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Melting of mantle and core materials at
very high pressures

By R. BOEHLER
Maz-Planck-Institut fiir Chemie, 55020 Mainz, Germany
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Melting experiments on the most important mantle and core materials (Mg-Si-
perovskite, magnesiowiistite, iron and its sulphur and oxygen compounds) are re-
viewed and possible sources of controversies with results from other laboratories
are discussed. The iron phase diagram, measured in laser-heated diamond cells to
2 Mbar, may be reconciled with shock sound velocity measurements if one allows a
correction of about 1000 K for the overshoot of equilibrium conditions during shock.
The data suggest a new, yet unidentified, phase for the inner core and an inner-core
temperature of about 5000 K. The addition of the light elements oxygen and sulphur
does not seem to effect the melting temperature of pure iron at very high pressure.

The melting curves of the major lower-mantle minerals Mg-Si-perovskite and mag-
nesiowtlstite are in sharp contrast to previous estimates. Magnesiowiistite is the low
melting phase of the lower mantle but its melting temperature at the core—mantle
boundary of about 5000 K is still about twice the average mantle temperatire. Even
a large temperature increment at the base of the lower mantle, estimated to be at
least 1300 K, will not result in melting in the core—mantle boundary region.
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1. Introduction

Probably no single issue in Earth science has drawn more attention to both theo-
reticians and experimentalists than the melting phase diagram of iron because the
melting temperature of iron plays a key role in the determination of the tempera-
ture in the centre of the Earth. Previous theoretical estimates and long extrapolations
from low-pressure data showed extreme variations of over 10000 K and demonstrated
the general difficulty in predicting melting temperatures at high pressure. Moreover,
seismically measured sound velocities for the liquid outer core require an addition
of about 10% of lighter elements to iron, which could be any combination of silicon,
oxygen, sulphur, carbon or hydrogen. The unknown properties of these elements in
combination with iron, especially their effect on the melting temperature, further
complicate temperature estimates in the Earth’s centre.

The last nine years have brought a drastic increase in experimental activities to
research the phase diagram of iron but, unfortunately, the increase in the amount of
data has seemingly complicated the phase diagram and the closing of the previous
large pressure gap between static and shock experiments has demonstrated system-
atic deviations in the melting curves measured with these two different techniques.
At present, it is impossible to construct a phase diagram without disregarding whole
data sets.

Here, I will argue that static melting experiments on laser-heated iron in a
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1266 R. Boehler

diamond-anvil cell provide the highest accuracy in the melting temperatures, are
in excellent agreement with each other, and that the phase diagram of iron, mea-
sured in the diamond cell, can be reconciled with some shock measurements.

Large controversies exist in the melting behaviour of the major lower-mantle min-
eral (Mg,Fe)SiOs-perovskite. Estimated melting temperatures from previous exper-
iments and theory for lower-mantle pressures vary by several thousand degrees. For
(Mg,Fe)O-magnesiowtlistite, the second most abundant mineral in the lower man-
tle, the pressure dependence of melting has never been measured. These melting
temperatures are important for mantle models on chemical differentiation and for
rheological-dynamical models, because the viscosity most likely scales with the melt-
ing temperature.

2. Phase diagram of iron

(a) Melting curves measured in diamond cells

In 1986, melting temperatures of resistively heated iron wires were measured to
over 400 kbar in the diamond cell (Boehler 1986) using a method shown 10 years ear-
lier (Liu & Bassett 1975). New technologies to measure temperatures in the diamond
cell using Planck’s radiation function to analyse emission spectra over large spectral
ranges of the heated sample, measured with diode arrays, had become available.
The pyrometric techniques used by Liu & Bassett (1975) to measure temperatures
only provided qualitative results on the pressure dependence of melting. The abso-
lute temperature had to be estimated using low-pressure melting data due to the
unknown emissivity of the sample. The resistive heating of wires in a diamond cell
provided uniform and stable temperatures in large portions of the wire and thus
simple optical means to measure the emission spectrum avoiding problems associ-
ated with large temperature gradients. Phase transitions and melting could be easily
detected by the change of electrical resistivity.

