°C, identical to the measured homogenization temperature.  The calculated phase behavior

thus agrees with the observation that the plagioclase and the volatile bubble (water) in the quartz

hosted inclusion disappear at the homogenization temperature of 810°C.  This behavior is also

consistent with heating behavior predicted for inclusions that trapped water-saturated melts in the

haplogranite system (Student and Bodnar, 1996).  The haplogranite system represents a suitable

analog for the melt inclusions in the quartz latites because the CIPW norm calculated for inclusion

RMD2 contains 95.7 wt% quartz plus alkali feldspar, with most of the remaining contribution from

anorthite (3.1 wt%). 
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Melt inclusions from Tyrone define two linear trends - one that projects to the quartz-rich

end of the quartz-orthoclase join, and one that projects to the orthoclase apex (Figure 4.11B).  As

noted above for the Red Mountain melt inclusions in quartz latite, the former trend is related to

fluids associated with phyllic alteration (muscovite + quartz + pyrite) in porphyry copper deposits.

 The latter trend is assumed to reflect alteration by fluids associated with potassic alteration, as has

previously been recognized by Varela (1994).  Note that some inclusions in the Red Mountain

quartz latite have compositions that are more sodium rich (Figure 4.11A) than inclusion RMD2

used in the calculation above.  Also, if we assume that the intersection of the potassic and phyllic

trend lines for Tyrone (Figure 4.11B) represent the original, unaltered melt, then several inclusions

have compositions that are sodium-enriched compared to the original melt.  Metrich (1988)

observed sodium enrichment associated with melt inclusions in quartz from rhyolite that had been

heated in air for 20 hours.  The sodium enrichment was attributed to diffusion of sodium from the

surrounding host into the melt inclusion.  The apparently elevated sodium concentrations shown for

both Red Mountain and Tyrone melt inclusions may similarly be partly a result of leaching of

sodium from the quartz host. 

Homogenization of crystallized melt inclusions provides valuable information concerning

the origin of melts, including the temperature of trapping and the petrologic state of the system (i.e.,

was the melt volatile saturated?; which phases were crystallizing at the time the melt was trapped?,

etc.).  Moreover, homogenization is required before the volatile concentration of the melt can be

determined, using any of a variety of techniques including EPMA, SIMS, FTIR, and Raman

spectroscopy.  However, heating to homogenization also introduces many difficulties, not the least

of which is decrepitation or reequilibration of the inclusions during heating.  In the present study,

decrepitation was effectively eliminated by heating the inclusions under confining pressure in a

TZM vessel.  And, the consistency of results from individual samples, as well as the expected

differences between samples from different rock types, suggests that re-equilibration during

homogenization was minimal.  One final concern relates to addition of components to the melt from

the inclusion walls during the homogenization process.  It is clear from observations of inclusions

before and following homogenization that significant amounts of host material are dissolved into

the melt (Figure 4.1).  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.  Melting too much quartz

would produce elevated SiO2 concentrations, while melting too little would result in SiO2 contents

lower than that of the originally trapped melt.  As an example, and Webster and Duffield (1991)

note that failure to reheat glass- and crystal-bearing inclusions results in SiO2 concentrations that

are too low, because SiO2 that crystallized onto the walls was not incorporated back into the melt. 
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Results obtained here suggest that heating beyond the homogenization temperature may not

significantly affect the SiO2 concentration of the melt for inclusions hosted by quartz.  As noted

earlier, initial attempts to homogenize melt inclusions involved heating the inclusions at atmospheric

pressure in the Linkam stage.  Two inclusions (RM2 and RM22) from the Red Mountain quartz

latite homogenized at 915 °C when heated in the Linkam stage.  One smaller inclusion in the same

group homogenized at 835°C.  All other similar inclusions in the quartz latite homogenized between

about 810 and 835°C when heated in the TZM pressure vessel.  In spite of the approximately 100

degree Celsius difference in the temperature to which the inclusions were heated, the inclusions

have essentially the same SiO2 concentrations (Figure 4.3; Table 1). 

Devine et al. (1995) showed that water contents determined using electron microprobe

difference techniques are in good agreement with water contents determined by ion probe and FTIR

as long as the water contents are greater than about 1 wt%.  Morgan and London (1996) similarly

found that under optimal operating conditions, the electron microprobe water-by-difference values

agreed to within 5 % relative with values determined by FTIR for glasses containing >1.0 wt%

water.  Thus, while there may be large errors associated with water contents determined by

difference, especially for water contents less than a few weight percent, our results show generally

higher water contents in melt inclusions in quartz phenocrysts, and lower water contents in melt

inclusions in pyroxene.  Additionally, the observed melting behavior of quartz latite-hosted

inclusions and andesite-hosted inclusions are consistent with melting relationships for water-

saturated and water-under-saturated melts, respectively.  The lack of aqueous inclusions in

pyroxene is consistent with growth in a water-undersaturated melt, whereas the distribution of

abundant aqueous inclusions in quartz phenocrysts suggests a primary magmatic origin, suggesting

that the melt was water-saturated when the quartz grew and trapped melt inclusions. 

