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It has been proposed that the large slow
region in the mantle beneath the central Pacific,
identified in some early work (3) and observed
in all tomographic models, is related to a
megaplume generated by thermal boundary
layer instabilities at the CMB (/7). The large
negative amplitude we infer in this region could
be in part related to partial melt, as has been
proposed to explain the ultralow velocities ob-
served in some parts of this region (/8). Some
chemical heterogeneity, possibly involving core
material, may be present as well (/9). Our
forward modeling predicts that the base of this
possible upwelling is rather wide and that the
plume narrows as it extends into the lower
mantle, consistent with the spectral content of
tomographic models, which shows a shift from
red (large wavelengths) to white when ascend-
ing from the D" region into the bulk lower
mantle (/2, {3). The plume also appears to be
deflected to the southwest as it rises, indicating
possible entrainment in the general circulation
mantle flow (20).

The high-velocity region documented by
our modeling represents a contrast of about 7 to
8% with respect to adjacent “hot” mantle and
cannot be explained by thermal effects alone. A
portion of ancient slab lying at the CMB is not
likely to be responsible for this velocity contrast
because reconstructions of ancient subduction
zones do not predict the presence of remnant
lithosphere in this part of D” (21), and such a
fossil slab might not produce a sufficient veloc-
ity contrast (22). This fast and localized anom-
aly could represent a high-velocity product of
the decomposition of perovskite at temperatures
and pressures cotresponding to the lowermost
mantle (23) or of core-mantle reactions (/9
24), and it may be related to the selective
entrainment of chemically distinctive material
into the thermal plume (25). Because signifi-
cant shear wave splitting has been observed for
waves traveling through that region (6, 8), the
large velocity contrast that we have observed
could also be related to anisotropy, whether it is
due to lattice preferred orientation of anisotro-
pic minerals (24) or laminar fabrics that would
present themselves at different angles to the
through-going SH waves. respectively, in the
slow and fast regions. Finally, the block of fast
material “sitting” on the CMB could be respon-
sible for the intermittent reflections observed at
the top of D" in this region (26).
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Pressure-Induced Landau-Type
Transition in Stishovite

Denis Andrault,* Guillaume Fiquet, Francois Guyot,
Michael Hanfland

A Rietveld structural analysis of stishovite, with angle-dispersive x-ray diffraction
synchrotron source at the European Synchrotron Radiation Facility, confirmed a
CaCl, form of stishovite distortion at 54 = 1 gigapascals but confirmed no further
phase transformation up to 120 gigapascals. The deviatoric stress that is usually
encountered at such pressures was relaxed after yttrium-aluminum-garnet-laser
heating. A single Birch-Murnaghan equation of state fits volumes of stishovite and
a CaCl,, form, showing that the tetragonal distortion occurs without a substantial
change in volume. At the 54-gigapascal transition, the pressure-induced lattice
modifications were similar to those found in a Landau-type temperature-induced
transition. It is proposed that, above the transition pressure, the critical temper-
ature increases above 300 kelvin, so that the lower entropy form becomes stable.

There is no closely packed compact ionic
arrangement for metal dioxides. The most
common dense form of BO, compounds
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(where B is Si. Ti, Ge, and so forth) is rutile,
in which the oxygen sublattice can be seen as
largely distorted face-centered cubic and in
which only one of the two octahedral sites is
filled by silicon (Fig. 1). Rutile can also be
compared to the ABO; perovskite-type struc-
ture (where AB is MgSi, CaTi, SrZr, and so
forth), in which the lack of the A cation
would be balanced by a modification of the
octahedral links, thus reducing the size of the
vacant polyhedra. There are several other
dense forms of the BO, compounds because
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comparable energies are found for slightly
different octahedral interlinks. For example,
six polymorphs have been reported for PbO,
between room pressure and 47 GPa (/). The
sequence of the SiO, phase transformations
down to the core-mantle boundary (CMB) of
Earth needs further analysis because it can
affect the lower mantle composition through
a possible breakdown of silicate perovskite,
the major lower mantle mineral (2).

