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carbides. The multiphase/polytypic region can sition metal nitrides. The hardness of, for 
be expected to occur also in the nitrides because example, coatings from such multiphasel 
the electronic structure of the nitrides is gener- polytypic, or stacking-fault-rich, compounds 
ally very similar to that of the carbides, with with a large number of different glide-sys- 
only simple rigid band shifts. Boxrnan and co- tems suppressing the propagation of disloca- 
workers i l s ~  report a substantial increase of tions is predicted to be substantially enhanced 
hardness (from 25 GPa up to 50 GPa) in over that of traditional transition metal car- 
TiJVb.,N for x slightly below 0.5 (23). bidelnitride coatings. 
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Stability and Structure of MgSiO,  
Perovskite to 2300-Kilometer  

Depth in Earth's Mantle  
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Unexplained features have been observed seismically near the middle (-1 700- 
kilometer depth) and bottom of the Earth's lower mantle, and these could have 
important implications for the dynamics and evolution of the planet. (M&Fe)SiO, 
perovskite is expected to be the dominant mineral in the deep mantle, but ex- 
perimental results are discrepant regarding its stability and structure. Here we 
report in situ x-ray diffraction observations of (MgFe)SiO, perovskite at conditions 
(50 to 106 gigapascals, 1600 to 2400 kelvin) close to a mantle geotherm from three 
different starting materials, (M&,,Feo,,)SiO enstatite, MgSiO, glass, and an 
MgO+Si02 mixture. Our results confirm the stability of (M&Fe)SiO, perovskite to 
at least 2300-kilometer depth in the mantle. However, diffraction patterns above 
83 gigapascals and 1700 kelvin (1900-kilometer depth) cannot presently rule out 
a possible transformation from Pbnm perovskite to one of three other possible 
perovskite structures with space group P2,lm, Pmmn, or P4,lnmc. 

Knowledge of the phase relations and crystal decade. Knittle and Jeanloz (5) confirmed the 
structures of lower mantle materials are es- stability of orthorhombic (Mg,Fe)SiO, pe-
sential for evaluating seismic observations rovskite to 127 GPa using x-ray diffrac- 
(1-3) of the deep mantle and their geochemi- tion (XRD) on temperature-quenched sam- 
cal and geodynamic implications (2, 4). The ples. However, Meade et al. ( 6 )  reported 
stability and structure of (Mg,Fe)SiO, pe- observation of an orthorhombic-to-cubic 
rovskite have been controversial over the last phase transformation and dissociation to 
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(Mg,Fe)O+ SiO, on the basis of XRD stud- 
ies of laser-heated samples at 60 to 70 GPa. 
The dissociation reaction was supported by 
Saxena et al. ,  who performed diffraction 
studies on both temperature-quenched (7) 
and high-temperature (8)  samples laser 
heated at 60 to 90 GPa. In contrast, Raman 
measurements on temperature-quenched 
samples (9) and XRD measurements on 
laser-heated samples (10, 11) were reported 
to show the stability of orthorhombic 
MgSiO, perovskite at these conditions. The 
origin of the discrepancy between these 
results remains controversial (13, 14). The 
primary issues include the homogeneity of 
heating, stress conditions, transformation 
kinetics, and the possibility of chemical 
reactions. 

The structure of SiO, at lower mantle con- 
ditions is also important, not only because of the 
possible existence of free silica in the mantle but 
also because of its effect on the relative stability 
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between MgO+SiO, and MgSiO, perovskite. (GSECARS) sector of the Advanced Photon run is -30 min. New features, which can be 
A post-stishovite phase was reported to have the Source (21). Temperature was determined by assigned as silicate perovskite difhction peaks, 
CaC1, structure (15) above 54 GPa. Dubrovin- fitting the thermal radiation spectra, corrected appeared in patterns immediately after the lasers 
sky et al. (16,17) proposed an additional phase for system response, to Planck's equation (Web began to irradiate the starting materials. The 
transformation from CaC1, to a-PbO, phase 
above 80 GPa. However, in another study (18), 
the stability of the CaCJ phase was confirmed 
up to 120 GPa on temperature-quenched 
samples. 

