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Chapter I

Introduction

Intermediate magmas are important for their potential in forming ore deposits and
impacting the environment with their eruptions. The represent the largest volume of
magma that reaches the upper crust and surface in subduction zones. Therefore, the
genesis and crystallization of intermediate magmas is crucial to our understanding of
subduction zone magmatism. The variables oxygen fugacity (fO,) and sulfur fugacity (fS,)
are important in determining the conditions during formation and crystallization of calc-
alkaline magmas.

This work was undertaken in order to systematically evaluate the oxidation and
sulfidation history of granitoids and their implications for the formation and crystallization
of granitoid magmas. It has long been recognized that granitoids crystallize under variable
fO, conditions (Haggerty, 1976). The classification of magnetite and ilmenite series
granitoids was related to variations in oxidation (Ishihara, 1981). Although useful in
distinguishing granitic rocks of different source regions, this classification is an over-
simplification because in each of these groups there is a large variation in fO,, and at high
fO, magmas will saturate with respect to hematite-rich ilmenite in addition to magnetite.
Detailed studies of the fO, of intrusive rocks are necessary to understand the processes
occurring during crystallization.

Previous attempts to quantify fO, in granitoids using the two-oxide method of
Buddington and Lindsley (1964) failed to produce meaningful results (Dilles, 1987;
Cornejo and Mahood, 1997). These results may have been due to resetting or lack of

calibration of the activity models for magnetite and ilmenite. In Chapter 11, the two oxide



method is applied to experimental charges from Luhr (1990) in order to evaluate the latest
calibration of the MELTS (Ghiorso and Sack, 1995) and QUILF (Andersen et al., 1993)
mixing models. Equilibria between clinopyroxene and oxides are also evaluated. The
mixing models are compared to determine the cause of discrepancies between them and
expected errors are evaluated for MELTS and QUILF calculations. Problems with
previous calculations on intrusive rocks are discussed and a method is described for
calculating fO, of oxidized samples.

In Chapter I1I the equilibria discussed in Chapter II are applied to granitoids from
the western United States, British Columbia, Chile, Mexico, and Batu Hijau. Estimated
fO, is compared to literature data on fO, of andesites to evaluate the source regions of
granitoids (Carmichael and Ghiorso, 1990; Lange and Carmichael, 1996). Zircons were
analyzed by LA-ICPMS for U-Pb geochronology and trace element composition. A
potential oxybarometer using zircon geochemistry is evaluated by comparing Ce*"/Ce** in
zircon to calculated fO, for a range of samples (Ballard et al., 2002). Variation of Ce**/
Ce’" and fO, with time provides information on the evolution of arcs. The valence of sulfur
in the magma is determined using the method of Wallace and Carmichael (1994) and the
effect of fO, on the compositions of magmatic vapor phases is evaluated (Giggenbach,
1987).

The stability of sulfur-bearing phases and the solubility of sulfur during
crystallization of granitoids are dependent on the magmatic fO,-fS, conditions. Most
granitoids lack significant levels of magmatic sulfide or anhydrite, making it difficult to
determine magmatic fS,. In most oxidized intrusions the primary host of sulfur is apatite.
In Chapter IV the thermodynamic properties of sulfatian apatite (Rouse and Dunn, 1982)
are estimated using equilibria between apatite, silicates, oxides and melt in the
experimental charges of Luhr (1990). Magmatic fS, is estimated for several intrusions in
the western United States, Chile, and Mexico using equilibria involving apatite. Sulfur

zoning of apatite has been reported in granitoid intrusions (Streck and Dilles, 1998).



Similar zoning is described from intrusions in the western United States and the controls
on such zoning are evaluated.

Granitoid magmas can be associated with ore deposit formation and sulfur-rich
volcanic eruptions. Average granitoid stocks carry enough metals and sulfur to form small
porphyry copper deposits (Cline and Bodnar, 1991). However, magmas associated with
giant ore deposits that contain more than an order of magnitude more copper and sulfur
must be enriched with respect to these elements. In Chapter V sulfide-rich mafic enclaves
from the Last Chance stock are described. Implications for the source regions of copper-
and sulfur-rich magmas are discussed with emphasis on the distribution of copper and

sulfur in the lower crust.
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Chapter I1

Evaluation of Oxygen Fugacity in Intermediate Igneous Rocks

Abstract

Mineral equilibria were applied to experimental charges from Luhr (1990) to
evaluate the use of mineral equilibria to determine fO, of oxidized intermediate igneous
rocks. Two-oxide and pyroxene-oxide equilibria were applied using both the MELTS
(Ghiorso and Sack, 1995) and QUILF (Andersen et al., 1993). Two-oxide thermometry
fails in all cases with MELTS overestimating and QUILF underestimating temperature.
Using the experimental temperature calculated fO, was within 0.4 log units using both
methods for charges equilibrated at the manganosite-hausmanite (MnH) oxygen buffer
using the two-oxide method. These errors increase to 0.7 log units for charges equilibrated
at magnetite-hematite (MH). Evaluation of the mixing models shows that most of the
differences in the calculations involve the treatment of the rhombohedral oxide. Pyroxene-
oxide equilibria produced similar results with fO, estimates approximately 0.5 log units
too low at MnH and 1 log unit too low at MH. The MELTS models produced more
consistent results than the QUILF models and produced more accurate results at high
temperature. Calculations using the esseneite component of clinopyroxene with the
MELTS mixing models produce estimates of fO, more than 2 log units above the
experimental value at 800°C but is accurate at 950°C. This is most likely due to ordering
of Al and Fe*" at low temperature, changing the a-X relations in the clinopyroxene.
Introduction

Oxygen fugacity plays an important role in the stability of iron- and sulfur-bearing

minerals during crystallization of intermediate magmas. Estimates of fO, in volcanic rocks



are commonly based on their bulk Fe**/Fe?* ratio (Kress and Carmichael, 1991). This
technique only works when applied to rocks that correspond in composition to the parent
magma. Intermediate intrusive rocks (i.e. granitoids) probably do not have the same
composition as the magma that formed them. The evolving magmas generally exsolve
hydrothermal fluids and often undergo subsolidus alteration and reequilibration. Mafic
intrusive rocks form cumulates and undergo fractionation, such that no single rock
composition ever corresponds to the parent liquid.

