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Solidus of Earth's Deep Mantle 
A. Zerr, A. Diegeler, R. Boehler 

The solidus of a pyrolite-like composition, approximating that of the lower 
mantle, was measured up to 59 gigapascals by using CO, laser heating in a 
diamond anvil cell. The solidus temperatures are at least 700 kelvin below the 
melting temperatures of magnesiowiistite, which in the deep mantle has the 
lowest melting temperatures of the three major components-magnesiowiis- 
tite, Mg-Si-perovskite, and Ca-Si-perovskite. The solidus in the deep mantle is 
more than 1500 kelvin above the average present-day geotherm, but at the 
core-mantle boundary it is near the core temperature. Thus, partial melting of 
the mantle is possible at the core-mantle boundary. 

The solidus of a multicomponent system rele- 
vant to that of the lower mantle plays a funda- 
mental role for modeling the early evolution of 
the Earth and for understanding seismic anom- 
alies in the D-layer at the core-mantle bound- 
aly (CMB). Both temperature and composition 
of a partial melt at the solidus cannot be accu- 
rately predicted even if the melting tempera- 
tures of the end members are known. For ex- 
ample, it is difficult to reconcile recent findings 
from seismic data which suggest partial melting 
in the lowermost part of the mantle (11, with 
measurements in laser-heated diamond cells 
which have shown that the melting ternperahlre 
of (Mg,Fe)SiO,-perovskite, previously thought 
to be near the eutectic (21, increases rapidly 
with pressure (3, 4). The melting curve of mag- 
nesio\~'.iistite, (Mg,Fe)O, the second most abun- 
dant lower mantle mineral, however, has a 
much smaller slope (j), and this difference in 
the melting behavior of the end-member com- 
ponents complicates the predictions of the eu- 
tectic temperature and eutectic compositio~l in 
the lower mantle. 

Only a few melting experiments have been 
done on compositions that may approximate 
those of the lower mantle, and these were not 
conducted at pressures above 25 GPa (6, 7). 
The melting temperature of olivine has been 
estimated at 4300 I 270 K at about 130 GPa 
from a shock-wave experiment (8). This result 

provides a constraint on the binary eutectic 
temperature between magnesiowiistite and 
(Mg,Fe)SiO,-perovskite. Here we describe re- 
sults from measurements of the solidus tem- 
perature for a multiphase mantle-like compo- 
sition over a pressure range equivalent to 
depths of 600 to 1500 k n ~  in the Earth (the 
CMB is at about 3000 km). 

We used a glass approximating the com- 
position of pyrolite (9) as starting material 
(10). A thin section of this glass sample with 
typical dimensions of 70 by 70 by < 15 k m  
and a surface roughness of < l50  nm was 
embedded in a diamond cell in argon, which 
provided inert, thennally insulating, and hy- 
drostatic conditions. We used the C02-laser 
heating technique described elsewhere (11). 
Pressures were measured at room tempera- 
ture from ruby chips located near the edge of 
the sample chamber. After heating, the pres- 
sure distribution throughout the pressure 
chamber was nearly unifolm (12). Because of 
the small ratio between the volumes of the 
sample and pressure mediu~n, the thermal 
pressure was negligible (11). 

The quenched samples were examined by 
Raman spectroscopy while still at high pressure 
to check whether the glass had transformed to a 
high-pressure phase assemblage. In experi- 
ments at pressures less than 22 GPa; the spectra 
resembled those of P or y-Mg2Si0, plus Mg- 
SiO,-~najorite, the major phases of the transi- 
tion-zone. The Ra~nan spectra of these high- 

A. Zerr and R. Boehler, Max-Planck-institut fur  Che- pressure phases are unaffected by their Fe or 
mie, Postfach 3060, 55020 Mainz, Germany. A. Di- 
egeler, inst i tut  fur  Mineralogle und Ceochemie der contents (13). Ofthe three major l ~ w e r  nlantle 
f n i v e r s i t ~ t  zu K61n, 50674 Kbln, Germany. phases that would be expected to form in our 
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experiments at pressures above 24 GPa, only 
Mg-Si-perovskite yields a Raman signal. Ca-Si- 
perovskite and magnesiowiistite are Raman in- 
active. However, we were unable to detect any 
of the major Raman lines of Mg-Si-perovskite. 
The only indication of the presence of perov- 
skite is a broad band near 800 cm-', which is 
frequently observed for (Mg,Fe)SiO,-perov- 
skites. There may be a number of reasons for 
the absence of the major Raman lines. Although 
the Raman intensities decrease with increasing 
pressure (14) and decreasing grain size, they are 

R E P O R T S  

held at 200 K below the previous temper- 
ature, and examined under the AFM and the 
SEM. In this way, the upper and the lower 
bounds for the solidus were established. 

