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Measurement of melting temperatures of some minerals
under lower mantle pressures

Guoyin Shen ! and Peter Lazor !
Theoretical Geochemistry Program, Institute of Earth Sciences, Uppsala University, Uppsala, Sweden

Abstract. Melting temperature measurements of six minerals (stishovite (SiO3),
corundum(Al,O3), diopside (CaMgSi;Og), and three perovskites (MgSiO3, CaSiOs3,
Mg3AlLSi3047)) at high pressures were carried out in a YAG laser-heated diamond anvil cell with
rhenium metal as an absorber of the laser light. A polished or compressed disc of the sample was
in contact with rhenium foil and heated by conduction. Melting was determined by plotting laser
power/sample temperature function and looking for the thermal anomaly associated with the fusion
of materials. All these solids were found to be highly refractory, requiring quite high temperatures
for melting at the lower mantle pressures. The experimental melting results showed that for these
minerals, melting temperatures increased with increasing pressure. Our results at low pressures are
consistent with the data determined by other techniques (piston-cylinder, multianvils). The high-
pressure melting of MgSiO3 perovskite agreed with the recent measurements by Zerr and Boehler
(1993) within experimental uncertainties. Melting temperatures and melting slopes of CaSiO3 and
Mg3Al1,Si301, perovskites were found to be less than those of MgSiO3 perovskite, indicating that

the presence of Ca and Al would decrease the melting temperatures of MgSiO3 perovskite in the
Earth's lower mantle and that this effect will increase with increasing pressures. Melting
temperature measurements on stishovite and corundum to pressures of 36 GPa and 25 GPa,

respectively, are reported.

Introduction

The presence of a light crust with high concentrations of
large-ion lithophile elements and a dense iron core indicates
that the Earth is a differentiated body. It is generally accepted
that the stratification of the Earth is a result of gravitational
separation of materials according to their melting points and
densities [e.g., Anderson, 1989]. Melting should therefore be
considered as one of the most important processes affecting
the evolution of the planet. In addition, data on melting
temperatures are also significant for an understanding of the
convection at depth, for example, viscosities of materials
scale according to the ratio of temperature to the melting
temperature [Weertman and Weertman, 1975]; the melting
relations set constraints on the geothermal gradient of the
Earth’s interior [Boehler, 1993; Saxena et al., 1994].
Knowledge of high-pressure melting is thus of fundamental
importance in understanding the chemical composition,
convectional movement, and thermal evolution of the Earth’s
interior.

High-pressure and high-temperature studies now indicate
that the perovskite-structured silicates (e.g., (Mg,Fe)SiO3)
plus magnesiowiistite ((Mg,Fe)O) are the dominant phases in
the lower mantle [Liu, 1976; Mao et al., 1977; Knittle and
Jeanloz, 1987; Ito and Takahashi, 1989]. Melting curves of
(Mg, Fe)SiO; perovskite and wiistite have been determined to
lower mantle pressures with the diamond anvil cell technique
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[Heinz and Jeanloz, 1987, Knittle and Jeanloz, 1989; Boehler
1992; Shen et al., 1993; Sweeney and Heinz, 1993; Zerr and
Boehler, 1993]. However, these data show large discrepancies
both in melting temperatures and slopes of melting curves and
yield extremely different estimations of the melting
temperature in the lower mantle; for example, melting
temperatures of (Mg,Fe)SiO3-perovskite range from 2500 K to
8000 K at pressures equivalent to those at the bottom of the
mantle. Melting data for MgSiO3 perovskite with the
multianvil technique have been obtained in the pressure range
of 21-25 GPa [lto and Katsura, 1992]. This pressure range
spans only the uppermost part of the lower mantle and yields a
weak constraint on the melting slope of perovskite. Thus
more measurements are needed to have a consensus on melting
at lower mantle pressures.

CaO and Al,Oj are likely to be the next most abundant
components of the lower mantle. Melting relations in the
lower mantle will be affected by the ptesence of Ca and Al. X
ray investigations of high-pressure samples (50 GPa) of
peridotite [O’Neil and Jeanloz, 1990] suggested that
(Mg,Fe)SiO3 perovskite, CaSiO3 perovskite and (Mg,Fe)O
magnesiowiistite are stable at this pressure. Mao et al. [1989]
found that CaSiOj perovskite is stable for all lower mantle
pressures. Weng et al. [1982], on the basis of high-pressure
measurements on the system MgSiO;-CaSiO3-Al,03,
concluded that CaSiO; perovskite forms a separate phase. Mao
et al., [1977], Tamai and Yagi [1988], and Irifune et al. [1989]
found that diopside decomposes into mixtures of MgSiO;
components and CaSiOj3 perovskite at pressures above about
18 GPa at 1000°C. In the system MgSiO3-Al;03, it was
observed that a small amount of Al,O3 (at least 25 mol%)
dissolves in MgSiOj5 perovskite at pressures above about 30
GPa [Liu, 1977; Weng et al., 1982; Irifune and Ringwood,
1987]. So it is likely that at high pressure and temperature,
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CaSiO; perovskite exists as a separate phase, whereas Al,O3
dissolves in MgSiO3 perovskite. Melting curves of CaSiOj
perovskite and Mg3Al,Si3O14 perovskite at lower mantle
conditions will provide constraints upon the Ca and Al effect
on melting relations of the lower mantle rocks.

Although free SiO, and Al,O4 are unlikely to be present in
substantial quantities in the lower mantle, they are
constituents of lower mantle minerals. Melting data of
stishovite (SiO;) and corundum (Al,O3) will put an end-
member constraint in modeling the melting relations in the
system of FeO-CaO-Al;03-MgO-SiO;, which represents the
lower mantle chemistry.

In this study, we examined the melting of MgSiOj at
pressures up to 42 GPa using a YAG laser-heated diamond anvil
cell. We also conducted melting experiments on diopside
(CaMgSi0Og), pyrope (Mg3Al;Si30;;), wollastonite
(CaSi03), stishovite (SiO,), and corundum (Al,Os3) to clarify
the effects of calcium and aluminum on the melting of MgSiO5
perovskite and to produce high pressure melting data of end
member minerals.

Experimental Procedure

Starting Materials

Two types of samples were used. One was in a single-crystal
form, the other was in powder form. For crystal samples
(enstatite, diopside, wollastonite, and ruby), the crystal was
polished to the thickness of about 10 pm. Powder samples
(stishovite and pyrope) were loaded into a gasket chamber and
compressed by diamond anvils until becoming transparent.
The thickness of the powder disc was about 10-20 um.
Synthetic orthoenstatite in a single-crystal form was
synthesized from a stoichiometric mixture of MgO and SiO,
and was provided by H. Skogby. Natural diopside and
wollastonite in single crystal form were from Zillerthal,
Austria, and Perhenieme, Finland, respectively. The crystals
showed a good quality under microscope. Microprobe analysis
of diopside and wollastonite is shown in Table 1. Ruby was
corundum crystal with 0.5 wt% of Cr,O;. Pyrope and
stishovite samples were synthesized at Stony Brook and were
provided by R. Liebermann and J. Zhang. Experimental
procedures of pyrope and stishovite synthesis were described
by Zhang and Herzberg [1994] and Zhang et al. [1993],
respectively. X ray diffraction pattern showed a single phase
for each samples.

