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Abstract

Magmatism happening on the earth and other planets mainly involves Si0O,,
TiO,, ALO,, Cr,0,, Fe,0,, FeO, MgO, Ca0, Na,0, K,O, H,0 and CO,. It is reasonably
approximated by the partial melting behaviour of the system CaO-MgO-AlQO,-Si0,
(CMAS) which has been extensively studied. The effectsof FeO and Na,O on this
process have been studied in the systems CMAS-FeO* and CMAS-Na,O, respectively.
The geochemical behaviour of other oxides in the partial melting process, however,
has not been rigorously studied so far, The current study is intended to partially
address this issue, and my attention has been mainly focused on the phase assemblage
of spinel lherzolite plus melt (olivine (Ol) + spinel (Sp) + orthpyroxene (Opx) +
clinopyroxene (Cpx) + melt (Melt)).

In this PhD study, high temperature-high pressure experiments have been carried
out in the systems CMAS £ K,O (Chapter 2), CMAS-Cr,0,-K,0 (Chapter 3) and
CMAS-H,0-CO, (Chapter 4) at 11 kbar and from 1200 "C to 1380 "C using piston-
cylinder apparatus. Due to the inaccuracy of literature data in the system CMAS-Na,O
(CMASN), some experiments have also been conducted in this system. During this
study, new experimental techniques have been developed and successfully applied.
The major analytical techniques used in this study are electron microprobe, infrared
spectroscopy, scanning electron microprobe, X-ray diffraction and laser-ablation ICP-
MS.

The study in the system CMAS + K,O (Chapter 2) at 11 kbar suggests that
partial melting for a spinel lherzolite occurs over a wide temperature range (-~ 60
degrees from ~ 1260 °C to ~ 1320 °C), produces a wide range of melt composition
(from quartz tholeiite at low temperatures to olivine basalt at high temperatures) and
occurs according to different melting reactions. The major changes of the partial
melting reaction caused by the addition of K,O into the system CMAS are that spinel
joins olivine to be in a reaction relationship with melt. and Opx replaces Cpx to be the
number one contributor to the partial melting process at high K>O concentrations.

The extrapolated result at 0 wt% K,O (1. e., the isobarically invariant point of the
system CMAS), a temperature of ~ 1319 "C with a melt composition of 49.09 wit%
510,, 20.14 wt% AlLO,, 15.45 wt% MgO and 15.33 wt% CaO, from the experiments
displaying a spinel-lherzolite phase assemblage in the system CMAS + K,O, is fully

confirmed by reversal experiments using the extrapolated melt composition, with and
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without the addition of olivine. This identifies a new experiment method (the K,O-
method) which potentially can be applied to indirectly determine melt compositions in
low variance phase assemblages.

The study in the system CMAS + K,O has also been extended to locate several
other isobarically invariant points at 11 kbar, namely Sp + Opx + Cpx + anorthite (An)
+ Melt at ~ 1320 °C in the system CMAS, Fo + Sp + Opx + Cpx + sanidine (San)
+Melt at ~ 1240 °C, Sp + Opx + Cpx + An + San + Melt at ~ 1230 "C and Opx + Sp +
An + San + sapphirine (Sapph) + Melt at ~ 1230 °C in the system CMAS-K,O. The
coexisting of An with San observed here provides valuable data for the
thermodynamic modelling of plagioclase, which has only had limited success.

The K,O method designed and justified in the study in the system CMAS £ K,O
has been successfully applied in my study in the system CMAS + Cr,O, (Chapter 3).
This technique not only helps to overcome the isobarically pseudo-invariant nature of
the partial melting process of spinel lherzolite in this system, but also helps to modify
the melt so that it becomes quenchable. In order to ensure most chromium is Cr",
Fe,O, is used as external hydrogen fugacity buffer in the experiments. With these
experimental techniques, the effect of Cr,0.0on partial melting is successfully studied
for the first time.

During the partial melting process Cr,O, tends to retain in the solid phases and
the distribution coefficient of Cr,0, observed here is 0.84 between Ol and Melt, 165.8
between Sp and Melt, 7.2 between Opx and Melt, and 8.7 between Cpx and melt.
These numbers suggest that Cr" is extremely compatible during partial melting
process. The effect of chromium on the melt compositions, therefore, is not readily
apparent from the melts themselves.

My experiments in the system CMAS + Cr,O, indicate that Cr,O, increases the
solidus of the system. Interestingly, this effect is not linear with the Cr,0O, content of
the bulk composition but is very strong at low Cr,O, contents, very weak at median
Cr,0, contents and very strong again at high Cr,O, contents. This phenomenon is
comparable to the effect of Cr,O, on the subsolidus phase transformation between
spinel lherzolite and garnet lherzolite.

The phase relationship of pyroxenes in the system CMAS-Cr,O, at 11 kbar is
very different to that of the system CMS. In the CMAS-Cr,O, system, low Ca-Cpx and
high Ca-Cpx can not coexist at high temperatures, and the stable pyroxene
combination is Opx and a supercritical Cpx, the latter of which decreases its Ca

content rapidly but continuously, as temperature increases.
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Cr,0, also changes the melt composition. It substantially decreases the AlO,
content but strongly increases the MgO content. It increases the SiO, content at a
relatively weaker level. Its effect on the CaO content, however, is negligible. As Cr,0,
increases, thus, the CaO/Al O, ratio of the melt increases sharply and the melt
progressively becomes more Di-normative. Another interesting effect of Cr,0O, on the
melt composition is that a small amount of Cr,0, makes the melt Qz-normative but
more Cr,0, does not make the melt more Qz-normative. Instead, the melt moves
towards Hy and remains only marginally Qz-normative.

The excellent agreement (high SiO,, high CaO/AlO,, high Di component and
Hy-normative) between the experimentally produced melts at high Cr,0, conditions in
the system CMAS-Cr,O, and the melt inclusions in Sp and Ol from mid-ocean ridge
basalt and oceanic island basalt suggests that the upper mantle from which magma is
generated is very refractory. The much lower Di component of the most primitive
MORBs documented to date possibly indicates that these melts might have been
modified by high pressure fractional crystallisation of Cpx. The much lower Di
component of the experimentally produced melts using natural rock compositions in
the literature, however, suggests that the starting compositions used in the experiments
were too fertile (poor in Cr,0,).

The effect of H,O and CO, on the partial melting process of the Earth’s upper
mantle is a long standing problem. Due to some special experimental difficulties and
the problem associated with determining the volatile contents of small amount of melt,
no literature data published so far provides a complete data set for a study on the effect
of fluids. In my study in the system CMAS-H,0-CO, (Chapter 4), high quality
experimental data has been successfully obtained and the effect of H,O and CO, can be
rigorously parameterised.

The study in the system CMAS-H,0-CO, suggests that H,O has a strong effect
on the solidus of spinel lherzolite: 1 wt% H,O depresses the solidus by ~ 38 degrees.
The effect of CO, on the solidus, however, is negligible.

The effect of H,O on melt composition is 1 wt% H,O decreases MgO by 1.49
wt% and CaO by 0.39 wt%, but increases Al,O, by 0.67 wt% and Si10, by 0.11%. This
effect should make the melt corundum-normative and quartz-normative at high water
contents. The literature studies at H,O-free conditions and at H,O-saturated conditions,
therefore, have been linked together as a full picture by my study.

The effect of CO, on the melt composition is much stronger than and generally
opposite to that of H,O: the increase of Si0O, caused by 5 wt% H,O, for example, can

be fully cancelled by 1 wt% CO,. The effect of CO, on the melt composition, however,
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is not constant but increases with the H,O content of the melt. At CO,-rich conditions,

nepheline-normative melt may be produced.




Remarks on the structure of the thesis

The chapters of this thesis have been structured as separate scientific papers with
the exception of Chapter 1 and Chapter 5, the former being an introduction to this
thesis and the latter a concluding section summarising the most important results of
this thesis. As a result, repetitions may occur, especially in the introductory sections

and in the reference sections.
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Chapter 1

Introduction

Basaltic magmatism is a fundamental geological process on the Earth and other
terrestrial planets. In the case of the Earth, the major source of the basaltic magma is the
upper mantle, which consists, at successive depths, of plagioclase lherzolite (olivine,
orthopyroxene, clinopyroxene and plagioclase) at low pressure, spinel lherzolite
(olivine, orthopyroxene, clinopyroxene and spinel) at medium pressure, and garnet
lherzolite (olivine, orthopyroxene, clinopyroxene and garnet) at high pressure. When
mantle lherzolite ascends due to mantle convection, adiabatic decompression is
expected to produce magma over a range of pressures by a near-fractional melting
process.

Potentially, the product magma provides a valuable probe of the earth’s deep
interior which can not be directly sampled. Unfortunately, the magma-generating
process is highly complicated. The major components involved are SiO,, TiO,, Al,Os,
Cry03, Fes 03, FeO, Mg0O, Ca0, Nay0, K>0, H20 and CO;. Due to the large number of
components involved and the range of pressures and temperatures, compared to the
small number of participating minerals and melt, the magma-generating process has a
large number of degrees of freedom. Further complications are caused by processes
such as magma-mixing, fractional crystallisation and crustal contamination (Hess,
1989). Direct observation made on the natural igneous rock in the field, therefore, can
only provide ambiguous results about the initial magma-generating process.

Partial melting experiments at high temperatures and high pressures, however,
provide a powerful method of studying the magma-generating process. In principle,
there are two ways to undertake the experiments.

Partial melting experiments can be conducted with complex multi-component
compositions intended to simulate the composition of the upper mantle (Table 1). These
experiments have the advantage of being close to compositions found in natural
lherzolites, so that the experimental results may be directly comparable to the
observations made in the nature, without significant extrapolation. There are, however,

disadvantages. With such natural rock compositions, there are so many degrees of
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Table 1 continued

Nida & Green, 1999 4-32 925-1100 MPY-40 + H.O forward
Falloon & Danyushevsky, 2000 15-25 1350-1600 harzburgite, TP-40, boninite, 1 melt composition  forward
Herzberg et al.. 2000 50-97 165022000 KLB-1 forward
Pickering-Witter & Johnston, 2000 10 1270-1390 4 peridotitic compositions forward
Falloon et al., 2001 10 1310-1500 TP, TP-40, MPY and 6 melt compositions both

Muntener & Grove, 2001 12 10301250 basalt 85-44 and 85-41¢ +H,0 inverse
Schwab & Johnston, 2001 10 124521390 5 peridotitic compositions forward
Longhi, 2002 24-34 ? 8 melt compositions inverse
Pichavant et al., 2002 7.5-18 1200-1290 basalt STV 30] inverse

pyrolite-40*: pyrolite — 40% Ol, HP*, Hawaii peridotite, TP*, Tinaquillo peridotite. TP-40, Tinaquillo peridotite - 40% Ol; MPY -

40, MPY - 40% OL. 7. no details available. inverse: crystallising approach; forward, melting approach. References lists are from

1973 on.

Table 2 Experimental partial melting study in simple systems

Ref. P{kbar) T('C) Compositions Notes
Kushiro, 1969 20 975-1715 CMS + H;0 inverse

Yoder, 1971 10 ? CMAS-H,O H3O=saturated
Kushiro, 1972a 0.001 1365-1530 CMS inverse
Kushiro, 1972b 8-60 900-1590 CMAS-Na,O + H,O H,O-saturated
Kushiro, 1972¢ 10-20 1325-1535 CMAS 4+ Na,O lherzolite
Kushrio, 1974 15 ? CMAS-Na,0-H.0 + K,0 inverse
Presnall, 1976 8.7-14 1302-1400 CMAS inverse
Presnall, 1978 0.001-20 1263-1690 CMAS inverse
Eggler, 1978 <30 7 CMAS-Na,O-CO, Inverse
Presnall et al., 1979 0.001-20 1240-1443 CMAS lherzolite
Longhi & Boudreau, 1980 0.001 13781455 CMS inverse

Sen & Presnall, 1984 10 1260-1570 CMAS Inverse
Longhi, 1987 0.001 1240-1371 CMAS inverse

Liu & Presnall, 1989 0.001 1361-1377 CMAS inverse

Liu & Presnall, 1990 20 1350-1770 CMAS inverse
Libourel, 1991 0.001-15 ? CMAS-Cr,0, nverse

Shi & Libourel, 1991 0.001 1160-1275 CMAS-FeQ different-fO,
Walter & Presnall, 1994 7-35 1225-1594 CMAS-Na,O lherzolite
Gudfinnsson & Presnall, 1996 24-34 1495-1615 CMAS lherzolite
Sisson et al., 1997 12-28 ? CMAS-Na,0-H.0 Am-lherzolite?
Herzberg & Zhang, 1997 50 1750=1850 CMAS and CMAS-Fe* inverse
Milholland & Presnall, 1998 30 1400-1820 CMAS inverse
Herzberg & Zhang, 1998 30-150 1800-2225 CMAS and MS inverse

Dalton & Presnall, 19984 60 1380-1505 CMAS-CO;, carbonated lherzolite
Dalton & Presnall. 1998b 30-70 12451430 CMAS-CO, carbonated lherzolite
Gudfinnsson & Presnall. 2000 7-28 1260-1530 CMAS-FeO lherzolite
Conceicao & Green, 2000 5-20 1200-1400 MAS-FeO-K,0O inverse

Liu & Presnall, 2000 20 1340-1540 CMAS Inverse
Weng & Presnall, 2001 51 18501930 CMS inverse

inverse, crystallising approach to bracket the targets, lherzolite, melting approach, Fe*, Fe’, Fe*' and Fe'' 7' no details
available. References listed here are from 1969 on,
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freedom that it is difficult to relate an effect to a particular component. Also it is not
possible to rigorously extrapolate the experimental results to different temperatures,
pressures or compositions.

Alternatively, partial melting experiments can be conducted with simplified
compositions (Table 2). These experiments have the advantage of simplicity. It is
usually easy to determine the effect of a particular component on the partial melting
process. These experiments also produce valuable thermodynamic data for the
participating phases. There are, however, disadvantages associated with this approach.
The simplified compositions may be sufficiently different from the compositions of
natural lherzolites, so that application of the experimental results to nature may require
substantial extrapolation which may not be valid, especially when components which
are absent in the simple systems have a strong effect on the melting phase relationships.
Another disadvantage is that the large number of phases in a desired phase assemblage
may not be easy to experimentally observe due to the low variability of the simplified
system.

This study follows the second experimental approach, and includes partial melting
experiments in the systems CaO-MgO-Al;0;3-S10; (CMAS), CMAS-K,;0O, CMAS-
Cr;03 (-K;0) and CMAS-H,0-CO; (-trace Na,O) at 11 kbar. It also contains a couple
of partial melting experiments in the system CMAS-Na;O and a few reversal
experiments in the system CMAS. My main effort has been directed to the partial
melting behaviour of the phase assemblage of spinel lherzolite.

An experimental pressure of 11 kbar was chosen due to several reasons. First, 11
kbar closely approximates the lowest pressure at which primary melt is in equilibrium
with the upper mantle (Presnall et al., 1979; Sen, 1982; Presnall & Hoover, 1984, 1987:
Melt Seismic Team, 1998; Dunn & Forsyth, 2001). Second, spinel lherzolite is a stable
phase assemblage in all the chemical systems studied here and comparison among these
systems is simple. Third, numerous partial melting studies have been carried out with
natural lherzolite compositions at ~ 11 kbar and comparison between the simplified and
the natural systems is facilitated (see Table 1 for references).

The Ca0-Mg0-Al,05-Si0; (CMAS) system closely matches the composition and
mineralogy of both the upper mantle source and the product magma. The magma-
generating process, therefore, can be closely approximated by the partial melting
behaviour of the CMAS system. Literature data on this topic shows some discrepancies
(solidus temperature and melt composition; Kushiro, 1972c¢; Presnall et al., 1979;

Walter & Presnall, 1994), so that partial melting experiments in the system CMAS were
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firstly conducted to resolve these discrepancies. It was found that the desired spinel
lherzolite phase assemblage plus melt can not be experimentally produced due to the
isobarically invariant nature of the system at this condition. Hence a small amount of
K-,0 was added to the system to split the isobarically invariant point (the K;O method),
allowing the spinel lherzolite phase assemblage plus melt to be successfully observed
over a large temperature interval. The results were then regressed and extrapolated to 0
wt% K,0 to derive data for the CMAS system. The extrapolated results agree with
some literature data but disagree with others. Reversal experiments with and without
olivine-addition, thus, were undertaken to check the new data and established indirectly
that the K>O method is successful. The partial melting experiments in the system
CMAS-K;0O were also extended to high K,O contents and several isobarically invariant
points were experimentally constrained.

In order to understand the effect of additional components, the complexity of the
study system must be increased.

Chromium is potentially important in the partial melting process of the upper
mantle due to its abundance (O’Neill & Palme, 1998), its strong geochemical effect on
subsolidus phase relationships (O’Neill, 1981; Nickel, 1986; Li et al., 1995; Klemme &
O’Neill, 2000) and preliminary experimental results at supersolidus conditions (Irvine,
1977; Libourel, 1991). Previous experimental study on the effect of Cr,O; has been of
limited success. Our preliminary experiments (not reported in this thesis) in the system
CMAS-Cr;05 suggested that the partial melting process for a spinel lherzolite phase
assemblage is isobarically pseudo-invariant and that the melt is unquenchable. The K,0
method hence was applied to later experiments (reported in Chapter 3 of this thesis) to
solve these problems. An Fe;O; sleeve was used in these experiments to ensure that
chromium was present as Cr’". This is the first time that the effect of chromium on the
partial melting process has been successfully studied.