Estimation of fO, in plutonic rocks is based on mineral equilibria involving O, and
knowledge of temperature. The most commonly used method, known as the “two-oxide
method”, is based on reactions between magnetite-ulvospinel and hematite-ilmenite solid
solutions (Buddington and Lindsley, 1964). It uses the reaction:

FeTiO, + Fe, O, = Fe,TiO, + Fe,O, (1)
to determine temperature and the reaction:

4Fe 0, + 0O, = 6Fe,0O, (2)
for calculation of fO,. This method is currently only applicable to samples that equilibrated
at fO, less than one log unit above the nickel-nickel oxide oxygen buffer (NNO+1)
because experiments at higher fO, have not been incorporated into the mixing models.
Application of this method to felsic intrusive rocks that crystallized at fO, above NNO+1
typically produces temperatures well below possible magmatic conditions and yields
unreasonably high fO, (Dilles, 1987; Cornejo and Mahood, 1997). This method often
overestimates both temperature and fO, when applied to oxidized, felsic volcanic rocks
that formed at fO, above NNO+1 (Scaillet and Evans, 1999).

Experimental data at high fO, are required to improve the mixing models for
magnetite and hematite for application of the two oxide method to more oxidized
conditions. The available experimental data on natural compositions at high fO, are on
dacite and rhyolite bulk compositions (Scaillet and Evans, 1999) or on the pure Fe-Ti-O

system (Lattard et al., 2003). Scaillet and Evans (1999) found that the model of Ghiorso



and Sack (1991) overestimates both T and fO, under oxidized conditions. They
determined that the Pinatubo dacite most likely crystallized at 1.7 log units above NNO
instead of 2.5-3 log units above NNO determined by previous studies (Hattori, 1993; Imai
et al., 1993; Hattori, 1996). Lattard et al. (2003) showed that ilmenite compositions do
not change significantly with T at high fO, where X, < 0.64. This is consistent with the
newly revised version of the Ghiorso and Sack (1991) mixing model by Ghiorso et al.
(2003) but does not fit the QUILF mixing model. This study was undertaken in order to
evaluate the application of mineral equilibria in Table 1 to oxidized igneous rocks of
intermediate composition. The composition of oxides and silicates were analyzed in the
experimental run products of Luhr (1990) on a trachyandesite that was equilibrated at high
fO,. Variations of the mineral compositions in this study provide a new set of data for use
in improving activity models for oxides and silicates. They also offer a means of

estimating the expected errors for fO, calculations in andesites and granitoids.

Experimental Technique

Luhr (1990) presented details of the experimental technique. The starting material
for all experiments in his study was an El Chichon trachyandesite doped with anhydrite.
The experiments were run at temperatures of 800,850, 900, or 950°C and pressures of 2,
2.5, or 4 kbar in an internally heated pressure vessel (Table 2.1). All experiments were run
under volatile saturated conditions as evidenced by the presence of voids in the glass (Fig.
2.1). Oxygen fugacity of the charges was buffered using manganosite-hausmanite (MnH)
or magnetite-hematite (MH) in double gold capsules. The experiments were not reversed,
so mineralogical and chemical evidence must be used to test whether equilibrium was
approached. Luhr (1990) demonstrated systematic changes in mineralogy and glass
compositions of the charges with changing fO,, T, and P. Housh and Luhr (1991) showed
systematic compositional changes in plagioclase, with Ca increasing with T, and Na
decreasing with T. Equilibrium was evaluated further in this study using mineral

compositions.



Table 2.1. Experimental conditions of charges from Luhr (1990). H,O was calculated as
the difference between the microprobe total for the glass and 100. Also shown are the
a(Si0,) relative to both silica glass and quartz.

Samples 104 105 114 119 139 149 165 169
fO, buffer MnH MH MH MH MH MnH MnH  MnH
Absolute fO, -7.30 946 -735 -642 -835 -998 -9.00 -8.12
fO, rel MH -0.88 0.00 0.00 000 0.00 -052 -0.65 -0.77
T(°C) 950 800 900 950 850 800 850 900
P(bars) 2000 2000 2000 2000 2000 2000 2000 2000
H,O (wt. %) 7.98 8.7 825 697 848 889 101 8.31

a(Sio,) (rel. silica glass) 0.374 0.456 0.404 0.379 0.433 0452 0.418 0.399
a(Sio,) (rel. quartz) 0.504 0.691 0.565 0.512 0.629 0.684 0.606 0.558

Samples 181 189 193 195 203 263 268
fO, buffer MH MnH MH MH MnH  MnH MH
Absolute fO, 731 -799 -942 -942 -983 -994 -945
fO, rel MH 0.00 -0.67 0.00 0.00 -041 -049 0.00
T(°C) 900 900 800 800 800 800 800
P(bars) 4000 4000 4000 4000 4000 2500 2500
H,O (wt. %) 1251 11.23 1056 1221 108 9.87 10.25

a(SiO,) (rel. silica glass) 0.371 0.362 0.421 0479 0.423 0444 0.446
a(Sio,) (rel. quartz) 0.570 0.556 0.706 0.804 0.711 0.689 0.694