High~Pressure and High-Temperature Technique

The laser-heated diamond anvil cell (DAC) technique was
used. This technique has been widely adopted to study the

Table 1. Microprobe Analysis of Diopside and Wollastonite

Oxide Diopside, Wollastonite,

Wt.% + s.d. Wt.% + s.d.
Na,O 0.026 +0.022 0.006 +0.012
MgO 17.207 +0.177 0.000 +0.000
ALO, 0.008 0011 0.001  +0.003
SiO, 54.703 +0.167 50.908 +0.072
K,0 0.004 +0.007 0.002 +0.004
CaO 25.961 +0.227 48.920 +0.216
MnO 0.140 +0.039 0.005 +0.006
FeO 1.565 +0.137 0.086 +0.042
Total 99.614 99.939
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MgO powder Re metal

Figure 1. Schematic cross section of a diamond anvil cell
assemblage.

high-pressure/temperature regime of the Earth’s interior. The
recent measurements on the phase transition and melting of a
few geophysically important materials to extremely high
pressures have provided constraints on the thermal states of
the Earth’s lower mantle and the core [e.g., Boehler, 1993;
Saxena et al., 1993]. For metallic or opaque materials, such as
iron, nickel, and wiistite, the samples absorb YAG or YLF
laser light well, and melting can be identified by in situ visual
observation and by checking discontinuities in collected
signals, such as temperature and reflectivity, as a function of
laser power [e.g., Boehler et al., 1990; Shen et al., 1993]. For
mantle silicates, which do not absorb YAG or YLF laser light
well, a CO, laser with high output power was used to heat the
sample to sufficiently high temperatures [Boehler and
Chopelas, 1992; Yagi and Susaki, 1992]; or by placing in
contact with an opaque metal, the sample was heated by
conduction from the metal [Heinz and Sweeney, 1992]. By the
metal-contact method, a stable Nd:YAG laser can be used to
heat a metal absorber with a high melting point, and melting
temperatures can be determined by looking for the thermal
anomaly associated with the melting of transparent samples.
In this study the metal-contact method was used. Rhenium
metal was chosen as a metal absorber because of its chemically
inert property and high melting point (3453 K at 1 atm).
Experiments were carried out in a continuous YAG laser-heated
diamond anvil cell. The system was described in detail
elsewhere [Lazor et al., 1993; Shen et al., 1993].

Cell Assembly

The high pressure cell geometry is shown in Figure 1.
Standard designed type I diamonds with culet diameters of 0.45
mm were used. Stainless steel T301 gasket with 0.40-mm
thickness was indented between diamond anvils, and a 200-um
diameter hole was drilled at the center of the indentation. The
rhenium metal, a foil of ~10-um thickness, was loaded into the
hole over a layer of fine-grained MgO powder, which served as
a pressure medium. For samples that would be run for X ray
diffraction, SiO; gel in fine powder form was used as pressure
medium. Rhenium metal was chosen because of its chemical
stability and high melting point. The chemical reactivity of
rhenium depends on the manner in which it is prepared [Clark,
1952]: the polished compact metal is much less reactive than
the powder. In our preparation, rhenium was cut in a small
piece, then flattened to about 10 pm in thickness by pressing
between the diamond anvils. In this way, we got a compact
metal foil with a quite smooth surface. A polished or
compressed sample disc was put over, and in direct contact
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with, the rhenium foil. Several small ruby chips were spread
over the assemblage for pressure measurements. The whole
assemblage was then dried at 105°C for at least 12 hours and
was sealed later by two diamond anvils in vacuum condition.
This drying procedure was important for eliminating any
possible chemical reaction due to the presence of moisture.
For each experiment, four quantities were measured:
pressure, temperature, incident YAG laser power, and the
reflectivity of YAG laser light from the heating spot .

Pressure Measurement

Pressure was measured using the ruby-fluorescence technique
[Mao et al., 1978, 1986]. Pressure distribution across the
sample was measured before and after heating. Uncertainties in
pressure determination depend on the accuracy of the ruby
scale, the pressure gradient across the sample, the magnitude
of pressure drop after laser heating, and thermal pressure
estimation. The ruby scale has an error of 6% over the pressure
range of present study [Mao et al., 1978]. Uncertainties due to
the pressure gradient across the spot (10 pm) were found to be
approximately + 1 GPa at 10 GPa and * 2.5 GPa at 50 GPa. The
magnitude of the pressure decrease following laser heating was
about 10-15% of the initial pressure. Usually, pressure
dropped most after the first heating; further heating did not
change the pressure much (1-3%). Therefore this error could be
minimized by heating a chosen spot. The thermal pressure
estimation was considered as a theoretical task. Heinz [1990]
considered the thermal elastic effect on thermal pressure and
calculated that the thermal pressure in the thermal elastic case
is approximately one-half the expected thermodynamic
thermal pressure. In this work it was assumed that the
magnitude of thermal pressure is about 7% of the pressure after
heating [Shen et al., 1993]. It should be noted that the thermal
pressure in a laser-heated diamond anvil cell is not well
understood at present. Raw measured pressures before and after
heating will be also presented. Random errors from pressure
gradient and pressure drop after laser heating were estimated as
7- 12%.

Temperature Measurement

Temperature of the laser-heated spot was measured using
essentially the same spectroradiometric system as that
described by Lazor et al. [1993]. Some technical
improvements and modifications have been made since then:
(1) A laser power controller (LPC, Cambridge Research &
Instrumentation) [Heinz et al., 1991] was introduced into the
system and improved the power stability to variations of less
than 0.5%, which resulted in high reproducibility in the
temperature and reflectivity measurement. (2) A new sensitive
charge-coupled device (CCD) detector (Oriel, Instaspec IV)
allowed to measure temperature as low as 1000 K and hence a
large range of power-temperature relation. (3) A wavelength
range from 754 nm to 1065 nm was chosen so that reflection
of YAG laser light (A = 1064 nm) from the heating spot could
be measured at the same time as the radiation emitting from the
spot was collected. Temperatures were measured from the
rhenium metal foil, which was in direct contact with samples.
Temperatures were measured in situ from the center of a hot
spot from areas with about 3 pm in diameter. The radiation
spectra were fitted to Planck’s radiation function in the range
from 754 nm to 939 nm, solving for both temperature and
absolute emissivity. Wavelength dependence of emissivity for
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rhenium [Cabannes, 1967] was taken into account in fitting
procedures, and it was assumed that the dependence still holds
at high pressure and temperature.

There are several sources of uncertainty in temperature
measurement: (1) inaccuracy of calibration function from a
National Institute of Standards and Technology (NIST)
calibrated halogen tungsten lamp, (2) aberration effect of
optics, (3) nonlinearity of response of the detector, (4)
inaccuracy of emissivity data at high pressure and temperature,
(5) statistical errovs in fitting to Planck's function, (6) power
instability and point instability of YAG laser, and (7)
temperature gradient across the heating spot. The first three
were considered as systematic errors, which were proved to be
not significant by measuring a series of materials with known
melting temperatures [Saxena et al., 1994]. At the present
stage, it is difficult to consider the emissivity-wavelength
function at high pressure from both theory and available data.
Wavelength-independent emissivities were assumed by Heinz
and Jeanloz [1987] and Boehler [1993]. For Re metal at 1 atm,
the temperature correction by the emissivity-wavelength
function [Cabannes, 1967] is about 100 K at 2500 K and about
180 K at 3500 K. In this study we employed the emissivity-
wavelength function at 1 atm and assumed that the dependence
remains the same at high pressure. Errors from this
assumption would not exceed 200 K in the temperature range
studied. The statistical errors due to fitting were found to be + 5
at 2000 K and £ 20 at 3500 K; the temperature fluctuations
from laser instability were found to be + 15 K for the exposure
time of 0.1 s at 2500 K. The radial gradient within the heated
area depends on the YAG laser beam's degree of focus on
samples. To have the lowest temperature gradient in the
sample, the beam was usually defocused to a degree necessary
for achieving the desired temperatures. For a temperature of
2085 K, the radial gradient was measured to be ~ 20 K/um in
the center (3 pm in diameter) of the hot spot; for a temperature
of 3150 K, it was ~ 60 K/um. From (5), (6), and (7), the total
random error was estimated to be £50 — +100 K, depending on
the temperature range. The error values were in accordance with
melting point repeatability of Pt, Re, and W metals at 1 atm.