In the orthomagmatic model for the formation of porphyry copper deposits, the metals are

sourced in the magma that generated the host pluton (Burnham, 1967, Nielsen, 1968; Lowell and

Guilbert, 1970).  During crystallization, the hydrous, metal-bearing magma eventually becomes

saturated in water and other volatiles and exsolves a saline aqueous fluid.  Chlorine is partitioned

into the magmatic aqueous fluid (Candela and Holland, 1986; Cline and Bodnar, 1991) and this

promotes the extraction of copper and other metals that are transported as chlorine complexes from

the magma.  During early crystallization of porphyry-related magmas, the metal concentration of the

melt is generally assumed to increase as anhydrous, base metal-free minerals crystallize (Candela

and Piccoli, 1995).  Of course, metals can be depleted during this early stage of crystallization if

minerals that incorporate base metals, including sulfides and perhaps some silicates such as biotite,

or other oxides are also forming.  Once water saturation is reached, experimental and theoretical
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studies agree that metals such as copper and other metals are transported as chloride complexes will

be strongly partitioned into the exsolving aqueous phase, rapidly depleting the melt in base metals. 

According to this scenario, we should expect to find relatively metal-rich (or, at the very least, not

significantly depleted) melts early in the magmatic history of a porphyry copper system, and metal-

poor melts after the magma has reached water saturation. 

The effect of continued crystallization of the melt trapped in the early andesite can be

estimated by examining compositions of partially crystallized and completely glassy (homogenized)

melt inclusions.  Optically clear glass in unheated inclusions in pyroxene from Red Mountain

andesite represents the composition of melt that would be produced after some amount of

crystallization.  In pyroxene phenocrysts, glass bearing inclusions with exsolved volatile bubbles

crystallized pyroxene on the walls ± Fe-Ti oxides and ± plagioclase daughter minerals.  The SiO2

concentration of glass in unheated inclusions ranges from 61.9-68.0 wt% compared to the

homogenized inclusions that showed a range from 53.5-56.3 wt% (Figure 4.10).  The Al2O3

concentration of glass in unheated inclusions in pyroxene varies, depending on the amount of

pyroxene and plagioclase that crystallized, from 12.9-18.0 wt%.  The highest concentration in

homogenized melt inclusions is 12.0 wt%.  The average water content of glass in unheated

inclusions in pyroxene is 1.7 wt%, compared to 0.5 wt% in homogenized inclusions.  Copper and

zinc concentrations average 419 and 81 ppm, respectively, compared to 331 ppm Cu and 64 ppm

zinc in homogenized melt inclusions.  Assuming that K2O, Cl and P2O5 are conserved in the melt

during in situ crystallization within the inclusion (i.e., these elements are not incorporated into

pyroxene, plagioclase or Fe-Ti oxides), comparison of concentrations of these elements in

homogenized melt inclusions with their concentrations in glass in unheated inclusions indicates

crystallization of up to approximately 55 wt% of the original melt.  This amount of crystallization

caused the Cu and Zn concentration to be enriched by 1.26x. 

In this study, the Meadow Valley andesite at Red Mountain and the basaltic andesite from

White Island are interpreted to represent the pre-mineral magmas in porphyry-copper systems.  The

Red Mountain system evolved through a copper mineralization stage (albeit, non-economic at the

present time), while the White Island system is expected to reach the copper mineralization stage

sometime during the next few tens to hundreds of thousands of years (Rapien et al., 2002).  The

quartz latite at Red mountain is spatially and temporally associated with mineralization, and is

thought to represent the causative intrusion, whereas the Stage IV quartz monzonite from Tyrone

was intruded after mineralization.  Melt inclusions in the studied samples thus represent magmas

trapped before, during and following mineralization in porphyry copper systems. 
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Based on the lack of aqueous fluid inclusions in pyroxene and plagioclase phenocrysts, the

andesite at Red Mountain did not reach saturation in water.  Conversely, quartz phenocrysts from

the Red Mountain quartz latite contain abundant magmatic aqueous fluid inclusions (Bodnar, 1991;

Beane and Bodnar, 1995; Bodnar, 1995; Roedder and Bodnar, 1997), indicating that the magma

was saturated in water at the time the phenocrysts and their contained melt inclusions formed. 

Copper contents of melt inclusions in Red Mountain Meadow Valley andesite are significantly

elevated compared to those in the quartz latites.  We interpret this difference to reflect 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 and Bodnar (1991) for the

Yerington system and Burnham (1997) for the Bingham system.  Moreover, it is completely

consistent with the observation that magmatic halite-bearing inclusions in porphyry copper deposits

contain ubiquitous chalcopyrite daughter minerals (Nash, 1976; Roedder, 1971; Bodnar, 1995), and

with the observation that magmatic fluids in silicic igneous systems have copper contents in the

range 1000-10000 ppm (Bodnar, 1999). 