MH = Magnetite-hematite. MnH = Manganosite-hausmanite



Analytical Methods

The necessary phases in each charge were analyzed using the Cameca SX-100
electron microprobe at the University of Michigan. Plagioclase, pyroxene, magnetite, and
ilmenite were analyzed with a 15 kV accelerating potential and beam currents of 10, 15,
20, and 20 nA, respectively. A focused beam was used to analyze all minerals except
plagioclase, which was analyzed with a 5 um rastered beam in order to minimize beam
damage. All analyses were corrected using the Cameca PAP program. The following
standards were used for pyroxenes: Na and Fe on acmite (ACM), Ca, Si, and Mg on
diopside (PX69), Al on jadeite (JADE), Ti on synthetic geikielite (GEIK), and Mn on
rhodonite (BHRH). The following standards were used for magnetite and ilmenite: Fe on
Elba hematite (HEMA), Ti on natural ilmenite (ILM), Al and Si on Ingamells almandine
(IALM), Mg on synthetic geikielite (GEIK), Mn on synthetic MnFe O, (JACB) or Broken
Hill rhodonite (BHRH), V on synthetic VO, (V205), Ca on Irving diopside (PX69), and
Cr on synthetic Cr,O, (CROX)), or synthetic uvarovite (UVAR). The following standards
were used for plagioclase: Na on Tiburon albite (TAB), Ca and Al on natural tanzanite
(TANZ), K and Si on natural microcline (GKFS), Fe on Ingamells almandine (IALM), Mg
on synthetic geikielite (GEIK), and Ba on synthetic Ba-chlorapatite (BACL). Pyroxene
and oxide analyses were evaluated for Fe**/Fe** using the method of Droop (1987).
Measurements of glass composition were obtained with 12 kV accelerating potential and
1-2 nA sample current and confirmed the accuracy of the results obtained by Luhr (1990).
Description of Charges and Mineral Compositions

The charges consist of coarse, euhedral crystals of clinopyroxene, plagioclase,
apatite, magnetite + hematite + hornblende =+ biotite + K-feldspar in a groundmass of glass
(Figure 2.1). Compositions were determined for magnetite, hematite, clinopyroxene, and
plagioclase for mineral equilibrium calculations. Glass analyses from Luhr (1990) were
used for the glass chemistry.

Several grains of each mineral were analyzed and average compositions were

10



Figure 2.1. BSE images of charges. A. Charge 105 - skeletal ilmenite with clinopyroxene and vapor
bubble. B. Charge 189 - magnetite inclusion in cpx and elongate ilmenite. C. Charge 139 - euhedral
ilmenite, magnetite, clinopyroxene, and plagioclase. D. Charge 149 - euhedral ilmenite with
clinopyroxene and hornblende. E. Charge 165 - euhedral ilmenite with plagioclase and vapor bubble. F
Charge 165 - euhedral hornblende and magnetite with residual clinopyroxene. cpx = clinopyroxene, hbl=
hornblende, ilm=ilmenite, mag=magnetite, plag=plagioclase, gla=glass, vap=vapor, ap =apatite

11



calculated (Tables 2.2-2.5). Grains were excluded from the average if the analytical total
was less than 98.5 or greater than 101.5 oxide wt.% for all minerals except magnetite. The
small size of the magnetite grains made it difficult to obtain acceptable totals, so a cutoff
of 98 wt.% was used for all samples except 263 and 268, where a cutoff of 97.5 wt.% had
to be used since no totals reached 98 wt.% after estimation of Fe**. Cores and rims of
larger grains were analyzed and no consistent variation was observed. In general there was
less than 5% compositional variation between grains in each charge. The only exception to
this was the magnetite in samples 105 and 203, which had large variations in Cr content
between grains making it difficult to get an accurate average composition. This uncertainty
did not significantly affect the activity calculations for ulvospinel or magnetite.
Clinopyroxene

Clinopyroxene occurs as euhedral grains that often have an elongate habit and
optically appear to be hornblende (Fig. 2.1). The pyroxene has an average formula

(Na,,Ca, ,)Mg, Fe* Fe** Al Ti J)Si Al )O,.Itis dominantly a diopside-

0.38
esseneite solid solution with minor Ca-Tschermaks (CaTs) and hedenbergite (Fig. 2.2).
The Ca and Na typically sum to less than one, indicating that the clinopyroxene is sub-
calcic with minor ferrosilite and enstatite solid solution. The Fe** substitutes as esseneite
(CaFe*AlSiO,) rather than acmite (NaFe**Si O,). The composition of pyroxene varies
little with changes in temperature and pressure of the experiments. Titanium and
tetrahedral Al increase somewhat with increasing P and decrease with increasing T.
Magnesium increases with increasing T whereas Fe?* decreases with T. There is no
correlation between fO, and either the calculated Fe’* or Fe*".
Plagioclase

Plagioclase forms euhedral laths ranging in width from 20-200 mm that increase in
Na and K content and decrease in Ca with decreasing temperature (Fig. 2.3), as observed

by Housh & Luhr (1991). Lower temperature experiments have compositions of about

An,, , Ab, . Or, , compared to about An, Ab, Or_ inhigher temperature runs.

12



Table 2.2. Clinopyroxene compositions from the experimental charges. Formula units are
calculated on the basis of 6 oxygens. Activities calculated using both the QUILF and
MELTS models.