Reflectivity Measurement

Nd:YAG laser light has a wavelength of 1064 nm. A
wavelength range from 754 nm to 1065 nm was chosen so that
both the YAG laser reflection and thermal radiation from the
heated spot were measured at the same time. Since the
intensity of the reflected laser light was measured from the
very same area as the thermal radiation at the same time, its
measurement served as a independent method of characterizing
the laser-heated area. Because of the laser's instability and
changes in some physical properties (absorption, texture,
etc.) during heating, the measured reflectivity against incident
laser power usually does not show a smooth curve. Range 1 in
Figure 2 shows that the reflectivity curve is not as smooth as
the temperature curve. It appeared that the reflection signal
was more sensitive to experimental conditions than the
radiation signal. In Figure 2, a large change in reflectivity
appeared along with the thermal anomaly in range 2. This was
interpreted as the change in physical properties due to
melting. Because of the sensitivity of the reflection signal,
sometimes it was difficult to judge whether the change in
intensity was due to the melting or some other factors.
Therefore, the reflection signal was used as a secondary
criterion for melting detection.



17,702
5000 L0 1 1.1 ll 11 IL‘ 11 1 1 JJJI 141 ' LA 4 1] ' 1 : 1L I- 4000
4 Ruby ]
1 9 GPa s
4000 1 9600
) 3 ]
§ § - 3000 3
8 3000 ] 3
- . ] e
z ] - 2500 g
2 4 ] I3
S 2000 ] s
s ] 4 2000 x
a J 4
10003 —O— YAG Reflectivity 3 1500
] — -0 — Temperature ]
0 +rrr e 1000
18 21 24 27 30 33 36

Power, Watts

Figure 2. The measured YAG reflectivity and temperature as
a function of laser power at 9 GPa for ruby. In range 1, sample
temperature increases smoothly with increasing laser power,
but reflectivity of YAG laser light from the heating spot
shows fluctuation with power. The strong change in
reflectivity appears along with the thermal anomaly in range
2. Because of the sensitivity of the reflection signal,
sometimes it is difficult to judge whether the change in
intensity is due to the melting of materials by the reflection
signal alone. Therefore reflection signal is used as a secondary
source of characterizing melting.

Nd:YAG Laser Power Measurement

It was possible to control and read laser power directly from
the laser power controller. However, we found that the
working range of the LPC was limited from 20 W to 32 W at
the maximum input power of the YAG laser (35 W). To have a
larger working range, a continuously variable attenuator was
put at the output of the LPC in our laser heating system. By
fixing a power output from the LPC (usually at 32 W), we were
able to regulate power from 0 W to 30 W by rotating a A/2
plate. Laser powers were measured through the secondary beam
from the beam splitter cube. This method also avoided
possible power instability arising from regulating the LPC.
The obtained laser power was stable within +£0.01 W.

Melting Characterization

Melting was determined by plottirjg the laser power/sample
temperature function and looking for the thermal anomaly
associated with melting. The melting temperature measured by
the thermal anomaly was in agreement with the observed
change in reflectivity of YAG laser light. The melting
temperatures of diopside, enstatite, and pyrope determined at
low pressures by this method were found to be consistent with
the data from other techniques [e.g., Boyd and Englana, 1963;
Irifune and Ohtani, 1986; Presnall and Gasparik, 1990]. The
various starting materials give various, nonidentical results.
This indirectly argues against the possibility that we are
seeing some artifact of recrystallization or melting of Re
metal. The various compositions also give values which are
sensible and internally consistent with one another.

Temperatures were measured at least three times at each step
as the laser power was increased. The time interval between
two temperature measurements was about 30 s. The power step
varied between 0.2 and 0.3 W. On melting, there was a sudden
increase in temperature within a small power change.
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Therefore, steps as small as 0.1 W were sometimes used to
precisely determine the thermal anomaly. One experimental
run usually lasted an hour.

Each run started with a low laser power to get a large range
of power-temperature relation and, moreover, to let the sample
convert completely to high-pressure phases at the heating
spot. Figure 3 shows an example of experiments in which
temperatures and YAG laser reflectivity were plotted as a
function of the laser power at 9.4 GPa for diopside. The
temperature increases smoothly with power, while the YAG
laser reflectivity is not as smooth. When temperature reached
around 2360 K, it started to fluctuate and there was no more
increase in temperature within a few more steps of increasing
power. There was also a big change in intensity of YAG
reflectivity within this fluctuation range. This fluctuation in
temperature was interpreted as the melting of diopside. The
temperatures measured during the fluctuation were close to
those of melting determined by the multianvil apparatus
[Irifune and Ohtani, 1986]. After this fluctuation, a sudden
jump to high temperature was observed. Possible
interpretations of this sudden jump include (1) the local finish
of melting because while the heat of fusion was being
supplied, the laser power had increased by several steps
beyond the power at which the temperature started to fluctuate,
the sudden increase in laser power when melting finished
locally could have caused a jump in temperature and (2) the
lower thermal conductivity of a melt than that of the
corresponding solid because the thermal state of the heated
area was balanced by the incident laser source and the heat flow
away from the spot by the thermal conduction of materials
around it, when the melt was created over the heating spot, the
relative low thermal conductivity of the melt could have
warmed up the heating spot and caused a jump to high
temperatures. Therefore the jump to high temperatures could be
a consequence of melting of samples.

The magnitude of temperature fluctuation reflected the
uncertainty of melting temperature determination.
Fluctuations in temperature from +50 K to +300 K were found
in experiments. This uncertainty is larger than the random
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Figure 3. The measured temperature and YAG reflectivity as
a function of the laser power at 9.4 GPa for diopside. A clear
slope change in temperature and YAG reflectivity appears at
the temperatures around 2360+50 K, which is interpreted as
the melting of diopside at that pressure. This result is
consistent with that determined by multianvil apparatus
[Irifune and Ohtani, 1986].
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error (+50 K-+100 K) in temperature measurements. The
average fluctuation in measured temperature was adopted as the
melting temperature without time and spatial correction. The
time correction was found to be small due to the use of stable
laser source. The spatial correction could be made according to
the radial (horizontal) and axial (vertical) temperature gradient
(Figure 1). The radial temperature distribution has been
discussed above; for example, a positive correction of about
90 K at temperatures of 3150 K is needed to represent the
highest temperature of the measured area. There existed also an
axial temperature gradient, since the sample was heated by
conduction from rhenium metal foil. This gradient is not
measurable, however. Numerical calculation [Bodea and
Jeanloz, 1989] showed that the temperature distribution is
nearly Gaussian in axial direction, and temperature gradients
of several hundred degrees per micrometer were predicted with
axial dimensions being about 10 pm. In our experiments, we
were interested in determining the melting temperature of
samples. The highest temperature of a sample was at the
interface between the sample and the metal foil, where melting
first occurred and the temperature was measured. Therefore the
correction for the axial gradient, if any, would be negligible
and should be negative. Thus the radial and axial corrections
will partly cancel each other. If the amount of axial
corrections is larger than that of the radial corrections, our
reported melting temperatures would be overestimated by the
amount of the difference.