Williams et al. (1987) published first data on laser-heated iron samples adopting
techniques developed by Ming & Bassett (1974). Unfortunately, the results of Boehler
(1986) and Williams et al. (1987) were in stark disagreement with each other, showing
temperature differences of over 1000 K. Although the pressure range in these early
experiments by Williams et al. (1987) was doubled, the techniques used to measure
temperature and to monitor melting resulted in rather large uncertainties. The early
lasers were highly unstable and limited in power, which required tight focussing of
the laser beam, resulting in extremely small hotspots with large temperature gradi-
ents and fluctuations. Williams et al. (1987) collected spectra from areas that were
at least 500 times the size of the melt zone. This method required calculation of
peak temperatures from average temperatures. Regarding the extreme temperature
gradients in such an experiment of about 1000 K pm™!, uncertainties in such cal-
culations inevitably lead to large errors. Furthermore, standard microscope optics
were used, which distort the emission spectra. If the cross section of the hotspot is
small or equal to the chromatic aberration of the optical system (e.g. the microscope
objective used in their system), temperatures are likely to be overestimated by a
large amount (Boehler & Chopelas 1992).

This led Boehler et al. (1990) to remeasure the melting curve of iron to over 1 Mbar
using improved laser-heating techniques and new methods to measure melting in situ
and to measure and analyse emission spectra. Problems associated with temperature
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Figure 1. Phase diagram of iron measured in the diamond cell. Bold crosses are from Boehler
(1993). Open symbols are from Saxena et al. (1994). Circles are melting, squares are vy-phase
boundary, triangles and X symbols are e-a’ or e~ transitions.

gradients and chromatic aberration were eliminated by defocussing their more pow-
erful and more stable laser and by measuring temperatures from tiny spots of p
size, which was much smaller than the melted region, using reflecting optics. Melt-
ing was measured in situ using a variety of optical methods, which were essentially
based on the change of reflectivity of the sample undergoing a phase change. Ex-
perimental details are described elsewhere (Boehler et al. 1990; Boehler 1993). Their
results confirmed the low melting gradient of iron and the slope of the HCP-FCC (e—)
transition found earlier, which required a triple point at about 1 Mbar. This triple
point prevented any reasonable extrapolation of the melting curve to inner-core pres-
sures because the melting slope above the triple point was unknown. For this reason,
Boehler (1993) extended the pressure range of his measurements to 2 Mbar by using
new laser technology and established a precise melting slope between 1 and 2 Mbar.
Boehler’s melting curve was confirmed by Shen et al. (1993) to 500 kbar, Yoo et al.
(1992) to 400 kbar and Saxena et al. (1994) to 1.5 Mbar using similar techniques and
by Ringwood & Hibberson (1990) at 160 kbar using a multi-anvil press. For clarity,
only the results of Boehler (1993) and Saxena et al. (1994) are shown in figure 1.
The melting temperatures measured by all four groups (Canberra, Livermore, Up-
psala, and Mainz) are in excellent agreement with each other and fall within the
experimental uncertainties. The data reported by Saxena et al. (1994) are at slightly
higher temperatures because they used a correction for the wavelength dependence
of emissivity. Boehler (1993) used wavelength-independent emissivities because there
is a lack of knowledge for the pressure dependence of this property. Assuming ex-
treme cases for the emissivity-wavelength dependence, the maximum uncertainty in
temperature estimates is still within a few hundred degrees. The early measurements
by Williams et al. (1987) are in drastic contrast to all of these measurements. More
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details to explain this discrepancy than those described above have been discussed
elsewhere (Boehler et al. 1990; Duba 1992, 1994). Because of the large systematic
errors, those data will be excluded from further discussion.

(b) Solid—solid transitions in iron

The phase diagram shown in figure 1 contains all recent data points from Saxena
et al. (1994) and from Boehler (1993). The main reason for the data scatter is the
difficulty in detecting solid—solid phase transitions in iron because these transitions
are accompanied by only weak changes in optical properties.

(i) The e~/ (and/or €-8) transition in iron

Saxena et al. (1993) and Boehler (1993) independently found changes in optical
properties of iron below the melting line which they attributed to a new, yet un-
known, phase. Such a high P-T phase was suggested by Boehler (1986) based on his
earlier wire-heating experiments and shock sound velocity measurements (Brown &
McQueen 1986). Further measurements (Saxena et al. 1994) on this phase bound-
ary, shown by triangles and X-symbols, confirmed Boehler’s data but indicated the
possibility of yet another high P-T phase of iron (¢’). In view of the weakness of
the property changes measured for these transitions and the possibility of hysteresis
and sluggishness, however, one could argue that these two transitions (e’ and e—)
may be one and the same. For further discussion, it is important to note that there
is a phase boundary (e—f) that is nearly parallel to the melting curve extending to
high pressures.