Here, three different materials were used to 
study the stability of (Mg,Fe)SiO, perovskite: 
(Mg,,,Fe,,,)SiO, enstatite, pure MgSiO, glass, 
and an equi-molar MgO+SiO, mixture. Pure 
starting materials were mixed with 10 weight 
percent (Wtoh) platinum, which serves as both an 
internal pressure standard and a laser absorber. 
Pressure was determined using the equations of 
state of platinum (19) and argon (20). The cal- 
culated pressure uncertainties are 4 to 15 GPa, 
due mainly to the effect of overlaps between 
platinum and argon diffraction lines at 70 to 100 

fig. 1 is available at Science Online at www. 
sciencemag.org/~gi!content.f~1lV293/5539/2437/ 
DC1). The mean temperature over the x-rayed 
volume was obtained by a three-dimensional 
averaging technique (22). The temperature un- 
certainty ( la)  was 100 to 250 K in these exper- 
iments including radial and axial thermal gradi- 
ents, the effect of temperature fluctuation during 
the x-ray exposure, and the fitting residual. Dif- 
fraction patterns were measured with the use of 
energy-dispersive techniques and a solid state 
detector (23). 

For phase identification, we calculated ex- 
pected diffraction peak positions and their inten- 
sities for MgSiO, perovskite, MgO, and SiO, 
phases. Structural parameters for MgSiO, per- 
ovskite were obtained from recent high-pressure 

dominant features in the observed patterns can 
be explained by the existence of silicate perov- 
skite during and after the first heating for all 
three starting materials. The observed peak po- 
sitions agree with recent in situ XRD measure- 
ments at similar P-T conditions (10) (Fig. 1). 
We also performed more heating cycles on these 
transformed MgSiO, perovskite samples; no ev- 
idence for dissociation to MgO+SiO, was 
found. These heating runs cover pressures of 50 
to 106 GPa and temperatures of 1600 to 2400 K 
(Figs. 1 and 2). In another words, MgSiO, pe- 
rovskite features were consistently observed 
upon heating (Mg,Fe)SiO, enstatite, MgSiO, 
glass, MgO+SiO, mixture, and MgSiO, pe- 
rovskite under in situ high P-T conditions and 
upon temperature quench. It is notable that the 

GPa but also due to shear stresses and temper- and -temperature (P-T) x-ray measurements P-T conditions of our observations are close to 
ature uncertainty. A 10-pm thick foil of the (10). For SiO,, we calculated diffraction pat- the expected geotherm for the lower mantle 
sample mixture was loaded in a 50-pm hole in terns for all the phases proposed by experiments (Fig. 2). 
a rhenium gasket and was compressed in a (16, 18) and a first principles calculation (24), Due to the limited resolution of the energy 
symmetric diamond cell by 100-pm beveled 
anvils for experiments above 70 GPa. The sam- 
ple was loaded in a 150-pm hole in a stainless 
steel gasket and was compressed by 300-pm 
diamond anvils for experiments below 60 GPa. 
Argon was cryostatically loaded as a pressure- 
transmitting and insulation medium. For exper- 
iments below 60 GPa, NaCl was used as the 
pressure medium. 

including the CaC1, and a-PbO, structures. 
Pressure and temperature variation of lattice 
spacings were determined using the equations of 
state of MgSiO, perovskite (10) and MgO (25). 
For SiO, phases we assume that the equations of 
state of all high-pressure forms are the same as 
stishovite (26). 

For each run, the pressure was increased 
directly to 60 to 100 GPa, and then heating was 

dispersive technique and the weak diffraction 
from silicate samples above 70 GPa, we were 
not able to resolve all lines for the doublets of 
Pbnm perovskite, 002+ 110, and 103+211. For 
triplets, oscillation of the diamond anvil cell 
PAC) during the measurements enables us to 
resolve two or three distinct limes below 78 GPa 
(Fig. 1A). This indicates that MgSiO, perov- 
skite has an orthorhombic unit cell and that no 

In situ laser heating and XRD measurements performed while difhction patterns were re- phase transformation to a higher symmetry 
were conducted at the GeoSoilEnviroCARS corded (Fig. 1). The typical duration of a heating phase (tetragonal or cubic) exists to 78 GPa. 