Since solid medium was used in experiments, the sample
was under nonhydrostatic stress. The effect of shear stress on
melting temperatures is unknown and was not considered in
the results.

Experimental Results and Discussion

Inspections

As the laser power was increased, a glow approximately 25
pm in diameter became visible and increased in brightness; at
the point corresponding to the temperature fluctuation, the
glow started to fluctuate in brightness. After several steps, it
became very bright. A clear circular area was observed

Figure 4. Sample of diopside after a melting experiment
(run D-2a). The round portion about 25 pm in diameter is the
melted area and shows distinctly different optical properties
from surroundings. The melted portion is found to be optically
anisotropic under polarized light.
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Figure 5. Raman spectra of the diopside sample at heated
area and unheated area after an experiment (run D-la) at
ambient pressure. The collection time for both spectra is 5
min with the input 488-nm Ar gas laser power about 50 mW.
No baseline correction is made. The spectrum from the
unheated area (solid line) is consistent with that of diopside
crystalline by Etchepare [1972] and White [1975], while the
spectrum from the laser-heated spot (dots) is the typical glassy
feature of diopside [Etchepare, 1972; Dickinson and Scarfe,
1990].

afterward. If the heating was terminated before the bright glow
appeared, no clear change in texture was observed afterward.

After quenching from pressure, heated spots were checked in
several ways. The heating area turned into a blob which could
be optically seen under a microscope as illustrated in Figure 4.
The result is shown in Figure 3. Most of the heated areas were
found to be optically anisotropic, implying that the melt may
not quench to a glass at high pressure. It should be pointed out
that the round portion of the sample could be subjected to
much higher temperatures than its melting temperature
(Figures 2-3). Therefore melting temperature was not
determined by the "cook-and-look" method. The purpose of
inspections was to characterize the nature of heated spots and
melting. Furthermore, the observations confirmed that
transparent samples in a YAG laser-heated diamond anvil cell
were melted by the metal-contact method.

Micro-Raman spectroscopy was used to check spots before
and after heating. For example, a typical feature of a glassy
Raman spectrum was observed for diopside at 1 atm after laser
heating as shown in Figure 5. However, it was found that the
Raman spectrum for diopside at 9.4 GPa after heating did not
represent a total glass. The spot showed Raman peaks with
less intensity and broader peaks than those before heating
(Figure 6). Since the transparent silicate crystal was heated by
conduction from the metal, the melting started at the interface
between the crystal and the metal. When we measured the
Raman on the heated spot, the whole vertical range was
covered by the laser beam, the Raman spectra did not
conclusively show that diopside melt quenched at high
pressure. However, the Raman spectra could be consistent with
the findings of Scarfe and Takahashi [1986], who found that at
pressures of 7-13 GPa, diopside melt does not quench to a
glass but exhibits a prismatic quench crystal while diopside
melt can be quenched to a glass at < 5 GPa. Raman spectra of
laser-heated enstatite, pyrope, stishovite, and corundum
quenched from high pressure showed features similar to those
of diopside at 9.4 GPa: lower intensity and broader peak
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Figure 6. Raman spectra of diopside in a diamond anvil cell
before and after a laser-heating experiment (shown in Figure 3)
at a pressure of 9.4 GPa. The collection time for both spectra
is 15 min with the input 488-nm Ar laser power about 50 mW.
A baseline correction is made for the spectrum taken before
laser heating but not for that taken after heating. The Raman
peaks at the heated area are broader and lower in intensity than
those before heating.

widths after heating than before heating. Raman spectra of the
wollastonite sample quenched from high pressure showed
glassy features on the heated area, while an unheated area, 50
um away from the heated spot, showed crystalline peaks
(Figure 7). The glassy Raman spectrum as shown in Figure 7 is
consistent with that of CaSiO; glass [Kubicki et al., 1992],
which may reflect the non-quenchability of CaSiO,
perovskite. The Raman bands on unheated area of the quenched
sample are broader and lower in intensity than those of the
starting wollastonite crystal; moreover, the spectral pattern of
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Figure 7. Raman spectra of the starting wollastonite crystal
and the quenched sample from about 50 GPa. The collection
time for all the spectra is 10 min with the input 488-nm Ar gas
laser power about 50 mW. A baseline correction is made for
the spectrum of wollastonite crystal but not for those of the
heated and unheated area. Note that the Raman bands on the
unheated area are different from those of the starting
wollastonite crystal.
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the unheated area of the quenched sample is different from that
of the starting material (see Figure 7), indicating a different
crystalline phase from wollastonite. This phase might be
assigned to the high-pressure phase of CaSiO3(II)
(walstromite-like) [Liu and Bassett, 1986; Gasparik et al.,
1994].

For stishovite (SiO;) and corundum (Al,O3) it was expected
that the melting would be congruent at high pressure. For
MgSiO3 perovskite, Zerr and Boehler [1993] reported
congruent melting up to 62.5 GPa. For CaSiOj3 perovskite it
was expected that the melting would be congruent at the
pressure range of the present study. For diopside, Mao et al.
[1977], Tamai and Yagi [1988] and Irifune et al. [1989] found
that diopside decomposes into mixtures of MgSiO;
components and CaSiO3 perovskite at pressures above about
18 GPa at 1000°C, whereas Liu [1979, 1987] observed that
diopside crystallizes into a cubic perovskite structure of the
same composition at 22-23 GPa at 1000°C. For pyrope, Weng
et al. [1982] determined that at least 25 mol% Al,O; will
dissolve in MgSiOj perovskite at 40 GPa. To understand the
melting nature of diopside and pyrope, electron microprobe
analysis was performed for quenched samples.

Mg-rich and Ca-rich phases for diopside sample were found
in laser-heated area quenched from high pressures. Figure 8 is
one of several back scattering pictures taken from heated spots
of diopside quenched from about 50 GPa. Dark areas in the
figure contain the MgSiO3-rich phase, whereas white areas
contain the CaSiOs-rich phase. The distribution of elements
shows a circular distribution. No rhenium was detectable in
either the dark or the white area, which means that chemical
contamination of the sample with rhenium metal is not likely.
Several very bright spots were found to be concentrations of
iron.

The compositions of the unheated, white (not the very
bright spots as mentioned above), and dark areas are listed in
Table 2 and shown in Figure 9a. The composition of the
unheated area is almost the same as that of the starting

20 .0kU

Figure 8. Backscattered electron image of a heated spot of
diopside sample. Dark areas correspond to a MgSiO,-rich
phase, and white areas to CaSiOs-rich phase. Several very
bright spots were found to be the iron concentration. The dark
corner at top right is empty space. The element distributions
have been analyzed along the horizontal line from left end to
the plus sign (Figure 10).
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Table 2. Microprobe Analysis of Quenched Diopside from
High P-T

Oxide unheated Ca-rich® wt.% Mg-rich® wt.%
MgO 17.139 6.357 32.523
CaO 25.976 39.666 6.244
SiO, 55.726 52.329 59.692
FeO 1.526 0.801 1.778
Total 100.367 99.154 100.252

Sample quenched from pressure about 50 GPa and temperature about
4000 K.