Silica could adopt a CaCl,-type post-
stishovite structure, as suggested by several
experiments with x-ray diffraction (2—4) or
Raman spectroscopy (3). Several ab initio
structure simulations also indicated a CaCl,-
type post-stishovite distortion, from pressures
of 45 to 200 GPa (6-9). Other studies also
proposed the occurrence of post-CaCl,-type
polymorphs at lower mantle pressures (P <
130 GPa). An a-PbO, structure type was
proposed for SiO, from high-pressure x-ray
diffraction experiments (Pnc2) (2) and was
observed in a shocked meteorite (Pbcn) (10).
The possible stability of such a polymorph is
‘supported by recent calculations (2, 7, 8).
Finally, the densest form of BO, compounds
consists of a Pa-modified fluorite-type struc-
ture (11, 12), but this polymorph has not been
observed for SiO, and is only expected to
occur at pressures of ~150 GPa, which is
much higher than the pressure of the CMB
(6).

Synthetic crystals of quartz were finely
ground, mixed with platinum black, and load-
ed in an 80-pm hole in a rhenium gasket that
had been previously indented with 200-300-
pm-bevel diamonds. The pressure was mea-
sured within the x-ray spot, according to the
known equation of state (EOS) of Pt (/3).
The use of Pt avoids possible artifacts that are
related to the pressure gradient in the sample
chamber, and pressure measurement errors
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are estimated to be <3%. After each pressure
increase, the sample chamber was slowly
scanned by the infrared radiation of a multi-
mode-regulated yttrium-aluminum-garnet la-
ser. This laser-annealing technique efficiently
relaxes the sample stresses and results in a
quasi-hydrostatic pressure in the pressure
chamber, which improves the quality of the
x-ray diffraction spectra (/4—17). The anneal-
ing technique may favor the formation of
high-temperature polymorphs of the sample,
which would be quenched upon cooling.

- Angle-dispersive x-ray diffraction spectra
were recorded at the insertion device 9 (ID9)
beamline of the European Synchrotron Radi-
ation Facility (ESRF). A water-cooled Si
(111) bent Laue monochromator was used to
produce a bright monochromatic x-ray beam

Stishovite
and the
CaClz distortion

Fig. 1. Dense atomic arrangement for silica.
Half of the octahedral sites of the oxygen sub-
lattice are filled with Si atoms. SiO, octahedra
show four equatorial and two polar Si-O bonds.
The CaCl,-type stishovite distortion occurs
when oxygen escapes from the diagonal of the
(a, b) plane, thus changing the symmetrical
arrangement from tetragonal to orthorhombic.

Table 1. Experimental (Exp.) and calculated (Calc.) d,,, Bragg lines with cell parameters of SiO,
(P4,/mnm) and CaCl,-type SiO, (Pnnm) at 53.2 and 63 GPa, respectively. V, volume; numbers in
parentheses are uncertainties in measured parameters; *, SiO, lines superimposed with Pt lines; **, lines

found with negligible intensity.

Stishovite CaCl,-type SiO,
Gt Cell
parameters Exp. Calc. Exp. Calc.
110 2.810 2.8111 2.789 2.792
011 * 2.1622 * 2.160
101 ** 2.143
020 * 1.9878 ** 2.000
200 ** 1.948
111 1.898 1.8995 1.888 1.889
120 1.781 1.7779 1.778 1.780
210 1.750 1.752
121 1.464 1.4634 1.461 1.462
211 1.446 1.447
220 1.404 1.4056 1.394 1.396
a axis (A) 3.9755 (3) 3.8971(7)
b axis (A) 3.9755 (3) 4.0008 (8)
caxis (A) 2.5767 (8) 2.5658 (2)
Vv (A%) 40.724 (2) 40.005 (2)

at a wavelength of 0.4561 A. Vertical and
horizontal focusing were achieved with a
spherical mirror and a monochromator, re-
spectively. The x-ray flux on a 15-by-15-pm
spot allowed the acquisition of diffraction
spectra on an imaging plate in ~10 min. The
two-dimensional images were integrated with
the Fit2d code (/8). Lebail profile refine-
ments with the program package GSAS (/9)
were applied to all diffraction patterns to
extract cell parameters and volumes for SiO,
and Pt. In the last step of data processing, the
code was changed to the Rietveld-refinement
mode, to compare experimental intensities
with those that were calculated for different
structural models.