Backscattered electron images (18) of two 
samples heated at 23.7 + 0.3 GPa and 20.6 2 
0.4 GPa, respectively, are shown (Fig. 1). The 
first sample, heated to 2310 + 90 K, shows a 
smooth surface. The cracks, which became ev- 
ident after pressure was released, are due to 
stresses associated with crystallization of the 

high-pressure phases and are not present in the 
surrounding glassy portion of the sample where 
temperatures were too low for crystallization. 
The second sample also shows cracks in the 
crystalline portion, but there are also new tex- 
tural features of a different type in the center of 
the hot spot that reached 2550 + 30 K (Fig. lB, 
arrow). From quantitative topographic mea- 
surements with an AFM (Fig. 2), we interpret 
these features as molten material that migrated 
in the molten argon pressure medium (19) to- 

routinely detectable for M~;S~-perovskitescon- Fig. 1. Evidence of the first ap- 
taining aluminum (15) or iron (16). Heating of pearance of melt for a ~ ~ r o l i t e -  
samples below the solidus resulted in a grain like composition from back-scat- 

tering electron topographic im- size below 400 nm, which is evident from the ages. The glass sample was heat- 
atomic-force microscope (AFM) analysis, but ed with a defocused laser beam, 
we Suspect that perovskite containing dumi- producing small radial tempera- 
nun, iron, and other transition metals may pos- ture gradients (24) and leaving 
sess higher symmetry, thus lowering the Raman the outer portion of the sample 
activity. we were unable to determine the below the critical crystallization 

temperature. Within a circular chemical composition of individual grains in patch of about 50 Fm in diame- 
our fine-pined aggregates by classical ~ 1 9 -  ter, the starting material has 
ical methods. However, we were able to check converted to  a crystalline high- 
for chemical zoning due to Soret diffusion, pressure phase assemblage. 
crystallization, or melting on a larger scale by Cracks within this portion be- 
using raster mode element mapping with an came evident after pressure re- 

lease. (A) The highest tempera- electron microprobe. Below the solidus, we ture in the center of the hot spot 
observed a uniform distribution of Si, Mg, Al, 2310 K, just below the soli- 
Ca, and Fe throughout the entire sample. Above dus at 23.7 CPa. (B) Sample 
the solidus, the melted region showed slight heated just above the solidus t o  
depletion in Ca and Fe for all our experiments, 2550 K at 20.6 CPa exhibits fea- 
but this result may be biased by topographical tures similar in (A). In 

addition, new textural features effects (see which were ob- (about 10 Fm in diameter) ap- 
served for the lighter elements Mg and Si. peared as a result of melting and 

In Our previous melting experiments On migration of molten material to- 
the individual lower mantle phases (3, 5, 17), ward the laser beam, which is 
melting was evidenced by changes in the evident from quantitative toPo- 
absorption of CO, laser radiation. However, graphic measurements in the area 

there was no such signal in this series of indicated by dashed lines (Fig. 2). 

experiments, probably because of the modest 
amount of melt produced at the solidus. For 
this reason, we instead determined the onset 
of melting by monitoring textural changes on 
the quenched samples under the optical mi- 
croscope while they were still under pressure 
and on the recovered samples by using an 
AFM and a scanning electron microscope 
(SEM) (18). To determine the solidus tem- 
perature, we held a sample at some pressure 
and temperature conditions for at least 5 
min. Temperature fluctuations were care- 
fully avoided by using a temperature stabi- 

7 
lization technique (11). After quenching, wm< 
the sample was optically examined under 
the microscope while it was still under 
pressure. In the experiments, temperatures 
were increased in steps of about 200 K until , , melt features (see below) were observed 
optically in the quenched samples. The 
melted sample was then examined by AFM 8- 
and because examination of Fig. 2. Three-dimensional surface topography of the 34 F m  by 34 Frn area shown in Fig. 10 
very features can be If measured with an AFM. The sample melted within an area of about 10 p m  in diameter and 
melt features were verified, a new sample migrated toward the laser beam, causing height variations of up to  0.77 Fm. In contrast, height 
was taken to about the same pressure, but variations in the surrounding subsolidus material area are smaller than 0.2 Fm. 
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ward the laser beam. Migration of molten ma- 
terial in liquid pressure media toward the laser 
beam was also observed in melting experiments 
for cubic BN (20), MgO, (Mg,Fe)SiO,-perov- 
skite, and CaSi0,-perovslute. 

Our results to 59 GPa are shown (Fig. 3). 
Only the highest subsolidus and the lowest 
temperatures at which melting was observed 
are shown. These data bracket the solidus to 
within about 300 K, similar to multianvil 
experiments near 20 GPa. At transition zone 
pressures, our data agree with multianvil de- 
terminations of the mantle solidus (6, 7, 21). 