Results obtained here are consistent with results of numerous laboratory, experimental,

theoretical studies and case studies (Burnham and Ohmoto, 1980; Reynolds and Beane, 1985; Cline

and Bodnar, 1991; Keppler and Wyllie, 1991; Shinohara, 1994; Candela and  Piccoli, 1995; Keith

and Swan, 1996; Burnham, 1997) that indicate that early magmas transport ore metals into the

porphyry copper system, and that metal concentrations continue to become enriched as the magma

evolves, until the melt reaches water saturation and 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/or mix with meteoric water and

precipitate.  It is likely that some metals are deposited and remobilized numerous times as the

system evolves.  For example, analyses of fluid and melt inclusions indicate that Zn is an important

component of the early magmatic-hydrothermal fluids, yet zinc mineralization in porphyry deposits

is generally associated with the latest, peripheral low temperature mineralization event.  This

suggests that either zinc remains in solution until very late in the hydrothermal history of the

system, or that zinc is continuously deposited and subsequently remobilized as the hydrothermal

system collapses.  Studies of melt inclusions and associated magmatic hydrothermal inclusions

may potentially provide the information needed to resolve these issues.
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Conclusions

Melt inclusions are a common feature in quartz phenocrysts from intrusive rocks in

porphyry copper deposits.  However, owing to the fact that the inclusions are usually crystallized,

and often altered by coeval magmatic fluids or later hydrothermal fluids, they are not easily

recognized during normal petrographic studies, especially in standard (30 µm thick) thin sections. 

Here we described techniques for identifying and homogenizing melt inclusions in quartz and

pyroxene from porphyry copper-related igneous systems, and have obtained preliminary major and

trace element data on the melts. 

Melt inclusions show a consistent and expected progression from silica-poor to silica-rich

compositions during evolution of the ore-related magmas.  Early pre-mineralization melts are water-

undersaturated, whereas later syn- and post-mineralization melts are water-saturated.  Copper and

zinc concentrations are clearly elevated in melt inclusions thought to represent pre-mineralization

melts at Red Mountain, Arizona, and White Island, New Zealand.  Conversely, syn- and post-

mineralization melts at Red Mountain, Arizona, and Tyrone, New Mexico, are depleted in copper

and zinc compared to the earlier melts.  The results obtained here are consistent with models that

suggest that copper and zinc are extracted from the melt by saline magmatic fluids, producing a

metal-charged hydrothermal solution and leaving behind a metal-depleted melt.  
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Figure 4.1 Heating sequence of crystallized melt inclusions.

The change in appearance of two crystallized silicate melt inclusions (RM D1 and RM D 2) 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) had coalesced into a single, spherical bubble in the
melt and feldspar daughter minerals (xtl) were noticeably reduced in size.  At 790°C each inclusion
contained a small feldspar crystal (not visible) in contact with the volatile bubble.  The volatile
bubble and feldspar were still present after heating to 800°C but were gone after heating to 810°C. 
Simultaneous disappearance of volatile and crystal indicates that the melt was trapped on the water-
saturated quartz-feldspar cotectic.  These inclusions were heated under 1 kbar confining pressure in
a TZM vessel.
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Figure 4.2  Measured Na2O versus electron beam exsposure time.

Measured Na2O concentration of glass as a function of the total amount of time that the glass was
exposed to the electron beam.  A correction for sodium loss during analysis was obtained by
plotting Na2O concentration versus time and extrapolating the line to time t=0.  Applying this
correction procedure to a synthetic hydrous alkali feldspar glass containing 8.23 wt% H2O gives a
corrected concentration of 8.19 wt% H2O.  This same correction technique was applied to all
analyzed melt inclusions.
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Figure 4.3  Homogenization temperature versus SiO2 concentration of melt inclusions.

SiO2 concentration of melt inclusions as a function of homogenization temperature for melt
inclusions in Red Mountain, Arizona, andesite and quartz latite and in Tyrone, New Mexico, quartz
monzonite.  The EPMA-determined SiO2 concentrations were corrected as described in the text. 
The Red Mountain quartz latite melt inclusions with homogenization temperatures 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 kb confining pressure.  Melt inclusions in the Red Mountain andesite
were homogenized in the Vernadsky microscope stage (Sobolev et al., 1980).
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Figure 4.4 Harker diagrams for Al2O3, FeO, MgO, CaO, Na2O, and K2O against SiO2.

Harker variation  diagrams showing concentrations of Al2O3, FeO, MgO, CaO, Na2O, and K2O as a
function of SiO2 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 
Mountain, 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 analyses that may be contaminated by host phase (either by
incorrect electron beam placement or as a result of dissolving too much host phase into the melt
during the homogenization procedure).
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Figure 4.5 Electron microprobe traverse across melt inclusion.

Electron microprobe traverse across a homogenized melt inclusion in a quartz phenocryst from a
quartz latite dike, Red Mountain, Arizona.  The electron beam size was 10x8 µm.  The step size
along the traverse is 4 µm.  The CaO, FeO andCl - concentrations are plotted in weight percent, and
Al2O3 and K2O concentrations were divided by 10 before plotting.  The SiO2 concentration along
the traverse is shown on the right axis.  Analyses that include all or part melt inclusion are plotted
within the shaded area.
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Figure 4.6 Cu and Zn concentrations of melt inclusions.

Variation diagram for Cu and Zn concentrations of melt inclusions.  Symbols are the same as in
Figure 4.3, with the added 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
Cu and Zn concentrations of melt inclusions in Red Mountain Meadow Valley andesite and White
Island basaltic-andesite melt inclusions.
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Figure 4.7 Microprobe traverse across melt inclusions from Red Mountain and White Island. 