X-ray diffraction spectra up to 53.2 GPa
(Fig. 2A) can be explained as a mixture of Pt
and SiO,, (except for peaks from 2.3 t0 2.4 A,
which can be explained by traces of the Re
gasket). The spectrum that was recorded at
54.8 GPa shows slight modifications that are

1.8 2.0

1.4 1.6
D spacing, A
Fig. 2. Selected region of Rietveld fits showing the
occurrence of new diffraction lines that fit with a
CaCl,-type SiO, distortion above 54 GPa. Struc-
tural models are (A) stishovite and Pt at 46.8 GPa,
(B) stishovite and Pt at 63 GPa, (C) CaCl,-type
SiO, and Pt at 63 GPa, and (D) CaCl,-type SiO,
and Pt at 120 GPa. Dashes and upper and lower
solid lines represent experimental, modeled, and
difference spectra, respectively.
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related to the onset of a transformation from
stishovite to a CaCl, distortion of stishovite.
At 63 GPa, the diffraction peaks that are
located at ~1.45 and 1.78 A become dou-
blets, which the stishovite model fails to ex-
plain (Fig. 2B). Instead, the modeled spectra
of the CaCl, distortion of stishovite does fit
(Fig. 2C and Table 1). The occurrence of the
CaCl,-type SiO, polymorph at ~63 GPa
agrees with previous experiments (3, 5). We
checked for the occurrence of other possible
Si0, high-pressure structural forms (/2), but
only the CaCl, form was found to be com-
patible with the slight spectral modification
found above 54 GPa. No other spectral mod-
ifications were observed above 63 GPa to the
maximum pressure of 120 GPa (Fig. 2D).
Using a similar technique, Tsuchida and
Yagi (3) proposed a higher transition pressure
of 92 to 108 GPa but reported a stishovite
volume of 40.09 A3 just before the transi-

Celt parameters

20 40 80 80 100 120 140
Pressure (GPa)

Fig. 3. Pressure evolution of the unit cell param-
eters showing a rapid increase of the difference
between a and b axes above 54 GPa. The mean
value between the a and b axes [as well as the ¢
axis (Table 2)] continues without discontinuity
the pressure evolution found for SiO, at lower
pressures. Symbols correspond to c/a for stisho-
vite (squares) and c/a (triangles), ¢/b (circles), and
the mean value between c¢/a and c/b (gray
squares) for the CaCl, form of SiO,.

48 —

b K,=291+1GPa |
46 .\ K' =4.3+0.1 q
LN V, = 46,63 A® )
44 - AN
& \-\(_\ 1
g 4z N .
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g N
40 \\« CaCl type
a8 [ e 1
e J
ﬁ
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Fig. 4. EOS of silica up to CMB pressure. Circles,
squares, and triangles represent data from Ross
et al. (20), Hemley et al. (21), and this study,
respectively. The vertical line at 54 GPa shows
the transition pressure between SiO, and the
CaCl, form of SiO,. Within our experimental
resolution of ~2 per mil, there is no significant
variation of volume or compressibility above
the transition pressure (see Table 3).
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tion. This volume is comparable to that
found at 53.2 GPa in this study (Table 2).
Our transition pressure was also ~4 GPa
higher than that proposed by Kingma et al.
(5) from Raman spectroscopy. Using Ne as
a quasi-hydrostatic pressure medium, they
observed a phase transformation without
pressure hysteresis on decompression. It is
possible that, after sample laser heating, the
Si0, is metastably quenched in the pressure
stability field of the CaCl, form of stisho-
vite. However, second-order transforma-
tions usually occur without temperature
hysteresis.