The explosive nature of volcanoes is one of the most obvious phenomena,
illustrating the importance of volatiles, like H,O and CO;, in the magma-generating
process. Due to the degassing of magmas at low pressures, the geochemical behaviour
of H,O and COs in the partial melting process can only be studied by high temperature-
high pressure experiments. Most previous experimental studies have been conducted
under H,O/CO;-oversaturated conditions which probably never occur in the nature (Pan
et al., 1991; Bell & Rossman, 1992; Zhang & Zindler, 1993; Jambon, 1994; O’Neill &
Palme, 1998). Further, the data sets are incomplete due to the difficulty of quantifying

H,O and CO,. In this study, a small amount of H,O and CO, was added into the system
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CMAS and experiments were carried out at H,O/CO; undersaturated conditions. Phase
compositions were determined by electron microprobe and FTIR spectroscopy,
allowing all components in the study system to be quantified. With this data set, the
geochemical behaviour of H,O and CO; in the partial melting process of a spinel
lherzolite phase assemblage can be determined. Also, the results can be used to evaluate
nominally H,O/COs,-free partial melting experiments in the literature which were
obviously affected by H,O and CO;, associated with the diffusion of hydrogen and

graphite through noble metal capsules.
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Chapter 2

Partial melting of spinel lherzolite in the system CaO-MgO-
| AL 03-Si0,£K,0 at 11 kbar

1. Introduction
The simplest chemical system that contains all the major phases of the peridotitic
upper mantle (olivine, orthopyroxene, clinopyroxene. and an aluminous phase, either

plagioclase, spinel or garnet, depending on pressure) is CaO-MgO-Al,0;-Si0;

(CMAS). This simple system has been used to investigate the basic phase relations of
partial melting in the upper mantle (O’Hara, 1968; Kushiro, 1972; Presnall et al., 1979;
Longhi, 1987; Gudfinnsson & Presnall, 1996; Milholland & Presnall, 1998; Herzberg &
Zhang, 1998; Presnall, 1999; Liu & Presnall, 2000). However, with a typical four-phase
Iherzolite assemblage, the initial melting in CMAS is isobarically invariant; that is, the
chemical potentials of all four components (CaO, MgO, Al,O; and Si0;) in the melt are

completely defined; for example, the following four reactions specify the chemical

potentials:
CaO+1.5Mg;81,05 = CaMgS81;,05+Mgy 810, (1)
Melt Opx Cpx Ol
MgO+0.5Mg, 51,06 = Mg;S5104 (2)
Melt Opx 0l
Si0:+Mg:Si04 = Mg»5i150¢ (3)
Melt Ol Opx

and, in the Sp-lherzolite stability field,

Al O3;+Mg,Si0,; = MgAlLO,+0.5Mg,81,04 (4)
Melt Ol Sp Opx

Because all chemical potentials are known, the composition of the melt in equilibrium

with all four solid phases is particularly valuable in constructing thermodynamic models
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of silicate melts. Unfortunately, the isobarically invariant melt composition is difficult
to determine experimentally, because this assemblage only exists over an infinitely
narrow temperature interval at a given pressure.

The traditional way around this problem is to bracket the isobaric invariant point
by varying the experimental starting composition, to produce four-phase isobarically

univariant assemblages (i.e. three solid phases plus melt as in Fo+Opx+Sp+Melt). Not

only does this require a large number of experiments, but it is tedious to demonstrate
equilibrium (Presnall et al., 1978; Liu & Presnall, 1990), particularly since the solid
phases (especially the pyroxenes) are multicomponent solid solutions with the potential
to be out of equilibrium as regards their compositions. This method also requires some

extrapolation to the isobaric invariant point, since this point is only bracketed.

Alternatively, it is possible to rely on experimental imperfections, such as
temperature gradients or chemical impurities (e.g., some NasO in the starting material or
H; diffusing through the Pt capsule to produce H,O present in the experimental charge)
to increase the effective variance of the system and obtain melt in equilibrium or quasi-
equilibrium with four solid phases, which can then be analysed directly. This approach
has been adopted by Presnall and his colleagues (Presnall et al., 1979; Gudfinnsson &
Presnall et al., 1996; Milholland & Presnall, 1998; Liu & Presnall, 2000). Although this
seems empirically to work well for system CMAS, this may not always be the case, and
indeed 1 have encountered insuperable difficulties in applying this approach to
determining the effect of Cr;0O; on melting in system CMAS-Cr,0;. Relying on
imperfections to obtain a result is also intellectually unsatisfying, and there is the
question of how much the imperfections affect results.

In this paper I report a logical improvement to this approach, which is to introduce
another component into the system deliberately. The system is then studied as a
function of the concentration of this component, such that the composition of the
CMAS isobaric invariant melt can be obtained by extrapolating to zero concentration of
the added component. 1 chose K;O as the additional component (the K,O-method
hereafter). as it is almost completely incompatible in all the solid phases (Ol, Opx, Cpx,
Sp) at my chosen pressure of 11 kbar. Having the extra component entering only the
melt phase makes the extrapolation to the pure CMAS system simple. Also, K;O is an
important major-element constituent in several mantle-derived magma types
(kimberlites, shoshonites and so on), so that the data generated in this study in the
system CMAS-K-0 as a by-product of my main purpose should be of some petrological

value.
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I show that the method produces a result in good agreement with the previous
work of Presnall and his colleagues (Presnall, 1976; Presnall et al., 1979; Walter &
Presnall, 1994), although the improved accuracy of the present method allows for some

refinement of previous results.

2. Experimental and analytical techniques
Four types of experiments were performed:

I. Conventional direct partial melting experiments (DEs) in the system CMAS

2. Sandwich experiments using the K;O-method (KEs), in which the solid assemblage
Fo+Opx+Cpx+Sp was placed at the top and bottom of the capsule, with a K,0-
containing melt composition as the “filling”

3. Reversal experiments (REs-1) to study the crystallisation of the CMAS melt
composition deduced from the KEs

4. Reversal experiments (REs-2) with Fo added. All but one of these (C-1789) used the

sandwich configuration

2.1 Starting materials

Table 1 summarises the starting materials used in this study. Compositions were
made from high-purity oxides (Si0;, Al;O; and MgO) and carbonates (CaCOs and
K;CO3). An important strategy was to use pre-synthesised Opx and Cpx with
compositions similar to those expected in the run products.

Mix9 was prepared by combining a crystalline mixture of pure forsterite (Fo) and
a crystalline mixture of Sp+Opx+Cpx in a proportion of 1:5 by weight. The Fo was
synthesised at 1400°C, latm for 69 hours; the mixture with Sp : Opx : Cpx in a ratio of
| :2:2 in weight was made in a 5/8” piston-cylinder press using a 3.5mm diameter Pt
capsule and a talc/pyrex assembly at 1280°C, 11 kbar and 48 hours. The phase
proportion in the final Mix9 was closeto 1:1:2:2 (Fo: Sp: Opx : Cpx).

Crystalline mixture SEM02-1 containing Fo : Sp: Opx : Cpx=1:1:1:1 (by
weight) was made by crystallising the decarbonated oxide mix at 1300°C, 11 kbar and
48 hours in a Pt capsule.

Mixtures SEM02-3, SEM02-4, SEM02-8 and SEM02-6 were melted at 1400°C,

latm and 20 minutes and then quenched to glass.
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All mixtures were checked for compositions with electron microprobe (Ware,
| 1991). Mix9 was later stored in an oven at 110°C while other starting materials were

stored in another oven at 150°C.

2.2 Piston-cylinder assemblies

All experiments were made in a conventional 1/2” piston-cylinder apparatus
(Boyd & England, 1960). The salt-pyrex pressure assembly used in the preliminary DEs
was described by Klemme & O’Neill (1997), except that, because of the generally lower
pressure and temperature regime of this study, fired pyrophyllite replaced the MgO
spacer underneath the capsule and mullite was used instead of high-purity alumina for
the thermocouple tube. However, concerns about the possible effect of H; diffusion into
the Pt capsule causing contamination of the runs by H;O led me to make some
modifications for the assembly used in the KEs and the REs.

In the KEs and the REs, the Pt capsule was held in an Fe,05 sleeve, which was in
turn surrounded by an alumina sleeve. At each end of the alumina sleeve, a ruby disc
(0.5 mm thick) separated the Fe,O; sleeve from other parts of the assembly. This
structure prevents the Fe;O; sleeve from being reduced by the graphite heater, or
contaminating the thermocouple. Alumina spacers and then MgO spacers were
positioned next to both ruby discs, to enhance the mechanical stability of the assembly.
The thermocouple was protected by a combination of high-purity alumina tubing in the
hot part of the assembly (~ 4 mm long), followed by mullite tubing above this. The
Fe,0s sleeve was made by cold pressing in a steel die and then sintered at 850°C, 1 atm
for 3 hours, using acetone as a binder.

These salt-pyrex assemblies have low friction and no pressure correction is
required, considering the high temperatures and long run times used in this study (Green

et al., 1966; Bose & Ganguly, 1995; Klemme & O’Neill, 1997).

2.3 Experimental procedures

For each experiment, 8-10 mg starting materials was loaded into a Pt capsule. The
capsules used in the DEs were stored at 110°C for 6-8 hours before welding. The Pt
capsules for the KEs and the REs were stored at 150°C for 6-8 hours and then held in a
steel block which had been pre-heated to 750°C while they were welded (Robinson et
al., 1998).

All experiments were performed using the ‘piston-out’ method, i. ., the pressure
was first raised to a few kilobars, then the temperature was increased to ca. 450°C to
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soften the pyrex sleeve. The pressure was then increased up to ca. 0.5 kbar higher than
the desired pressure, the temperature was increased to the nominal temperature of the
run and finally the pressure was lowered to the required pressure (Johannes et al., 1971).
The pressures were continuously monitored and adjusted, if necessary. The continual
adjustment of pressure allowed each run to be controlled within +£0.2 kbar of the
nominal pressure. Temperature was measured and controlled with PtogRhg-Pt70Rhsg
thermocouple (type B) which was previously calibrated against the melting point of
gold at 1 atm; possible pressure effects on the emf of the thermocouple were neglected.
The tip of the thermocouple, the upper ruby disc and the whole Pt capsule containing
the experimental charge were all carefully placed in the approximately 5 mm long hot
spot of the experimental assembly. Although temperature during experiments was
controlled to £ 1°C, the true temperature uncertainties are estimated to be approximately
+5 to 10°C, mainly due to slight differences in sample position and power density
through the graphite heater. Such an uncertainty is consistent with the variations in melt
composition and other experimental parameters observed in these experiments. For a
discussion of the superior merits of type B thermocouples over other Pt/Rh
thermocouples or W/Re thermocouples at temperatures near 1300°C, see Klemme and
O’Neill (2000b).

2.4 Analytical methods

At the end of a run, the sample was sectioned longitudinally, mounted in epoxy
and polished using a series of diamond pastes. Run products were carbon-coated and
analysed on a Cameca electron microprobe at RSES, ANU and/or on a JEOL 6400
scanning electron microprobe in energy dispersive mode (EDS) at the Electron
Microprobe Unit (EMU) at ANU. Coexisting phases in all run products were carefully
identified by back-scattered electron imaging. Beam current was J nA, accelerating
voltage was 15 keV and ZAF correction was applied in all analyses (Ware, 1991). A
beam spot size of 1 pm was used for all crystalline phases while both 1 pm and 10 pm
beam spot sizes were used for glass analyses. Calibration was based on optimisation to a
large number of standards; to check this calibration and also as a monitor of any drift
between analysing sessions, I repeatedly analysed three internationally recognised glass
standards, GOR132G, T1G and KL2G, which have comparable compositions to the
phases present in this study (Jochum et al., 2000). The 185 analyses over 24 analytical
sessions are summarised in Table 2. There is excellent agreement between my electron

probe analyses and the recommended values.




Table 2: Comparison of electron probe analyses and recommended values for
secondary standards

GOR132G KL2G TG

A Reg, V, 57 Ree, V, 56 Ree, V,
S10, 46.08(0.26)* 45.98(0.30) 51,33(0,20) 51.37(0,10) £9,56(0.22) 59.28(0.20)
TiO,  0.32(0.08) 0.29(0.01) 2.70(0,09) 2.67(0.0%) 0,77(0.07) 0.74(0.01)
AlLO, 11,1000.22) 11.02(0.10) 13.51(0.11) 13.43(0.10) 17.17(0.12) 17.23(0.10)
Cr,0, 0.38(0.08) 0.36(0.01) 0.05(0.07) 0.0500.00) 0.04(0.05) 0.00(0.00)
FeO 10.21(0.20) 10.21(0.10) 10.78(0.22) 10,97(0.10) 0.49(0,16) 6,51(0.04)
MnO  0.17(0.08) 0,15(0.00) 0.18(0.10) 0.17(0.00) 0.11(0.07) 0,13(0.00)
MgO  22.17(0.27) 22.64(0.10) 7.37(0.07) 7.4400.06) 3.71(0.07) 3.79(0.04)
Ca0O 8.57(0.13) 8.51(0.09) 11.19(0.13) 1 1.07(0.1() 7.13(0.10) 7.17(0.05)
Na,O  0.98(0.06) 0.81(0.01) 2.42(0,08) 2.33(0.04) 3.06(0.13) 3.18(0.03)
KO 0.03(0.04) 0.03(0.00 0,46(0,05) 0.490,01) 1.96(0.06) 1,97(0.02)

71*: the number of electron probe analyses. 46.08(0.26) should be read as 46.08 + 0.26.
Analysis was normalised to 100 wit% before the average and the standard deviation were
calculated, For the recommended values, Rec. V.. normalised results to 100 wt% are used to
facilitate comparison. The standard deviation of the recommended values, however, is directly
from Jochum et al (2000).

Besides the major oxides CaO, MgO, Al,0;, SiO; and K;O expected in the run
products, 1 also routinely analysed for FeO, Cr,O; and Na,O in all phases. Either
diffusion of Fe through the Pt capsule from the Fe,O; sleeve or a leak in the capsule
could result in FeO contamination. Na,;O appears to be a good indicator of the purity of
the starting materials. It concentrates in the melt, and 0.1-0.3 wi% was found in the
glasses in this study, depending on the proportion of melt to solid in the experiment.
Such a concentration is close to the limit of detection by EDS, and since it has a
minimal effect on the phase relations (Walter & Presnall, 1994; Chapter 4 of this thesis)
this Na,O will henceforth be ignored.

Lithium and boron have potentially been cryptic contaminants of previous piston-
cylinder studies, as these elements have not been amenable to microbeam analysis until
recently. Li salts are sometimes used in noble-metal fabrication processes, and B could
come from the pyrex glass (it apparently diffuses readily through Pt). To check for any
such contamination, L.i and B were measured in the glasses in runs C-1422, C-1448 and
C-1565 (see Table 3 for experimental conditions) by LA-ICP-MS at RSES, ANU. The
Li contents were 4.1+0.2 ppm, 4.1£0.1 ppm and 2.8+0.4 ppm, respectively. The B
contents were slightly higher at 53+£2, 5442 and 52.3+7 ppm. Such levels should have a

negligible effect on phase relations.

2.5 Fe;0; sleeve and H>O contamination

Following Robinson et al. (1998), Fe,0; sleeves were used as hydrogen getters

-

surrounding the Pt capsule in all experiments apart from the first few reported in this
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study (the DEs). The idea is that an oxidised substance like Fe,Os should react with Ha,
which may be produced in the piston-cylinder assembly by contaminant moisture
reacting with the graphite heater, for example. This should minimise the ingress of H;
into the Pt capsule by diffusion, where it can react with silicates (e.g., alloying some Si
into the Pt in FeO-free systems), thus forming H;O. According to Robinson et al.
(1998), the use of Fe,O; sleeves coupled with careful drying of capsules before and
during welding can reduce the water content in experimental melts from ~ 1 wt% to ~
0.1 wt%.

The Fe,05 sleeves after two experiments (C-1417 and C-1566; see Table 3 for
experimental conditions) were checked by powder X-ray diffraction at the Geology
Department, ANU and were found to be = 99 wt% Fe,0s;. This does not mean that the
sleeves were unnecessary, however, as analysis of the Pt capsules (using the Cameca
electron microprobe in WDS mode at RSES, ANU) showed metallic Fe diffusing into
the capsule. An example is given in Fig. 1 (1340°C, 11 kbar, 72 hours). While Fe metal
reached the middle point of the capsule wall, the experimental charge remained
untouched. However, longer run times or higher temperatures would result in Fe
reaching the inner wall of the capsule, hence the need to analyse Fe routinely in run

products.

0.25
BE ]
= 0.20
g 0.15 -
% Inside Outside
2 0.10 -
5 O
- -
= 0.05
2
= 0.00

~ 300 Lm
- fo-

Pt capsule wall

Fig. 1 Profile of metal Fe diffusion into Pt capsule wall. Experimental conditions: 11
kbar, 1340°C, 72 hours. Curve s fitted by eyes.




C-1621 contains only melt (see Table 3 for experimental conditions) and it is ideal
for using transmission infrared spectroscopy to determine the water content. Details of
this procedure as implemented in this study will be reported in Chapter 4 of this thesis.
The average water content from seven analyses is 120 ppm, which is substantially lower
than the 0.1% reported by Robinson et al. (1998) and the 1100 ppm by Falloon et al.
(1999); Baker et al (1996) and Falloon et al. (2001) estimated an even larger amount,
0.5-1%, in their nominally anhydrous experiments. If the same total of H,O as in run C-
1621 were concentrated into the melt phase in those runs with smaller proportions of
melt, the H>O concentrations might be higher than in C-1621, but it seems unlikely that

levels of H,O in any run with the Fe;Oj; sleeves would exceed 0.1%.