Electron microprobe traverse across melt inclusions in quartz from the Red Mountain quartz latite
(left) and in plagioclase from White Island (right).  Note the significantly elevated Cu and Zn
concentrations in the pyroxene-hosted melt inclusion from White Island.  Cu and Zn concentrations
appear to be elevated in the quartz-hosted inclusion, but all analyses are below the estimated
detection limits.
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Figure 4.8 Synchrotron X-Ray Fluorescence maps for K, Ca, Fe, Cu and Zn in inclusions.

Synchrotron-based X-Ray Fluorescence (SXRF) maps for K, Ca, Fe, Cu and Zn in two melt
inclusions and surrounding host quartz.  The sample is from quartz latite from Red Mountain,
Arizona.  The inclusion in the upper left is clearly identified based on K, Ca and Fe intensities,
whereas the signal from the deeper inclusion in the lower right is less intense.  While Cu and Zn
distribution is less uniform, X-ray intensities are clearly higher in the inclusions compared to the
host quartz.  Note that the quartz contains numerous aqueous inclusions with (presumably)
chalcopyrite daughter minerals, and chalcopyrite inclusions are common in quartz phenocrysts in
the Red Mountain quartz latite.
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Figure 4.9  Water contents as function of SiO2 concentration of the melt inclusions.

Water contents of melt inclusions as function of SiO2 concentration of the melt inclusion.  All
inclusions contain only glass except for the Red Mountain unheated melt inclusions in andesite
(RM And UHMI).  These analyses correspond to glass in unheated melt inclusions that contain
both glass and crystals.  When similar inclusions are heated to homogenize the contents, the
resulting glass inclusions have compositions indicated by the Red Mountain andesite melt
inclusions (RM And MI).  Comparison of results from homogenized (RM And MI) and unheated
(RM And UHMI) melt inclusions in andesite is consistent with generation of the later quartz latite
melts at Red Mountain via fractionation of pyroxene (±plagioclase) from the original andesitic
melts.
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Figure 4.10 Plot of [Cao+FeO+MgO] versus Al2O3 for melt inclusions and host phases.

Plot of [Cao+FeO+MgO] versus Al2O3 for melt inclusions and host phases from Red Mountain
showing inferred melt evolution trends for the magmatic system.  As a result of removal of
pyroxene and plagioclase from an original andesitic melt, the composition evolves towards the
composition of melt inclusions in the Red Mountain quartz latite.  The phases are represented by
number; 1) pyroxene phenocyrsts from andesite, 2) homogenized melt inclusions in pyroxene, 3)
plagioclase phenocrysts from andesite, 4) glass in unheated melt inclusions in pyroxene, 5)
plagioclase inclusions in quartz phenocrysts from quartz latite, and 6) alkali feldspar inclusions in
quartz phenocrysts from quartz latite.
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Figure 4.11 Melt inclusions interaction with hydrothermal fluids .

Chemical evolution of melt inclusions as a result of interaction with hydrothermal fluids at Red
Mountain, Arizona, (left) and Tyrone, New Mexico (right).  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.  Varela (1994) attributes this chemical trend to interaction of the melt
inclusions with fluids responsible for phyllic alteration in the porphyry copper environment. 
Compositions of melt inclusions at Tyrone define two trends, one that projects to the orthoclase
apex and is presumably the result of interaction with fluids responsible for potassic alteration.  The
other trend extends to less sodic and more sodic compositions (Frezzotti, 1992).  Sodium depletion
is interpreted to reflect phyllic alteration of the melt inclusions.  Sodium enrichment may be the
result of post-trapping sodium diffusion from quartz into the inclusion, as has been documented by
Metrich (1988).
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Table 4.1) Melt Inclusion Data (EMPA)

Sample Th°C Obser SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Ba Cl Total Zn Cu H2O
wt% ppm ppm

Red Mountain quartz latite melt inclusions
RM 2 915 75.19 0.05 12.43 0.53 0.06 0.04 0.69 1.32 2.12 0.02 0.09 92.55 7 11 7.5
RM 22 915 74.15 0.08 12.90 0.28 0.03 0.07 0.55 1.56 1.85 0.03 0.14 92.64 7 10 7.4
RMGZ#1 825 76.86 0.07 13.24 0.42 0.02 0.07 0.68 2.42 2.69 0.05 0.03 0.13 96.68 8 10 3.3
RMZMI#1 825 76.10 0.11 10.90 0.22 0.01 0.04 0.54 5.66 2.21 0.04 0.03 0.09 95.95 9 13 4.1
RMZ1 810 74.97 0.09 12.08 0.38 0.03 0.05 0.59 1.45 2.36 0.06 0.05 0.12 92.23 9 13 7.8
RM B2 835 74.67 0.12 12.80 0.42 0.02 0.08 0.66 5.40 2.41 0.12 96.70 7 11 3.3
RM D2 810 73.95 0.07 13.15 0.41 0.00 0.03 0.67 4.37 2.45 0.13 95.23 8 13 4.8
RMZ2a* 810 77.32 0.09 12.01 0.37 0.03 0.04 0.62 0.34 2.45 0.09 0.06 0.14 93.56 7 9 6.4
RMZ2b* 810 75.58 0.10 12.38 0.54 0.03 0.11 0.66 0.38 2.61 0.04 0.04 0.15 92.62 9 17 7.4
RM B7* 835 74.84 0.20 11.38 0.44 0.01 0.05 0.07 5.00 2.45 0.12 94.56 8 15 5.4
RM D2* 810 76.37 0.07 10.77 0.41 0.00 0.03 0.67 4.37 2.45 0.13 95.27 8 13 4.7
MI average 75.27 0.08 12.50 0.38 0.02 0.05 0.63 3.17 2.30 0.04 0.04 0.12 94.60 8 12 5.4