2 The darkest area in Figure 7.

Y The most white area in Figure 7, not the metal spots (see text).

material, suggesting that the breakdown of diopside into Mg-
rich and Ca-rich phases needs not only high pressure but also
high temperature. The observation of Mg-rich and Ca-rich
phases in the heated area was consistent with Mao et al.
[1977], Tamai and Yagi [1988] and Irifune et al. [1989]. From
the data in Table 2, the solubility of the MgSiO3 molecule in
CaSi03 phase is 19 mol%, and the solubility of CaSiOj
molecule in MgSiO5 phase was calculated as 12 mol%. These
values are larger than those determined by Irifune et al. [1989],
which may be explained by different experimental conditions.
First, the diopside in this study had been subjected to higher
pressure and temperature (50 GPa, 4000 K) than that in their
sample (24.5 GPa, 1500°C) and the solubility is known to be
a function of pressure and temperature. Second, our data
represent measurements from the melted area. The solubility
could be affected by the melting history and fast quenching in
temperature. Qualitatively, the analysis showed that diopside
decomposes into a MgSiO;-rich phase and a CaSiOj3-rich
phase at high pressure and temperature.

Since the diopside sample contained 1.5 wt.% of iron oxide
(Table 1), the iron partitioning between the coexisting phases
has been measured. Figure 10 shows the distributions of three
elements (Ca, Mg, Fe) along the horizontal line from the left
end to the plus sign in Figure 8. The distributions of Ca and
Mg are complementary, while iron preferentially partitions
into the Mg-rich phase.

Table 3 lists analyzed compositions of the starting pyrope
sample and the heated sample. The composition of the melted

Si0,

a - Diopside
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area remained essentially the same as that of the starting
pyrope, with slight deficiency in silica (Figure 9b).

To confirm that the solid-solid phase transitions at high
pressures had completed in experiments, the heated pyrope
sample was studied by X ray diffraction measurements by using
synchrotron radiation at Brookhaven National Laboratory.
Single perovskite phase was found together with the rhenium
metal as shown in Figure 11.

Data Presentation

Experimental results are summarized in Table 4. Pressures
from the ruby scale at chosen spots before and after laser
heating are reported in columns 3 and 4, respectively. As yet,
no satisfactory technique is available to determine the pressure
in the diamond anvil cell at high temperatures (>1000 K)
during laser heating. The pressure after laser heating plus the
estimated thermal pressure was accepted as the pressure on
melting. Melting temperatures Ty, listed in Table 4 were
obtained from the analysis of the laser power/sample
temperature function. AT in Table 4 reflects the magnitude of
temperature fluctuation in slope change range in a
power/temperature function.

Melting of MgSiO;

The experimental results on the melting of MgSiO; at
pressures up to 41.7 GPa are shown in Figure 12 along with
those of Boyd et al. [1964], Presnall and Gasparik [1990],
Kato and Kumazawa [1986], Ito and Katsura [1992), Heinz and
Jeanloz [1987], Knittle and Jeanloz [1989], Sweeney and
Heinz [1993] and Zerr and Boehler [1993]. Melting
temperatures at 6.6 GPa and 9.6 GPa were consistent with the
melting curve determined in a piston cylinder by Boyd et al.
[1964] and in a multianvil apparatus by Presnall and Gasparik
[1990]. At pressures above 20 GPa, the Ty, data are
systematically slightly higher than those of Zerr and Boehler
[1993], but within experimental uncertainties. Melting was
characterized by visual observation of convective motion in
their experiments, while laser power/sample temperature
function was used in the present study. The agreement between
their data and ours represents a successful check between those
two criteria of melting.

The melting temperatures of Heinz and Jeanloz [1987],
Knittle and Jeanloz [1989], and Sweeney and Heinz [1993] lie
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Figure 9. (a) The diopside starting material (solid circle) and quenched sample (open circles) compositions
as determined from microprobe analysis. Numbers 1, 2, and 3 indicate the unheated area, the darkest area, and
the whitest area, respectively. (b) Pyrope sample compositions at unheated area (solid circle) and heated areas

(open circles).
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Figure 10. The element (Ca, Mg, Fe) distributions in melted
area of diopside sample along the horizontal line from the left
end to the plus sign in Figure 8. Measurement conditions are
shown in the figure. The distributions of Ca and Mg are
complementary, while iron preferentially partitioned into the
MgSiOjs-rich phase.

far below those of Zerr and Boehler [1993] and the data of
present study. The discrepancy has been discussed by Zerr and
Boehler [1993), Heinz et al. [1994] and Boehler and Zerr
[1994]. We point out here that melting characterization is
critical in determining melting temperature in a laser-heated
DAC. Errors in pressure and temperature measurements would
be insufficient to explain such a large discrepancy in melting
temperature because essentially the same principles were
adopted in these measurements [e.g., Heinz and Jeanloz, 1987,
Boehler et al. 1990]. However, adoption of different melting
criteria could cause large difference in melting temperature
determination. Heinz and Jeanloz [1987] employed two
methods: first, they bracketed the melting point by measuring
the maximum and minimum temperatures obtainable before
and after glass formation, respectively; second, they measured
the temperature profile across a laser-heated spot and the size
of the molten region, and they inferred the temperature
corresponding to the crystal-liquid interface as the melting
point. In their first cook-and-look method, it is difficult to
identify that a heated spot was melted because the quench
properties of MgSiO5 melt at high pressure are still not well
understood. Zerr and Boehler [1993] observed a silicate
perovskite at quenched molten region, while quenched glass
blobs were found by Heinz and Jeanloz [1987] and Knittle and
Jeanloz [1989]. In the second method of Heinz and Jeanloz
[1987], the uncertainty of melting temperature determination

Table 3. Microprobe Analysis of Pyrope Sample

Heated area
Oxide Starting Material
Run P-6a? Run P-6b°
MgO 30.900 31.096 38.478
AlLO, 23.878 26.044 22.592
SiO, 44.299 43.105 37.323
Total 99.091 100.245 98.518

2 P=51.8 GPa; T ~ 4500 K.
b P=64.2 GPa; T ~ 4500 K.
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Figure 11. An example of diffraction pattern of the heated
pyrope sample after melting experiments (runs P-6a, P-6b).
Pv, perovskite.

could be hundreds of degrees to a thousand degrees due to the
strong temperature gradient across a heated spot. Knittle and
Jeanloz [1989] gave no details of how they characterize the
liquid and solid phases during laser heating. In the work of Zerr
and Boehler [1993], in situ visual texture observation was
taken to characterize melting. A careful correlation between
visual observation and the collected data, together with some
experimental experience is necessary for such visual
observations because the texture change is small at high
pressures. When collected signals are used for melting criteria
[Sweeney and Heinz, 1993], a series of cross-check
experiments are necessary to confirm that the observed
anomaly corresponds to melting, because there may exist
other possibilities that affect the radiation and reflection from
the sample. In the present study, the melting temperatures of
diopside, enstatite, pyrope, and ruby determined at ambient
pressure and at low pressures by laser power/sample
temperature function were found to be consistent with the
available data determined by multianvil and other techniques.
The anomaly both in power/temperature function and in
power/reflectivity function due to melting was clear to
recognize; the slope change was usually followed by a big
jump in temperature as discussed above. This jump provided an
additional indication of melting by the present method.

Melting of Mg3Al1,8i30,

The experimental results on the melting of pyrope sample
at pressures up to 64 GPa are shown in Figure 13 along with
those of Irifune and Ohtani [1986], and Zhang and Herzberg
[1994]. Our result at 10 GPa was consistent with the melting
curve from multianvil apparatus [Irifune and Ohtani, 1986;
Zhang and Herzberg, 1994]. An increase in slope of melting

~curve at pressures greater than 10 GPa was found by Zhang and

Herzberg [1994], implying a high melting temperature for
pyrope at high pressures. The present high-melting-
temperature data support their observation, although a clear
slope change at 10 GPa was not resolved in this study.