N 15 15 15 13 16 18 17
Samples 104 105 114 119 139 149 165
fO, buffer MnH MH MH MH MH MnH MnH
SiO, 43.55 43.08 43.18 43.57 42.65 41.60 42.74
TiO, 1.50 1.86 1.78 1.61 1.70 1.70 1.75
ALO, 8.74 9.76 9.29 8.70 10.07 10.90 10.15
Fe,O, 9.54 8.62 8.88 9.47 8.85 9.94 8.60
FeO 1.19 1.75 1.63 1.36 1.41 1.30 1.52
MgO 11.11 10.64 10.79 11.05 10.48 9.67 10.42
MnO 0.28 0.31 0.29 0.30 0.31 0.32 0.30
CaO 23.43 23.39 23.32 23.45 23.41 23.55 23.35
Na,O 0.46 0.47 0.48 0.46 0.46 0.48 0.51
Totals 99.80 99.88 99.64 99.97 99.34 99.47 99.34
Si 1.644 1.625 1.633 1.643 1.617 1.582 1.620
Al(IV) 0.356 0.375 0.367 0.357 0.383 0.418 0.380
Ti 0.043 0.053 0.051 0.046 0.048 0.049 0.050
Al(VI) 0.033 0.059 0.047 0.030 0.067 0.071 0.073
Fe®* 0.271 0.245 0.253 0.269 0.253 0.285 0.245
Fe?* 0.037 0.055 0.051 0.043 0.045 0.042 0.048
Mg 0.625 0.598 0.608 0.621 0.592 0.548 0.589
Mn 0.009 0.010 0.009 0.010 0.010 0.010 0.010
Ca 0.948 0.945 0.945 0.948 0.951 0.960 0.948
Na 0.034 0.035 0.035 0.034 0.034 0.035 0.037
MELTS Activities

CaMgSi,O, 0.68 0.68 0.67 0.68 0.67 0.67 0.67
Mg,Si,O, 0.16 0.21 0.18 0.15 0.15 0.03 0.14
CaFeSi,0, 0.05 0.07 0.06 0.05 0.06 0.06 0.06
CaFeAISiO, 0.46 0.49 0.45 0.45 0.49 0.55 0.48
NaAISi,O, 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Fe,Si,0O, 0.00 0.01 0.01 0.00 0.01 0.00 0.01
QUILF Activities

Mg,Si,0, 1.05 1.12 1.03 1.02 1.12 1.18 1.10
Fe,Si,0O, 0.0043 0.0090 0.0082 0.0056 0.0061 0.0054 0.0073
CaMgSi,O, 0.83 0.85 0.83 0.83 0.85 0.87 0.84
CaFeSi,0, 0.030 0.035 0.039 0.035 0.031 0.027 0.034
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Table 2.2 (cont’d)

N 16 16 16 2 5 14 14
Samples 169 181 189 193 203 263 268
fO, buffer MnH MH MnH MH MnH MnH MH
SiO, 43.66 42.20 43.32 41.98 42.16 42.85 43.15
TiO, 1.59 1.89 1.81 2.11 1.77 1.91 1.73
ALO, 9.62 10.10 9.54 10.69 10.68 9.24 9.64
Fe,O, 8.04 9.88 8.28 8.79 8.80 8.42 8.11
FeO 2.04 0.81 1.84 1.96 2.21 1.75 2.39
MgO 10.71 10.37 10.65 9.69 9.50 10.67 10.41
MnO 0.32 0.25 0.27 0.29 0.27 0.25 0.28
CaO 23.39 23.39 23.38 23.53 23.39 23.19 23.28
Na,O 0.48 0.57 0.51 0.52 0.57 0.48 0.45
Totals 99.86 99.45 99.60 99.56 99.34 98.77 99.44
Si 1.645 1.600 1.637 1.594 1.605 1.634 1.636
Al(IV) 0.355 0.400 0.363 0.406 0.395 0.366 0.364
Ti 0.045 0.054 0.051 0.060 0.051 0.055 0.049
Al(VI) 0.072 0.052 0.062 0.073 0.084 0.050 0.067
Fe®* 0.228 0.282 0.235 0.251 0.252 0.242 0.232
Fe? 0.064 0.026 0.058 0.062 0.070 0.056 0.076
Mg 0.601 0.586 0.600 0.548 0.539 0.607 0.588
Mn 0.010 0.008 0.009 0.009 0.009 0.008 0.009
Ca 0.944 0.950 0.947 0.957 0.954 0.948 0.946
Na 0.035 0.042 0.038 0.038 0.042 0.035 0.033
MELTS Activities

CaMgsSi, 0, 0.66 0.68 0.67 0.67 0.66 0.69 0.67
Mg,Si, 0, 0.16 0.07 0.13 0.02 0.03 0.19 0.19
CaFeSi,O, 0.08 0.04 0.07 0.08 0.09 0.07 0.09
CaFeAlSiO, 0.43 0.49 0.43 0.49 0.49 0.48 0.47
NaAlISi,O, 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Fe,Si,0O, 0.01 0.00 0.01 0.00 0.00 0.01 0.02
QUILF Activities