Red Mountain andesite melt inclusions (homogenized)
RMAMi1 1169 55.90 0.99 11.07 7.48 0.20 6.63 11.57 3.23 2.21 0.04 0.08 0.02 99.42 65 336 0.6
RMAMi1c 1165 55.16 0.81 10.29 8.06 0.23 8.82 12.94 2.73 1.44 0.23 0.10 0.03 100.85 81 282 -0.9
RmAMi1b 1172 56.36 1.38 11.27 6.25 0.12 5.17 12.58 3.23 2.95 0.42 0.15 0.12 99.99 76 346 0.0
RmAMib 1170 56.22 1.15 11.46 6.25 0.07 5.47 12.40 2.66 3.17 0.20 0.10 0.17 99.30 68 362 0.7
RmAMi1c 1168 53.95 0.89 11.71 7.55 0.22 9.54 11.83 2.04 1.92 0.26 0.00 0.11 100.03 50 356 0.0
RmAMi1d 1168 54.37 1.25 11.00 7.52 0.15 9.56 11.72 1.79 1.81 0.60 0.03 0.06 99.84 55 277 0.2
RmAMi1e 1170 53.52 1.02 11.21 7.39 0.21 9.00 11.45 1.77 1.93 0.32 0.04 0.06 97.93 73 312 2.1
RMAMI#1 1177 54.30 1.14 11.97 6.51 0.17 8.57 12.06 2.80 0.53 0.16 0.05 0.04 98.30 66 346 1.7
RMAMI#2 1175 54.77 1.00 11.96 6.82 0.14 8.37 11.69 2.76 1.95 0.28 0.11 0.16 100.00 60 329 0.0
RMAM#2m 1170 54.43 1.09 11.42 5.83 0.11 8.36 13.29 2.79 1.61 0.29 0.10 0.13 99.43 57 368 0.6
RMAMI#3 1172 55.27 0.90 11.63 6.08 0.11 8.47 12.73 2.72 1.17 0.25 0.08 0.12 99.53 54 329 0.5
MI average 54.93 1.06 11.36 6.89 0.16 8.00 12.20 2.59 1.88 0.28 0.08 0.09 99.51 64 331 0.5

Red Mountain andesite melt inclusions (unhomogenized)
RMAMi1 67.05 0.61 16.00 0.33 0.04 0.08 0.80 4.02 6.17 0.68 0.11 0.25 96.13 88 457 3.9
RMAMi1b 67.41 0.58 16.88 0.45 0.03 0.08 0.76 3.83 6.18 0.48 0.13 0.25 97.06 80 398 2.9
RMAMi1e 66.81 0.54 16.44 0.42 0.02 0.04 0.81 3.67 6.41 0.57 0.19 0.23 96.14 81 424 3.9
RMAMi1f 67.97 0.54 16.93 0.29 0.01 0.05 0.78 3.98 6.20 0.59 0.17 0.27 97.80 84 458 2.2
rmpyAmi2 66.76 0.57 16.83 0.39 0.03 0.08 0.84 4.29 6.15 0.44 0.12 0.19 96.68 77 432 3.3
rmpyBMi1b 66.16 0.56 18.03 2.02 0.00 0.13 1.21 4.42 5.55 0.30 0.09 0.25 98.71 88 432 1.3
rmpyBMi1c 66.38 0.42 17.93 0.41 0.06 0.14 1.23 4.59 5.61 0.35 0.12 0.24 97.48 77 377 2.5
RmAMi2a 62.69 0.61 13.37 4.67 0.13 4.54 5.16 3.17 4.52 1.38 0.05 0.19 100.48 84 411 -0.5
RmAMi2b 62.83 0.83 13.12 4.65 0.14 4.38 5.44 3.06 4.39 1.20 0.09 0.10 100.22 79 390 -0.2
RmAMi2c 61.92 0.84 13.11 4.78 0.12 4.49 5.35 3.10 4.43 1.07 0.20 0.14 99.54 83 431 0.5
RMAMI 61.91 0.88 13.20 4.62 0.10 3.47 6.02 2.91 4.80 0.39 0.06 0.18 98.55 73 388 1.5
RmAMi2d 63.25 0.98 12.96 4.78 0.03 3.70 4.65 3.62 4.42 0.28 0.09 0.15 98.91 83 439 1.1
RmAMi2e 64.15 0.95 13.62 4.43 0.11 3.70 4.48 3.08 4.65 0.45 0.11 0.17 99.89 78 416 0.1

MI average 65.02 0.69 15.26 2.48 0.06 1.91 2.89 3.67 5.34 0.63 0.12 0.20 98.28 81 419 1.7
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Table 4.1 cont.)