Boyd and England [1962] have shown that pyrope melts
incongruently up to 3.5 GPa. It melts congruently from 3.5
GPa to 16 GPa [Irifune and Ohtani, 1986; Zhang and Herzberg,
1994]. Liu [1977] observed transitions from garnet to
ilmenite phase above 25 GPa and subsequently to perovskite
phase at pressures above 30 GPa. Weng et al. [1982] found
that at least 25 mol% of Al,O3 is soluble in MgSiO;
perovskite at 40 GPa. Recently, FitzGerald et al. [1994]
synthesized Mg3Al,Si30;, perovskite at 50-70 GPa. Our X ray
diffraction data also showed single perovskite phase for the
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Table 4. Experimental Results

Run Sample P P® AP y AT® Checkf
Starting Composition GPa GPa +GPa K K
E-1a MgSiO; 6.75 6.2 0.5 2320 100 M
E-1b MgSiO, 9.32 9.0 0.7 2450 90 M
E-2a MgSiO; 26.0 22.0 15 3020 120 M+R
E-2b MgSiO; 30.5 27.1 2.0 3420 250 M+R
E-2¢ MgSiO4 335 30.5 18 3680 180 M+R
E-4a MgSiO4 40.0 37.0 25 4000 300 M
E-3a MgSiO, 420 39.0 25 4050 300 M
W-1a CaSiO; 9.0 7.8 1.0 22715 100 M+R
W-1b CaSiO, 140 9.8 0.5 2400 70 M+R
W-2a CaSiO; 18.0 15.5 1.0 2550 150 M
W-1c CaSiO; 19.2 15.8 1.0 2520 80 M+R
W-1d CaSiO, 23.1 19.6 1.2 2680 100 M+R
W-1e CaSiO; 26.5 22.5 2.0 2800 160 M+R
W-2b CaSiO; 28.0 23.1 3.0 2850 200 M
W-2¢ CaSiO; 34.1 29.4 4.0 3050 300 M
W-3a CaSiO, 36.4 31.5 1.0 3000 200 M+R
W-2d CaSiO; 378 321 3.0 3090 200 M
W-3b CaSiO; 46.9 40.4 5.0 3500 250 M+R
W-3¢ CaSiO; 471 43.0 5.0 3500 250 M+R
W-3d CaSiO; 51.2 471 40 3550 150 M+R
W-3e CaSiO; 53.5 48.4 5.0 3650 200 M+R
W-3f CaSiO, 61.4 55.0 45 3700 280 M+R
D-1a8 CaMgSi,0¢ 0 0 - 1680 50 M+R
D-2a CaMgSi,O¢ 10.0 8.8 1.0 2390 50 M+R
D-3a CaMgSi,O¢ 15.6 13.6 15 2500 150 M
D-3b CaMgSi,0¢ 22.7 18.0 20 2540 80 M
D-5a CaMgSi, 04 28.0 26.0 1.5 2683 120 M+P
D-4a CaMgSi,Of 29.5 26.7 22 2750 80 M+R
D-5b CaMgSi,O6 310 303 20 2750 220 M+P
D-4b CaMgSi,O¢ 47.0 46.0 25 3020 110 M+R
D-6a CaMgSi,06 54.0 46.7 32 3002 150 M+P
D-6b CaMgSi,04 56.0 54.0 3.0 3050 210 M+P
D-4c CaMgSi,O¢ 55.0 52.0 25 3250 120 M+R
D-6¢ CaMgSi, 04 67.0 60.0 25 3200 140 M+P
D-6d CaMgSi,0¢ 70.5 65.4 3.0 3400 250 M+P
P-1a Mg;ALSi;0,, 84 7.8 0.8 2300 80 M+R
P-1b Mg;ALSi30,, 11.0 9.7 12 2450 100 M+R
P-2a Mg,ALSi;0,, 110 10.0 1.0 2480 80 M
P-2b Mg;Al1,Si30, 140 144 1.5 2650 110 M
P-3a Mg;ALSi30;, 220 17.5 20 2830 150 M
P-2c Mg3AlLSi30;, 20.0 18.7 1.6 2800 100 M
P-2d Mg;ALSi;0,, 25.0 249 2.0 3100 220 M
P-3b Mg3ALLSi30;, 28.0 26.0 2.5 3000 130 M
P-4a Mg;AL,Si50,, 30.0 28.5 3.0 3270 100 M
P-3d Mg;ALSi50,, 33.0 30.0 3.0 3330 220 M
P-4b Mg3AL,Si30,, 38.0 36.9 25 3400 120 M
P-4c Mg3ALSiz0, 40.0 38.9 32 3500 130 M
P-4d Mg;A1,S8i50,, 45.0 40.2 2.0 3450 250 M
P-5a Mg3AL,Si50,, 45.0 43.0 35 3630 120 M
P-5b Mg;A1,S8i30,, 50.0 44.5 3.0 3750 140 M
P-5¢ Mg;ALLSi30,, 50.5 46.1 25 3600 120 M
P-6a Mg;AlL,S8i30,, 520 484 3.0 3700 300 M+P+S
P-5d Mg;ALSi;0;, 55.0 519 25 3680 150 M
P-5¢ Mg3Al1,Si30;, 60.0 542 25 3700 300 M
P-6b Mg;ALSi50,, 63.0 60.0 3.0 3920 200 M+P+S
Q-1a Sio, 6.5 5.26 6 2750 100 M+R
Q-1b Sio, 9.0 8.6 1.0 2900 70 M+R
S-1a SiO, 15.0 149 1.0 3400 130 M+R
S-1b Sio, 18.0 15.5 13 3450 120 M+R
S-2a Sio, 220 20.5 2.0 3900 150 M
S-2b SiO, 25.0 23.7 1.5 4100 180 M
S-2¢ Si0, 270 24.0 2.0 3950 180 M
S-3a Si0, 30.0 29.0 1.0 4100 280 M
S-3b SiOp 37.0 34.0 2.0 4250 200 M
R-1a8 Al 0, 0 0 - 2350 50 M+R
R-2a Al,04 15 1.0 0.3 2430 80 M+R
R-2b ALO, 7.0 6.5 0.8 3030 100 M+R
R-2c AL Oy 9.0 8.4 1.0 3135 200 M+R
R-3a Al,04 155 14.3 1.2 3290 120 M

R-4a Al O, 18.0 15.6 1.5 3380 150 M
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Table 4. (continued)
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Run Sample p pb AP° y AT® Checkf
Starting Composition GPa GPa 1GPa K K
R-3b Al,04 18.0 16.2 15 3440 250 M
R-3c Al,0; 21.0 19.5 20 3495 120 M
R-4b AlLOs 25.0 23.2 20 3525 120 M
R-4c Al,O,4 215 23.7 20 3600 180 M

2 Pressure of the chosen spot before laser heating.
b Pressure measured immediately after laser heating.
¢ Pressure gradient measured in 10 pm across the heated spot.

9 Temperature at fluctuation range in laser/sample temperature function; no correction was made.
¢ Magnitude of temperature fluctuation; The value does not include the error in temperature measurements (see text).

f Method used for checking quenched samples: M, microscope;

ray diffraction.