(ii) The stability field of ~y-iron

The ey (and/or the a’—y and 6—v) phase boundaries were also extended to higher
pressures (Shen et al. 1993; Boehler 1993). Again these transitions are difficult to
detect because of the weak changes in optical properties. For reasons of simplicity
and because of the large data scatter, I suggest a stability field of y-iron which ends
near 1 Mbar and about 2800 K, as reported earlier (Boehler 1993) and confirmed
later (Saxena et al. 1994). My suggested phase boundaries are indicated by dashed
lines in figure 1.

(¢) Extrapolation of the phase diagram of iron above 2 Mbar

The slope of the melting curve between 1 and 2 Mbar measured by Boehler (1993)
is well constrained by a large number of data points and is in good agreement with
further measurements to 1.5 Mbar (Saxena et al. 1994). Boehler (1993) extrapolated
this melting curve to 3.3 Mbar, the pressure at the inner-core boundary, using a linear
relationship between the melting temperature and the density. This extrapolation is
relatively short because the compression range between 2 and 3.3 Mbar is only about
11%. This leads to a melting temperature of pure iron at the inner-core boundary
pressure of 4850 K with an uncertainty of about £200 K. This uncertainty would be
somewhat larger if one would include possible large deviations from the linear T,
versus density relationship and if the emissivity of iron depended strongly on the
wavelength. For an extreme case, however, both sources of errors would contribute
to the uncertainty by not more than a few hundred degrees.

(d) Shock wave experiments

Brown & McQueen (1986) measured sound velocities in shock-wave experiments
and observed sharp discontinuities in their data at 2 and 2.4 Mbar, which they as-
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Figure 2. Comparison of the extrapolated phase diagram in figure 1 and shock sound velocity
measurements by Brown & McQueen (1986). Both solid—solid and solid-liquid transitions show
similar offsets.

signed to the e—y transition and melting, respectively. They calculated the shock
temperatures by making assumptions on the specific heat and the Griineisen pa-
rameter. The extreme variation in calculated temperatures in that P-T range was
reported to be about +1000 K. Using a choice of parameters, Brown & McQueen
report a melting temperature of 5500 £ 500 K at 2.4 Mbar. The temperature gap
between the solid—solid transition and melting of about 1000 K, however, depends
little on the choice of parameters to calculate shock temperatures. This temperature
gap between these two transitions is the same as that obtained from the phase dia-
gram shown in figure 2. It is therefore highly likely that the P-T path in the shock
experiment crosses the e—f transition before it reaches the melting line. Both shock
data points are offset by about 1100 K from the phase boundaries shown in figure 2.
Considering the higher accuracy in temperature estimates in static melting experi-
ments, I will argue below that the most likely reason for this discrepancy might be
an overshoot of the melting line due to the small time scales.

Much larger deviations from static melting measurements are obtained from direct
temperature measurements in shock-wave experiments. These shock data (Williams
et al. 1987; Yoo et al. 1993) are shown in figure 3. Static and shock data can only be
reconciled by constructing a rather complicated phase diagram. By expanding the
error bars of the data by Boehler (1993) and Brown & McQueen (1986), Anderson
(1994) constructed a phase diagram by placing a further triple point at 1.9 Mbar near
4100 K. This then deflects the melting curve sharply upwards to satisfy the lower
bounds of some of the data points of the Livermore and Caltech shock measurements.
Using a Lindemann equation and Brown & McQueen’s (1986) solid-liquid point
at 2.4 Mbar then yields a melting temperature of iron at the inner-core—outer-core
boundary of 6500 £ 300 K, about 1700 K higher than that estimated by Boehler
(1993). Although Anderson’s (1994) solution satisfies to some degree all melting
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Figure 3. Comparison of the static phase diagram of iron and shock-melting measurements.
Reconciliation of all data sets would require an additional triple point near 2 Mbar, an additional
phase and a sharp increase in the melting slope.