Subsequent Lebail refinements were per-
formed up to 54.8 GPa and from 63 to 120 GPa
to extract cell parameters for stishovite and
CaCl,-type SiO, respectively. We report cell
parameters (Fig. 3 and Table 2) together with
single-crystal analysis to 16 GPa (20) and pow-
der-diffraction analysis to 54 GPa (27). The
evolution of ¢/a axes and ¢/b axes ratios (Fig. 3)
shows the transition of stishovite to the CaCl,
form, with an increase of the CaCl, distortion

with increasing pressure to 120 GPa (Table 2).
The mean value between the ¢/a axes and /b
axes ratios becomes almost independent of
pressure above 45 GPa, with a value of ~0.651.
This means that the ¢ axis, which corresponds
to the Si-Si distance, no longer remains less
compressible than the («, b) plane (Fig. 1). Ina
manner similar to that for the mean value be-
tween the « and b axes, the pressure evolution
of the ¢ axis does not show any significant
discontinuity during the phse transformation of
stishovite to a CaCl, form of SiO,. These ob-
servations agree with previous calculations (6,
7, 14, 22).

The pressure evolution of the ¢ and b cell
parameters (Fig. 3) is similar to that usually
found for a Landau-type temperature-induced
transition (23). With a standard type of rep-
resentation for such transition with the ratio
of (@ — b)la axes as an order parameter,
results indicate that the CaCl, form of SiO, is
the lower entropy polymorph. Therefore, the
CaCl, form may be the low-temperature
polymorph of stishovite. This indicates a pos-

Table 2. Stishovite and CaCl,-type SiO, cell parameters used to calculate equations of state up to 120
GPa. Pt volumes (V,,) were used to calculate pressure (P) within the x-ray spot (73). Only some of the
previous measurements for single-crystal x-ray diffraction are reported. Numbers in parentheses are

uncertainties in measured parameters.

P (GPa) a axis (A) b axis (A) c axis (A) v (A3) V., (A3)
Single-crystal x-ray diffraction (20)

0.0001 4.1801 2.6678 46.615

2.50 41667 2.6645 46.259

4.70 4.1560 2.6601 45.946

9.00 41337 2.6517 45.311

11.0 4.1246 2.6474 45.038

15.0 4.1043 2.6417 44.500

Powder diffraction (27)

24.6 4,066 2.623 43.359

28.5 4,058 2.618 43.100

38.9 4,013 2.602 41.909

42.0 4.002 2.600 41.649

42.3 4.006 2.605 41.801

45.8 3.992 2.596 41.368

46.3 3.989 2.588 41.195

49.3 3.972 2.590 40.870

494 3.982 2.585 41.000

This study

48.1 3.9836 (2) 2.5837 (4) 41.000 53.1754 (4)
53.2 3.9755 (3) 2.5767 (8) 40.724 52.6494 (4)
548 3.9725 (3) 2.5788 (9) 40.695 52.4946 (6)
63.0 3.8971 (7) 40008 (8) 2.5658 (2) 40.005 51.7214(2)
66.4 3.8829 (7) 3.9955 (7) 2.5608 (3) 39.729 51.4481(3)
72.5 3.8467 (11) 40114(12) 2.5509 (4) 39.363 50.9043 (3)
77.5 3.8325 (9) 3.9848 (10) 2.5438 (2) 38.848 50.5039 (3)
84.6 3.8170 (10) 3.9787 (11) 2.5339(2) 38.481 49.9557 (2)
89.5 3.8014 (10) 3.9750 (11) 2.5279(2) 38.198 496002 (3)
93.9 3.7882 (9) 3.9709 (10) 2.5221(2) 37.939 49.2878 (3)
97.9 3.7773 (10) 3.9664 (11) 2.5169 (3) 37.709 49,0135 (3)
101 3.7675 (6) 3.9576 (7) 2.5130 (2) 37.469 48.8210 (2)
107 3.7592 (6) 3.9537 (7) 2.5069 (2) 37.259 48.8746 (2)
108 3.7505 (7) 3.9533 (8) 2.5065 (3) 37.164 483612 (3)
113 3.7364 (7) 3.9482 (8) 2.4998 (2) 36.876 48.0360 (2)
117 3.7270 (8) 3.9449 (9) 2.4960 (3) 36.699 47.8328 (3)
120 3.7201 (8) 3.9422 (9) 2.4913 (3) 36.535 476216 (2)
0.0001* 41803 (2) 2.6635(7) 46.545 60.5684 (3)