2.6 Attainment of equilibrium

There is a fundamental dilemma to be addressed in designing experiments aimed
at obtaining the compositions of partial melts at modest degrees of melt fraction. To
optimise equilibration between melt and crystals, it is obviously advantageous to have
the melt distributed between the crystals, to maximise the mutual contact. This is the
usual texture formed in simple experiments (the DEs of this study) with less than about
20 to 30% melt, in the absence of a temperature gradient. However, maximising the
contact between melt and crystals also maximises the probability of quench
modification by precipitation on the rims of crystals. In addition, melt so distributed is
difficult to analyse accurately since melt pockets are small and irregularly shaped. This
latter problem becomes worse as the melt fraction decreases. The experimental solution
to these problems has been to devise ways of separating the melt from the crystals, as in
sandwich experiments (as in this study and Stolper, 1980; Takahashi & Kushiro, 1983;
Fujii & Scarfe, 1985; Falloon & Green, 1987, 1988; Robinson et al., 1998) or by
extraction into diamond aggregates or similar (Johnson & Kushiro, 1992; Kushiro &
Hirose, 1992; Baker et al., 1992; Hirose & Kawamoto, 1995; Hirose, 1997). Another
possible tactic is to exploit the temperature gradient present in many high pressure
experiments, particularly in multi-anvil experiments, to separate melt towards the hot
end of the capsule (Takahashi, 1986). However, the inevitable consequence of any
separation must be to impair the chances of attaining equilibrium between melt and
crystals.

The problems that this can cause are well illustrated in this study by two
experiments, C-1580 and C-1576 (Table 3; see Fig. 2a), in which the initial composition

chosen for the “filling” part of the sandwich turned out not to be in equilibrium with the
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(a) (b)

Fig. 2 Electron back-scatter images showing the texture of experiments C-1576 (a) and C-1448. See Table
3 for experimental conditions and Table 4 for phase compositions.

Fo+Opx+Cpx+Sp assemblage at the ends of the sandwich (the “bread™), despite the
long run times used in these experiments. Instead, the run products consisted of three
zones: the initial Fo+Opx+Cpx+Sp assemblage, which in these two runs appears also
not to have re-equilibrated completely as regards the pyroxene compositions
(particularly Opx, see Table 4); the “filling” part, which consists of melt plus
crystallised An+Sapph+San plus, in the lower temperature experiment (C-1576),
Sp+Opx, the latter of which has a quite different composition to the Opx in the
Fo+Opx+Cpx+Sp assemblage; and, thirdly, a narrow reaction zone of Opx., no more
than 20p wide, between the two other zones (more on this topic later). These textures
are shown in Fig. 2a; for comparison, the texture developed in a successfully
equilibrated sandwich experiments is given in Fig. 2b. The conspicuous inability of the
melts in the “filling” to re-equilibrate with the solid Fo+Opx+Cpx+Sp assemblage in
these two runs may be due to their high SiOs, hence high viscosity.

The large difference in the composition of Opx in the different zones of C-1576 is
instructive. Since the composition of a solid solution phase depends on its chemical
environment, it is unlikely to be the same in the two different parts of a sandwich
experiment unless these parts are in equilibrium. I therefore paid particular attention in
this study to analysing pyroxene compositions in the “filling” part of the sandwich
experiment, to check that they were indeed the same within analytical error as in the
“bread” layers. Some crystallisation in the “filling” part is inevitable unless the initial
glass composition is exactly that expected at equilibrium; in fact, as regards attainment
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of equilibrium, no crystallisation in the “filling” would produce an ambiguous result, in
the same way that “no reaction” in the determination of a subsolidus univariant reaction
could indicate either full equilibrium at the P-T condition or merely sluggish reaction
kinetics.

Clearly, a key aspect of any partial melting experiment in which the melt is
separated from the crystals must be to demonstrate that the melt really is in equilibrium
with these crystals. I will point out a few other runs in which I believe such equilibrium
was not obtained, based on the two following criteria (as discussed above): 1) careful
examination of the interface between the melt-rich part and the crystal-rich part; and 2)
comparison of compositions of solid-solution phases in the two parts. Conversely, these
same two criteria argue that equilibrium was indeed obtained in the great majority of the
sandwich experiments reported here. Application of these criteria may not be possible in
diamond-aggregate or similar types of melt extraction experiments, in which case the
results from these experiments must be viewed with a degree of caution.

Several lines of evidence indicate that local equilibrium was approached closely in
the experiments of this study. In addition to being the same in the different parts of the
sandwich, the compositions of Opx and Cpx both show good homogeneity: the most
heterogeneous oxide component, Al;O;, in the most heterogeneous phase, Cpx,
generally has a variation of < 0.5 wt% one standard deviation, which is comparable to
that observed in other simple-system experiments. The amounts of Al;O; in both Opx
and Cpx show small but smooth variations with temperature, and are in good agreement
with the results of previous studies (see below). Similarly, the average difference
between the calculated temperatures using the geothermometer of Nickel et al (1985)
and the nominal experimental temperatures is only 23 °C, suggesting that the CaO
contents of Opx and Cpx are in equilibrium.

The achievement of local equilibrium in this work is expected because the
duration of my experiments is generally longer than that used in previous comparable
studies. The results of previous near-liquidus experiments in the system CMAS
(Presnall et al., 1978; Sen & Presnall, 1984; Liu & Presnall, 1990) suggested that a
period of several hours is all that is required to establish reversals of phase boundaries.
Walter & Presnall’s (1994) experiments in the system CMAS-Na,O found that 48 hours
was long enough for the attainment of equilibrium at solidus temperatures. Most of my

run durations are longer than this.
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3. Experimental results

Table 3 summarises the starting materials, the run conditions, the techniques used,
and the results in terms of phases present, for each experiment. The compositions of
these phases are given in Table 4. Calculated temperatures from the two-pyroxene
geothermometer of Nickel et al (1985) for those experiments containing both Opx and
Cpx are shown in Table 3. There is a good correlation between calculated and
experimental temperatures, although with a systematic offset towards the calculated
temperatures being higher at low experimental temperatures, with a mean difference of
23°C (Fig. 5).

The initial DEs bracket the solidus in the system CMAS between 1300°C (C-
1555) and 1310°C. The run at 1300°C contains a small amount of melt (too small to
analyse). The melt may have been produced as a result of H; diffusion into the capsule
during the run, producing a trace of water by reducing SiO; to Si, which alloys into Pt
(Chen & Presnall, 1975). At slightly higher temperature (1310°C, C-1556), one phase
(Cpx) disappears in agreement with the phase rule. 1 did not observe the four solid
phases coexisting with melt over a range of temperature (~ 20 degrees), as did Presnall
(1976) and Presnall et al (1979). This is consistent with only small amounts of chemical
impurities (like H,O) in my run products, and also minimal temperature gradients.

Fourteen experiments were carried out using the K,O-addition method (KEs). The
full Sp-lherzolite assemblage coexisting with melt is observed in seven experiments
between 1260 and 1310°C. The temperatures of these KEs are plotted against the K,O
contents of the melts in Fig. 3. The relationship is linear, at least to 8 wi% K,O and
1270°C. Extrapolating K,O to zero gives a solidus temperature of 1319°C for the system
CMAS. The change of melt composition with KO is shown in Fig.4. On a simple oxide
weight percent (wt%) basis, SiO; increases linearly with K,O, MgO and CaO both
decrease linearly, and Al;O; remains approximately constant, although in detail it
appears to go up then down, with a maximum at ~ 6 wt% K-,0. The melt composition at
the solidus in the CMAS system is found by extrapolation to zero K-O, as for the
solidus temperature: I obtain Si0; 49.09, Al,05 20.14, MgO 15.45 and CaO 15.33 wit%.
The compositions of both Opx and Cpx at the CMAS solidus can be deduced similarly
(see Table 5).

[ then tested these results by making up a glass with this composition and locating

its liquidus and solidus (REs-1). The experiment at 1340°C was above the
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Table 3: Experimental conditions and phase assemblages

Run no. Starting material Fe O, ST Temp. ("C) T (hrs) Phase assemblage K O-melt T-NBKS5
DEs
C-1111 Mix9 No No 1330 48 Fo+Sp+Opx+Melt
C-1556 Mix9 No No 1310 56 Fo+Sp+Opx+Melt
C-1555 Mix9 No No 1300 56 Fo+Sp+Opx+Cpx+Melt(tr) 1316
KEs
C-1417 SEM02-1+SEMO02-3 Yes Yes 1330 60 Fo+Sp+Melt 0.59
C-1423 SEMO2-1+SEM02-3 Yes Yes 1320 35 Fo+Sp+Melt 0.63
C-1422 SEMO02-1+SEM02-3 Yes Yes 1310 55 Fo+Sp+0px+Cpx+Melt 0.73 1337
C-1461 SEMO02-1+SEM02-4 Yes Yes 1310 {5 Fo+Sp+Opx+Cpx+Melt 231 1326
C-1448 SEMO2-14SEM02-4 Yes Yes 1300 70 Fo+Sp+Opx+Cpx+Melt 4.08 1331
C-1460 SEM02-1+SEM02-4 Yes Yes 1290 75 Fo+Sp+Opx+Cpx+Mell 476 1315
C-1447 SEMO02-1+SEM024 Yes Yes 1280 70 Fo+Sp+Opx+Cpx+Melt 6.20 1332
C-1574 SEMO2-14+SEMO02-8 Yes Yes 1270 93 Fo+5p+Opx+Cpx+Melt 8.35 1310
C-1585 SEMO02-1+SEMO02-8 Yes Yes 1240/1260 72/123 Fo+Sp+0px+Cpx+Melt 8.49 1300
C-1779 SEMO2-1+SEM02-13 Yes Yes 1250 217 Sp+0px+Cpx+San+Melt+Fo' 10.09 1251
C-1701 SEMO2-14SEMO02-10 Yes Yes 1240 117 Sp+Opx+Cpx+An+Melt+Fo' 9.17 1295
C-1708 SEMO2-14SEMO02-10 Yes Yes 1230 195 Sp+Opx+Cpx+An+San+Melt 10.12 1238
C-1580° SEMO02-1+SEM02-8 Yes Yes 1250 159 Fo+Sp+0px+Cpx

An+San+Sapph+Melt 9.33
C-1576 SEMO2-145EMO2-8 Yes Yes 1230 98 Fo+Sp+Opx+Cpx
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Sp+Opx+An+San+Sapph+Melt  §.98

REs-1

C-1621 SEM(2-6 Yes No 1340 24 Melt

C-1639 SEMO02-6 Yes No 1320 54 Sp+Opx+Cpx+Melt 1337

C-1565 SEMO02-6 Yes No 1320 26 Sp+Opx+Cpx+An+Melt 1336

C-1566 SEM02-6 Yes No 1310 48 Opx+Cpx+An+Meli(tr) 1318

REs-2

C-1769 Fo+SEMO02-6 Yes Yes 1340 24 Fo+Melt

C-1767 Fo+SEMO02-6 Yes Yes 1320 62 Fo+Opx+Melt

C-1781 Fo+SEMO02-6 Yes Yes 1315 91 Fo+Sp+Opx+Cpx+Melt 1326

C-1768 Fo+SEMO02-6 Yes Yes 1315 66 Fo+Sp+Opx+Cpx 1356
Sp+Opx+Cpx+An 1321

C-1789 Fot+SEMO02-6 Yes No 1300 104 Fo+Sp+Opx+Cpx 1305

Fe,O,, Fe O, external sleeve was always used always together with hot block-welding technique.

ST Sandwich Technique.

T-NBKSS5, temperature ('C) calculated from the two-pyroxene thermometer for CMAS of Nickel et al (1985).

DEs, Direct partial melting experiments in system CMAS; KEs, partial melting experiments using the K,O-method; REs, Reversal crystallisation experiments. Fo, forsterite; Sp,
spinel; Opx, orthopyroxene; Cpx, clinopyroxene; An, K, O-bearing anorthite; San, sanidine; Sapph, sapphirine; tr, only trace amount present; Fo', residual Fo only.

* disequilibrium between the different layers of the sandwich.

" the temperature in this experiment was first held at 1240°C for 72 hours and then adjusted to 1260°C for 123 hours.
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Fig. 3 Relationship between nominal experimental temperature and K,O content of melt for the KEs,
Experimental temperature uncertainty is assumed to be 10 degrees. A strong linear correlation between
nominal experimental temperature and K,O content of the melt is observed at low K,O contents (< 8.5
wt%) for the Sp-lherzolite phase assemblage. Hence the experiments at low K,O content (< 7 wt%) are
used in the regression to derive the solidus temperature for the Sp-lherzolite phase assemblage of system
CMAS at 11kbar system. By extrapolating K,O to 0, a solidus temperature of 1319°C is derived.

liquidus, while two runs at 1320°C (C-1639 and C-1565) crystallised Sp+Opx+Cpx=An,
with the residual melt being close to that in the starting material (Table 4). The
compositions of the pyroxenes in C-1639 are in good agreement with the forward
experiments, while those in C-1565, with a shorter run time and An present, have
slightly higher Al,O; (Table 4). These experiments confirm directly the peritectic nature
of the melting reaction, since Fo was not crystallised. They also imply that the solidus
of the phase assemblage Sp+Opx+Cpx+An is only slightly lower than that of the phase
assemblage Fo+Sp+Opx+Cpx, in agreement with Kushiro (1972). Thus the run at
1310°C (C-1566) is almost completely crystallised. Although in one experiment (C-
1565) melt coexists with four crystalline phases, the temperature interval over which
this occurs is clearly very narrow (an infinitely narrow temperature interval is expected
from the phase rule).

The REs-1 demonstrate empirically that simple crystallization experiments cannot
adequately reverse the partial melting equilibrium when this is peritectic, as here, (i.e.,
the melt is in reaction relationship with Fo). Accordingly, I tried reversal crystallization

experiments with added Fo. These experiments (called REs-2) directly
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conditions and other messages, see Table 3.

| Table 4: Composition data from electron microprobe analyses. For run

|' C-1448, 1300°C

CaQ MgO ALO, 510, K0
DEs
C-1111, 1330°C Fo(10) 0.28(0.03) 57.16(0.11) 0.00(0.00) 42.57(0.11)
Sp(7) 0.11(0.06) 28.43(0.10) 71.45(0.11) 0.00(0,00) 4
Opx(8) 2.16(0.16) 34.78(0.33) 9.25(0.20) 53.82(0.20) ‘
Melt(8) 13.97(0.28) 16.16(0.45) 20.74(0.19) 49.13(0.12) -
C-1536, 1310°C Fo(14) 0.28(0.06) 56.78(0.12) 0.17(0.05) 42.67(0.16) :
Sp(13) 0.10(0.06) 28.91(0.14) 70,83(0.13) 0.16(0,12) ‘
Opx(22) 2.10(0.14) 35.03(0.19) 8.46(0.39) 54.41(0.27) -
Melt(14) 14,34(0.27) 15.73(0.36) 20.14(0.31) 49.79(0.25) -
C-1555, 1300"C Fo(12) 0.30(0.05) 56.79(0.18) 0.20(0.06) 42.72(0.14) -
sp(l4) 0,10(0.08) 28.99(0.17) 70.70(0.18) 0.22(0.14) -
Opx(20) 2.11(0.13) 34.86(0.21) 8.48(0.39) 54.55(0.30) -
Cpx(21) 18.63(0.29) 20,73(0.30) 8.81(0.29) 51.84(0.26) .
Melt*
KEs
C-1417, 1330°C Fo(l4) 0,32(0.03) 56.72(0.13) 0.00(0.00) 42.96(0.12) .
Sp(15) 0.12(0,03) 28.46(0,09) 71.42(0.09) 0.00(0.00)
Melt(24) 14.17(0.07) 15.47(0.11) 20.36(0.06) 49.41(0.14) 0.59(0.02)
C-1423, 1320°C Fo(12) 0.33(0.04) 56.96(0.11) 0.00(0.00) 42.72(0.12) -
Sp(17) 0.08(0.04) 28.42(0.11) 71.51(0.11) 0,00(0,00) -
Melt(12) 14.64(0.07) 14.91(0.07) 20.40(0.08) 49.43(0.11) 0.63(0.02)
C-1422, 1310°C Fo(18) 0.31(0.03) 56.78(0.11) 0.00(0.00) 42.91(0.11)
Sp(13) 0.13(0.08) 28,35(0.09) 71.52(0,10) 0.00(0.00) -
Opx(19) 2.47(0.41) 34.36(0.32) 8.60(0.34) 54,57(0.27 .
Cpx(19) 18.22(0.40) 21.15(0.26) 8.67(0.42) 51,96(0.30) ;
Melt(19) 14.60(0.07) 14.30(0.07) 20.39(0.10) 49 98(0.11) 0.73(0.03)
C-1461, 1310°C Fo(8) 0.29(0.03) 56.72(0.04) 0.00(0,00) 42 99(0.06)
Sp(8) 0.08(0.04) 28.56(0.12) 71.28(0.10) 0.08(0,04) ;
Opx(21) 2.23(0.17) 34 .84(0.30) 8.34(0.42) 54.59(033) -
Cpx(21) 18.44(0.35) 21.00(0.40) 8.39(0.34) 52.17(0.26) .
Melt(15) 12.87(0.14) 12.75(0.13) 20.55(0.16) 51.52(0.13) 2.31(0.07)
Fo(9) 0.30(0.05) 56.71(0.19) 0.09(0.13) 42.89(0.15)
Sp(8) 0.14(0,06) 28.51(0.07) 71.25(0,16) 0.10(0.09)
Opx(19) 2.19(0.30) 34 80(0.36) 8.50(0.40) 54.51(0.37) d
Cpx(19) 18.30(0.47) 20.90(0.42) 8.58(0.43) 52.22(0.35) -
Melt(20) 11,19(0,13) 10.09(0,11) 21.47(0.12) 53.17(0.15) 4.08(0.09)
C-=1460, 1290°C Fo(7) 0.30(0.03) 56.71(0.09) 0.03(0.06) 42.96(0.09)
Sp(13) 0.11(0.07) 28.45(0.12) 71.15(0.24) 0.30(0.19) -
Opx(20) 2.10(0.26) 34.99(0.32) 8.19(0,39) 54.72(0.24) ;