measurements, it does not take into account the solid-solid phase transition (e-
) found in diamond-cell experiments (Boehler 1993; Saxena et al. 1994). If this
phase boundary follows a straight line, as shown in figure 2, and there exists an
additional triple point as suggested by Anderson (1994), then Brown & McQueen
(1986) should have observed three instead of two discontinuities in their shock sound
velocity measurements. The additional discontinuity should have been considerably
below 2 Mbar. The problem remains that a phase diagram above 2 Mbar cannot be
easily constructed without deleting either sets of static or dynamic measurements.
I have argued here that the total uncertainty in temperature measurements and
in the detection of melting in diamond-cell experiments is not more than a few hun-
dred degrees. There are, however, a number of sources of potentially large errors in
shock temperature measurements, most of which are purely technical, such as fit-
ting problems associated with the scatter and small number of data to analyse the
radiation spectra, sample porosity, and imperfect sample-window bond. Subject to
larger systematic errors are the optical and thermal properties (especially thermal
conductivity) of the window material. The magnitude of these uncertainties can be
approximately estimated and could lead to errors as large as the difference between
the static and shock experiments (Duba 1994; Brown, personal communication). Re-
cent measurements on the thermal conductivity of such window materials (Gallagher
& Ahrens 1994) have lead to a reduction of temperatures calculated from emission
measurements in shock experiments of 1000 K. The fact remains that the measured
shock melting temperatures are systematically higher than those measured in static
experiments but this may not only be due to previous overestimates of the thermal
conductivity of the window material, but also to the small time scales in shock ex-
periments possibly causing overshoot and non-equilibrium. Boness & Brown (1993)
showed that the Hugoniot for solid KBr overshoots the melting curve by almost
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1000 K in the 300 kbar region. If we assume a similar overshoot for iron, and given
the large uncertainties in the calculation of shock temperatures, one can easily rec-
oncile the phase diagram measured by Boehler (1993) to 2 Mbar with the sound
velocity measurements made during shock by Brown & McQueen (1986).

For clarification of the phase diagram of iron, more experimental data are clearly
needed, such as more precise diamond-cell work on the solid—solid transitions, es-
pecially the e-6 transition to at least 2 Mbar. Shock-wave experiments on heated
iron would provide a check on the problem of overshoot because then the Hugo-
niot would cross the melting curve at lower pressures, where most measurements are
in very good agreement with each other. Synchrotron X-ray experiments on laser-
heated iron samples will provide the necessary information on the volumes at high
P-T' conditions to construct phase diagrams in a P-V-T space.

3. Effect of light elements on the melting temperature of iron

The nature of the light component required for the outer core to satisfy density
arguments is unknown. Any combination of silicon, oxygen, sulphur, carbon and
hydrogen is possible, but most studies have favoured oxygen and sulphur. At ambient
conditions, the addition of a small amount of light elements depresses the melting
temperature of iron up to a few hundred degrees due to eutectic behaviour. Data at
high pressure, however, are scarce and are limited to 150 kbar in the Fe-FeO-FeS
system (Urakawa et al. 1987; Usselman 1975). Additionally melting in these studies
was not detected un situ, but relied on the interpretation of textural changes in the
sample upon quenching. Urakawa et al. (1987) measured two melting temperatures in
the Fe-O-S, and in the Fe-Ni—O-S systems (at 60 and 150 kbar) and concluded from
their data that the melting temperature of the core-forming material at the core—
mantle boundary pressure may be around 1800 K. This is difficult to reconcile with
estimates of the core-mantle boundary temperature and the adiabatic temperature
rise in the outer core. Stevenson (1981) calculated a melting point depression of iron
with 8% sulphur of 1100 K from an estimate of the entropy of melting.

Using similar techniques as for his iron melting experiments, Boehler (1992) mea-
sured the melting curves of FeO and FeS to about 0.5 Mbar, and mixtures of Fe
and FeO to 1.6 Mbar (Boehler 1993). For all compounds, the melting temperatures
measured in the diamond cell are in excellent agreement with previous low-pressure
measurements using conventional methods. For the Fe-FeO mixtures, the melting
depression observed at low pressures diminished at higher pressures. New, previ-
ously unpublished data on a mixture of 70% Fe, 20% FeO, and 10% FeS to 0.5 Mbar,
showed the same trend. At low pressure, the solidus temperature in a multicompo-
nent system can be easily detected visually by observing liquid motion of a matrix
containing solid particles if the heated portion is relatively large compared to the
particle size. At higher pressures, however, the hotspot becomes smaller due to an
increase in the thermal conduction within the pressure chamber. This makes the de-
tection of the solidus temperature more difficult, resulting in larger error bars. The
data, however, suggest that one can preclude the previously predicted large melting
depression of iron for the light elements sulphur and oxygen. The data are summa-
rized in figure 4. The melting curves of the end-members Fe, FeO and FeS, and the
mixtures in the Fe-O-S system show similar trends in their pressure dependence, but
the melting curves converge instead of diverge, as previously assumed. At 0.5 Mbar
the difference in the melting temperatures is only a few hundred degrees.
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Figure 4. Melting of the Fe~O-S system in relation to a possible geotherm.