*Si0O, obtained after a rapid quench from 120 GPa.
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itive slope of the boundary between the two
silica polymorphs in a pressure-temperature
(P-T) diagram. The critical temperature of
the phase transition [7(P)] would reach I =
300 K when pressure reaches 54 GPa. This
means that, while further compressing silica
at room temperature (7, ) above 54 GPa, we
increase the gap between the experimental
and critical temperatures [the gap is (7, —
I,.,)]. For such a second-order transition, an

increase in (I, — 7, ) explains the increase of

Table 3. EOS data for silica and SiO, octahedra.
Errors are estimated to be 1 GPa, 0.05, and 0.005
A3 for K,, K', and V,, respectively.

P P K

min ma 9] K’ VO
(GPa) (GPa) (GPa) (A3
Stishovite

0.0001* 306

0.0001 15 313 4% 46.597

0.0001 532 291 4.29 46.629
CaCl ,-type silica

63 120 282 4.29% 46.868

Silica

0.0001 120 289 4.41 46.635

0.0001 120 291 4.297 46.630
SiO4 octahedra

0.0001 53.2 319 332 11.190

0.0001 53.2 303 4% 11.198

0.0001  120%f 312 4.95 11.190

0.0001  120% 346 4 11.169

*Brillouin scattering measurements (25). All other calcu-
lations are with the low-pressure single-crystal diffraction
data (20). FFixed. iExperimental data between
15 and 63 GPa were excluded.

Table 4. Oxygen coordinates up to 120 GPa and data for Si~O, O-O, and V,
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the CaCl, distortion that we observed.

There is no substantial discontinuity in the
volume of the SiO, polymorphs at the transition
pressure (Fig. 4 and Table 2), which indicates
that the volume difference between stishovite
and CaCly-type Si0, is either negligible or
below the experimental resolution of ~2 per
mil. This resolution also corresponds to an im-

precision in the integrated transition energy of

~1.5 kl'mol (PAV,.,.,) (F. molar volume).
This imprecision is higher than energies that are
commonly encountered in Landau-type transi-
tions involving octahedral rotations, which are
usually hundreds of joules per mole (24). Thus,
a volume variation below our resolution can
balance the integrated loss of fiee energy that is
related to the formation of the lower entropy
CaCl, form of SiO,,.

We calculated various third-order Birch-
Murnaghan equations of state for the different
sections of the compression curve (Table 3). In
the experimental accuracy, there is no signifi-
cant EOS variation when considering pressures
up to 53.2 or 120 GPa. We therefore propose
the same EOS for the high-pressure silica forms
from 1 bar to 120 GPa, with the zero-pressure
bulk modulus K, = 291 *£ 1 GPa, the first
pressure derivative of the bulk modulus K" =
JK/9P = 4.29 = (.05, and the unit cell volume
of stishovite in standard conditions I, =
46.629 = 5 A Looking at minor effects, we
note that a slightly lower bulk modulus (X, =
282 = 1 GPa; K' = 4.29 fixed) is associated
with a slightly larger room pressure volume,
when considering the experimental data for the
CaCl, form of SiO, only (Table 3).