L
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Table 4: continued

C-1576, 1230°C

REs-1
C=1621, 1340°C

C-1639, 1320°C

C-1565, 1320°C

C-1566, 1310°C

REs-2

C-1769, 1340°C

C-1767, 1320°C

C-1781, 1315°C

C-1768, 1310°C

Sohd region
Fo(14)
Sp(13)
Opx=1(10)
Cpx(14)
Glass region
Sp(9)
Opx-2(6)
An(5)
San(8)
Sapph(9)
Melt(12)

Melt(8)

Sp(6)
Opx(13)
Cpx(16)
Melt(8)

Sp(9)
Opx(16)
Cpx(31)
An(11)
Melt(14)

Opx(14)
Cpx(15)
An(9)
Melt*

Fo(13)
Meli(16)

Fo(12)
Opx(21)
Melt(19)

Fo(13)
Sp(12)
Opx(22)
Cpx(22)
Melt(16)

Fo(14)
Sp(8)
Opx-1(13)
Cpx-1(14)™

0.24(0.04)
0.10(0.04)
2.04(0.31)
18.69(0.57)

0.10(0.05)
0.72(0.04)
12.52(1.02)
3.23(0.33)
0,26(0,04)
3.47(0.11)

15.60(0.12)

0.14(0.07)
2.36(0.26)
18.19(0.51)
15.42(0.16)

0.24(0.14)
2.35(0.21)
18.20(0.41)
20.24(0.13)
15.51(0.24)

2.33(0.07)
18.63(0.33)
20.26(0, 14)

0.30(0,04)
14,38(0,12)

0.29(0.05)
2.30(0.17)
15, 14(0.11)

0.26(0.05)
0.10(0,06)
2.25(0.15)
18.47(0.47)
15.35(0.12)

0.26(0.05)
0.05(0.04)
2.26(0.14)
17.54(0.89)

56.49(0.19)
28.60(0.13)
34.83(0.43)
20.54(0.53)

28.70(0.11)
33.40(0,48)
0.15(0.03)
0.05(0.06)
24.51(0.49)
2,55(0.11)

15.06(0.09)

28.84(0.14)
34.31(0.38)
21.22(0.42)
14,28(0.14)

28.98(0.17)
34.26(0.27)
20.99(0 36)
0.74(0.18)

14.13(0,12)

35.06(0.25)
21,19(0.39)
0.88(0.17)

56,54(0,14)
16,70(0.09)

56.51(0.22)
34.82(0.33)
15.41(0.11)

56.53(0.13)
28.63(0.06)
34.34(0.25)
20.87(0.43)
14.82(0.07)

56.49(0.14)
28.44(0.12)
34.34(0.18)
21.53(1.08)

0.22(0.06)
71.07(0.11)
8,72(0.49)
8.65(0.45)

70.99(0.14)
14.11(0.54)
29,73(0.89)
21.18(0.31)
54.82(0.65)
18.61(0,12)

19.88(0.12)

70.78(0.15)
9.04(0.43)
9.07(0.41)
20.45(0.09)

70.31(0.38)
9.82(0.62)
9.78(0.46)
34,65(0.35)
20,76(0.08)

7.47(0.68)
7.99(0.64)
34.66(0.28)

0.21(0,07)
19.37(0.07)

0.14(0.09)
7.74(0.77)
19.90(0.11)

0.18(0.08)
71.08(0.16)
9.19((0.45)
9.14(0.41)
20.35(0.12)

0.14(0.06)
71.51(0.13)
9.11(0.38)
9.47(0.83)

43.06(0.16)
0.23(0.07)

54.41(0.38)
52.12(0.43)

0.21(0.05)

51.76(0.13)
52.44(1.10)
62.13(0.43)
20.40(0.39)
66,39(0.26)

49 46(0.16)

0.25(0.14)

54.29(0.22)
51.52(0.36)
49 85(0.10)

0.48(0.37)
53.57(0.48)
51.04(0.36)
44,37(0.26)
49,60(0.14)

55.14(0.43)
52,19(0.36)
44.21(0.26)

42,95(0.17)
49 55(0.12)

43.07(0.17)
55.14(0.42)
49.54(0.13)

43.03(0.10)
0.19(0.10)

54.22(0.25)
51.52(0.31)
49 48(0.15)

43.10(0.13)
0.00(0.00)

54.28(0.19)
51.46(0.49)

5.51(0.84)
13.41(0.26)

8.98(0.10)
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Table 4: continued

Glass region

Sp(10) 0.20(0.07) 28.51(0.10) 70.79(0.26) 0.50(0.21) -
Opx-2(22) 2.45(0.21) 34.61(0.24) 7.87(0.44) 35.07(0.34) H
Cpx-2(15) 18.55(0.36) 21.00(0.34) 3.48(0.25) 21.96(0.23) .
An(18) 19.85(0.17) 0,74(0.21) 35.21(0.32) 44.19(0.23) &
C-1789, 1300°C Fo(l1) 0.30(0.06) 56.54(0.13) 0.16(0.04) 42.99(0,14) .
Sp*
Opx(17) 2.19(0.46) 34 80(0.45) 8. 87(0.40) 54.14(0.41)
Cpx(17) 1881(0.34) 20.25(0.26) 9.70(0.53) 51.24(0.37)

The numbers in parentheses after the name of the phase are the number of successful
analyses performed on that phase. Data reading: 0.28(0.03) 1s 0.28 £ 0.03. All analyses
were normalised to 100 wt% before averages and standard deviation were calculated. *:
phase 15 confirmed but too small to analyse. ** phase is confirmed but only poor quality
analyses are available,

constrain the solidus of the Sp-lherzolite phase assemblage in the system CMAS at 11
kbar to be ~ 1315+10 °C. The experiment at this temperature, C-1781, produced four
crystalline phases plus melt; however, the melt composition is slightly less magnesian
than the composition deduced from the KEs (Table 5), and is intermediate between this
composition and that in equilibrium with Opx+Cpx+Sp+An. The Al,Os content of the
pyroxenes is also slightly higher than in other comparable runs. This raises the question
of whether equilibrium between Fo and the “filling” part of the sandwich was truly
established. Clearly equilibrium was not established in a similar experiment at the
slightly lower temperature of 1310°C, C-1768; here the “filling” crystallized completely
to Sp+Opx+Cpx+An, with An separated from Fo by a narrow reaction zone of
Opx+Cpx+Sp. The further implications of this experiment for the interpretation of
results from melt-extraction experiments (like the diamond-aggregate technique) will be
discussed below.

Table 5 compares the result of this study to previous work in CMAS at similar
pressures in the literature. There is a difference of 30 degrees between the solidus as
determined here and the solidus defined by run 116-3 in Presnall (1976), which contains
Fo+Opx+Cpx+Sp+Melt at 1350°C and 11 kbar. However, another run with the same
starting composition reported by Presnall et al. (1979), their 122-8 at 1327°C and 11
kbar, contained Fo+Opx+Melt and is therefore above the solidus, which would be in
agreement with my result. There is also good agreement as regards the solidus melt
composition and the solidus pyroxene compositions. It may be noted that Presnall
(1976) reported 8.4+0.2 wt% Al,O; for his Opx based on five analyses. but noted two
outliers at 9.6 and 5.5 wt% Al,Os, indicating that his Opx was somewhat heterogenous

in composition. The higher amount (9.49 wt%) later reported by Walter and Presnall
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Fig. 4 Variation diagram showing oxide trends for melts in the KEs. Symbols:
the same as in Fig. 3. One standard deviation of the oxide content is only
occasionally larger than the symbols, as shown, The diagram suggests a strong
linear correlation between S10,-K,0, Al,0;-K,0, Mg0O-K,0 and Ca0O-K;0 at
low K50 contents (< 8.5 wt%). Hence the experiments at low K,0 content (= 7
wt%) are used in the regression to derive the solidus melt composition of a
simplified spinel lherzolite in system CMAS. By extrapolating the K0 content
to 0, a solidus melt composition, Si0; 49.09, Al,O,; 20.12, MgO 15.45 and
Ca0 15.33, is derived. This melt composition was used as the starting material
(SEMO02-6 in Table 1) for the REs. By extrapolating the K;O content to 10, |
derived a melt composition which was used as the sandwiched starting material
(SEMO02-8 in Table 1) in some experiments at high K-O content (Table 3).

‘ (1994) following their re-analysis of this experiment may be due to including high-
| Al;O; outliers. The solidus temperature and melt composition reported by Kushiro

(1972) at 10 kbar agrees slightly less well, the main difference in melt composition
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being in CaO (Table 5). Kushiro (1972) also reports data for the phase assemblage
Sp+Opx+Cpx+Ant+Melt; in agreement with this study, this isobaric invariant point
occurs at essentially the same temperature at a melt composition only ~ 1 wt % lower in

MgO than Fo+Sp+Opx+Cpx+Melt.
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Fig. 5 Temperature difference between the calculated temperature and the nominal experimental
temperature (11 kbar). In (a) the Opx-Cpx geothermometer of Nickel et al (1985) 1s used, in (b) the Opx-
Cpx geothermometer of Brey & Kohler (1990; formula 9) 1s used while in (¢) the Opx geothermometer of
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Table 5: Compositions of Melt, Opx and Cpx in the system CMAS at 10 or 11 kbar

Fo+Sp+Opx+Cpx+Melt and Sp+Opx+Cpx+An+Melt: comparison with literature data

in the isobaric nvariant assemblages

Phase assemblage Fot+Sp+Opx+Cpxthdelt

Phase assemblage Sp+Opx+Cpx+An+Melt

Run# from KEs at K20=0 C-1781 116-3 116-3 116-3 1-K72 C-1565 2-K72
Source Thas study This study P76 P79 WP94 K72 This study K72
1319°C 1315°C 1350°C 1350°C 1350°C 1350°C 1320°C 1345°C

P 11 11 11 11 11 10 11 10
Melt 510, 49.09 49.48(0.15) 49.13(0.37) 49.30(0.1) 50.10 49.60(0.14) 30.91

Al,Os  20.12 20.35(0.12) 19.72(0.33) 19.20(0.1) 2093 20.76(0.08) 21.37

MgO 1545 14.82(0.07) 15.69(0.41) 16.80(0.1) 16.00 14.13(0.12) 14.82

Ca) 1533 15.35(0.12) 15.47(0.12) 14.90(0.1) 12.98 15.51(0.24) 12.90
Opx  S10; 5454 54.22(0.25) 54.00(0.3) 53.90(0.65) 53.57(0.48)

ALO; 857 9.19(0.45) 851(0.2) 9.49(0.65) 9.82(0.62)

MgO  34.47 34.34(025)  35.16(02) 34.60(0.25) 34.26(0.27)

CaO 243 2.25(0.15) 2.33(0.1) 2.17(0.1) 2.35(0.21)
Cpx  SiO; 5197 51.52(0.31) 51.40(0.4) 51.04(0.36)

ALO: B66 9.14(0.41) 9.50(0.65) 9.78(0.46)

MgO  21.06 20.87(0.43) 20.20(0.5) 20.99(0.36)

CaO __ 18.30 18.47(0.47) 19.30(0.25) 18.20(0.41)

P76, Presnall (1976); P79, Presnall et al. (1979); WP94, Walter & Presnall (1994); K72, Kushiro (1972). Data from the literature have

been renormalised to 100%.
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out, producing Sp+Opx+Cpx+An+Melt (with a trace of residual Fo) in C-1701 at
1240°C, and the isobarically invariant assemblage Sp+Opx+Cpx+An+San+Melt in C-
1708 at 1230°C. A third attempt with another initial melt composition (SEM02-13)
produced Sp+Opx+Cpx+San+Melt with a trace of residual Fo in C-1779 at 1250°C.

These and the higher-temperature results in the system CMAS-K,O are
summarized in Fig. 6, a projection from Fo+Di onto the An-Or-Qz plane. Although 1
failed to locate the isobaric invariant point Fo+Sp+Opx+Cpx+San+Melt at 11 kbar
directly, this point, which is eutectic-like on this projection, must occur at a melt
composition between runs C-1585 at 1260°C and C-1779 at 1250°C, at a slightly lower
temperature (i.e., ~1240£10 °C).

4. Discussions

4.1 Compositions of Opx and Cpx
The compositions of both Opx and Cpx in the experimental run products vary in

two ways, namely their CaO and their Al; O3 contents.

CaO in pyroxenes

The partitioning of CaO between Opx and Cpx is the basis of the two-pyroxene
geothermometry, the main means of estimating temperatures of equilibration in
lherzolitic assemblages. To compare my data with previous work in the system CMAS,
[ have used the formulation of Nickel et al. (1985) to calculate temperatures from my
experimental run products (Table 3 and Fig. 5(a)). The calculated temperatures are in
good agreement with nominal experimental temperatures, although in detail there is a
weak systematic tendency for the former to be higher at low experimental temperatures.
The average difference between the calculated temperature and the nominal
experimental temperature for the experiments reported here is just 23 degrees with a
standard deviation of 17 degrees. 1 also tested two other pyroxene geothermometers,
equations (9) and (10) of Brey & Kohler (1990). Eqn. (9), which uses the exchange of
Ca between Opx and Cpx. yields higher calculated temperatures, with an average
difference of 65°C between the calculated temperatures and the experimental
temperatures (Fig. 5(b)). Conversely. eqn. (10), which only uses the amount of Ca in
Opx co-existing with Cpx, gives lower calculated temperatures, with an average

difference of -39 degrees (Fig. 5(c)). These equations were intended for use with
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chemically complex natural systems, but were formulated as simply as possible for ease

of use. Figs. 5b and 5c¢ indicate that this simplicity may result in a loss of accuracy:

consequently,

more rigorous albeit tediously complicated

geothermometers could potentially give better results.
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Fig. 7 Comparison of temperature measurement using Pt/Rh thermocouples and W/Re
thermocouples in experiments in the system CMAS and the system CMAS-K,0. Temperature is
calculated using the Opx-Cpx geothermometer of Nickel et al. (1984). When Pt/Rh
thermocouples used, similar temperature measurement was observed (This study, KO00a,

Klemme & O'Neill, 2000a; 187, Longhi,

1987). The W/Re gave out higher nominal

experimental temperature (WP94, Walter & Presnall, 1994; Gudfinnsson & Presnall, 1996).
Apparently, the Pt/Rh thermocouples ar independent to pressure while the W/Re thermocouples
may be pressure-dependent.

Shown in Fig. 7 are differences between observed and calculated temperatures

using the geothermometer of Nickel et al (1985) for experiments in the system CMAS at

pressures from 1 atm to 34 kbar, from Longhi (1987), Walter & Presnall (1994),
Gudfinnsson & Presnall (1996) and Klemme & O'Neill (2000a), and this study

(CMAS+K,0). Similar diagrams using the two geothermometers of Brey & Kohler

(1990), their eqns (9) and (10), are shown in Fig. 8, with the addition of the CMAS-

Na,O data from Walter and Presnall (1994). These plots raise a number of issues

regarding potential problems with the experimental database on the CMAS system, in

addition to the problem with the geothermometers. One consideration is the choice of

thermocouple. The Nickel et al. (1985) and Brey and K&hler (1990) geothermometers

are based on experiments by these authors using type B Pt/Rh thermocouples, as in this
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study, whereas the data from Presnall and co-workers were obtained using W/Re
thermocouples. Thus the discrepancy with increasing pressure seen in Fig, 7 and Fig. 8
may be due to error in the pressure-dependence of the Brey-Kohler gethermometers, or
to differences in the effect of pressure on the emf of Pt/Rh thermocouples compared to

W/Re thermocouples.
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Fig. 8 Comparison of temperature measurement using Pt/Rh thermocouples and W/Re thermocouples in
experiments in the system CMAS and the system CMAS-Nas0: the Opx-Cpx geothermometer of Brey &
Kohler (1990) used in (a) and the Opx geothermometer of Brey & Kohler (1990) used in (b). WP94,
Walter & Presnall, 1994, GP96, Gudfinnsson & Presnall, 1996; L87, Longhi, 1987, KO00a, Klemme &
O’Neill, 2000a. A protective N; flow was used to protect the W/Re thermocouples in the low pressure
experiments (< 11 kbar) in the system CMAS-Na,O, so that these experiments gave out similar nominal
experimental temperatures to those using Pt/Rh thermocouples.







equilibrium, as seen in the experiments of Gasparik (1984). The partitioning of Al
between Opx and Cpx does not vary with temperature (i.e.. the temperature-
dependences of the Al isopleths are similar in Opx and Cpx), as demonstrated in Fig.
10. In experiments in the system CMAS-Na;O, the Cpx might be expected to have
additional Al from a jadeite component (NaAlSi,Og). To test this, I also plotted (Fig.
10b) the data for the CMAS-Na,O system (Walter and Presnall, 1994) with the molar
amount of Al associated with Na subtracted. Remarkably, this results in a greatly
increased scatter in the plot, indicating that my expectation of increased Al associated

with Na must be incorrect.
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Fig. 9 The solubility of Al in Cpx (a) and Opx (b) for a Sp-lherzolite phase assemblage in system CMAS,
CMAS-K,0 and CMAS-Na,0O. WP9%, Walter & Presnall, 1994; KO00a, Klemme & O'Neill. 2000a:
GP96, Gudfinnsson & Presnall, 1996, 885, Sen, 1985, G84, Gasparik, 1984,

Al;O3 in pyroxenes, particularly in Cpx, is always the most heterogenous
component in my experiments and anomalous Al,O; contents are a sign of
disequilibrium. An example is the subsolidus reversal experiment C-1789, in which the
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Al; O3 of the Cpx remains similar to that in the starting material, although the Opx in

this run has changed its Al,O; content to a lower value.
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Fig. 10 Partitioning of Al between Cpx and Opx for a Sp-lherzolite phase assemblage in system CMAS,
CMAS-K,0 and CMAS-Na,0 with Jd component (NaAlS1,0;) retained in Cpx (a) and with Jd removed
from Cpx (b). For data sources, see Fig. 9.