4. Temperature at the inner-core boundary

The temperature at the inner-core boundary may be found by extrapolating the
melting curve of iron, as shown in figure 2. This, however, requires a number of
assumptions.

(1) Light elements do not change the melting temperature of pure iron at very
high pressure by more than what is shown in figure 4. This implies that the Fe-O-S
system might behave like a solid solution system rather than a eutectic system. If,
however, all the above compounds melt at the same temperature at the inner-core
boundary, the inner core must have the same composition as the outer core. Then
the density increase estimated from seismic observations at the inner-core boundary
of ca. 0.5gcc™t (or about 4%) (Masters & Shearer 1990) must be due to freezing
only. Such a large volume change due to freezing, however, seems rather unlikely.
Additionally, gravitational energy release associated with the upward redistribution
of the light elements in the outer core would then not be available to generate the
Earth’s magnetic field, and the single source of energy to drive the dynamo would
have to be the latent heat of freezing of iron at the inner-core-outer-core boundary.

(2) Shock-wave temperature measurements have to be disregarded because they
would require an additional triple point between 2 and 3.3 Mbar. Such a triple point
would deflect the melting curve upwards (Anderson 1994) leading to a melting tem-
perature of iron at the inner-core boundary which is at least 1500 K higher than the
present estimate. Such an additional triple point, however, is difficult to reconcile
with the recent observation of a solid—solid transition in diamond-cell experiments.

These melting results are important for models on core formation. As shown in
figure 2, the melting curves of iron and its compounds are nearly parallel and about
500 K above the present-day geotherm of the lower mantle. Here, the geotherm is as-
sumed purely adiabatic with a fixed temperature at 660 km depth of 1950 K, which is
the transition temperature of (Mg,Fe)SiOs-perovskite at the equivalent pressure, ob-
tained from CO,-laser-heating experiments in the diamond cell (Boehler & Chopelas
1991). At the time of core formation, mantle temperatures were a few hundred degrees
higher than today and probably exceeded the melting curves of the iron compounds
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shown in figure 4. Thus, the core could have formed by a simple physical mechanism
in the early history of the Earth when iron and its compounds were molten. This
does not require eutectic behaviour, miscibility of iron and its compounds, or special
compositions for the core material.

5. Melting of the major mantle materials (Mg,Fe)SiO3-perovskite
and (Mg,Fe)O-magnesiowiistite

If the lower mantle has the same chemical composition as the upper mantle, it
will be composed of about 70% (Mg,Fe)SiOs-perovskite and about 20% (Mg,Fe)O-
magnesiowiistite. High-pressure mineral physics data are yet too imprecise to esti-
mate exact densities of these minerals at lower mantle conditions and the seismically
derived densities are too inaccurate to constrain an exact mineral composition of the
lower mantle by density arguments (Chopelas & Boehler 1992). If both of the above
phases are coexistent in the lower mantle, (Mg,Fe)O-magnesiowiistite is most likely
iron enriched compared to (Mg,Fe)SiOs-perovskite with Mg-numbers of 92 and 84,
respectively (Kesson & Fitz Gerald 1992).

The melting temperature of the lower mantle is assumed to be near the eutec-
tic temperature in the phase diagram MgO-FeO-SiO,. This eutectic temperature
has to be above the mantle geotherm because there is no indication of extensive
melting in the lower mantle from seismic observation. For the MgO-SiO, system,
it has been suggested previously (Ito & Takahashi 1989) that MgSiOs-perovskite
lies near the eutectic composition, and this requires higher melting temperatures
for the end-members MgO and SiO,. Previous estimates of the melting curves of
both end-members from theory and shock data (Gong et al. 1991; Jackson 1977;
Lyzenga et al. 1983) suggested a strong increase in the melting temperatures with
pressure, whereas previous melting measurements in laser-heated diamond-anvil cells
on (Mg,Fe)SiOs-perovskite (see, for example, Sweeney & Heinz 1993) showed very
shallow melting curves with large inconsistencies in the melting slopes. Because of
these inconsistencies, and because the pressure dependence of melting of MgO had
not been measured previously, Zerr & Boehler (1993, 1994) measured the melting
curves of MgO and (Mg,Fe)SiOs-perovskite with improved laser-heating techniques
to find an upper bound for the melting temperature in the lower mantle.