Sample Th°C Obser SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Ba Cl Total Zn Cu H2O
Tyrone quartz monzonite melt inclusions

Ty4ch1MI1 805 75.37 0.11 13.23 0.32 0.01 0.06 0.53 3.36 3.27 0.04 0.04 0.09 96.42 4 5 3.6
Ty4ch1MI1b 805 75.05 0.02 13.08 0.35 0.01 0.04 0.54 3.18 3.22 0.09 0.04 0.08 95.71 3 3 4.3
Ty4ch1MI1 805 74.71 0.06 12.64 0.38 0.01 0.05 0.50 2.46 3.18 0.01 0.03 0.08 94.11 5 5 5.9
Ty4ch3MI#1 820 71.97 0.07 14.72 0.43 0.07 0.07 0.46 2.43 5.92 0.03 0.03 0.14 96.34 4 7 3.7
Ty4ch3#1a 820 71.38 0.08 15.14 0.44 0.06 0.08 0.47 2.45 6.21 0.03 0.05 0.15 96.54 3 13 3.5
Ty4ch3#2a 820 74.00 0.22 13.39 0.47 0.07 0.06 0.42 3.11 4.62 0.04 0.04 0.58 97.01 5 7 3.0
Ty4ch2MI#1 805 76.09 0.07 12.55 0.32 0.01 0.05 0.60 3.25 3.39 0.02 0.04 0.11 96.50 5 7 3.5
TY4CHI1a 805 75.51 0.07 11.83 0.27 0.01 0.05 0.59 2.32 3.09 0.06 0.03 0.08 93.90 6 8 6.1
TY4CH21b 805 75.37 0.08 11.56 0.27 0.02 0.04 0.56 2.01 3.10 0.07 0.06 0.06 93.19 4 5 6.8
Ty4Ch3mi1 820 73.70 0.06 13.57 0.53 0.08 0.07 0.34 2.61 5.63 0.07 0.03 0.12 96.81 4 7 3.2
Ty4Ch3mi1a 820 72.43 0.07 14.11 0.56 0.07 0.05 0.36 2.68 5.73 0.03 0.02 0.14 96.25 4 6 3.7
Ty4Ch3mi1b 820 72.79 0.07 15.06 0.62 0.08 0.07 0.43 2.65 5.94 0.05 0.09 0.16 98.01 2 3 2.0
Ty4Ch3G1 820 73.53 0.08 11.73 0.25 0.03 0.03 0.48 3.11 3.30 0.02 0.06 0.10 92.72 3 6 7.3
4ch3MI2a 820 75.41 0.17 13.05 0.40 0.09 0.07 0.52 3.20 4.32 0.10 0.02 0.41 97.76 3 6 2.2
4Ch1mi#1 805 75.96 0.10 13.36 0.53 0.02 0.05 0.51 4.32 3.19 0.05 0.02 0.09 98.20 6 5 1.8
Ty4ch1MI1 805 71.02 0.04 13.27 0.37 0.03 0.02 0.49 3.38 3.32 0.14 0.03 0.06 92.17 5 5 7.8
Ty4ch1MI2 805 71.56 0.05 10.65 0.56 0.06 0.10 0.16 5.86 3.16 0.02 0.04 0.15 92.37 4 6 7.6
Ty4ch1MI3 805 73.25 0.09 11.14 0.31 0.01 0.05 0.42 2.99 2.87 0.01 0.03 0.05 91.22 5 8 8.8
Ty4ch3miG 820 75.72 0.08 12.60 0.36 0.03 0.07 0.58 4.55 3.36 0.11 0.03 0.08 97.57 4 5 2.4
Ty4Ch3Mif 820 75.84 0.02 11.83 0.28 0.00 0.03 0.62 2.38 3.42 0.00 0.06 0.11 94.59 4 6 5.4
Ty4Ch3MG1 820 74.07 0.02 12.16 0.23 0.01 0.06 0.57 4.73 3.60 0.12 0.04 0.08 95.69 3 2 4.3
MI average 74.04 0.08 12.89 0.39 0.04 0.06 0.48 3.19 3.99 0.05 0.04 0.14 95.39 4 6 4.6

White Island andesite melt inclusions
WI feld 1b 62.00 0.86 16.78 4.84 0.08 1.81 6.18 3.50 2.11 98.16 75 383 1.8
WI feld 1c 59.95 0.88 16.99 4.91 0.12 1.86 6.87 3.65 1.90 97.13 67 357 2.9
WI feld 1d 58.95 0.90 18.77 4.58 0.08 1.46 7.56 3.10 1.81 97.21 60 343 2.8
WI feld 1e 65.98 0.92 15.55 5.62 0.08 2.01 5.16 4.20 2.23 101.75 73 379 -1.8
WI feld 1f 61.30 0.59 18.12 3.57 0.03 1.58 7.67 3.95 1.61 98.42 65 348 1.6
WI Py4a 64.21 1.12 14.51 7.35 0.11 2.04 5.79 1.93 2.27 99.33 58 330 0.7
MI average 62.07 0.88 16.79 5.15 0.08 1.79 6.54 3.39 1.99 98.67 66.33 357 1.3
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Table 4.2 Mineral Compositions (EMPA)