Al:0; in pyroxenes of other phase assemblages

Reactions (5) and (6) show that the absence of Fo would shift this equilibrium to
the wii-hand side so that the MgAI1,8i0s (MgTs) component in Opx and the CaAl,SiO;
(CaTs) component in Cpx increase. Therefore, the pyroxenes in the phase assemblage
Sp+Opx+Cpx should have higher Al;O; content than those in the phase assemblage

Fo+Opx+Cpx+Sp, as observed in my experiments (Fig. 11).
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Fig. 11 Experimentally observed changing pattern of Al;O5 (wt%)-temperature (°C) in Opx (a) and in Cpx
(b) from phase assemblage to phase assemblage. Lines are fitted by eyes. Some data are slightly shifted
horizontally.

A single governing reaction for the Al;O; content in both pyroxenes coexisting

with An+Sp can be written:

MgAl;0,+CaAl;Si;05 = MgAlLSi0+CaAl;Si0g (7)
Sp An Opx Cpx

The absence of either Sp or An would shift this reaction to the left-hand side so that
MgTs in Opx and CaTs in Cpx decrease. Again, this is observed in my experiments
(Fig. 11).

Since the Al;O; contents of pyroxenes depend on the identities of coexisting

phases, the AlO; contents are useful indicators of equilibrium between the different
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parts of sandwich experiments. While this kind of disequilibrium is clearly seen in a few
experiments, in most runs the same Al,O; contents in pyroxenes were indeed observed

in the “filling” and the ends of the sandwich.

4.2 The effect of K,O on melting relations of Sp-lherzolite in the system
CMAS-K,0

Effect of K,O on melt compositions

Fig. 2 indicates that 1 wt% K,O in the melt depresses the solidus temperature of
the Sp-lherzolite phase assemblage at 11 kbar by about 5.8 degrees. Fig. 3 suggests that
I wt% K0 decreases MgO by 1.30% and CaO by 1.03%, but increases SiO; by 1.05%
and Al,O; by 0.28%.
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Fig. 12 Variation diagram showing cation trends (in mol%) for melts coexisting with a Sp-lherzolite in
system CMAS-K,0 (this study) and system CMAS-Na,O (Walter & Presnall, 1994), Thick solid line:
system CMASK at 11 kbar; thin broken line, system CMAS-Na,0 at 20 kbar. Both K and Na increase the
Si content and the Al content, and decrease the Mg content and the Ca content in melt. The K effect on
melt composition, however, 1s much stronger than that of Na.
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In order to compare the effect of K,O on melt composition with that of Na,O, I
plot my experimental data in mole percent in Fig. 12, together with the data of Walter &
Presnall (1994) in the system CMAS- Na,O, at 20 kbar. (Walter and Presnall (1994)
provided a global regression of their data to 35 kbar that shows that the difference in
pressure between 11 and 20 kbar has a negligible effect in this context). For K, an
increase of 1% molar increases Si by 0.95% and Al by 0.33%, and decreases Mg by
1.46% and Ca by 0.82%. For all cations, the effect of Na is similar in direction to that of
K, but much weaker: a 1% molar increase in Na only increases Si by 0.1% and Al by
0.1%, and decreases Mg by 0.74% and Ca by 0.47%.

Hence, the effect of K;O on modifying the composition of melts multiply
saturated with FoOpxCpxSp in the system CMAS-K,O is very different to that of Na,O
in the system CMAS-Na,O. This is illustrated in Fig. 13, in which the composition of
multiply saturated melts are plotted in the basalt tetrahedron projected from Ol (Fig.
13a) and Di (Fig 13b). The data for the system CMAS-Na,O were taken from Walter
and Presnall (1994) at 20 kb, the higher pressure being used because Na,O stabilizes
plagioclase at the expense of spinel at only ~ 2 wt% Na,O at 11 kbars. The difference in
the behaviours of K,0 and Na,O can be summarized under three points: 1) The addition
of K50 drives the melt composition towards the Qz-normative field (defined by the join
between AbAnOr-Hy in Fig. 13b), the melt becoming Qz-normative at ~ 2 wi% KO,
The addition of Na,O drives the melt composition towards the Ne-normative field
(defined by the join AbAnOr-Ol in Fig. 13b), the melt becoming Ne-normative at ~ 2
wit% Na,O; 2) K,O decreases normative Di, whereas Na,O has no effect on this
normative component; 3) As a consequence, adding K,O eventually produces a
Corundum-normative melt at ~ 8 wt% K,0O. Na,O-rich melts never become Corundum-

normative.

Effect of K;0 on the partitioning of MgO between Olivine and Melt

The amount of MgO in a basaltic magma increases strongly with temperature.
Several authors have attempted to quantify this effect, using the partition coefficient for
MgO between Melt and Ol (Leeman, 1978; Ford et al.. 1983; Gudfinnsson and Presnall,
2001). However, such single-element partition coefficients are generally expected to
depend on other factors including the details of the melt chemistry (e.g., O’Neill and
Eggins, 2002). Fig. 14 shows that adding K;O to CMAS produces a quite different trend
to that established by the systems CMAS, CMAS-Na,O and CMAS-FeO (cf. Fig. 2 in

Gudfinnsson & Presnall, 2001). This makes a useful warning that empirical
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Fig. 13 A comparison of the effects of K;0 and Na,O in modifying melt compositions: (a) projection of
Di-JdCaTsLe-Qz from Ol (by mole); (b) projection of Ol-JdCaTsLe-Qz from Di (by mole). Plotting
procedure is from Falloon & Green (1988). Data in the system CMAS at both 11 kbar and 20 kbar are
from Walter & Presnall (1994). Data in the system CMAS-Na,O (Na,O) at 20 kbar are from Walter &
Presnall (1994) as well. Data in the system CMAS-K,0 at 11 kbar are from this study.

geothermometers, with a less than rigorous thermodynamic basis, have limited
reliability, and should never be applied to compositions outside those used in their
formulation.

The MgO-partitioning “magmathermometer” due to Ford et al. (1983) has been
used recently by Danyushevsky et al., (1996), Falloon & Danyushevsky (2000), Falloon
etal., (1999), and Falloon et al., (2001). Falloon & Danyushevsky (2000) found that this
formulation returns progressively larger errors in the calculated liquidus temperatures of
basaltic melts as alkalis (Na,O + K,0) exceed 3 wt%. My data can be used to check this
phenomenon further. The result is shown in Fig. 15. Apparently the Ford et al. (1983)
geothermometer cannot reproduce the experimental temperatures accurately both in the
system CMAS and in the system CMAS-K,O (Fig. 15(a)). I also checked the effect of
pressure on the geothermometer, with results shown in Fig. 15(b). Evidently pressure

affects the calculated temperature as well.
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Fig, 15 Tests of the geothermometer of Ford et al. (1983) against K-O content of melt (a) and pressure
(b). In (a), data from this study in both system CMAS and system CMAS-K,0 are used while in (b) data
from this study, WP94 (Walter & Presnall, 1994) and GP96 (Gudfinnsson & Presnall, 1996) in system
CMAS are used. The possible pressure effect on the temperature measurement in those experiments using
W/Re thermocouples (see Fig. 7 and Fig. 8) can not fully account for the pressure dependence of the
temperature difference observed here so that the geothermometer of Ford et al. (1983) needs to be further
corrected against pressure,
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4.3 Melting reactions

Melt properties

The CIPW norms of the experimentally observed melt compositions are
summarised in Table 6. Melts with K-O contents below ~ 4.1 wt% K>0 are Ol-
normative. The Melt becomes Qz-normative at higher K,0O. Melts with = 8 wt% K,0O

are corundum-normative.

Phase relationships

Melt compositions observed in this study are plotted in Fig.16. In the system CMAS
there are two isobaric invariant points of interest, A (Fo+Sp+Opx+Cpx+Melt) and A*
(Sp+Opx+Cpx+Ant+Melt). Points B, C and D are isobaric invariant points in the system
CMAS-K,0, for the phase  assemblages Fo+Sp+Opx+Cpx+Sant+Melt,
Sp+Opx+Cpx+An+San+Melt and Sp+Opx+An+San+Sapph+Melt, respectively. All
these invariant points are peritectic. From point A to point B the isobarically univariant
phase assemblage is Fo+Sp+Opx+Cpx+Melt, while from point B to point C it is
Sp+Opx+Cpx+Sant+Melt. At point C, the melt composition trend is joined by another
melt composition trend emanating from point A*, with the isobarically univariant phase
assemblage of Sp+Opx+Cpx+An+Melt. The isobarically univariant phase assemblage
from point C to point D is Sp+Opx+San+An+Melt. Thermal maxima must be located
between B and C, and between C and D. The temperature change is judged by my direct
temperature observation or by the method of Presnall (1986). One interesting property
of the system suggested by my experiments is that the univariant solidus curves have a
relatively steep temperature decrease (1320-1240°C) from A to B or from A* to C, but
the temperature interval between A and A* and the corresponding univariant solidus

curves A-B and A*-C is very small.

Melting reactions
The compositions of Melt, Cpx and Opx in the experiments with the phase
assemblage Fo+Sp+Opx+Cpx+Melt in the system CMAS-K;0O were fitted by regression

to a second-degree polynomial of the form:
X! = ATHBT+C
i

where X‘ib is the concentration in weight percent of oxide i in phase ¢ and T is in °C.
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Fig. 16 Projections from An+Or (a) and from Fo+Di (b) showing the melt composition of the KEs (wt% ).
See Table 6 for the original data of CIPW norm. (a) is inappropriate for the melt with high K;O content
while (b) is inappropriate for the melt with 0 K;O content. In the former case, melt is Ol-free and the
missing An+Or has a very high proportion of the melt so that deflection ensues; in the latter case, melt is
Or-free and the missing Fo+Di has a very high proportion of the melt so that deflection ensues as well. 1
combine these two diagrams to discuss the melt property. Point A and A* are the isobarically invariant
point for FoSpOpxCpxMelt and SpOpxCpxAnMelt of system CMAS, respectively. Point B, point C and
point D, displaying 6 coexisting phases (FoSpOpxCpxSanMelt, SpOpxCpxSanAnMelt or
SpOpxSanAnSapphMelt), are isobarically invariant points of system CMAS-K,0. Temperature decrease
shown by arrows 1s based on direct experimental observation or on calculation using the phase
composition data at the invariant point B, C or D with the method of Presnall (1986). Between point B
and point C, and point C and point D, there are two liquidus maximums, from which temperature
decreases towards both sides. Their accurate position has not been located. Partial melting reaction in this
portion of system CMAS-K,O is always peritectic. See Table 7 for related information.

To calculate the partial melting reaction along the univariant curve of
Fo+Sp+Opx+Cpx+Melt, the method of Walter et al (1995) is used. The melting reaction
is independent of the bulk composition as long as all phases present. The calculated
reaction coefficients are plotted against temperature in Fig. 17. The partial melting
reactions for some special temperatures are listed in Table 8.

Also listed in Table 8 are the partial melting reactions at the invariant points of
system CMAS (Point A and A* in Fig. 16) and the invariant points of system CMAS-
K,0 (Point B, C and D in Fig. 16) which are directly calculated from the experimentally
observed phase compositions using the method of Korzhinskii (1959).

Partial melting is always peritectic along the univariant curve

Fo+Sp+Opx+Cpx+Melt at 11 kbar in the system CMAS-K,O (Fig. 17). At high

62

——




| temperatures (from 1320°C down to 1265°C), Fo is in reaction relationship with melt.

From 1276°C Sp becomes in reaction relationship.

Table 7: Regression coefficients for phases of variable compositions

in experiments with Fo+Sp+Opx+Cpx+Melt

Ca0 MgO ALO, Si0, K,O
Melt A 0.0016925 0.0019498 0.0006571 -0.0015076 -0.0014776
B -4,206728 -4,848343 1.678342 3718272 3.658458
. 2620.00 3018.51 -1050.26 -2233.04 -2255.22
D (.64 0.70 0.34 0.82 0.54
Cpx A -0,0000256 -0.0001765 0,0008478 -0.0006457 -
B 0.055271 (.460585 -2.177688 1.661832
C -10.17 -279.40 1406.49 -1016.92
D 0.16 0.15 0.22 0.09
Opx A -0.0000508 -0.0002918 (.0005426 -0.0002001 -
B (.138646 0,742252 -1,392491 0.511593 .
C -92.14 -437.08 901.53 -272.31 -
D 0.12 014 0.15 012 -

Regression equation: }(?= AT’ + BT + C where 3‘-{? is the concentration in weight

percent of oxide i in phase ¢ and T is in "C. D is the average difference between

regressed and experimentally observed values.

Table 8: Comparison of melting reactions in the CMAS, CMAS-Na,O and CMAS-
K,O systems at 11 kbar

System Temp, Method' Reaction (wt, %) Reference’
CMAS 1350  Korzhinskii 46.8 Opx + 71.4 Cpx + 11.7 Sp = 100.0 Melt + 29.9 Fo GPY%6
CMAS 1320 Korzhinskii 40.7 Opx + 79.7 Cpx + 13.8 Sp = 100.0 Melt + 34.2 Fo This study
CMAS ~1320 Korzhinskii 26.2 Opx + 26.2 Cpx + 50.1 An = 100.0 Melt + 2.5 Sp This study
CMASN Walter9s 46 Opx + 75 Cpx + 13 Sp = 100 Melt + 34 Fo Walter95s
CMASK 1310 Walter9s 41,5 0px +79.1 Cpx + 15,1 Sp = 100,0 Melt + 35.7 Fo This study
CMASK 1280  Walter95 69.5 Opx + 58.9 Cpx +9.4 Sp = 1000 Melt + 37.8 Fo This study
CMASK 1270 Walter95 94.8 Opx +47.9 Cpx = 100.0 Melt + 17.4 Fo+25.3 Sp This study
CMASK 1260  Walter95 140.7 Opx + 33.0 Cpx + 36.4 Fo = 100.0 Melt + 110.1 Sp This study
CMASK 1255 Walier93 181.5 Opx + 21.8 Cpx + 91.0 Fo = 100.0 Melt + 194.2 Sp This study
CMASK 12527  Korzhinskn 548p+2070px+154Cpx+71.7 San= 1000 Melt+ 13.2 Fo This study
CMASK 1230  Korzhinskii 234An+6658an+12.70px = 100.0 Melt + 1.7 Sp+0.9 Cpx This study
CMASK 1230 Korzhinskis 96 An+63.0San +122 2 Sapph. = 100.0 Melt + 899 Sp +4 8 Opx__This study

‘Method: Korzhinskii, Korzhinskii (1959); Walter95, Walter et al (1995).

‘References: GP96, Gudfinnsson & Presnall (1996); Walter95, Walter et al (1995).

In order to calculate the reaction for the isobaric invariant point Fo + Sp + Opx + Cpx + San +
Melt at ~ 1252 °C, Fo was added to the phase assemblage observed in C-1779,

Average composition of Fo and Sp was used in the calculation,
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Fig. 17 Melting reaction along the univariant curve of Sp-lherzolite in system CMAS-K,0 (from point A
to point B in Fig. 16. Increasing temperature corresponds to decreasing K,O content of the melt.
Calculating method for the coefficients of the melting reaction: Walter et al (1995). The melting reaction
is independent to the bulk composition as long as all the phases coexist.

| 4.4 Experiment C-1768: an analogue of a diamond-aggregate melt

extraction experiment

Run C-1768 is a crystallization experiment on the melt composition determined
! for the isobaric invariant point Fo+Sp+Opx+Cpx+Melt from the KEs, with additional
Fo added in the sandwich geometry. Importantly, this particular run is at 1310°C, just
below the solidus (1320°C). The experimental charge was prepared with layers of Fo
sandwiching a layer of crushed glass of the anticipated solidus melt composition
| (synthesised at 1 atm). Initially, of course, both layers have considerable porosity. This
porosity would not be expected to survive at 11 kbar and 1310°C even in a subsolidus
run (for example, a pure Fo charge would be expected to recrystallize to near 100%
density in a few minutes at these conditions), and indeed it does not. However, the

interesting observation is that the Fo layers are thoroughly impregnated with material
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that includes the components CaO and Al;O; plus additional Si0O,, leading to the
crystallization of Cpx, Opx and Sp among the original Fo. These components must
come from the glass layer, through the action of a metastable melt present during the
initial stages of the run. The metastable melt is inferred because the distances involved
(=2 mm) are too large for solid state diffusion timescales. Whereas these layers ended
up with the assemblage Fot+SptOpx+Cpx, the glass layer crystallized to
An+Sp+Opx+Cpx and is hence not in equilibrium with the Fo layers. No quenched melt
was observed in the final run products (either Fo or glass starting layers), indicating that
the run was, as expected, thoroughly subsolidus. I believe that the scenario whereby
material migrates into the Fo layers may be analogous to the processes occurring in
diamond-aggregate melt-extraction experiments.