cta®

P (GPa) x axis y axis Sio (2, A) SiO (4, A) V.. (A%) 0-0,.,. (A)
Single-crystal x-ray diffraction (20)
0.0001 0.3067 1.8130 1.7560 11.181 2.2854
2.50 0.3061 1.8016 1.7554 11.103 2.2852
4.70 0.3062 1.8000 1.7512 11.040 2.2781
9.00 0.3057 1.7873 1.7458 10.895 2.2717
11.0 0.3057 1.7829 1.7428 10.831 2.2667
15.0 0.3053 17721 1.7383 10.709 2.2602
Powder Rietveld refinement (this study)
48.1 0.306 1.724 1.692 9.873 2.186
53.2 0.306 1721 1.688 9.804 2.180
54.8 0.302 1.697 1.703 9.840 2.225
63.0 0.283 0323 1.699 1.692 9.726 2.206
66.1 0.283 0.323 1.695 1.688 9.660 2.200
72.5 0.281 0.321 1.680 1.690 9.591 2.216
775 0.281 0.324 1.682 1.677 9.461 2.186
84.6 0.285 0.320 1.676 1.670 9.348 2.176
89.5 0.279 0317 1.649 1.682 9.328 2219
93.9 0.281 0.317 1.649 1.675 9.253 2.205
97.9 0.276 0.3M 1616 1.691 9.243 2.260
101 0.275 0.322 1.642 1.671 9.176 2.204
107 0.275 0.325 1.648 1.664 9.123 2.188
108 0.278 0.323 1.650 1.658 9.077 2.173
113 0.275 0.315 1.613 1674 9.042 2.228
117 0.271 0.312 1.593 1.684 9.028 2.260
120 0.276 0.313 1.605 1.670 8.956 2.225
0.0001 0.308 1.819 1.751 11.587 2.274

We then extracted atomic coordinates with
the Rietveld method, which compares the ex-
perimental and modeled intensities of Bragg
lines. There are one or two parameters for
determining the oxygen position in stishovite
(x, x. 0) or CaCl,-type SiO, (x, v, 0), respec-
tively. The calculations converged to atomic
positions (Table 4) that agreed between exper-
imental and calculated features (see Fig. 2),
with standard deviations between 0.7 and 1.5
and between 3 and 7% for the x* and R(F?)
parameters, respectively. We observed a slight
preferred orientation away from the ¢ axis for
both SiO, polymorphs. We obtained a better
agreement between the calculated and experi-
mental features by considering a thermal pa-
rameter for silicon that was about twice that for
oxygen.

In the stability field of stishovite, we first
note the higher compression of the polar Si-O
bond in comparison with the equatorial bond
(Figs. 1 and SA), which is consistent with the
single-crystal diffraction measurements by
Ross et al. (20) and with the calculations by
Karki ef al. (7). At about the transition pressure
(54 GPa) between stishovite and CaCl,-type
SiO,. the polar Si-O bond becomes shorter
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Fig. 5. The occurrence of the CaCl,-type stisho-
vite distortion is associated with (A) a progres-
sive inversion of the shortest Si-O distance
from equatorial (triangles) to polar bonds (cir-
cles) and (B) a change in compression of the
shortest O-O bond distance (circles), allowing
all the shortest O-O bond distances to evolve
toward a similar value of ~2.25 to 2.30 A for
the highest pressures and resulting in a more
symmetrical oxygen sublattice. Squares, stisho-
vite; triangles, CaCl,-form O-O bonds.
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than the equatorial bond. We also note a change
in the pressure evolution of the shortest O-O
distance above the transition pressure (Fig. 5B).
In the CaCl, structure, the compression occurs
without a further decrease of this short O-O
distance, but instead, the O-O first distances
evolve toward a comparable value (that is, the
oxygen sublattice becomes more symmetrical).