Mg,Si,0, 0.96 1.16 0.98 1.04 0.98 1.12 0.99
Fe,Si,0O, 0.0126 0.0022 0.0106 0.0133 0.0170 0.0094 0.0174
CaMgSi,O, 0.82 0.85 0.82 0.84 0.83 0.85 0.83
CaFeSi,0O, 0.050 0.019 0.045 0.043 0.050 0.036 0.051
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Figure 2.2. Ternary diagram showing the major M1 cations in the experimental
clinopyroxene. The clinopyroxenes in this study are mainly diopside-esseneite solid
solutions. Clinopyroxene composition does not correlate with T or fO,. Although Fe**
content of the MH equilibrated grains appears to be higher in the inset, most analyses are
in indistinguishable because of uncertainties in Fe** calculations from microprobe analyses.
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Figure 2.3. Ternary diagram showing the composition of experimental plagioclase. Na and
K contents increase and Ca contents decrease with decreasing T as indicated by the

symbols.
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Magnetite

Magnetite grains are typically very small (5-10 um diameter) and rounded,
occurring most frequently in the groundmass and also as inclusions in plagioclase or
clinopyroxene phenocrysts. The magnetite has an average formula
Mg, Mn,  Fe* Al Ti Cr  Fe* O, orabout72% magnetite, 12% spinel, 11%
magnesioferrite, 5% jacobsite and 3-6% ulvospinel (Figure 2.4). Magnetite composition
varies with experimental fO, and T. It shows a slight decrease in Fe** and Ti with
increasing fO,, an increase in Al and Mg with T and a decrease in Fe** decreases with T.
There is no significant compositional correlation with the P of the experiments.
Hematite

Hematite grains are large (50-100 um platelets), subhedral to euhedral and locally
skeletal (Fig. 2.1). The hematite grains have average composition
Mg, Mn  Fe*  Fe* Al Ti O, with 69-80% hematite, 17-25% ilmenite, 5%
geikielite, 2% corundum and 1% pyrophanite (Figure 2.4). The Fe** and Cr contents of the
hematite increase with increasing experimental fO, while the Ti and Fe** contents decrease
with fO,. None of the other elements correlate with fO,. The composition of hematite also
changes with T. Manganese, Ti, and Fe** decrease with T while Al and Mg increase with T.
There is no significant correlation between hematite composition and P.
Indications of EquilibriumIndications of Equilibrium

Textural Observations

A necessary condition for application of reactions for phase equilibria is that the
phases reached equilibrium. This can be assessed, in part, by observation of textures
(Figure 2.1). Most of the grains that crystallized in the charges are euhedral and are
relatively large and unzoned, suggesting that they were stable as they grew. The skeletal
crystals of hematite do not appear to have reacted with the surrounding glass or minerals
indicating that the skeletal nature of the crystals is most likely due to rapid crystal growth.

Less than 5% of pyroxenes have rims consisting of amphibole, which could indicate an

17



Table 2.4. Spinel compositions for the charges including activities calculated using both
MELTS and QUILF activity models.

N 4 14 7 4 6 4
Sample 104 105 114 139 149 169
fO, buffer MnH MH MH MH MnH MnH
SiO, 0.13 0.34 0.1 0.19 0.12 0.28
TiO, 1.10 1.71 1.47 0.97 1.84 2.68
ALQ, 3.82 3.09 3.16 2.20 1.57 2.82
V.0, 0.00 0.10 0.01 0.00 0.00 0.10
Cr,0O, 0.27 0.62 0.11 0.13 0.14 0.00
Fe,O, 64.49 62.23 64.56 65.04 63.59 61.47
FeO 20.34 24.45 21.98 23.08 26.86 25.65
MgO 7.01 4.38 5.85 4.19 2.38 4.11
MnO 1.29 1.79 1.72 2.47 2.25 1.96
Ca0o 0.00 0.26 0.07 0.00 0.00 0.19
Totals 98.45 98.96 99.04 98.25 98.75 99.24
Si 0.005 0.012 0.004 0.007 0.004 0.010
Ti 0.030 0.047 0.040 0.027 0.052 0.074
Al 0.163 0.134 0.136 0.097 0.070 0.122
\% 0.000 0.003 0.000 0.000 0.000 0.003
Cr 0.008 0.018 0.003 0.004 0.004 0.000
Fe®* 1.759 1.726 1.772 1.831 1.812 1.705
Fe? 0.617 0.753 0.670 0.722 0.851 0.791
Mg 0.379 0.240 0.318 0.234 0.134 0.226
Mn 0.040 0.056 0.053 0.078 0.072 0.061
Ca 0.000 0.010 0.003 0.000 0.000 0.007
MELTS Activities

FeCr,O, 0.000 0.000 0.000 0.000 0.000 0.000
FeALO, 0.052 0.083 0.051 0.039 0.035 0.058
Fe,O, 0.593 0.676 0.639 0.719 0.777 0.664
MgALO, 0.204 0.272 0.183 0.116 0.069 0.152
Fe,TiO, 0.013 0.016 0.012 0.008 0.019 0.043
QUILF Activities

MgFe,O, 0.319 0.196 0.264 0.212 0.112 0.168
MnFe,O, 0.045 0.052 0.054 0.081 0.058 0.048
Mg, TiO, 0.001 0.003 0.002 0.001 0.002 0.003
Fe,O, 0.590 0.675 0.618 0.670 0.743 0.660
Fe,TiO, 0.001 0.006 0.002 0.001 0.009 0.010
Xmag 0.587 0.706 0.630 0.695 0.798 0.716
X 0.030 0.047 0.040 0.027 0.052 0.074
MELTS vy

Vrnag 1.010 0.957 1.014 1.034 0.974 0.927
Yo 0.421 0.338 0.285 0.307 0.353 0.576
QUILF ¢

Vimag QUILF 1.005 0.956 0.982 0.965 0.931 0.921
Y,. QUILF 0.034 0.121 0.059 0.055 0.173 0.134

na = not analyzed
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Table 2.4. (cont’d)