The diamond-aggregate technique was used to study the near solidus partial
melting of mantle peridotite (Johnson and Kushiro, 1992; Hirose & Kushiro, 1993;
Baker & Stolper, 1994; Baker et al., 1995; Kushiro, 1996). The results of one of these
studies (Baker et al., 1995) was questioned by Falloon et al. (1996), who drew attention
to possible pitfalls in the technique, particularly when applied to experiments with low
degrees of partial melting (where it is potentially most useful). Falloon et al. (1997;
1999) then checked some of the melt compositions observed in these studies and
concluded that the diamond aggregate technique compounds rather than solves the
experimental problems. However, Kushiro (2001) has recently pointed out that “the
analyses given by Baker et al. (1995) were too low in alkalies because of wrong
correction procedures (Hirschmann et al., 1998)”. Kushiro therefore concluded that the
results of Baker et al. were “not inconsistent” with the tests of Falloon et al. (1997); but
since Falloon et al. were evidently studying a different composition, consistency is
difficult to judge. Although Kushiro (2001) inferred from this that “The diamond
aggregate method can be a reliable technique for obtaining and analyzing low-degree
partial melt”, T suggest that more testing is needed.

Full evaluation of the diamond aggregate technique is beyond the scope of this
study, but the observations obtained on C-1768 can be used to throw further doubt on
the reliability of the diamond aggregate technique at low melt fractions. The existence
of the CaQ, Al;O; and extra SiO; amidst the Fo supports the argument of Falloon et al.
(1996) that the initial intra-pore pressure can lead to metastable melt production. As
another possible example of this, Hirose and Kushiro (1993) found melt in every single

experiment of their diamond-aggregate study, despite several runs being at temperatures
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up to 50°C below the solidi of their two compositions as previously determined

(Takahashi and Kushiro, 1983; Takahashi, 1986).
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Fig. 18 Composition variation longitudinally along the experiment product of C-1768 detected using a
defocused beam (~ 40 *50 um®). (a) shows a complete profile from one end of the capsule to the other
while (b) shows not only the complete profile (empty squares) shown in (a) but also another incomplete
profile (solid circles), which was not extended to the glass layer and to the other end of the capsule.

A defocussed beam of approximately 40x50 pm was used to analyse areas in C-
‘ 1768 from one end of the capsule to the other. The results are shown in Fig. 18. Fig.
f 18(a) shows that the amount of material infiltrating the Fo layers (as monitored by CaO
and Al,Os) decreases away from the interface with the glass layer, but some still reaches

the edge of the capsule. What is strange is the decrease of the CaO/Al>,O; ratio (Fig.

18(b)) from that in the initial glass of 0.75, which suggests decoupling of CaO and
| Al;O;. The transient melt in the Fo layers appears to have a much lower ratio than
equilibrium melt coexisting with either Fo+Sp+Opx+Cpx or Sp+Opx+Cpx+An. A low

CaO/Al,0; ratio is also observed in many of the diamond aggregate studies at low
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degrees of partial melting, although a true comparison is obscured by the high Na;O
contents of these melts. It would be valuable to test the diamond-aggregate method

directly in the system CMAS at 11 kbar at subsolidus and near solidus conditions.

4.5 The anorthite-sanidine solvus

Anorthite, albite (Ab) and sanidine are the three main components of natural
feldspars. At high temperatures there is complete solid solution across the joins An-Ab
(plagioclases) and Ab-San (alkali feldspars), but the solvus between An and San extends
to their solidus. Despite the usefulness of the An-San solvus for constraining
thermodynamic models of ternary feldspar solid solutions (Nekvasil, 1984), there are
only two experimental studies on the binary An-San join at high temperaturres (A1 &
Green, 1989; Nekvasil & Carroll, 1993), which disagree on the compositions of the
coexisting feldspars as well as on the temperature of the solidus. Ai & Green (1989)
located the eutectic in the An-San binary at 10 kbar at AnsSanso and 1215£15 °C, and
found the maximum mutual solubility of 18% San in An (by mole) and 7% An in San
(Fig. 19). Nekvasil & Carroll (1993), however, found the eutectic at 11.3 kbar at
AnjoSang; and 1280+10 °C, and the maximum mutual solubility is 11% San in An and

9% An in San (Fig. 19).
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Fig. 19 The mutual solubility (mol%) of San and An at 11 kbar, AG89, Al
& Green, 1989; NC93, Nekvasil & Carroll, 1993). The small amount of
MgO in An, up to ~ 0.6 wt%, is ignored.
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Determining the phase relations around the An-San solvus and solidus is
experimentally more difficult than it may seem at first sight. The kinetics of the
mixing/unmixing process at the solvus are too sluggish for direct experimental
investigation at subsolidus conditions. The assemblage An,+San,+Melt is isobarically
invariant in the system CaAl;Si;03-KAISi;:Og, and thus observing this assemblage
directly is not theoretically possible in the pure system (this is of course exactly the
same problem I confront in this study). Indeed, the reported observations of both the Ai
& Green (1989) and Nekvasil and Carroll (1993) on the solvus/solidus relations are
inferences obtained by the bracketing technique.

In the same way that adding K-O to the system CMAS enables me to constrain the
phase relations around the Fo+Opx+Cpx+Sp+Melt invariant point, so the presence of
MgO plus other minor CAS components in my experiments increases the variance of
the system and enables me to observe Ang+Sany+Melt directly. I am thus able to report
some useful points on the solvus, and also to put some constraints on the solidus of the
CaAl;Si;0g-KAISi;0g system at 11 Kkbar.

[ have three runs that produced co-existing An,, and San,, (C-1580 at 1250°C and
C-1708 and C-1576 at 1230°C), which are projected onto the CaAl;Si;05-KA1Si30g join
in Fig. 19 as well. The maximum mutual solubility of An and San observed here is
higher than that in Ai & Green (1989) and much higher than that in Nekvasil & Carroll
(1993). These new data suggest that the feldspar model calibrated by Fuhrman &
Lindsley (1988) has the best performance at higher temperatures. As shown by Nekvasil
(1994), all other models calculate much lower mutual solubilities of An and San.

Since MgO concentrates in the melt relative to Ang, and Sang, the eutectic in the
MgO-free system CaAl,Si;0s-KAISi;Og at 11 kbar must be higher than 1250 °C (run C-
1580). Allowing for a representative slope dT/dP for silicate melting of about 10°C/kb,
my results are not consistent with the solidus temperature of 1215£15 "C at 10 kbar
found by Ai & Green (1989), but are consistent with the 1280£10 °C at 11.3 kbar
suggested by Nekvasil & Carroll (1993). The molar Ca/(Ca+K) ratios in my three melts
in equilibrium with An+San are 0.31, 0.27 and 0.25. On the grounds that some of the Ca
in the melt is presumably associated with components other than An, but all the K can
be assigned to a San component, I surmise that the composition of the solidus (eutectic)
melt in the binary CaAl;Si,0s-KAISi;Og would lie at lower molar Ca/(Ca+K), again
consistent with the phase diagram of Nekvasil and Carroll (1993) (eutectic at
AnjsSang;), rather than that of Ai & Green (1989) (AnspSanyg).
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4.6 Sapphirine
In two of the sandwich experiments (C-1580 and C-1576), the middle melt-rich
regions produced an assemblage containing sapphirine (Sapp); the phase assemblage
consisted nl‘An+San+Sapph+Mclt at 1250°C (C-1580), which was joined by Opx and Sp
at 1230°C to form the isobarically invariant assemblage An+San+Sapph+Sp+Opx+Melt.
Neither assemblage is in equilibrium with the end regions, which consisted of the usual
Fo+Opx+Cpx+Sp with no apparent melt, and with a texture showing minimal
recrystallization, also indicative of no melt. However, the compositions of the
| pyroxenes in these regions are consistent with local equilibrium. Sapph is incompatible
with Fo at 11 kbar and ~1250°C, reacting to form Opx+Sp (e.g., Liu and Presnall,
2000). A semi-schematic phase diagram showing the subsolidus phase relations in the
system MgO-Al;03-S10; at ~1250°C and 11 kbar is shown in Fig. 20.
AlO1 5

11 kbar, ~ 1230°C

??ﬁf“”-‘f?ﬁ;..:r et
; qﬁﬂﬁ%ﬁhﬁ@“i’mmh

MgO i e Si0y

Fig. 20 Phase relationship of system MgO-AlQO, ¢-8i05 at 11 kbar and ~
1230°C. Small amount of CaO either in Opx or in Fo 1s ignored.

| In C-1576, the Opx in the two regions was very different in composition; that in
the subsolidus peridotitic assemblage had the usual 8.5 wt% Al,O; (consistent with
other experiments), while that in the sapphirine-bearing middle region had 14 wt%. The
regions are separated by a thin band of orthopyroxene ~ 10 um in width (Fig. 2a).

Remarkably, the composition of the orthopyroxene changes across this narrow band,
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method, thus, can be fully assessed both by internal consistency and by reference to the
previous literature data (Presnall, 1976; Presnall et al., 1979; Walter & Presnall, 1994).

Compositions of all phases, including both pyroxene solid solutions and the melt
compositions in the system CMAS derived from the KEs by extrapolating to zero K;O
all agree reasonably well with previous studies. The melt composition of Presnall et al
(1979) is almost the same as my extrapolated result from the KEs.

Agreement on the solidus temperature for a Sp-lherzolite phase assemblage in the
system CMAS at 11 kbar is consistent between the KEs and the REs and it is around
1320°C, with a probable uncertainty of less than £10°C. The slightly higher temperature
of 1350°C determined by Presnall (1976), later used in Presnall et al (1979). Walter &
Presnall (1994) and Gudfinnsson & Presnall (1996, 2000 and 2001), may be due to the
W/Re thermocouples used in that study, either from oxidation or from calibration errors.
The oxidation problem of the W/Re thermocouples forced Walter & Presnall (1994) to
use a nitrogen flow down the thermocouple insulator for their experiments at lower
pressures. Recently, Falloon et al (2001) reported drift of W/Re thermocouples at 10
kbar to higher apparent temperature in the temperature range 1300-1400°C caused by
oxidation. Commercially available W/Re thermocouples vary widely in their deviation
from theoretical emf-temperature relations, requiring careful calibration of each batch
(see Klemme & O’Neill 2000b).

The obvious agreement on the pyroxene composition, the melt composition and
the solidus among the extrapolation result from the KEs, the result of the REs and the
literature data argues that the K;O method is generally successful. I will report on the
application of this method to the determination of partial melting at the solidus in the
system CMAS-Cr;03 in Chapter 3 of this thesis.

Comparison with previous work on the system CMAS-Na,O shows that the effect
of K;O on melting equilibria is much stronger than that of Na;O, both as regards
temperature and melt composition. Increasing K,O causes the multiply-saturated solidus
melt composition to trend towards silica enrichment, becoming quartz-normative above
4 wt% K;O. By contrast, the effect of Na,O at 11 kbar is for multiply-saturated melts to
trend towards becoming more silica undersaturated; high Na,O melts are nepheline
normative. Note, however, that the activity of SiO; in both systems remains nearly the

same, being buffered by Fo+Opx (reaction (3)).
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Chapter 3

The effect of Cr,0; on the partial melting of spinel lherzolite
in the system CaO-MgO-Al,0;-Si0,-Cr,0; at 11 kbar

1. Introduction

Most if not all basaltic magmas are produced by the partial melting of mantle
peridotite. From the chemical perspective, partial melting involves a reaction between
melt and residual solid phases, but igneous petrologists have traditionally taken a
magmacentric view of the process, because it is the magma that emerges at the Earth’s
surface for examination. This view has led to the assumption regarding basalt
petrogenesis that all the necessary information about the partial melting process is
contained in the magma composition. Such an assumption would not be valid if there
were a component of the system that was completely absent from the magma, occurring
only in the residue - i.e., a completely compatible component.

Chromium as Cr,Os is a highly compatible component that is present in magmas
only in minor to trace amounts. Thus its importance in determining the chemical
composition of basaltic magmas may not be obvious from the chemistry of the magmas
themselves. However, Cr,0; substitutes for Al,Os in the solid phases of the mantle,
reducing the activity of Al;Oj in the system, hence in derived partial melts.

Chromium is the 7" most abundant element by weight in the Earth’s primitive
mantle, after O, Si, Mg, Fe, Al, and Ca (e.g., O'Neill & Palme, 1998). The Cr
abundance in mantle peridotites is on average about 2600 ppm (O’Neill & Palme, 1998)
and it occurs as Cr’" (or Cr,0; as an oxide component) in minerals in the terrestrial
environment. This study aims to evaluate the effect of Cr on partial melting of mantle
peridotite, by systematic additions of Cr,03 to the model system CaO-MgO-Al;03-Si0,
(CMAS). The CMAS system is the simplest system in which four phases (olivine,
orthopyroxene, clinopyroxene and an aluminous phase, plagioclase, spinel or garnet,
depending on pressure), as typically developed in the upper mantle composition, are
stable. It therefore provides an excellent starting point from which to understand mantle

phase equilibria.
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Partial melting of a four-phase assemblage in the system CMAS is isobarically
invariant, and the chemical potentials of all four components (CaO, MgO, Al>0O; and

Si0,) of the melt are completely defined, as, for example, by the following reactions:

CaO+ 1.5 MgQSiQC){, = CElMgSig(')(, - Mggf“]i()d (1)
Melt Opx Cpx Ol

MgO + 0.5Mg;Si:06 = Mg:SiO, (2)
Melt Opx 0l

Si0; + Mg,Si0, = Mg,8i,04 (3)
Meli Ol Opx

and in the spinel stability field,

AlO; 5+ 0.5Mgz5104 = 0.5MgAlL; 04 + 0.25Mg2 51,04 (4)
Melt Ol Sp Opx

Reaction (4) encapsulates the pivotal point of this study. As Cr,05 substitutes for Al,O5
in Sp, the activity of Al;O3 in the melt is correspondingly reduced. Since molar
Cr/(Cr+Al) in spinel can vary from 0.1 to 0.8 in mantle peridotites (e.g.. with depletion
by previous melt extraction; Dick & Bullen (1984) and Barnes & Roeder (2001)), the
effect is very large. The other melt components (CaO, MgO and SiOs) do not depend
directly on the activities of aluminous components (reactions 1 to 3), hence their
activities remain nearly constant as Cr;0; is increased. It is important to note that the Cr
effect does not depend on the presence of spinel, although it does depend on the

pressure regime. For example, the reaction controlling Al,O; in the melt could be

written:
Al()]j +0.25 MggSigc_)@, - OSMgAl:S!()ﬁ (5)
Melt Opx Opx

Cr;Os substituting in orthopyroxene in the pressure regime of the spinel-lherzolite
facies diminishes the activity of the MgAl,Si0Os component (see Klemme and O'Neill,
2000), reducing the Al;Os in the melt similarly. Reaction (5) becomes equivalent to

reaction (4) at spinel saturation, the two reactions being linked by the reaction:
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MgAlL O, + Mg:Si;0s = MgAlSiO6 + MgaSiO, (6)
Sp Opx Opx Ol.

Experimentally it is convenient to study the phenomenon at spinel saturation since
the thermodynamic properties of the melt are most rigorously constrained when it is

saturated in all four solid phases.

2. Previous work

Previous work on the effect of Cr,O;3 on the phase relationships of system CMAS
at supersolidus conditions is limited. Irvine (1977) showed that Sp can be stabilised in
all melts in the join Fo-Di-An-Qz by adding a small amount of Cr,O; into the CMAS
system. Libourel (1991) found that the addition of Cr,0; to the system CMAS stabilises
spinel in equilibrium with plagioclase lherzolite at 1 bar, and the melt (containing only
0.15 wt% Cr;0;3) coexisting with five solid phases at the isobaric invariant point (i.e.,
Ol, Opx, Cpx, Sp and Pl) is enriched in SiO; to 56.5 wi%, compared to 55.8 wi% SiO;
for melt coexisting with Ol, Opx, Cpx and Pl in CMAS (Walter & Presnall, 1994).
However, Libourel’s study appears only as a conference abstract, and the effect of
Cr;03 on the content of other oxides of the melt was not specified. 1 am not aware of
any studies at higher pressure.

The effect of Cr,03 on subsolidus equilibria is better known. O’Neill (1981) and
Nickel (1986) demonstrated the importance of Cr,O3 on the transition between garnet
lherzolite and spinel lherzolite. Klemme & O’Neill (2000) studied the equilibrium
between Opx and Sp coexisting with Fo in the system MAS-Cr;0;; these phase
relations are the key to understanding the controls on the activity of Al;O; (reactions 4
to 6). Li et al. (1995) studied the system MgO-Si0,-Cr-O in equilibrium with metallic
Cr, in which most of the Cr occurs as Cr*", They showed that Cr*" readily substitutes for

Mg in Ol and Opx solid solutions.

3. Experimental technique

3.1. Experimental strategy

Experimentally, the aim of this study is to determine how Cr;O; affects the
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compositions of the melt and the solid phases, as well as the partial melting
temperature, for the spinel lherzolite phase assemblage in the system CMAS-Cr,O;
(CMASCr). A pressure of 11 kbar was chosen since the spinel lherzolite phase
assemblage is stable at this pressure, and I could build on previous work in the system
CMAS (Presnall et al., 1979, Walter and Presnall, 1994; Chapter 2 of this thesis).
Moreover, this pressure has been identified as close to the average pressure for the
production of MORB, both from experimental constraints (Presnall et al., 1979; Sen,
1982; Presnall & Hoover, 1984, 1987; Presnall et al., 2002) and seismic observations
(Melt Seismic Team, 1998; Dunn & Forsyth, 2001).