Fig. 1. Representative 
XRD patterns at the indi- 
cated P-T conditions. Cal- 
culated patterns for the 
indicated P-T conditions 
for orthorhombic Pbnm 
perovskite (red) based on 
the structural parameters 
measured at 79.7 CPa and 
1681 K(70), periclase 
(green), and CaCI,-type 
SiO, (blue) are shown at 
the top. Peak identifica- 
tion is presented for each 
diffraction line (red ar- 
rows, MgSiO, perovskite; 
blue arrows, CaCl, type 
SiO,; green arrows, pen- 
clase; New, possible new 
perovskite line; Pt, plati- 
num; Ar, argon; Re, rheni- 
um; asterisk, x-ray fluo- 
rescence; e, escape peak. 
Starting materials are 
given with the x-ray 
diffraction patterns be- 
fore heating. (A) MgSiO, 
glass +MgSiO, perov- 
skite IPbnml below 88 
CPa. (B) ~ ~ i i o ,  glass + E m Y  (kev) 
MgSiO, perovsk~te plus 
new line. (C) MgO+SiO, + MgSiO, perovskite plus new line (32). 
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A new peak (d-spacing = 2.62 A) was found 
above 88 GPa in patterns that also contained 
lines attributable to Pbnm perovskite both dur- 
ing and after heating runs (Fig. 1, B and C). This 
line was observed in -50% of measured dif- 
fraction patterns during the first heating runs and 
appeared at specific rotation angles of the DAC, 
which implies considerable preferred orientation 
or crystal growth. This feature was detected for 
two different starting materials, MgSiO, glass 
and MgO+SiO,, and was also found upon sub- 
sequent heating of material already transformed 
to MgSiO, perovskite, although, in the latter 
case, the new line is only rarely seen (2 out.of 23 
diffraction patterns). In addition, the position of 
this new line is pressure- and temperature-de- 
pendent. Calculated XRD patterns (Fig. 1, B and 
C) showed that this line cannot be from MgO, 
the CaCI, phaseof SiO,, or any other of theo- 
retically proposed post-stishovite phases (24) 
including a-PbO,. In fact, this line can be in- 
dexed as 012 using the unit-cell parameters of 
the Pbnm orthorhombic cell. but this line is 
systematically absent from this space group. 
The appearance of a new peak while retaining 
Pbnm perovskite features could indicate a phase 
transformation to another perovskite structure. 

Most perovskite phase transformations are 
induced by tilting of rigid octahedral units (i.e., 
SiO, in MgSiO, perovskite) with respect to the 
three pseudo-cubic axes (27, 28). Such a geo- 
metrical model can be used to determine all 
possible space groups for this structure. We used 
the following constraints from our observation 
to investigate possible structures allowed by this 
model; first, one singlet (1 1 I), two doublets 
(002+110 and 103+211), and one triplet 
(020+ 1 12+200) of Pbnm should be retained. 
However, because we were able to observe only 
one of the doublets and two of the triplets above 

Fig. 2. Pressure-temperature 
conditions for silicate perovskite 
experiments. Open symbols are 
data points obtained using in 
situ XRD where the dissociation 
of (Mg,Fe)SiO, perovskite was 
reported [open triangles, Meade 
et al. (6); open squares, Saxena 
et al. (8)]. Solid symbols are 
data points obtained using in 
situ XRD where the stability of I( 
(Mg,Fe)SiO, perovskite was con- [ 
firmed [sol~d squares, Saxena et E 
al. (8); solid diamonds, Fiquet et f 
al. (33, 70); colored solid circles, 
this work]. A solid triangle shows 
the P-T conditions where Meade 
et al. (6) reported a phase trans- 
formation from orthorhombic 
(OPv) to  cubic (CPv) perovskite. 
Colors indicate different starting 
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88 GPa, we also allow fewer lines. Second, a 
space group should allow a line at 2.62 A. By 
consideration of the systematic absence rule for 
possible perovskite structures, we find that only 
three space groups can satisfy all of these con- 
straints: P2,lm (monoclinic), Pmmn (ortho- 
rhombic), and P4,lnmc (tetragonal). 