(a) (Mg,Fe)SiOs-perovskite

Due to its primary role in the lower mantle, a significant number of both theoretical
and experimental studies can be found in the literature (Zerr & Boehler 1993).
Melting temperatures at the base of the mantle from theoretical and experimental
estimates range from about 2500 to 8000 K. Previous measurements (Sweeney &
Heinz 1993) suggested very low melting temperatures of (Mg,Fe)SiOs-perovskite in
the lower mantle. These results, however, were subject to large systematic errors,
mainly due to temperature gradients in the diamond cell and other imperfections in
the detection of melting and in the temperature measurement. Newer measurements
(Zerr & Boehler 1993), using significantly different technology, resulted in a melting
curve of (Mg,Fe)SiO3-perovskite that is much higher than all previous measurements
with extrapolated melting temperatures at the base of the mantle exceeding 7000 K.
Such large discrepancies among experimental results are often interpreted as random
uncertainties based on intrinsic difficulties in these complicated experiments. Here,
I want to emphasize the importance of technical improvements designed to remove
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(@) (b)

YAG-laser heating Co,-laser

T-measurement

Figure 5. Two different methods to heat minerals and measure temperatures in the diamond
cell. The large disc represents the pressure chamber. (a) shows the method used earlier (Heinz
& Jeanloz 1987; Knittle & Jeanloz 1989; Sweeney & Heinz 1993) compared to (b) the method
used by Zerr & Boehler (1993, 1994).

large systematic errors by comparing the two different laser-heating techniques used
to measure melting of Mg-Si-perovskite.

Before our own measurements, three measurements were reported in the literature
(Heinz & Jeanloz 1987; Knittle & Jeanloz 1989; Sweeney & Heinz 1993), all of which
used identical laser-heating techniques. Schematics are shown in figure 5. In these
experiments, the entire pressure chamber was filled with the powdered sample, which
acted as its own pressure medium (figure 5a). A Nd:Yag laser (A = 1.06 pm) was
used to heat the sample. The wavelength of this laser is unsuitable to heat iron-free
silicates and its radiation was only weakly absorbed by samples containing a small
amount of iron. This required tight focussing of the laser beam which created an ex-
tremely small hotspot. Due to the high thermal conduction of the sample, and even
more, of the diamond anvils, the hottest portion of the sample is located somewhere
in the centre of the sample. It is physically impossible to measure the temperature
in the centre of such a hotspot because the emission spectrum is some average of the
entire temperature range. Calculation of peak temperatures is exceedingly difficult
because of the extreme temperature gradients in all three dimensions. With regards
to radial temperature gradient, the optical arrangement used by these authors only
allowed the measurement of emitted light from volumes many hundred times larger
than the melted volume of the sample (see figure 5). Temperatures reported from such
measurements therefore have to be considered as average temperatures of the heated
sample volume, which are substantially below the peak temperature. At higher pres-
sures, temperature gradients in the laser-heated diamond cell increase strongly, thus
increasing this systematic error.

Temperature gradients in our own experiments (Zerr & Boehler 1993) were sig-
nificantly reduced in both the axial and radial direction, thus eliminating previous
problems in the temperature measurement. Thin sample discs (less than 10 pm)
were thermally insulated from the diamond anvils by argon, which neither absorbs
laser radiation nor emits incandescent light. This eliminated axial temperature gra-
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Figure 6. Temperature profiles measured at two different temperatures on thin discs of
(Mg,Fe)SiOs-perovskite shown on figure 5b. P = 287 kbar.

dients. CO,-laser radiation (A = 10.6 pm) was used, which is almost fully absorbed
by silicates with a power about eight times higher than that of YAG-lasers. This
allowed defocussed laser beams to heat the sample (figure 5b) and thus reduced ra-
dial temperature gradients. Temperatures were directly measured from small spots
using pinhole apertures which allowed the direct measurement of peak temperatures
and temperature gradients. Figure 6 shows two temperature profiles at two different
sample temperatures measured across the sample in 3 pm steps from areas with 3 pm
in diameter.