There are five components in the system CMAS-Cr;0;; if the presence of five
phases at the solidus is stipulated (Fo + Sp + Opx + Cpx + Melt), the system has one

degree of freedom, and requires one additional variable to be completely specified. In

this study, the parameter Cr#g,, defined as molar Cr/(Cr+Al) in spinel, is used as the

necessary variable,
| Since the system is isobarically univariant in the presence of four crystalline
phases, it should be possible, at least theoretically, to observe the full spinel lherzolite
phase assemblage coexisting with melt over a finite temperature interval above the
solidus. However, preliminary experiments showed that in practice, for experimentally
feasible bulk compositions that give reasonable amounts of all phases, this temperature
interval was only ~ 10°C, which is close to the temperature resolution of the
experiments (~ £ 5°C). I therefore adopted the strategy of deliberately introducing an
extra component into the system, in order to increase the temperature interval over
which Fo + Sp + Opx + Cpx + Melt could coexist. I chose K;0, as this component only
enters the melt. Previously I have found that adding K;O expands the temperature
interval over which Fo + Sp + Opx + Cpx + Melt is stable to ~ 60 degrees in the system
CMAS-K;0O (Chapter 2 of this thesis). The composition of the melt in the K,O-free
system is then obtained by extrapolating the data empirically to zero K,O. This
procedure has been thoroughly tested for the system CMAS-K,O (Chapter 2 of this
thesis), and produces results in good agreement with previous work.

An experimental problem in many peridotite partial melting studies is
crystallization from the melt during quenching. In the system CMAS-Cr0;, the
temperature of the solidus and the amount of MgO in the melt both increase with
increasing Cr# g, exacerbating the problem. In my first attempts at experiments at high-
Cr,05 compositions in the system CMAS-Cr,0s, quench forsterite (Fo) was ubiquitous,

and melt compositions could not be confidently determined. This problem is also
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ameliorated by the addition of K,O, both by lowering the solidus temperature and by
making the melt composition less picritic. The “K,O method”, in conjunction with the
“sandwich method™, can produce large pools of melt in run products, in which the
effects of quench modification are effectively eliminated except at Crig, = 1, at which

quench modification is so severe that I was unable to gain any useful results.

3.2 Starting materials

Table 1 summarises the starting materials used in this study.

Two types of starting materials were prepared. Crystalline mixtures SEM02-1,
SEMO5-1, SEM04-1, SEMO01-1, SEM03-1 and SEM06-1 were made with a 5/8 inch
piston-cylinder press by crystallising the decarbonated oxide mixes at 1300°C, 11 kbar
and 48 hours in a 3.5mm diameter Pt capsule. Glasses SEM02-3, SEM02-4, SEMO0 1-4-
I, SEM01-4-2 and SEMO01-5 were synthesised at 1400°C, one atm and 20 minutes, and
then quenched to glass. High-purity oxides (SiO;, AlO;, Cr;O; and MgO) and
carbonates (CaCOs; and K;COs) were used. All mixtures were checked for compositions
with electron microprobe (Ware, 1991).

[n order to control experimental oxygen fugacity, RuO; was mixed into SEMO05-]

and SEMO1-4-1. All starting materials were stored in an oven at 150°C prior to use.

3.3 Capsule configuration and cell arrangement

All experiments were made in a conventional 1/2 inch piston-cylinder apparatus
(Boyd & England, 1960), using sealed Pt capsules, and the so-called ‘sandwich
technique’ (Stolper, 1980; Takahashi & Kushiro, 1983; Fujii & Scarfe, 1985; Falloon et
al., 2001), in which a layer of the anticipated melt composition (powdered glass starting
material) is placed between two layers of an appropriate crystalline assemblage of
Fo+Opx+Cpx+Sp. The proportion of the melt part to the crystalline part was adjusted to
keep the Cr/(Cr+Al) ratio of the bulk compositions in each set of experiments constant.

In order to keep the Cr as Cr'" and prevent reduction to Cr*", it is critically
important to eliminate any diffusion of H; into the capsule. Such a precaution also
ensures that the experiments are not contaminated by water. Therefore, based on
Hibberson (1978) and Robinson et al. (1998), a new cell arrangement shown in Fig. |
was used in this study. The cell arrangement is composed of three concentric shells: a
graphite heater, a pyrex glass tube and an outermost sleeve of NaCl, pressed to = 95%

of the theoretical density. In the central part of the new assembly, Pt capsule is put into
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Table 1 Compositions of starting materials used in this study

Sandwiching part S lewichod Prd

SEMO02-1 SEMO05-1 SEM04-1 SEMO1-1 SEMO03-1 SEMO6-1 SEM02-3 SEM02-4 SEMO1-4-1 SEMO1-4-2 SEMO01-5
Si10, 3695 3702 37.86 37.90 3RTT 38 81 48.71 4937 52.39 3239 51.34
Al O 22.63 17.49 12.76 973 5.90 361 18.97 20.20 14.66 14.66 14.37
Cral) 0.00 5.64 959 12.40 14.86 17.18 0.00 0.00 0.48 0.48 0.47
MgO 3506 34.40 3438 3475 34.94 34 88 16.60 13.52 17.15 17.15 16.80
CaO 536 545 5.40 521 3.53 5.53 14.72 1391 14.31 14.31 14.02
K0 (.00 .00 0.00 .00 0.00 0.00 1.00 3.00 1.00 1.00 3.00
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Cr' (by mole)*  0.00 17.78 33.52 46.10 62.83 76.14 0.00 0.00 214 2.14 2.14
Internal buffer** No No No Yes No No No No Yes No No

Cr**, the ratio of Cr/(Cr+Al). Internal buffer**, buffer RuO; (11.3 wt% in SEMO1-1 and 8 47 wt% in SEM01-4-1 ). The ratio of Fo, Sp, Opx and Cpx in SEM02-1, SEM05-1, SEM04-1, SEM03-1 and

SEMO6-1 approximates 1:1:1:1. The compositions of these solid phases came from Walter & Presnall (1994) or from my priliminary experiments.
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The pressures were continuously monitored and adjusted, if necessary. The
continual adjustment of pressure allowed each run to be controlled to within + 0.2 kbar
of the desired pressure of 11.0 kbar.

Temperature was measured and controlled to the nearest degree centigrade with a
PtosRhs-Pt70Rhsp thermocouple (type B): other thermocouples made from the same
spools of wire have been several times calibrated against the melting point of gold at 1
atm., and found to perform to within + 1°C of the theoretical temperature at this
temperature. Possible pressure effects on the emf of the thermocouple have been
neglected. The thermocouple is protected by a combination of high-purity alumina
tubing in the hot part of the assembly (~ 4 mm long), with mullite tubing above this.
The tip of the thermocouple, the upper ruby disc and the whole Pt capsule containing
experimental charge were all carefully placed in the approximately 5-mm-long hot spot

of the experimental assemblage as previously determined in this laboratory (W. O.

Hibberson, pers. comn.). In Chapter 2 of this thesis, I argued from the reproducibility of
their results that the precision in temperature measurement is approximately + 5°C.

Klemme & ONeill (2000) found that type B thermocouples were very stable
under similar experimental conditions, and argued that their performance under these
conditions (< 1500°C) was likely to be superior to the more widely used W-Re
thermocouples (e.g., type C: WorRes;-WrsRas; type D: WosRes-WosRess). In order to
compare directly the performance of type B thermocouple with type D, two experiments
were carried out using both types simultancously. These experiments used the type B as
the controlling thermocouple, such that the type D thermocouple simply monitored the
temperature. The experimental conditions are summarised in Table 2.

In experiment D-81, the emf of the type D thermocouple increased linearly with
time while the power consumption (which reflects the performance of the controlling
type B thermocouple) remained rather constant for most of the run duration. but
increased sharply near the end of the experiment (Fig. 2a). The temperature difference
between the temperature indicated by the type D thermocouple and the nominal
experimental temperature measured by the type B thermocouple is shown as a function
of time in Fig. 2b. If the type D thermocouple were recording the real temperature, the
temperature at the end of D-81 would be ~ 1600°C, which is not reasonable given the
observed run products (Table 2). The melt composition in D-81 (51.73 wt% Si0,, 17.10
W% AlyO3, 0.28 wt% Cry05, 15.47 wt% MgO, 13.60 wt% CaO and 1.82 wt% K,0)
gives a calculated temperature of 1412°C using the olivine/melt MgO-partitioning

geothermometer of Ford et al. (1983). Since temperatures calculated from this
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Table 2 Experimental conditions and results

Exp. Set Run # Starting material Temp. T(hrs) T/C Phase observed K;O-melt T-1 T-2 T-3 T-4 Note
Experiment Set 5 C-1550 SEMO5-1+SEMO01-5 1360 515 B Fo+Sp+Opx-+Melt 1.61 - - - -

C-1527 SEMO5-1+SEM01-4-2 1350 53 B Fo+Sp+Opx+Cpx+Melt 0.85 1308 1352 1315 1379

D-81** SEMO5-1+SEMO01-5 1340 49 B,D  FotSp+Melt - - - - 1412

D-82 SEMO5-1+SEMO01-5 1340 50 B,D  FotSp+Opx+Cpx+Melt 2.62 1305 1347 1290 1331

C-1511 SEMO05-1+5EMO01-5 1330 92 B Fo+Sp+Opx+Cpx-+Melt 4.08 1306 1350 1286 1296  zoned Sp and Cpx*
Experiment Set 4 C-1499 SEMO04-1+SEMO01-5 1360 70 B Fot+Sp+Opx+Cpx+Melt 1.80 1357 1388 1339 1424

C-1481 SEMO04-1+5EMO01-5 1350 71 B FotS5p+Opx+Cpx-+Melt 3.06 1405 1428 1347 1397

C-1478 SEMO04-1+SEMO01-5 1340 70 B Fo+Sp+Opx+Cpx+Melt 5.76 1345 1381 1302 1375  zoned Sp and Cpx

C-1480 SEM04-1+SEMO01-5 1320 74 B Fo+SpHOpx+Cpx+Melt*** - 1340 1378 1307 - zoned Sp and Cpx
Experiment Set 1 C-1459 SEMO1-14SEMO01-5 1360 70 B Fo+Sp+Opx+Melt 1.77 - - . -
With internal buffer C-1414 SEMO1-1+SEMO1-4-1 1360 72 B Fo+Sp+Opx+Cpx+Melt 0.87 1358 1395 1362 1430
Ru+Ru0, C-1472 SEMO1-1+SEMO01-5 1350 70 B Fo+Sp+Opx+Cpx-+Melt 2.54 1372 1400 1327 1410

C-1449 SEMO1-1+SEMO01-5 1340 72 B Fot+Sp+Opx+Cpx+Melt 326 1352 1389 1319 1392  zoned Sp and Cpx

C-1469 SEMO1-145EMO01-5 1330 72 B Fot+Sp+Opx+Cpx+Melt 426 1351 1390 1311 1326  zoned Sp and Cpx
Experiment Set 3 C-1489 SEMO3-14SEMO01-4-2 1360 74 B Fot5p+Opx+Cpx+Melt 1.19 1454 1457 1377 1451

C-1463 SEMO03-1+SEMO1-5 1350 74 B Fo+Sp+Opx+Cpx-+Melt 2.97 1390 1419 1358 1426  zoned Sp

C-1476 SEMO3-1+SEMO01-5 1330 72 B Fo+Sp+Opx+Cpx+Melt 5.11 1372 1404 1358 1407  zoned Sp and Cpx
Experiment Set 6 C-1516 SEMO6-1+SEMO1-5 1380 52 B Fo+Sp+Opx+Cpx+Melt 207 1561 1504 1396 1477

C-1512 SEMO06-1+SEMO01-5 1370 56 B Fo+Sp+Opx+Cpx+Melt 3.02 1486 1480 1381 1456  zoned Sp

C-1515 SEMO6-1+SEMO01-5 1360 685 B Fo+Sp+Opx+Cpx+Melt 4.01 1448 1458 1362 1444  voned Sp and Cpx

zoned Sp and Cpx*: only in the sandwiched layer of the experiments with low partial melung extent. Where crystals in sandwiched layer are zoned, the reported compositions (Table 3) refer to the
compositions of the homogeneous crystals in the sandwiching, layers.

D-81**: probable thermocouple contamination (see text) and no phase composition data except that for melt (see text) reported here.

Melt***: confirmed but cannot be properly analysed

I-1, temperature calculated using the geothermometer of Nickel et al. (1985); T-2. temperature calculated using the Opx-Cpx geothermometer of Brey & Kohler (1990 equation 9); T-3, temperature
calculated using the Ca-in-Opx geothermometer of Brey & Kohler (1990 equation 10), T-4, temperature calculated using the geothermometer of Ford et al (1983).

The sandwich technique was used in all experiments.



geothermometer are always 30 to 80 °C higher than the nominal temperature in my
experiments (see later discussion), the real final temperature of D-81 is possibly 1370 +
3050,

The thermocouples of D-81 were carefully recovered., 111()11_1?‘*5.11 epoxy, polished
and optically examined in reflected light. Two brownish rust-like haloes surrounding the
legs of the type D thermocouple were observed (Fig. 3), indicating oxidation. This
probably occurs because the high-purity alumina insulating ceramic is sufficiently
strong to resist complete collapse at 11 kbar, allowing air to percolate down to the hot
end of the wires. Recently, similar observations for type C thermocouples were reported
by Falloon et al, (2001). Although I do not see any direct contact between the brownish
halo and the type B thermocouple in this section, I believe that in this particular
experiment the oxidation of the type D thermocouple eventually poisoned the type B

thermocouple, thus explaining the abrupt power increase near the end of the run.
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Fig. 2 A comparison of thermocouples (type B vs. type D) made in D-8] (a and b) and in D-82 (c and d).
Experiments were controlled by the type B thermocouple but monitored by the type D thermocouple. See
Table 2 for experimental details,
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Fig. 3 Photograph of the thermocouples recovered from D-81 (under reflected light).

D-82 is a repeat experiment under identical conditions, except that some super
glue was placed on the top of both thermocouples to stop the air flowing down into the
assembly. This seems to have prevented the oxidation seen in D-81, and the
performances of type B and type D thermocouples generally agree with each other (Fig.
2¢, 2d). Nevertheless, in detail the temperature difference between the type D
thermocouple and the type B thermocouple increased from zero at the beginning to ~15

°C at the end of the experiment.

3.5 Analysis of run products

At the end of a run, the sample was sectioned longitudinally, mounted in epoxy
and polished using a series of diamond pastes. Run products were carbon-coated and
analysed on a JEOL 6400 scanning electron microprobe in energy dispersive mode
(EDS) at the Electron Microprobe Unit (EMU) at ANU. Phases in run products were
identified by back-scattered electron imaging and secondary electron imaging. Beam
current was 1' nA, accelerating voltage was 15 keV and the ZAF correction procedure
was applied to all analyses (Ware, 1991). A beam spot size of 1 um was used for all

crystalline phases while both 1 um and 10 um beam spot sizes were used for glass
analyses. The accumulation time was 100 seconds. As reported in Chapter 2 of this
thesis, analytical precision was estimated by replicate measurements of three
internationally-recognised glass standards, GOR132G. T1G and KL2G (Jochum et al.,
2000).
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compatible, Cr*" substitutes for Mg and is probably mildly incompatible). Since Cr*'
cannot be distinguished from Cr’" by the analytical methods employed in this study
(electron microprobe), its presence as a significant proportion of total Cr would fatally
| scramble the message from the experimental results. Thus a relatively high oxygen
| fugacity is a prerequisite to success in these experiments. Consequently I attempted to
prevent H, from entering the capsule by means of enclosing it in the Fe,O; sleeve (Fig.
[). The effectiveness of this method in keeping H, from entering the capsule is
discussed more fully in Chapter 2 of this thesis.
[nitially I also buffered oxygen fugacity internally by adding RuO, to the starting

compositions (Table 1). During the course of the experiment, a small fraction of the

! RuO; reduces to Ru metal. The oxygen fugacity of the Ru+RuQ, buffer is close to
|
} Fe304-Fe,0; at the temperatures of this study (O’Neill and Nell, 1997). Unfortunately,

the presence of RuO; plus Ru in the experiment adds to the difficulty of finding melt

pools with pristine glass (i.e., not quench modified). and in subsequent experiments |
relied only on the external Fe,O; sleeve to prevent reduction. The amounts of Cr in all
phases, including Fo and Melt, in these experiments are consistent with the amounts in
the internally buffered experiments. Moreover, there is no significant difference
between the stoichiometries of crystalline phases in the Cr-bearing and Cr-free
experiments, when these are calculated assuming all chromium in the former is Cr'*
(Figs. 5). The slightly but consistently lower cation totals in Cpx (Fig. 5d) are possibly

related to the presence of a small amount of Na,O, not reported in the analyses.
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l*'ig.. 5 Stoichiometric caleulation for Fo (a), Sp (b), Opx (¢) and Cpx (d) by assuming all chromium as
Cr™, on the basis of four oxygens per formula unit for Fo and Sp while 6 oxygens per formula unit for
Opx and Cpx. Only experiments (22 runs) displaying melt coexisting & full Sp Iherzolite phase
assemblage shown here (See Table 2 for experiment details). These experiments, from the top to the
bottom of Table 2, are re-numbered from 1 to 22 in Fig. 5.
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3.7 Attainment of equilibrium

My previously reported results in the Cr-free system (CMAS-K-0) show that the
experimental technique used in this study (i.e., the sandwich method with pre-
crystallised solid phases) is capable of attaining well equilibrated phase assemblages;
exceptions were for melt compositions with relatively high SiO, that were not in
equilibrium with Fo, and experiments with very low melt fractions. The evidence for
disequilibrium is obvious (see discussion in Chapter 2 of this thesis), and for the
majority of the experiments, the only sign of disequilibrium was some minor zoning of
Al Os in the cores of larger pyroxene crystals grown in the melt layer of the sandwich.