N 6
Sample 181
fO, buffer MH
SiO, 0.08
TiO, 0.57
ALO, 4.12
V,0, 0.00
Cr,0O, 0.42
Fe,O, 64.43
FeO 22.20
MgO 5.58
MnO 1.16
Ca0o 0.00
Totals 98.56
Si 0.003
Ti 0.016
Al 0.178
\Y 0.000
Cr 0.012
Fe®* 1.773
Fe? 0.679
Mg 0.304
Mn 0.036
Ca 0.000
MELTS Activities
FeCr,0, 0.000
FeAlLOQ, 0.075
Fe,O, 0.645
MgALQ, 0.255
Fe,TiO, 0.005
QUILF Activities
MgFe,O, 0.267
MnFe,O, 0.042
Mg, TiO, 0.000
Fe,O, 0.669
Fe,TiO, 0.000
Xmag 0.663
" 0.016
MELTS vy
Vrnag 0.973
Yo 0.297
QUILF vy
Vrmag 1.009
Yo 0.029

9
189
MnH
0.13
1.54
3.91
0.07
0.15
62.97
25.24
4.35
0.91
0.29
99.57

0.005
0.042
0.169
0.002
0.004
1.731
0.771
0.237
0.028
0.012

0.000
0.086
0.662
0.230
0.014

0.188
0.027
0.001
0.710
0.004
0.729
0.042

0.909
0.340

0.975
0.098

5
203
MnH
0.10
1.24
3.22
0.04
2.78

60.19
26.54
2.96
1.21
0.07
98.34

0.004
0.035
0.141
0.001
0.081
1.700
0.833
0.165
0.039
0.003

0.000
0.105
0.721
0.250
0.013

0.140
0.036
0.001
0.761
0.005
0.797
0.035

0.903
0.375

0.955
0.142

5
263
MnH
0.16
1.33
1.51
0.00
0.08
63.60
26.60
2.10
2.10
0.00
97.48

0.006
0.038
0.068
0.000
0.002
1.841
0.856
0.120
0.069
0.000

0.000
0.032
0.784
0.074
0.010

0.105
0.059
0.001
0.770
0.006
0.817
0.038

0.960
0.261

0.943
0.146

9
268
MH
0.15
1.04
1.60
0.04
0.26

64.43
25.29
2.69
2.26
0.08
97.83

0.006
0.030
0.072
0.001
0.008
1.848
0.806
0.153
0.073
0.003

0.000
0.032
0.784
0.074
0.010

0.139
0.069
0.001
0.744
0.003
0.777
0.030

1.010
0.337

0.959
0.101

na = not analyzed



Table 2.5. Hematite compositions for the charges with activities calculated using the
QUILF and MELTS activity models.

N 10 6 16 10 11 4
Sample 105 114 139 149 181 189
fO, buffer MH MH MH MnH MH MnH
SiO, 0.36 0.03 0.21 0.03 0.05 0.06
TiO, 12.95 13.37 11.96 15.34 9.54 14.27
ALO, 0.58 1.02 0.77 0.51 1.43 1.26
V,0, 0.26 0.08 0.00 0.00 0.00 0.10
Cr,0, 0.06 0.04 0.02 0.00 0.04 0.02
Fe,O, 74.06 73.31 76.01 70.35 80.73 71.42
FeO 9.37 7.78 7.98 11.38 6.10 9.64
MgO 1.06 2.12 1.42 1.05 1.32 1.60
MnO 0.64 0.35 0.49 0.57 0.17 0.20
CaO 0.12 0.1 0.00 0.00 0.00 0.17
Totals 99.45 98.21 98.87 99.24 99.38 98.74
Si 0.009 0.001 0.005 0.001 0.001 0.002
Ti 0.253 0.262 0.235 0.301 0.186 0.279
Al 0.018 0.031 0.024 0.016 0.044 0.039
vV 0.005 0.002 0.000 0.000 0.000 0.002
Cr 0.001 0.001 0.001 0.000 0.001 0.001
Fe® 1.450 1.440 1.495 1.381 1.580 1.397
Fe? 0.204 0.170 0.174 0.248 0.133 0.210
Mg 0.041 0.082 0.055 0.041 0.051 0.062
Mn 0.014 0.008 0.011 0.013 0.004 0.004
Ca 0.003 0.003 0.000 0.000 0.000 0.005
MELTS Activities

MgTiO, 0.028 0.045 0.031 0.033 0.019 0.036
Fe,O, 0.562 0.545 0.587 0.501 0.652 0.522
FeTiO, 0.118 0.087 0.085 0.169 0.046 0.110
MnTiO, 0.009 0.004 0.006 0.010 0.001 0.002
QUILF Activities

FeTiO, 0.239 0.127 0.149 0.306 0.084 0.177
MgTiO, 0.072 0.135 0.094 0.070 0.082 0.106
Fe,O, 0.608 0.553 0.606 0.563 0.638 0.517
MnTiO, 0.029 0.015 0.021 0.025 0.007 0.009
X 0.204 0.170 0.174 0.248 0.133 0.210
Xiom 0.725 0.720 0.747 0.690 0.790 0.699
X i 0.041 0.082 0.055 0.041 0.051 0.062
MELTS vy

Vi 0.581 0.513 0.486 0.680 0.349 0.525
YVoorn 0.774 0.757 0.785 0.726 0.826 0.747
QUILF y

Vi 1.171 0.751 0.858 1.235 0.632 0.847
Yoo 0.838 0.768 0.811 0.816 0.808 0.739

na = not analyzed

20



Table 2.5 (cont’d).