R, Raman spectroscopy; P, electron microprobe; S, synchrotron X

2 The melting measurement at 1 atm was carried out outside the diamond anvils under argon flow.

heated pyrope sample (see Figure 11). Thus perovskite solid
solution exists in (1-x)MgSiO3.xAl1,03 with x at least to
0.25. However, phase transitions at high pressure have not
been studied for the range with x>0.25; the solubility limit of
Al,03 in MgSiO5 perovskite at high pressure is still
uncertain. If the solubility of Al,O5 in MgSiO5 perovskite
were limited to 25 mol%, then the experimental results on
melting pyrope sample above 30 GPa would represent the
melting of Mg3Al,S130, perovskite. However, it is likely
that more than 25 mol% Al,Oj; is soluble in MgSiOj
perovskite. Then the present result would represent the
melting of a solid solution. For a solid solution,
Mg3Al,Si30¢5 would melt over a temperature interval with a
variable composition of melts. The composition of the first-
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Figure 12. Experimental results for melting of MgSiO,:
circles, Boyd et al. [1964]; squares, Presnall and Gasparik
[1990]; crosses, Ito and Katsura [1992]; solid triangle, Kato
and Kumuzawa [1986]; open triangles, Zerr and Boehler
[1993]; pluses, this study. Lines as noted in the figure are H &
J, Heinz and Jeanloz [1987]; K & I, Knittle and Jeanloz
[1989]; S & H, Sweeney and Heinz [1993]. Melting
temperatures in this study are obtained by plotting the laser
power/sample temperature functions. Pressures are those
measured after laser heating plus thermal pressure estimation
(7%). Vertical bars represent the magnitude of temperature
fluctuation in the slope change range. Horizontal bars
represent the pressure gradient in 10 um across the heated
spot. Polymorphs of MgSiO; were shown: Oens,
orthoenstatite; Cens, clinoenstatite; Maj, majorite.

formed liquid would be rich in AlO3 and deficient in SiO;.
Microprobe analysis of the melted area showed it to be
deficient in silica and slightly excess alumina, as expected.
Since the heating spot may have experienced higher
temperatures than melting, as was discussed, the analyzed data
may not represent the composition of the melt in the solidus-
liquidus region. The melt composition could not be determined
accurately in the present study. The present experimental
points could be a representation of the whole temperature
interval of the solid solution Mg3Al,Si30,,.

Melting of CaMgSi,O4 and CaSiOj3

The experimental results on melting with the starting
composition of CaMgSi;O¢ to pressures up to 70 GPa are
shown in Figure 14 along with those of Williams and Kennedy
[1969], Scarfe and Takahashi [1986], and Irifune and Ohtani
[1986]. Our result at 9.4 GPa is consistent with the melting
curve from multianvil apparatus [Irifune and Ohtani, 1986].
The data of Boyd and England [1963] and Boettcher et al.
[1982] are also consistent with our data within experimental
uncertainties (not shown in Figure 14 for clarity).

Phase transformations in diopside at high pressures have
been studied by many researchers. Liu [1979, 1987] observed
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Figure 13. Experimental results for melting of

Mg;Al,8i30,5: circles, Irifune and Ohtani [1986]; triangles,
Zhang and Herzberg [1994]; pluses, this study. The size of the
pluses represents the uncertainty in pressure and temperature.
Py, pyrope; Ilm, ilmenite.
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Figure 14. Experimental results for melting of CaMgSi;Og:
circles, Williams and Kennedy [1969]; squares, Irifune and
Ohtani [1986]; triangles, Scarfe and Takahashi [1986]; pluses,
this study. The size of bars represents the uncertainty in
pressure and temperature.

that diopside crystallizes into a cubic perovskite structure of
the same composition at 22- 23GPa at 1000°C; Mao et al.
[1977], Tamai and Yagi [1988], and Irifune et al. [1989] found
that diopside decomposes into mixtures of MgSiOj
components and CaSiO3 perovskite at pressures above about
18 GPa at 1000°-1500°C. We found that the quenched samples
contained a MgSiOjs-rich phase and a CaSiO3-rich phase in the
molten areas. Therefore the melting mode of CaMgSi,Og¢
composition would be the eutectic melting of MgSiO;
components and CaSiO5 perovskite above pressures at about
20 GPa. The eutectic melting temperature reflects the minimum
melting temperature of MgSiO3-CaSiOj3 join at high pressure.
The present result for the diopside sample at pressures above
20 GPa may be used to represent the eutectic melting, although
the melting temperature determined may be slightly higher
than the eutectic temperature due to difficulties arising from
the melting experiments of multicomponent systems in a
diamond anvil cell (the samples could be non-uniform on a
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Figure 15. Experimental results for melting of CaSiOj:
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scale of micrometers and temperature gradients could lead to
unmixing during heating). As shown in Figure 14, the
representative melting temperatures of MgSiO3-CaSiO;
perovskites increase steadily with increasing pressure
(dTyy/dP = 14 + 4 K/GPa over the pressure range of 20-70
GPa).

The experimental results for melting of CaSiOj
composition to pressures of 60 GPa are shown in Figure 15
along with the results of Gasparik et al. [1994]. Phase
transition studies at high pressure showed that wollastonite
transforms to high-pressure CaSiO3(II) (walstromite-like)
phase above 3 GPa [e.g., Gasparik et al., 1994], and to cubic
perovskite phase at pressures above about 11 GPa [e.g.,
Gasparik et al., 1994]. Gasparik et al. [1994] observed that
the melting temperature for CaSiOj perovskite increased
sharply by 360 K in the pressure interval of 13.5 - 15.2 GPa.
Because of the limited two melting points at pressures below
15 GPa in this study, it is difficult to have a direct comparison
in melting slope with theirs. However, our data at pressures
above 15 GPa imply that the unusually deep dTm/dP slope for
CaSiO; perovskite [Gasparik et al., 1994] would flatten out at
high pressures.

Melting of SiO,

Melting of silica has been reported by Jackson [1976],
Kanzaki [1990], and recently by Zhang et al. [1993]. A series
of shock wave measurements on single-crystal and fused quartz
were made to determine melting temperatures of stishovite at
high pressures [Ahrens et al., 1982; Kondo et al., 1983;
Lyzenga et al., 1983; Schmitt and Ahrens, 1989]. Our melting
data on silica are shown in Figure 16 along with reported data.
Our results at 5.6 GPa and 9.2 GPa are consistent with those of
Kanzaki [1990] and Zhang et al. [1993]. Shock wave data on
melting of stishovite are quite scattered. Our melting
temperatures for stishovite at 15-37 GPa are higher than those
determined by Schmitt and Ahrens [1989]. When
extrapolating our data to high pressures, they are in
reasonable agreement with the melting point (T, of 4500 K at
70 GPa) by Lyzenga et al., [1983].
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Figure 16. Melting results for silica: circles, Jackson

[1976]; squares, Kanzaki, [1990]; triangles, Zhang et al.
[1993]; pluses, this study. The size of bars represents the
uncertainty in pressure and temperature. Shock wave data on
melting of stishovite are scattered. The data of Schmitt and
Ahrens [1989] (SA) and Lyzenga et al. [1983] (L) are shown.
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Before choosing stishovite as a starting material, we used
quartz as a sample. At pressures of 5.6 GPa and 9.2 GPa,
melting temperatures were determined as 2750 K and 2900 K,
respectively. However, at pressures from 10 GPa to 25 GPa, we
found that temperatures started to fluctuate at around 1500-
2000 K (inferred as low-temperature fluctuation) and then
jumped to above 4000 K. The effect disappeared at pressures
above 25 GPa. Therefore melting temperature measurements
with the present technique over the pressure range of 10-25
GPa were not possible with quartz as a starting material. Since
this low-temperature fluctuation was not observed for other
samples in the present study, the effect may be associated with
the properties of quartz over the pressure range of 10-25 GPa.
Possible interpretations for the low temperature fluctuation are
(1) phase transition of coesite to stishovite at 10-13 GPa
[Yagi and Akimoto, 1976; Zhang et al., 1993; Serghiou et al.,
1995] and (2) amorphization of quartz or coesite over the
pressure range [e.g., Hemley et al., 1988].