The melting temperatures by Zerr & Boehler (1993) were determined by measuring
peak temperatures in situ while the laser-power was slowly increased. As soon as the
sample melted, the laser absorption increased drastically. The melting temperatures
reported are the last temperatures of the solid before the sample melted.

(b) MgO and (Mg,Fe)O-magnesiowtistite

Using identical techniques as for (Mg,Fe)SiOs-perovskite, Zerr & Boehler (1994)
measured the pressure dependence of melting of MgO for the first time. These mea-
surements to 315 kbar yielded a rather flat melting curve with a slope at one atmo-
sphere of 3.5 Kkbar~!, as compared to 11 K kbar~! estimated by Jackson (1977),
which was based on elastic shear instability and analogy with LiF. Even steeper melt-
ing curves were predicted from molecular dynamics calculations (Gong et al. 1991).
In order to check the effect of iron on the melting behaviour of MgO, a melting
temperature of (Mgg.ssFeq.15)O-magnesiowiistite of 3400 £ 100 K was measured in
an argon pressure medium at 182 kbar using a YLF-laser (A = 1.05 pm) and meth-
ods described elsewhere (Boehler 1992). The previously measured melting curve of
FeO (Boehler 1992) is nearly parallel to the melting curve of MgO and the melting
temperature of magnesiowiistite is in perfect agreement with the melting behaviour
of a solid solution system between MgO and FeO.

Figure 7 shows extrapolated melting temperatures to the pressure of the core—
mantle boundary using the Lindemann formula. For MgO this yields melting tem-
peratures at the bottom of the lower mantle of slightly above 5000 K, provided
that there are no phase transitions in this pressure range. A linear T, versus com-
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Figure 7. Melting curves of (Mg,Fe)SiOs-perovskite and (Mg,Fe)O-magnesiowtistite

pression relationship yields nearly identical results. Our estimated melting curve of
(Mg,Fe)O-magnesiowiistite crosses the melting curve of (Mg,Fe)SiOs-perovskite at
about 430 kbar. This implies that the MgO-SiO, phase diagram changes substantially
at higher pressures and is quite different from that suggested by Ito (1989).

6. Geophysical and geochemical consequences

Our melting data on (Mg,Fe)SiOs-perovskite and on (Mg,Fe)O-magnesiowiistite
suggest that the solidus of the lower-mantle material is about twice as high as the
present average mantle temperature. This means that the mantle was solid through-
out the geologic history of the Earth and chemical partitioning processes which re-
quire melting or partial melting most likely did not occur. A magma ocean could not
have been much deeper than about 700 km because, below this depth, (Mg,Fe)SiO3-
perovskite is the stable phase with a melting curve that rapidly diverges from the
nearly adiabatic average geotherm.

Based on the high melting temperatures of (Mg,Fe)SiOs-perovskite in the lower
mantle, a strong increase in the viscosity was recently predicted (van Keken et al.
1994). This suggested a rather passive role of the lower mantle in large-scale defor-
mation. The addition of (Mg,Fe)O-magnesiowtlistite most likely lowers the viscos-
ity because it possesses entirely different rheological properties than (Mg,Fe)SiO3-
perovskite and has significantly lower melting temperatures.

The actual temperature distribution in the lower mantle might deviate significantly
from adiabatic conditions (Yuen et al. 1993) based on the observed lateral variations
in the sound velocities from seismic tomography and laboratory data on the pressure
dependence of thermal expansivity and sound velocity. In the centre of plume heads,
temperatures may be 1000-1500 K higher than the average mantle temperature. Such
large temperature variations are possible in view of the high melting temperatures of
the lower mantle materials. For the same reason, the region D” at the very bottom
of the mantle may be interpreted as a thermal boundary layer with temperature
jumps in excess of 1000 K without limitations from mantle melting arguments. The
temperature jump across the core-mantle boundary, estimated from the melting
experiments on iron and its oxygen and sulphur compounds described above, is at
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least 1300 K but could be as high as 2000 K. Such large temperature variations
over a relatively small depth range could explain the change in the observed seismic
properties.

I thank A. Chopelas and A. Zerr for their help in preparing this manuscript.
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