Direct structure determination is not possible 
from energy-dispersive XRD patterns at these 
extreme conditions because of unreliable line 
intensities. Instead, we compare our observation 
with calculated diffraction patterns of these 
three possible space groups. According to our 
observation, the new feature at 2.62 A should be 
more intense compared with other lines (Fig. 1, 
B and C). It is necessary to know atomic posi- 
tions to calculate the relative intensities of indi- 
vidual XRD lines. Atomic positions can be cal- 
culated using unit-cell parameters, tilting angles, 
and a geometrical model. However, the model 
does not provide the position shifts of the cat- 
ions from the dodecahedra1 site centers and the 
distortion of octahedra, which are also the im- 
portant contributors to the intensity. We per- 
formed a first-order calculation using the PO- 
TATO (28) and GSAS (29) packages by ignor- 
ing these factors (Table 1). The calculated in- 
tensities for the three candidates are all within 
the observed intensity range. Interestingly, a 
recent first principles calculation also proposed 
a possible phase transformation of MgSiO, pe- 
rovskite from Pbnm to Pmmn at 70 to 140 GPa 
and 2000 to 3000 K (30). 

The P2,lm phase [a+b-c- in Glazer's nota- 
tion (27)] can be achieved by changing the 
tilting angles of Pbnm phase (acb-b-) along b 
and c pseudo-cubic axes (Fig. 3A). Instead, 
P4,lnmc (a+a+c-) and Pmmn (a+bcc-) have 
different tilting senses from Pbnin and P2,lin 
(Fig. 3B). These differences result in different 

Depth (km) 

. . 
Geotherm 4 

I 1 

30 40 50 60 70 80 90 10D 110 
Pressure IGPa) . , 

materials for this work [purple, 
(Mg,Fe)SiO, enstatite (En); blue, MgSiO, glass (GI); green, MgSiO, perovskite (Pv); red, 
MgO+Si02 (Oxs)]. Crosses are from Raman observations of temperature-quenched samples 
(9). The gray region shows the approximate location of the mantle geotherm (72). The dotted 
line is the tentative boundary between MgSiO, perovskite and MgO+Si02 reported by Saxena 
et al. (8). 

tilts between alternating octahedra layers in a 
perovskite structure: Phnin and P2,lin have the 
same tilting senses for the layers along one of 
the pseudo-cubic axes but P4,li~inc and Pininn 
have these layers for two of the pseudo-cubic 
axes (Fig. 3). Such structural differences could 
lead to differences in elastic properties that may 
be seismically detectable (30). However, further 
investigation is needed to better define the crys- 
tal structure and its relation to physical 
properties. 

Using the MgO+SiO, starting material, 
we observed a SiO, diffraction line originat- 
ing from excess silica in the mixture, or 
nonstoichiometry of the synthesized perovs- 
kite during and after heating, together with 
MgSiO, perovskite features. Our observa- 
tions are consistent with the CaCl, type rather 
than the a-PbO, type at 94 to 106 GPa and 
1675 to 2010 K (Fig. 1C). 

All other observed lines could be explained 
by sample materials, pressure media, gasket, 
fluorescence lines, or detector escape peak ex- 
cept for a single line at 2.38 A that could not be 
attributed to any perovskite structure or SiO, 
phase. For example, the most intense line of the 
a-PbO, form of SiO, could explain this line 
only if the pressure was overestimated by 30 
GPa from the value measured using the pressure 
standards and MgSiO, perovskite. Because this 
line was observed in 'only one of our four ex- 
periments, we have not considered it further. 

Our results can also address the origin 
of discrepancy betwcen recent Raman (9) 
and XRD (10, 18) studies and those of 
Meade et (11. (6), Saxena et al. (7, 8), and 
Dubrovinsky et ul. (16, 17) regarding the 
stability of MgSiO, perovskite and the 
structure of SiO,. Unlike previous work, 
our measurements were performed at in situ 
conditions with the use of an inert pressure 
medium (Ar), which prevents reaction be- 
tween the pressure medium and sample and 
also avoids an extreme thermal gradient by 
insulating the sample from the diamond 
anvils. Also, we use an advanced laser- 
heating technique that provides a large ho- 
mogeneous heating spot using the TEM,,, 
mode of Nd:YLF (Nd doped LiYF,)/laser 
and double-sided heating (31). We believe 

Table 1. Calculated XRD intensity of the 2.62 A 
Line, ignoring octahedra distortion and cation shift 
from the dodecahedra1 site center and the number 
of Lines contributing to the intensity for different 
space groups. Observed intensity range is also 
shown for comparison. 