The modification of the ¢ and & cell param-
eters above 54 GPa is achieved by a rapid
rotation of the SiO4 octahedra in the (a, b)
plane, as supported by the pressure evolution of
the (x, v, 0) oxygen coordinates (Table 4). The
octahedral volumes are calculated from the set
of SiO bond lengths. The octahedral bulk mod-
uli, with single-crystal data (20) and pressures
below 53.2 GPa or above 63 GPa were found to
be significantly different in stishovite and
CaCl, forms of SiO, (Table 3). Our results are
compatible with an integrated octahedral vol-
ume variation of about +1% between stishovite
and CaCl,-type SiO, above the transition pres-
sure (this integrated volume is a volume excess
that is built across the second-order phase trans-
formation). This volume variation does not af-
fect the unit cell volume because other structur-
al entities compensate for this volume excess.
This suggests that, in stishovite, the SiO4 com-
pression is high and that the octahedral volume
relaxes in the CaCl, form of SiO,. We thus
propose that, when it adopts the mmm point
group, the ideal SiOg octahedral K, is that
calculated for the CaCl, form of SiO, (X, =
311 = 1; K' = 495 + 0.05).

The integrated 1% volume variation of SiOg
octahedra (AV,.,,) corresponds to a compres-
sion work of ~35 kJ (PAV,_.,), which is much
higher than the maximal integrated energy vari-
ation that is involved in the transition of <1.5
kJ/mol. This suggests an energy exchange be-
tween SiOg4 octahedra and other polyhedra of
the lattice during the phase transition. A similar
redistribution could also affect thermal energy.
For example, with the entropy change that is
related to the pressure evolution of the (¢ —
b)/a—order parameter, there might be an entro-
py gain that is related to the achievement of a
more symnietrical oxygen sublattice (Fig. 5B).

We observed a continuous increase of the
SiO, density up to the pressures of Earth’s
CMB (Fig. 4). We coupled this EOS (Table 3)
with those that were previously reported in
similar experimental conditions for MgSiO,
(Vo = 162.6 A3, K, = 256 GPa, and K' = 4)
(17yand MgO (V,, = 74.70 A%, K, = 167 GPa,
and K’ = 4.5) (15). We calculated that the AV
value that is related to the MgSiO; — MgO +
SiO, breakdown reaction is positive at all pres-
sures. At 300 K, AV increases from ~1 to 4%
of the perovskite volume between 25 and 120
GPa, respectively. It might be argued that high-
temperature conditions or minor elements can
reverse this sign, but so far no such inversion
has been observed in high-pressure experi-
ments. Therefore, silicate perovskite is denser

REPORTS

than a mixture of its oxides down to the CMB.
Consequently, the proposal that free silica could
occur in Earth’s lower mantle is not supported
by the present data, so lor. 5 an excess of
magnesiowtistite (Mg,Fe)O 15 thought to be
present in the lower mantle.
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Thermodynamics of Calcite
Growth: Baseline for
Understanding Biomineral
Formation

H. Henry Teng, Patricia M. Dove,* Christine A. Orme,
James ). De Yoreo

The complexity of biomineralized structures suggests the potential of organic
constituents for controlling energetic factors during crystal synthesis. Atomic
force microscopy was used to investigate the thermodynamic controls on
carbonate growth and to measure the dependence of step speed on step length
and the dependence of critical step length on supersaturation in precisely
controlled solutions. These data were used to test the classic Gibbs-Thomson
relationship and provided the step edge free energies and free energy barriers
to one-dimension nucleation for calcite. Addition of aspartic acid, a common
component in biomineralizing systems, dramatically affected growth morphol-
ogy and altered the magnitude of the surface energy.

Many organisms mediate inorganic crystalli-
zation by selective application of organic
compounds (/-3) to exert detailed control
over the structure (3), orientation (/), growth
kinetics (2), and nucleation sites (4) of inor-
ganic crystals. An understanding of physical
controls on biomineralization promises new

routes to the controlled synthesis of complex

. crystalline structures for application across a

broad spectrum of materials-based technolo-
gies. Because it occurs ubiquitously among
biomineralizing systems (5) and it is easily
crystallized, calcite—often in combination
with aspartic acid-rich protein mixtures (/, 2,

23 OCTOBER 1998 VOL 282 SCIENCE www.sciencemag.org


http://www.sciencemag.org