Sample SiO 2 TiO2 Al 2O3 FeO MnO MgO CaO Na2O K2O P2O5 Ba Total Zn Cu
Red Mountain quartz latite fedspar inclusions  (heated) %AN Q or ab an

RMZCh2fldM1Be 66.08 0.34 19.58 0.76 0.02 0.09 0.12 8.6 4.22 99.81 15 13 0.8 0.0 25.0 71.9 0.6
rmgrz#8,B1 61.96 23.52 0.2 0.02 4.90 7.94 1.43 0.03 100.00 26.7 0.0 8.5 66.8 24.3
RMZonedfld2 65.24 0.10 19.80 0.44 0.07 1.43 7.49 5.02 0.21 0.11 99.91 8.1 0.0 29.7 63.5 5.6
RMZonedFld1a 60.41 0.01 24.67 0.14 0.02 6.38 7.88 0.3 0.09 0.10 100.00 11 17 31.8 0.0 1.8 66.7 31.1
RMZonedFld1b 60.45 24.59 0.15 6.34 7.76 0.54 0.12 0.06 100.01 10 14 31.8 0.0 3.2 65.7 30.7
Rmgrz#9,Mi1-fldb 62.31 0.08 22.89 0.23 0.05 5.03 8.51 0.73 0.08 0.04 99.95 11 14 23.5 0.0 4.3 72.0 22.1
rmgrz#8,B1 62.04 23.47 0.20 0.02 4.89 7.93 1.43 0.03 100.01 14 17 26.5 0.0 8.5 67.0 24.2
rmgrz#8,c3 61.17 0.07 24.25 0.15 5.77 8.27 0.21 0.03 0.07 99.99 9 11 28.9 0.0 1.2 70.0 28.4
Rmgrz#9,Mi1-fld, 61.88 0.13 23.09 0.33 0.07 5.30 7.95 1.25 100.00 9 11 26.0 0.0 7.4 67.2 23.6
Rmgrz#9,Mi1-flda 61.06 0.06 23.99 0.34 0 5.45 7.58 1.34 0.10 99.92 8 6 29.7 0.2 7.9 64.2 27.1
rmgrz#8,c 61.98 0.11 23.61 0.16 0.01 0.06 5.30 8.56 0.19 99.98 7 12 26.0 0.2 1.1 72.4 25.4
Rmgrznfldmix 60.81 0.06 23.97 0.35 0.01 0 5.81 7.58 1.25 0.17 100.01 7 13 30.2 0.0 7.4 64.1 27.7
rmgrz#8,c1 61.97 0.06 22.79 0.27 0.05 5.72 8.51 0.43 0.17 0.02 99.99 10 9 24.0 0.0 2.5 72.0 22.7

Red Mountain quartz latite fedspar inclusions  (not heated) %AN Q or ab an
RMFeldAn1 60.04 26.02 7.12 7.74 0.13 101.05 35.6 0.0 0.8 63.2 35.0
RMFeldAn2 64.56 18.65 0.01 0.79 14.75 98.76 0.7 3.5 88.3 6.8 0.1
RMFeldAn3 59.98 25.91 7.03 7.65 0.22 100.79 35.3 0.0 1.3 63.3 34.6
RMFeldAn4 59.78 26.09 7.40 7.5 0.21 100.98 37.1 0.0 1.2 61.8 36.4
RMFeldAn4 59.71 26.28 7.47 7.12 0.22 100.80 38.1 1.4 1.3 59.8 36.8
RMFeldAn6 60.84 25.77 6.56 8.04 0.3 101.51 33.2 0.0 1.7 64.6 32.1
RMFeldAn7 60.96 25.69 6.77 7.88 0.21 101.51 33.6 0.0 1.2 65.3 33.1
RMFeldAn8 60.29 25.96 6.95 7.72 0.28 101.20 35.0 0.0 1.6 63.3 34.1
RMFeldAn11 65.28 22.92 3.06 10.23 0.08 101.57 15.3 0.0 0.5 82.9 14.9
RMFeldAn12 60.39 24.6 6.20 7.77 0.24 99.20 31.9 1.0 1.4 66.3 31.0
RMFeldAn13 60.33 24.19 5.84 7.87 0.21 98.44 30.3 1.3 1.3 67.7 29.4
RMFeldAn12 60.67 24.27 6.04 8.13 0.2 99.31 29.9 0.0 1.2 68.9 29.3
RMFeldAn14 59.97 26.05 7.41 7.25 0.2 100.88 37.5 1.1 1.2 60.8 36.4
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Table 4.2 cont.)