N 17
Sample 203
fO, buffer MnH
SiO, 0.01
TiO, 14.38
ALO, 0.70
V,0, 0.08
Cr,0O, 0.02
Fe,O, 71.85
FeO 10.94
MgO 0.90
MnO 0.39
CaOo 0.02
Totals 99.29
Si 0.000
Ti 0.282
Al 0.021
\ 0.002
Cr 0.001
Fe®* 1.411
Fe? 0.239
Mg 0.035
Mn 0.009
Ca 0.000
MELTS Activities
MgTiO, 0.026
Fe,O, 0.525
FeTiO, 0.151
MnTiO, 0.006
QUILF Activities
FeTiO, 0.299
MgTiO, 0.061
Fe,O, 0.576
MnTiO, 0.017
Xim 0.239
Xiom 0.706
Xgeik 0.035
MELTS vy

Yim 0.635
Yoem 0.745
QUILF vy

Yim 1.251
Yoem 0.816

11
263
MnH
0.05
15.00
0.50
0.00
0.01
70.37
11.38
0.93
0.51
0.00
98.75

0.001
0.296
0.015
0.000
0.000
1.390
0.250
0.036
0.011
0.000

0.025
0.567
0.120
0.006

0.308
0.062
0.566
0.023
0.250
0.695
0.036

0.481
0.816

1.234
0.815

21
268
MH
0.04

12.77
0.56
0.06
0.03

74.63
9.37
0.95
0.45
0.02

98.87

0.001
0.252
0.017
0.001
0.001
1.475
0.206
0.037
0.010
0.001

0.025
0.567
0.120
0.006

0.245
0.065
0.610
0.020
0.206
0.737
0.037

0.584
0.769

1.194
0.828

na = not analyzed

21



Rutile

MH MnH Ti 9

goo ®@ O 0v .

850 M [ ) .

900 @ <

950 A A oo b ¢

llmenite ‘ O
60 o “““““““““ “““““““““““ \ \O%% -: L
Ulvéspinel

Fe2+
FeO

40

20 60 80 Fes*

Magnetite
Figure 2.4. Ternary diagram showing composition of experimental oxides. Insets show the
compositions of hematite and magnetite. The lines show the positions of hematite-ilmenite
and magnetite-ulvospinel solid solutions. The compositions vary with fO, with the MH
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increase in water activity during crystallization of anhydrous phases. Only a few grains
were observed that appeared to show clinopyroxene reacting to form hornblende. In most
cases the clinopyroxene appeared to act as a nucleation site for the hornblende in
equilibrium with stable clinopyroxene. Additional textural evidence for equilibrium is
provided by sharp grain boundaries, which indicate that minerals did not react to form

other minerals. It is inferred that most minerals were stable at the time they crystallized.

Chemical Constraints

Additional evidence for equilibrium can be seen in the composition of minerals in
the run products. The silicate and oxide grains are usually homogeneous and show only
minor variations in composition across large grains. An indication that the oxides
equilibrated with one another is provided by elemental partitioning. For instance, Mg/Mn
ratios for magnetite and hematite are very close to the equilibrium range determined by
Bacon & Hirschmann (1988) (Figure 2.6). The slight departure of the samples from the
equilibrium line may be due to the presence of Mn3*,
Calculations of fO,

Methods

Oxygen fugacity and T were calculated from Reactions land 2 using
thermodynamic databases and mixing models from both MELTS (Ghiorso and Sack,
1995) and QUILF (Andersen et al., 1993). Silicate-oxide-melt equilibria were also

evaluated using the following reactions:

3Fe,Si,0, + 0O, =2Fe,0, + 6SiO, (3)
2Fe,Si,0, + 0, =2Fe O, +48Si0, (4)
6CaFeSi,0, +3Mg,Si O, + O, = 2Fe,0, + 6Si0, + 6CaMgSi, 0O, &)
4CaFeSi 0, +2Mg Si,0, + O, = 2Fe,0, +48Si0, + 4CaMgSi,0, (6)
3CaFeSi,0, +3CaAl Si, O, + Fe,0, + O, = 6CaFe’*AlSiO, + 6SiO, (7)
4CaFeSi,0, +4CaAlSi O, + 2Fe 0, + O, = 8CaFe**AlSiO, + 8SiO, (8)

Reactions 3 and 4 were calculated using only the QUILF mixing models because they
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involve the ferrosilite component of clinopyroxene, which is not explicitly included in the
MELTS thermodynamic database. Reactions 5 and 6 were evaluated using MELTS in lieu
of reactions 3 and 4. Reactions 7 and 8 were calculated using only the MELTS mixing
model because they involve the esseneite component of clinopyroxene, which is not
included in the QUILF data set.

For the calculations using MELTS, activities and free energies were calculated for
clinopyroxene and plagioclase using the internet-based MELTS supplemental calculator
(Ghiorso and Sack, 1995) and for magnetite and hematite using a spreadsheet obtained
from Mark Ghiorso (pers. comm., 2004) that contains a more up-to-date mixing model for
rhombohedral oxides. A MatLab program was written to automate the submission of
composition data and retrieval of activity and free energy data from the MELTS
supplemental calculator website. MatLab was also used for calculating oxygen fugacity
using the MELTS thermodynamic data (4ppendix II). The fO, and T were directly
calculated by entering compositions for clinopyroxene, magnetite and hematite into the
QUILF computer program.