The present melting data at pressures above 15 GPa were
measured using synthetic stishovite as a starting sample.
According to our melting data, accurate determination of the
liquid-coesite-stishovite triple point was difficult due to
limited experimental runs and melting temperature
uncertainties. As is shown in Figure 17, if the triple point
determined by Zhang et al [1993] was adopted, the melting
slope, dT,,/dP, for stishovite above the triple point would be
as large as 100 + 20 K/GPa over the pressure range 13.5 - 23
GPa. At pressure greater than 23 GPa, our data showed that the
slope flattens to 30 + 10 K/GPa. Recently, Serghiou et al.
[1995] measured the coesite-stishovite transition in a CO,
laser-heated diamond cell and suggested a boundary curve in
agreement with Yagi and Akimoto's [1976]. If their coesite-
stishovite boundary was adopted, the slope change across the
triple point would be slightly smoothed out (Figure 17).

Melting of Al,03

There are no reported high-pressure melting data for
corundum to our knowledge. Figure 18 showed measured
melting temperatures to a pressure of 25.4 GPa. Melting of
corundum provides an end-member constraint in modeling the
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Figure 17. A review of silica phase diagram. Initial melting
slope of stishovite above the coesite-stishovite-liquid triple
point depends on the location of the triple point. Z, Zhang et
al. [1993]; YA, Yagi and Akimoto, [1976]; Qua, quartz; Coe,
coesite.

SHEN AND LAZOR: MELTING OF MINERALS AT HIGH PRESSURE

400U-...lJ--..I....I....I....l....-

:Ales :

i Liquid s
¥ 35007 —-l— -
: - _l_ -
L=- o L
2 i |
S 3000 "I‘ -
(3] b L
o ! |
g ] |
|—2500__+ Corundum -

070 0 e o e B B e
0 S 10 15 20 25 30

Pressure, GPa

Figure 18. Experimental results for melting of ruby. The
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" melting relation in systems containing Al;O3 component.

Technically, understanding of high pressure melting of
corundum is important, because in many melting experiments,
corundum was used as thermal isolation material and pressure
medium [e.g., Williams and Jeanloz, 1991; Boehler 1993;
Saxena et al., 1994]. Present data showed that melting
temperatures of corundum are higher than those of iron,
nickel, and cobalt [P. Lazor and G. Shen, unpublished
manuscript, 1994]. Therefore, the use of corundum will not
affect the determination of melting temperatures for iron group
metals unless there is a reaction.

Melting Relations in the Lower Mantle

The lower mantle may consist of silicate perovskites and
magnesiowiistite [Liu, 1976; Mao et al, 1977; Knittle and
Jeanloz, 1987; Ito and Takahashi, 1989]. Figure 19
summarizes melting curves of some lower mantle minerals. All
these solids were found to be highly refractory requiring high
temperatures for melting at lower mantle pressures. The high
melting temperatures and positive dT,,/dP slopes of three
perovskites (MgSiOs, CaSiO3, Mg3Al,Si3045) may indicate a
high melting temperature in the lower mantle.

The mantle rocks are believed to be composed of a mixture
of crystalline phases. Melting temperatures and melting
slopes of CaSiO3 and Mg3Al,Si30,, perovskites were found to
be less than those of MgSiO3 perovskite (Figure 19),
suggesting that the presence of Ca, Al elements will lower the
melting temperature in the lower mantle estimated by the
melting of MgSiO3 perovskite and that this effect would
increase with increasing pressures. The magnitude of the effect
depends on the compositional and mineralogical model of the
mantle and melting modes of MgSiO3-CaSiO3 system and
MgSiO3-Al,04 system at high pressures. The MgSiO3 and
CaSiO5 perovskite were found to be immiscible and the
minimum melting temperatures of the system MgSiO3-CaSiO3
at lower mantle pressures are expressed by the eutectic melting
temperatures. Al,O3 was found to be soluble in MgSiO3
perovskite forming solid solutions, and melting temperatures
of MgSiO; perovskite will be lowered by the presence of Al
The magnitude of the reduction depends on Al content in the
lower mantle, which is expected to be low [Anderson, 1989].
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Figure 19. A summary of melting curves of some lower
mantle minerals. The curves were plotted using third-order
polynomial equations for interpolation, fitted by least squares
to the experimental data of melting. Melting of MgSiOy
perovskite (Mg-Pv) from Zerr and Boehler [1993] and this
study; melting of CaSiO3 perovskite (Ca-Pv), stishovite, and
corundum from this study; melting of wiistite from Shen et al.
[1993]. Al-Pv and "diopside" curves denote the melting results
on pyrope and diopside samples, respectively (see text for
more discussions). An approximate mantle geothermal
[Shankland and Brown, 1985] was plotted as a dashed line for
comparison.

However, since the melting slope, d7,,/dP, determined from
the pyrope sample is less than that of MgSiO3 perovskite, the
effect of Al on melting of Mg-perovskite will increase with
increasing pressure. At deep lower mantle pressures the effect
might be considerable.

It needs to be pointed out that Al and Ca may be
incorporated in certain other phases, which include a high-
pressure form of MgAl,Oy [Irifune et al., 1991], a form of
(Ca,Mg)Al,S8i,0g with the hollandite structure [Madon et al.,
1989], Ca,yAlSiOs s with a rhombohedral perovskite structure
[FitzGerald and Ringwood, 1991], and Al,SiOg with a V505
structure [Ahmed-Zaid and Madon, 1991]. Thus more phase
transition studies and melting measurements are required to
better understand the effect of the presence of Al;O3 and CaO
components on the melting relations in the lower mantle.
Very recently, Irifune [1994] reported an experimental study of
phase transformations in a pyrolite mantle composition in a
pressure interval of 23-28 GPa and concluded that Al,O4 is
accommodated mainly in MgSiO; perovskite; no separate
aluminum phase was observed, while a separate CaSiOj
perovskite was observed along with MgSiO3 perovskite and
magnesiowiistite.

The iron component will also affect the melting temperature
of MgSiOj3 perovskite. However, no measurement was made in
this study on the effects of Fe on melting because of the Soret
diffusion effect of Fe in a laser heating spot as found by Heinz
and Jeanloz [1987]. Zerr and Boehler [1993] determined the
melting temperatures of (Mg ggFeg 12)Si03 perovskite to 60
GPa, and no significant difference was found in melting
temperature from that of MgSiO3 perovskite within
experimental uncertainties. One may conclude that the
presence of Fe and Al will not significantly affect the melting
temperature of MgSiO3 perovskite. Whereas the Fe, Al effect
would be larger at higher pressures; when the melting curve is
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extrapolated to the pressure of core-mantle boundary, Fe and
Al effects should be considered. The presence of Ca may reduce
the melting temperature of MgSiO3 perovskite because of the
eutectic melting nature of CaSiO3-MgSiO; system at high
pressure. Quantitative analysis can not be made until more
melting data of (Mg,Fe,Al)(Si,Al)O3 perovskite at very high
pressures and more accurate knowledge of phase transitions
and Fe, Ca and Al chemistry in the lower mantle are available.

Although free SiO; and Al;O3 most likely do not exist in
substantial quantities in the lower mantle, they are
constituents of silicate perovskites. The present data provided
an end-member input in modeling the melting relations of the
FeO-Ca0-Al1,03-Mg0O-8i0O, system, which represents the
lower mantle chemistry.
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