Space group 1/10 (%I No. of lines 

P2,lm 5 2 
P4Jnmc 27 2 
Pmmn 5 3 
Pbnm (70) 0 0 
Observation 5 to 20 
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Fig. 3. Possible crystal structures of MgSiO 
perovskite above 83 CPa. (A) P2,lm and ( ~ j  
Pmmn. Projections along pseudo-cubic axes are 
shown for comparison. The crystal structures of 
P2,lm and Pmmn have same tilting senses as 
Pbnm and P4 lnmc, respectively. The unit cell is 
shown by sofid lines. 

these technical improvements provide a 
better sample environment for examining 
the stability of MgSiO, perovskite and the 
structure of SiO, at extreme conditions. 

Although two earlier quench studies (9, 11) 
and one in-situ study (10) performed above 88 
GPa reported the existence of MgSiO, perov- 
skite. none of them re~orted the new diffraction 
feature we observed. Serghiou et al. (9) used 
Raman spectroscopy for phase identification on 
quenched samples. Because the phase transfor- 
mation is ex~ected to be subtle. the Raman 
study, which relied on only a few major Raman 
features, may not have been able to detect this 
change. Fiquet et al. (10) performed in situ 
angle-dispersive XRD measurements but their 
P-T conditions are generally lower than ours 
(Fig. 2). Andrault (11) studied aluminum- and 
iron-bearing MgSiO, perovskite samples that 
were heated for a few seconds. The lack of 
observation of new features in these studies 
indicates that fiuther examination of possible 
perovskite structure is needed before any further 
conclusions can be drawn. The presence of a 
small but highly oriented unknown impurity 
phase can, for example, produce unexplained 
lines in an XRD pattern. Our observation that 
the new line is only rarely seen upon further 
heating of transformed perovskite samples indi- 
cates that preferred orientation and metastability 
may also be important factors. 

The principal result of this study confirms 
the stability of (Mg,Fe)SiO, perovskite to 2300- 
km depth conditions using in situ XRD mea- 
surements and homogeneous laser heating in 
both the radial and axial directions. It is also 
found that the structure of SiO, is the CaCI, type 
at pressures equivalent to 2400-km depth. 
Above 88 GPa, we observed the appearance of 
a new peak together with Pbnm MgSiO, pe- 
rovskite features. One possible explanation for 
this feature is transformation of Pbnm perov- 
skite to one of three other perovskite structures. 
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ENSO-Like Forcing on Oceanic 
Primary Production During the 

Late Pleistocene 
Luc ~eaufort,' Thibault de Caridel-Thoron,' Alan C. ~ i x ?  

Nicklas C. pisiasZ 

Late Pleistocene changes in oceanic primary productivity along the equator in the Indian 
and Pacific oceans are revealed by quantitative changes in nanoplankton communities 
preserved in nine deep-sea cores. We show that variations in equatorial productivity 
are primarily caused by glacial-interglacial variability and by precession-controlled 
changes in the east-west thermocline slope of the IndoPacific The precession-con- 
trolled variations in productivity are linked to  processes similar t o  the Southern 
Oscillation phenomenon, and they precede changes in the oxygen isotopic ratio, 
which indicates that they are not the result of ice sheet fluctuations. The 30,000- 
year spectral peak in the tropical Indo-Pacific Ocean productivity records is also 
present in the Antarctica atmospheric CO, record, suggesting an important role 
for equatorial biological productivity in modifying atmospheric CO,. 

Interannual variability of the thermocline ence on oceanic primary production (I). Most 
depth is a characteristic feature of the equa- of the time, the tropical trade winds transport 
torial Pacific Ocean that has a strong influ- surface waters westward. This lifts the ther- 
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