Reactions 3-6 require knowledge of the aSiO, because the experiments are
undersaturated with respect to quartz. The activity of SiO, relative to a silica glass
standard state was determined by entering the glass compositions into the MELTS
supplemental calculator. This standard state is appropriate for calculations using the
MELTS mixing models, but QUILF requires that aSiO, be relative to a quartz standard
state. Conversion from one standard state to another was undertaken using the reaction:

Si0, (glass) = Si0, (quartz)

and thus
— GR

aSiO, (quartz) =e T aSiO, (glass)
where AG, is the AG of the reaction. The aSiO, is affected by the water content of the

glass, so two different estimates were made to evaluate the importance of the estimate.

One estimate was made assuming that the glass was water saturated using the model of
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Moore et al. (1998) and a second assuming that water content is the difference between
the total on the microprobe analyses of the glass and 100. These estimates produce aSiO,
estimates that are less than 5% different leading to negligible differences in fO,
calculations. For all calculations the second estimate was used.

Results

Temperatures calculated from analyses on the experimental products are shown in
Table 2.6. Calculations of two-oxide thermometry using reaction 1 produced consistently
low temperatures using the QUILF data and consistently high temperatures using the
MELTS data (Fig. 2.6). The MELTS temperatures average 290°C higher than the
experimental temperature with only one data point within 50°C. The QUILF temperatures
average 490°C lower than the experimental temperature with no points within 50°C of
experimental temperatures. For both sets of data the calculated temperatures are more
accurate for MnH buffered experiments than for the MH experiments.

The fO, calculations using Reaction 2 with QUILF data average 0.3£0.5 log units
below the experimental value. Most of calculated fO, values are less than the experimental
values with two points above the expected value. The calculations for charges at MnH are
more accurate than those at MH. The fO, calculations using Reaction 2 with MELTS data
are more consistent than the QUILF data with an average of 0.4+0.2 log units below the
experimental value. All of the calculated values are lower than the experimental fO, and all
the calculations for charges at MnH are more accurate than those at MH (Fig. 2.7).

The fO, calculations using reactions 3 and 4 were only made using QUILF data
because they require the activity of ferrosilite in clinopyroxene (Fig. 2.8A). These data
show more scatter than the two-oxide data with calculated fO, ranging from -1.6 to +2.2
log units different than the experimental value. The calculations are an average of (.55 log
units below the experimental value with a one-sigma standard deviation of 0.62 log units.
Reactions 5 and 6 are the combination of reactions 3 and 4 and the following exchange

reaction:
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2CaFeSi,0, + Mg Si O, = 2CaMgSi, O, +Fe Si O,

Calculations using these reactions were made using MELTS data only because they are
essentially the same as Reactions 3 and 4 (Fig. 2.8B). Most of the samples plot within 0.5
log units of the expected value with three samples plotting very high. Samples 149, 181,
and 203 have clinopyroxene with higher Ca and Na contents than pyroxenes in other
samples. The M2 site is nearly filled in these clinopyroxenes leading to very low mole
fractions of clinoenstatite. Since clinoenstatite is on the same side of the reaction as
oxygen the fO, is overestimated. Excluding these three samples, calculations are an
average of 0.13 log units below the experimental value with a one-sigma standard
deviation of 0.52 log units.

The fO, calculations using reactions 7 and 8 involve the esseneite component of
clinopyroxene and thus were only calculated for the MELTS activity model (Fig. 2.9). The
difference between calculated and experimental fO, increases with decreasing temperature.
For all but one calculated fO, the values were higher than the experimental value. The
results with reaction 7 involving magnetite are more accurate than those with reaction 8
involving hematite.

Discussion

Two-oxide thermometry

For the experimental charges in this study both QUILF and MELTS fail to
reproduce experimental temperatures using Reaction 1 (two-oxide reaction). The errors in
the two activity models are not consistent, with QUILF calculations producing low T and
MELTS calculations producing high T. In order to examine the differences between the

mixing models it is useful to look at the y values where

for component i.

The major difference in the MELTS vs. QUILF models is the activity of the FeTiO

3

component of the hematite and the Fe, TiO, component of the magnetite. At 800°C the
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Figure 2.9. Difference between calculated and experimental fO, for Reactions 7
(hedenbergite-anorthite-magnetite-esseneite-quartz) and 8 (hedenbergite-anorthite-
hematite-esseneite-quartz) using MELTS mixing models.
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average Y(FeTiO,) using MELTS is 0.59 while the value for QUILF is 1.21 and this
difference is smaller at higher T. At 900°C the average Y(FeTiO,) using MELTS is 0.46
while the value for QUILF is 0.74. The large differences in y(FeTiO,) in hematite might be
related to the structural and magnetic change in hematite at high T. Most of the
compositions used to calibrate the activity models are ilmenite-rich and have the R3
structure whereas the compositions in this study are hematite-rich and would have

R3c structure (Ghiorso and Sack, 1991). This changes the ordering in the structure of
hematite leading to differences in the mixing model, a change that is modeled explicitly in

the most recent calibration of MELTS (Ghiorso et al., 2003).
The other major factor that influences thermodynamic calculations with the oxides

is the Fe, TiO, activity in magnetite. At 800°C the average Y(Fe,TiO,) using MELTS is 0.33
while the value for QUILF is 0.13. At 900°C the average y(Fe,TiO,) using MELTS is 0.37
while the value for QUILF is 0.08. For both models the data at 900°C and 800°C are
within one standard deviation of each other. Both of these factors lead to QUILF
producing lower temperatures than MELTS. The y(Fe,0,) and y(Fe,O,) for the two
models are very similar and do not affect the thermometry calculations significantly.
Several p