However, Cr-containing systems are notoriously difficult to equilibrate (O’Neill,
1981; Nickel, 1986; Klemme and O’Neill, 2000), and a more troublesome equilibration
problem occurs in some of the present experiments. Particularly in those experiments
where the extent of partial melting is relatively low, Cpx, Opx + Sp crystallise in the
sandwiched glass layer. Analyses show that the Cpx and Sp crystals generally have low
and variable Cr/(Cr+Al), being lowest in the cores of larger crystals. This is entirely
expected, since the glass starting compositions have zero or low Cr,0s, hence any
crystals forming from such compositions must similarly have low Cr,0s. Having once
crystallised, interdiffusion of Cr and Al is then too sluggish to permit complete re-
equilibration. However, smaller crystals and the rims of the larger crystals both tend to
approach the compositions of the phases in the crystalline layers of the sandwich, which
are generally very homogenous. I therefore make the major assumption in interpreting
these experiments, that the outermost rims of the crystals in the melt layer that are zoned
in Cr/(Cr+Al) would be similar to the homogenous crystals in the crystalline layers, and
it are these compositions that are in equilibrium with the mel.

Examples of this behaviour are shown in Fig 6 for Cpx in experiments C-1476
and C-1480 and for Sp in C-1463. Note that the Mg/(Ca+Mg) ratio of the Cpx closely
follows the Cr/(Cr+Al) ratio. The significance of this will be discussed below.

The experiments with high melting extent (generally also at higher temperatures)
do not have this problem and the equilibrium compositions of the solid phases are easil y
obtained. This is important, as the good internal consistency between these experiments
and the ones with zoned crystals at low partial melting extents is an indicator that my
assumption regarding the latter is appropriate.

The crystalline phases in all experiments are always euhedral (Fig. 7), and have

good stoichiometry from the electron microprobe analyses (Fig. 5).
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Fig. 6 Covariation of 100*Mg/(Mg+Ca) and 100*Cr/(Cr+Al) in clinopyroxene (a, b), and covariation of
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Fig. 7 Back-scatter images for C-1480 (a, b, ¢)
and C-1463 (d, ). C-1480 has a very low melting
extent while C-1463 has a high melting extent of
~ 30%. (a) shows the sandwiched zone
(Cpx+Opx-+trace melt only) and the sandwiching
zone (Fo+Sp+Opx+Cpx+trace melt). (b) shows
the sandwiched zone. Cpx is  slightly
compositionally zoned while Opx is relatively
homogenous. (c) shows the boundary between the
sandwiched zone (right side) and the sandwiching
zone (left side). The solid phases in both zones
are euhedral. (d) shows the sandwiched zone
(Fot+Sptclean melt only) and the sandwiching
zone (Fot+Sp+Opx+Cpx+trace melt). (e) shows
the texture in the sandwiching zone which
consists of euhedral solid phases and trace melt,

4. Experiment results

Table 2 summarises the starting materials, the experimental techniques, the run
| conditions and the results of the experiments. The K>O content of the melts and the
calculated temperature by using different geothermometers in the literature are shown in
Table 2 as well. The experimental temperature range was 1280-1380 °C and the running
time varied from 49 to 92 hours, much longer than 48 hours in most cases. 22
experiments, among 26, display melt coexisting with a Sp-lherzolite phase assemblage

while the remaining 4 experiments display melt coexisting with a phase assemblage of
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Fo + Sp = Opx. The amount of melt in one experiment with the full Sp-lherzolite phase
assemblage (C-1480) is too low to be properly analysed.

The phase composition data are compiled in Table 3.

4.1 Melt composition

The phase assemblage Fo + Sp + Opx + Cpx + Melt has two degrees of freedom
in the system CMAS-Cr,0; - KO at a specified pressure, which I have chosen to
describe using the two variables of K,O in the melt (here labelled [K,0]) and (':r#sp;
consequently, the solidus temperature and the composition of the melt can all be
described using these two variables. By fitting the data to empirical equations in [K,0]
and Cr# g, I can then extrapolate the data to zero [K;0] to find the main object of this
study, the composition of melt along the spinel-lherzolite solidus as a function of Cr#g,.

The solidus temperature is given by:
Tooliaus = 1318 - 5.62 [K20] + 3.25 Cr, - 0.08 (Cr#tgy)* +6.72%10™ (Critg,)  (7)

This was obtained from a fit to data in both the system CMAS-K,0 (Chapter 2 of this
thesis) with [K;0] < 7 wt% and the system CMAS-Cr,05-K,0 (Fig. 8). Using Equation
7, I recalculated the temperature in my experiments, and the average difference between
the calculated temperature and the nominal experimental temperature is just 18 degrees.
It is obvious in Fig. 8 that Cr’" strongly increases the partial melting temperature, The
increase is not linear, being strong at low Crtgp, weak at mediate Crfig, and strong again
at high Cr#,.

For describing the melt compositions at the solidus, it is apparent from the raw
data that the effect of KO is rather different in the system CMAS-Cr,03-K,O from the
system CMAS-K;0 (Fig. 9). This may be due to interactions between K,O and Al,O5 in
the melt. In any case, in order to obtain a good fit to the data, I fitted the Cr-containing
and Cr-free experiments separately. I also found that one experiment, C-1469, has an
anomalous melt composition, and this experiment was removed from the regression. For

the remaining 15 data in CMAS-Cr,0;-K-0 1 obtained (for CI‘#SP = 20):

[80,] = 49.8 + 0.53 [K,0] + 0.051 Créy, (8)
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Table 3 Experimentally observed phase compositions. Fo, forsterite; Sp,
spinel, Opx, orthopyroxene; Cpx, clinopyroxene. Composition data in weight percent
normalised to 100%, Fo(12) is phase name followed by the number of analyses. 42.72(0.12)
1s an average followed by one standard deviation and should be read as 42.72 + 0.12.
Cations are calculated by charge-balance technique, on the basis of 4 oxygens for Fo and
Sp and 6 oxygens for Cpx and Opx. *, 16 analyses conducted but only the one in agreement
with other experiments in the same experiment set reported here; **, phase confirmed but
data with high quality unavailable. Six Cr-free experiments from chapter 2 of this thesis are
re-reported here with cation data.

C-1423, 1320°C Fo(12) Sp(17) Melt(22)
810, 42.72(0.12)  0.00(0,00) 49.43(0.11)
ALO, 0.00(0.00) 71.51(0.11) 20.40(0.08)
MgO 56.96(0.11)  28.42(0.11) 14.91(0.07)
CaO 0,33(0,04) 0.08(0.04) 14.64(0.07)

| K,O - - 0.63(0.02)

| 8i 1.001(0.002)  0,000(0,000)
Al 0.000(0.000)  1.996(0,003)
Mg 1,990(0.004)  1.003(0.004)
Ca 0.008(0.001)  0.002(0.001)
Total 2.999(0,002)  3.002(0.001)
C-1422, 1310°C Fo(18) Sp(13) Opx(19) Cpx(19) Melt(19)
810, 4291(0.11)  0.00 (0.00) 5457(027)  5196(0.30)  49.98(0.11)
ALO, 0.00(0.00) 71.52(0.10)  8.60(0.34) 8.67(0.42) 20.39(0.10)
MgO 56.78(0.11)  2835(009)  3436(032)  21.15(0.26) 14.30(0.07)
Ca0 0.31(0.03) 0.13(0.08) 2.47(0.41) 18.22(0.40) 14.60(0.07)
K.0 - - . - 0.73(0.03)
Si 1.005(0.002)  0,000(0.000)  1.837(0.008)  1831(0.010)
Al 0.000(0000)  1.997(0.002)  0341(0.013)  0.360(0.017)
Mg 1.982(0.004)  1.001(0.003)  172500014)  1.111(0.013)
Ca 0.008(0.001)  0,003(0.002)  0,089(0.015)  0.688(0.016)
Total 2995(0.002)  3.001(0.001)  3,992(0.003)  3.989(0.006)

| C-1461, 1310°C Fo(8) Sp(8) Opx(21) Cpx(21) Melt(15)

| $i0; 42,99(0.06)  0.08(0.04) 54.50(033)  52.17(0.26)  51.52(0.13)
ALO; 0.00(0.00) 7128(0.10)  8.34(0.42) 8.39(0.34) 20.55(0.16)
MgO 56.72(0.04)  28.56(0.12)  34.84(0.30)  21.00(0.40) 12.75(0.13)
CaO 0.29(0.03) 0.08(0.04) 2.23(0.17) 18.44(0.35) 12.87(0.14)
K:0 . . . - - 2.31(0.07)
S 1.007(0.001)  0.002(0001)  1.837(0.011)  1.839(0.018)
Al 0.000(0.000)  1.990(0.003)  0331(0.017)  0.348(0.014)
Mg 1.980(0,002)  1.009(0.005)  17480.016)  1.103(0.021)
Ca 0.007(0.001)  0,002(0.001)  0,080(0.006)  0.697(0.014)
Total 2993(0.001)  3.003(0.002)  3.997(0.006)  3,987(0,008)
C-=1448, 1300°C Fo(9) Sp(8) Opx(19) Cpx(19) Melt(20)
810, 42.89(0.15)  0.10(0.09) 5451(0.37)  52.22(035)  53.17(0.15)
ALO; 0,09(0.13) 7125(0,16)  8.50(0.40) 8.58(0.43) 21.47(0,12)
MgO 56.71(0,19)  2851(0.07)  3480(0.36)  20.90(042) 10.09(0.11)
CaO 0.30(0.05) 0.14(0.06) 2,19(0.30) 18.30(0 47) 11.19(0.13)
K.0 : i s ; 4.08(0.09)
Si 1004(0.003)  0002(0.002)  1835(0.012)  1.839(0.011)
Al 0.003(0.004)  1.990(0.004)  0337(0.016)  0.356(0.018)
Mg 1.980(0.007)  1.007(0.003)  1746(0.018)  1097(0.022)

| Ca 0.008(0.001)  0.004(0.001)  0.079(0.011)  0.691(0.019)

| Total 2.994(0.003)  3.003(0.001)  3.997(0.007)  3.983(0,007)

L C-1460, 1290°C Fo(7) Sp(13) Opx(20) Cpx(23) Melt(14)

| S10, 42.96(009)  0.30(0.19) 5472(024)  52.24(039)  $53.85(0.17)
AL, 0.03(0.06) 71.15(0.24)  8.19(0.39) 8 28(0.45) 21.60(0.21)
MgO 56.71(0.09)  2845(0.12)  34.99(0.32)  20.76(045)  936(0.23)
Ca0 0.30(0.03) 0.11(0.07) 2.10(0.26) 18.71(0.38) 10.43(0.11)

| KO : : : - 4.76(0.15)

| Si 1.006(0002)  0.007(0.004)  1841(0.018)  1842(0,013)

| Al 0.001(0002)  1.986(0.007)  0325(0.016)  0.344(0.019)
Mg 1.980(0.004)  1.004(0.004)  17550016)  1.092(0.023)
Ca 0.007(0.001)  0.003(0.002)  0076(0.009)  0.707(0.015)
Total 2994(0002)  3.00000.002)  3.997(0.005)  3.985(0,008)




Table 3 continued

C-1447, 1280°C
5100,

Al'.‘. (--):'r

MgO

CaO

K,0

51

Al
Mg
Ca
Total

C-1550, 1360°C
510,

Al O,

CT;Q,\

MgO

CaO

K20

S1

Al
Cr
Mg
Ca
Total

C-1527, 1350°C
S10;

ALO,

CI':D1

MgO

CaQ

K:O

D-82, 1340°C
510,

Al O,

CT;‘!C);-,

MgO

CaO

KO

51

Al
Cr
Mg
Ca
Total

C-1511, 1330°C
310;

AL O,

C"r-;,Du;

MgO

CaO

k.0

S1
Al
Mg
Ca
Total

Fo(e)
42.73(0.21)
0.00(0.00)
57.00(0.18)
0.28(0.05)

1.003(0.005)
0.000(0.000)
1.997(0.005)
0.010(0.000)
3.010(0.006)

Fo(10)
42.70(0.10)
0.12(0.08)
0.15(0.07)
56.67(0.11)
0.35(0.03)

1.000(0.000)
0.002(0.004)
0.000(0.000)
1.978(0.006)
0.010(0.000)
2.990(0.007)

Fo(10)
42.72(0.14)
0.24(0.08)
0,19(0.09)
56.47(0,09)
0.39(0.05)

1.001(0,003)
0.007(0.002)
0,003(0.002)
1.973(0.004)
0.010(0.001)
2.994(0.002)

Fo(14)
42.91(0.21)
0.19(0.07)
0.10(0.08)
56,41(0.26)
0.39(0.09)

1.005(0.004)
0.005(0.002)
0.002(0.001)
1.969(0.010)
0.010(0.002)
2.991(0.004)

Fo(8)
42.99(0,19)
0.00(0.00)
0.12(0.05)
56.53(0.21)
0.36(0.03)

1.007(0.004)
0,000(0.000)
0.002(0.001)
1.974(0,008)
0.009(0.001)
2,992(0,004)

Sp(6)
0.13(0.11)
71.32(0.21)
28.47(0.13)
0.08(0.04)

=

0.002)(0.004)
1.995(0.008)
1.005(0.005)
0.000(0.000)
3.002(0.004)

Sp(10)
0.46(0.08)
46.42(0,58)
26.85(0.74)
26.02(0.10)
0.26(0.05)

0.010(0.000)
1.420(0.015)
0.552(0,016)
1.009(0.003)
0.009(0,003)
3.000(0,007)

Sp(14)
0,31(0.09)
52,90(0.40)
19.59(0.41)
26.98(0.10)
0.21(0.08)

0.008(0.002)
1.580(0.010)
0.393(0,009)
1.019(0,004)
0.006(0.002)
3.006(0.001)

Sp(18)
0.37(0.15)
51.16(0.37)
21.47(0.40)
26.84(0.12)
0.16(0.06)

0.009(0.004)
1.538(0,009)
0.433(0.009)
1.021(0.005)
0.004(0.002)
3.005(0.002)

Sp(16)
0.33(0.10)
52.88(0.33)
20,20(0,36)
2642(0.13)
0.16(0.06)

0.509(0,514)
1.631(0,652)
0.357(0.367)
1.491(0.499)
0.008(0.002)
2.996(0.006)

Opx(15)
54.64(0 38)
8.33(0,58)
34.83(0,54)
2.19(0.30)

1.841(0.011)
0.331(0.024)
1.749(0.027)
0.079(0.012)
4.000(0.012)

Opx(10)
55.26(0.15)
567(0.15)
1.49(0.13)
35.06(0.20)
2.52(0.13)

1.869(0,006)
0.226(0.007)
0.040(0.005)
1.767(0.008)
0.090(0.007)
3.992(0.009)

Opx(22)
55.05(0.29)
6.44(0.29)
[31{0.11)
34.65(0.30)
2.54(0.20)

-

1.862(0.009)
0.257(0.012)
0.035(0.003)
1.749(0.015)
0.092(0.007)
3.992(0.004)

Opx(20)
55.21(0.21)
6.07(0.34)
1.31(0.11)
35.04(0.28)
2.38(0.1%)

1.866(0.007)
0.242(0.013)
0.035(0.003)
1 766(0.014)
0,086(0.003)
3.005(0,004)

Opx(16)
55.13(0,29)
6.19(0.30)
1.33(0.12)
35.02(0.19)
2.34(0.10)

1 864(0.009)
0.247(0.012)
0,035(0.003)
1.765(0,009)
0.085(0.004)
3.995(0.003)

Cpx(15)
52.29(0.38)
8.27(0.56)
21.17(0.62)
18.28(0.45)

1.840(0,013)
0.343(0.024)
1.111(0.033)
0.691(0.018)
3.985(0.012)

Cpx(Z1)
52.27(0.23)
6.36(0.23)
1.51(0.12)
21,03(0.45)
18,.83(0.52)

1.855(0.008)
0.266(0.009)
0.042(0.003)
1.112(0.023)
0.716(0.021)
3.991(0,004)

Cpx(17)
52.25(0.27)
6.39(0.37)
1.52(0.14)
20,90(0.38)
18.94(0.51)

|.855(0.009)
0,267(0.015)
0.043(0.004)
1.106(0,019)
0.720(0.020)
3.991(0.004)

Cpx(1a)
52 48(0.32)
6.07(0.42)
1,52(0.13)
21.10(0.38)
18.83(0 48)

1.862(0.011)
0.254(0.017)
0,043(0.004)
1.116(0.019)
0.71(0.019)

3.990(0,004)

Meli(11)
55.83(0.28)
21.74(0.35)
7.33(0.143)
8.93(0.17)
6.17(0.11)

Meli(10)
51.82(0.11)
16.97(0.06)
0,22(0.07)

15.70(0.11)
13.68(0.07)
1.61(0.03)

Melt*
5161
1832
0.16
14.67
14.37
0.85

Meli(13)
52,38(0.20)
19.90(0,35)
0.10(0.06)
11.58(0.31)
13.41(0.30)
2.62(0.13)

Melt{12)
52.93(0.16)
22.00(0.40)
0.07(0.06)
9,22(0.36)
11.71(0.19)
4.08(0.16)
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Table 3 continued

C-1499, 1360°C
S10;

Al Oy

(Tf'pD}

MgO

CaO

KO

St
Al
Cr
Mg
Ca

Total

C-1481, 1350°C
510,

AIZD]

C]’zD,\

MgO

CaO

K0

S1

Al
Cr
Mg
Ca
Total

C-1478, 1340°C
510,

AI-JC).I

CraOy

MgO

CaO

a1

Al
Cr
Mg
Ca
Total

C-1480, 1320°C
S10;

Al O,

Cr,0,

MgO

CaO

k.0

S1

Al
Cr
Mg
Ca
Total

C-1459, 1360°C
510,

Al O,

Cra0;4

MgO

CaO

I‘C.;PD

S1

Al
Cr
Mg
Ca
Total

Fo(7)
42.74(0.14)
0.00(0.00)
0.14(0,09)
56.75(0.22)
0.37(0.04)

1.002(0,003)
0.000(0.000)
0.003(0.002)
1 983(0.008)
0