Our measured pyrolite solidus lies approxi- 
mately parallel to the melting curve of magne- 
siowiistite (3, but it is offset to lower temper- 
atures by about 700 K (Fig. 4). The similarity of 
the melting slopes of magnesiowiistite and py- 
rolite is plausible. Because the melting slope of 
magnesiowiistite with respect to the two pe- 
rovskites (17) is relatively low, the eutectic 
composition should shift toward (Mg,Fe)O 
with increasing pressure (2). For extrapolation 
we have asstuned that this similarity is main- 

tained at higher pressures and extended the 
solidus parallel to the melting cunie of magne- 
siowiistite, which follows a Lindemann melting 
law, and obtained a solidus temperature at the 
CMB (135 GPa) of about 4300 K. The assump- 
tion that the solidus of a pyrolite composition is 
dominated by the melting behavior of magne- 
siowiistite is supported by the agreement of our 
data with eutectic temperatures measured in a 
MgSi0,-(Mg ,,,, Fe,,,,)O assemblage (1 7). In 
addition, the extrapolation is in good agreement 
with the shock melting point of 4300 t- 270 K 
at 130 GPa (8)  for olivine, which breaks down 
into a perovskite-magnesiowiistite assemblage 
during shock. 

Our solidus temperatures are about 1300 K 
above an average lower mantle adiabat (22) at 
midmantle pressures, and the extrapolated soli- 
dus temperature of about 4300 K is just above 
that of the outer core at the CMB, as deduced 
from melting temperattxe measurements on the 
Fe-0-S system (4000 1 200 K) (23).Thus, 
partial melting of normal mantle material in 
close proximity to the core is indeed plausible. 

Fig. 3. Solidus of mantle relevant t " , " ' , ' . ' < ' t  
materials. Both current data 
above 20 CPa (squares), connect- 
ed by dashed curves, and previ- 
ous multianvil work for peridot- 
ites [diamonds for KLB-1 (27), 
triangles for PHN-1611 (6)], have 
upper (open symbols) and lower 0 

bounds (solid symbols) for the 3 'joO 
solidus. Solid line is an average 
estimate of the solidus for KLB-1 a 
peridotite (7). Open squares rep- 8 
resent the amearance of first i. 

8 8 

melt; solid squares are the Last 
t 

subsolidus points. Temperature open symbols-above solidus 

error bars represent temperature solid s).mbols-below solidus 

fluctuations during heating. Pres- 1 1 1 1 , 1 , 1 , 1 , 1 , '  

0 I0 20 30 40 50 60 
sure error bars include the pres- 
sure variation in the sample cham- Pressure (GPa) 
ber and the uncertaintyin thermal pressure. Open circles show eutectic temperatures of a MgSi0,- 
(M~~,,,Fe0,,,)O assemblage measured in a diamond cell with an Nd-yttrium-lithium-fluoride laser (7 7). 

lid& ' fo'r the peridotite 
KLB-1 is from Zhang and 
Herzberg (7). The shock 

Fig. 4. Upper bound of the 
solidus (dashed Line) ex- 
trapolated to the CMB, as- sono - 
suming a slope similar to 
that of (M&,,,,Fe, ,,)O- 
magnesiowustite (5). Ex- h 

perimental data use the 8 4000 - 
same symbols as in Fig. 2 
3. Melting temperatures 3 
of the major lower man- E 
tle phases magnesiowu- 8. 3000 - 
stite (M&,,,,Fe,,,,)O (Mw), 8 

Pressure (GPa) CMB 

(Mg,Fe)SiO,-perovskite (pv) 
and CaSiO, perovskite (sol- 
id lines) are from Zerr e t  
al. (3. 5. 7 71 and the so- 

melting point of olivine 
(HA) (8) is in agreement with the current extrapolation. The average lower mantle temperature 
profile is represented by an adiabat calculated from seismic data (22), and the core's temperature 
at the CMB was obtained from melting temperature measurements in the Fe-0-S system (23). 
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A Reduction-Pyrolysis-Catalysis 
Synthesis of Diamond 

Yadong Li,* Yitai Qian,* Hongwei Liao, Yi Ding, Li Yang, 
Cunyi Xu, Fangqing Li, Cuien Zhou 

Diamond powder was synthesized through a metallic reduction-pyrolysis-ca- 
talysis route w i th  the reaction o f  carbon tetrachloride and sodium at 700°C, in  
which the sodium was used as reductant and flux. This temperature is much 
lower than that o f  traditional methods. The x-ray powder diffraction patterns 
showed three strong peaks of diamond. The Raman spectrum showed a sharp 
peak at  1332 inverse centimeters, which is characteristic o f  diamond. Although 
the yield was only 2 percent, this method is a simple means of forming diamond. 