Sample SiO 2 TiO2 Al 2O3 FeO MnO MgO CaO Na2O K2O P2O5 Ba Total Zn Cu
Red Mountain andesite  matrix plagioclsae  (not heated) %AN Q or ab an

rmplb1d 54.95 0.07 27.81 0.53 0.01 0.06 10.19 4.91 1.29 0.07 0.1 99.99 47 53 54.9 0.0 7.6 41.1 50.1
rmplb1e 55.07 0.12 27.65 0.54 0 0.04 10.09 5.2 0.96 0.12 0.14 99.93 52 61 53.0 0.0 5.7 43.7 49.3
rmplc 52.69 29.27 0.47 0.01 0.14 12.53 4.08 0.73 0.05 0.03 100.00 50 57 63.6 0.0 4.3 34.0 59.4
rmplcc 51.92 0.01 29.79 0.53 0 0.1 13.19 3.74 0.61 0 0.12 100.01 43 49 66.5 0.0 3.6 31.7 62.7

Red Mountain andesite   matrix plagioclsae   (heated) di h y o l mt i l
RMAndpyxcore1 50.38 0.54 3.42 6.1 0.15 15.78 22.79 0.25 0 0.09 0.07 99.57 92 111 80.91 0.00 4.86 2.97 1.03
RMAndpyxcore2 49.76 0.79 4.4 5.19 0.12 15.8 23.09 0.26 0.03 0.23 0.07 99.74 85 98 76.63 0.00 4.47 3.32 1.50
RMAndpy 50.29 0.7 2.25 10.01 0.23 15.26 19.84 0.4 0.05 0.08 0 99.11 97 124 75.54 5.19 6.62 3.21 1.34
RMAndpyb 50.94 0.88 1.86 9.89 0.33 14.9 19.64 0.27 0.02 0.1 0 98.83 92 123 75.08 13.10 0.00 3.48 1.69
RMAndpynr 51.72 0.96 2.23 9.64 0.24 15.1 19.69 0.34 0 0 0 99.92 79 87 74.21 12.60 0.00 3.56 1.82
rmpyAfld3py 50.49 0.82 3.76 8.69 0.26 14.52 18.88 0.78 0.02 0 0.05 98.27 87 98 70.41 6.65 4.33 3.42 1.58
rmpyBMi1pya 52.08 0.72 2.43 8.08 0.26 16.47 20.11 0.32 0 0.1 0.01 100.58 91 117 73.99 11.45 1.94 3.19 1.36
rmpyBMi1pyb 51.8 0.89 2.53 7.89 0.24 16.07 20.16 0.45 0 0.14 0.05 100.22 88 113 74.38 9.89 1.63 3.45 1.68
RMand py,c 50.98 1.04 2.26 9.57 0.29 15.2 19.81 0.27 0 0 0 99.42 92 119 74.67 12.04 0.36 3.69 1.98
Rmandpyxd 51.94 0.63 2.16 8.76 0.18 15.43 19.22 0.4 0.01 0 0.03 98.76 91 125 73.56 14.01 0.00 3.12 1.21
Rmandpyxe 51.7 0.98 2.33 9.06 0.32 15.96 18.86 0.4 0 0.04 0.04 99.69 78 90 70.70 15.67 0.00 3.60 1.86
RMAndpyxf 49.29 1.2 5.56 7.55 0.15 14.1 21.33 0.5 0.03 0.18 0.09 99.98 88 109 72.45 0.00 4.51 3.91 2.28
RMAndpyxg 49.69 1.09 5.64 6.41 0.16 14.52 21.93 0.36 0.03 0.05 0.08 99.96 83 117 74.48 0.00 3.54 3.75 2.07
RMAndMIa(py) 52.25 0.79 3.24 8.62 0.22 14.29 18.66 0.64 0.26 0.1 0 99.07 89 114 69.62 12.01 0.00 3.34 1.51
RMand py,a 50.78 0.73 2.32 9.56 0.28 15.7 19.22 0.44 0 0.08 0 99.11 81 92 72.77 9.77 4.50 3.26 1.40

Red Mountain quartz  lat i te  biot i te  inclusions  (not  heated)
RMgrznBt1 38.73 3.66 16.68 15.07 0.27 12.18 0.03 0.15 9 0 0.05 95.82 75 87
RMgrznBt2 38.36 4.00 16.68 15.44 0.24 12.2 0.08 0.11 8.92 0 0 96.03 77 86
RMgrznBt3 39.62 3.91 16.97 15.02 0.23 12.2 0 0.13 8.93 0 0.09 97.10 72 89
RMgrznBt4 38.45 4.14 16.51 15.19 0.22 11.78 0.01 0.11 9.11 0.08 0 95.60 70 79
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Appendix A

Figure A1 Copper calibration curve.

Typically a curve similar to this was constructed for every session on the microprobe and used to
calculate the concentrations of Cu and Zn in melt inclusions measured during that session.  Each
standard was measured at least 5 times directly before analysis of melt inclusions and at least 5
times directly after analysis of melt inclusions.  Several hundred analysis for each standard did not
fall outside the range of counts/second for NBS 610 and NBS 612 glasses shown on this
correction curve.  The ultraure SiO2 and host melt inclusion quartz was not as consistent and
counts/second sometimes approach those of NBS-612 but were always lower and the average
ranged from 59 to 64 counts/second over 11 sessions.
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