The properties of diamond materials, such as 
optical properties, high hardness, high ther- 
mal conductivity (I), and semiconductivity 
induced by doping, have led to considerable 
efforts to create diamond since the first report 
of diamonds synthesized through a high-pres- 
sure high-temperature process (2). Diamonds 
made with the TNT detonation method were 
composed of nanometer-sized spherical par- 
ticles (3, 4). Micrometer-sized diamonds 
have been grown in a hydrothermal process 
using carbon, water, and metal near 800°C 
and at 1.4 kbar pressure, but diamond seeds 
were needed (5, 6). Chemical vapor deposi- 
tion (CVD) (7-10) is a low-pressure synthetic 
route to the synthesis of polycrystalline dia- 
mond films, which uses CH, or C2H2 as a 
carbon source. Through the action of thermal 
filament-assisted CVD, plasma CVD, or 
combustion flame CVD, the carbon source 
decomposed to form active carbon (in the sp3 
hybrid state), which formed diamondlike 
structure films. In traditional organic synthe- 
sis, the Wurtz reaction (11) RIX + R2X + 
2Na + R1-R2 + 2NaX can be used to form 

catalyst (2, 12). Diamond was formed, al- 
though at a low yield (-2%). The process 
could be proposed as 

+ 4NaCI (1) 
W e  call it the reduction-pyrolysis-catalysis 
(RPC) route. According to the free energy 
calculations A Go (diamond) = -416.7 kcal 
mol-' and A Go (graphite) = -417.4 kcal 

Fig. 1. X-ray diffraction pattern of sample. Di- 
amond peaks, V; amorphous carbon, 0; Ni-Co 
alloy peaks, 0. 

mol-', CCI, + 4Na + C(diamond) + 
4NaCI and CC1, + 4Na + C(graphite) 
+ 4NaC1 are thermodynamically spontane- 
ous. Formation of graphite (amorphous car- 
bon) and diamond is possible, and the yield of 
graphite (amorphous carbon) and diamond 
may be determined by kinetics. X-ray powder 
diffraction (XRD) patterns showed three 
strong peaks of diamond [(I 1 l), (220), and 
(31 l)] and gave a lattice constant of 3.569 A, 
which is near the reported value (13). The 
Raman spectrum showed a sharp peak at 
1332 cm-', which represented diamond (14). 

An appropriate amount of CC1, (5 ml) 
and an excess of metal Na (20 g) were put 
into a stainless steel autoclave of 50-ml 
capacity, and then several pieces of Ni-Co 
alloy (Ni:Mn:Co, 70:25:5 by weight) were 
added to the autoclave as a catalyst. The 
autoclave was maintained at 700°C for 48 
hours and then allowed to cool to room 
temperature. At the beginning of the reduc- 
tion, there was high pressure in the auto- 
clave. However, as CCI, was reduced by 
metal Na, the pressure in the autoclave 
decreased. The products were washed with 
absolute ethanol, then with 6 mol liter-' 
HCI, and then with distilled water. The 
final powder was dried in an oven. A gray- 
ish-black powder was obtained with a den- 
sity of 3.21 g cmP3. This value is less than 
face-centered cubic diamond (3.5 1 g cmP3) 
and may be due to the presence of a coating 
of amorphous carbon on the diamond. 

The XRD pattern was recorded on a Rigaku 
Dlmax rA x-ray difictometer with Cu Ka 
radiation [wavelength (A) = 1.54178 A]. The 
XRD patterns (Fig. 1) show three strong peaks 
of diamond [(l 1 l), (220), and (3 1 l)] and these 
patterns can be indexed to the cubic cell of 
diamond with a lattice constant a = 3.569 A, 
which is near the reported values (13). Howev- 
er, in the pattern, there is a stronger wide peak 
at -26" (20), indicating a significant amount of 
amorphous carbon; and there are also weaker 
peaks, indicating the existence of a catalyst 
alloy after the product was washed with acid. 
These weaker peaks may appear because the 
alloy particles were coated by carbon and were 

carbon-carbon bonds between alkyl groups 
If CCI, is treated with Na under appropriate 
temperature and pressure, the carbon atoms 
could connect to form a three-dimensional 
network; such a network based on the sp3 
hybrid state could be diamond. Here, we 
selected CCI, as a carbon source to synthe- 
size diamond by using Na as reductant and 
flux at 7003C in the presence of a metal 

Structure Research Laboratory and Department o f  
Chemistry. University o f  Science and Technology 
o f  China. Hefei, Anhui 230026, People's Republic o f  
China. Fig. 2. (A) Transmission electron microscopy image of sample (scale bar, 1 bm), (B) electron 
*To whom correspondence should be addressed. diffraction pattern, and (C) SEM image (scale bar, 60 bm). 
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