
It has been proposed that the largz sloli- 
rzgion in the mantle beneath the central Paclfic. 
identified in some earl!. it-ork (31 and ohsen ed 
ln all tomographic models. is rzlatsd to a 
megaplumz generated by rhsnnal ho~1ndal-y 
layer instabilities at tlle C\IB ( I  7 ) .  Thz large 
aegati\ c amplih~dc we infir in this rzglon could 
hz m pal? related to pal-tial melt. as has hzen 
proposzd to explain thz ultralo~i- vzlocities oh- 
scn,ed in sonic parts of this region ( I f ) .  Some 
chemical hzterogzneio , possibly inr.011 ing core 
matelial. ma) he present as rizll ( 19 ) .  Our 
foi~vard nlodeling predicts that the has? of this 
possible upu.elling is rather wide and that the 
plunle nalTons as it zutends into the loner 
mantle. consistent i ~ i t h  the spectral content of 
tomographic modzls. ~vhich sho\r s a shift from 
red (large n-a! zlengths) to m.hite ivhen ascend- 
ing from the D" region into the hulk loner 
nlantle (12. 13).  The plume also appears to he 
defizctzd to the southn zst as it sises. iildicatiag 
possible zntrainnlent in the gzneral circulatloa 
nlantle flon- (201. 

The hlgll-1~10cit). regloll documented by 
our nlodeling represznts a contrast of about 7 to 
8O.0 ~vith respsct to adjacent "hot" mantle and 
cannot he explained h) thermal effects alonz, .A 
poition of anciei~t slab 1)ing at the ChiB is not 
lilcely to be responsihlz for this v e l o c i ~  contrast 
because reconstmctions of allciellt subduction 
zones do not predict ths pressnce of renlilant 
Ilthosphere 111 this part of D" (31 ). and such a 
fossil slab nligllt not produce a sufficient 1-doc- 
i g  contrast (32).  This fast and localized anom- 
all could represent a high-r,elocity product of 
ths decomposition of perovslcits at tsmperatures 
and pressures col~espoading to ths Ion ennost 
mantle ( 2 3 )  or of core-mantls reactions (19.  
24). anti it may he rslated to the sclsctl\e 
entrainment of chemicallg distinctive nlaterial 
into the thzrn~al plume (2.5). Because signlii- 
cant shear \\-a\ e splitting has been ohsen-ed for 
\va\ 2s trar.eling through that region (6, (5'). the 
large T-elocig contrast that n-e ha%-s ohseilsd 
could also he related to anlsotropy. \r herher it is 
duz to lattice prefzrred orizntation of anlsotro- 
pic llliilerals ( 2 1 )  01. lalllinar fabrlcs that m.oulc1 
present t11emssl~-es at diffirellt anylzs to the 
tl~rough-going SH u a! zi. rzspecti~ cly. in the 
slow ailcl l'ast rsgions. Fmally. ths blocl< of last 
material "sitting" on the C hlB could hz respon- 
siblz for the internlittent reflections ohsen ed at 
thz top of D" in this region ( 2 6 ) .  
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Landau-Type 

Denis Aksdraui,t,* Cuillaume Fiquet, Frasseols Guyot, 
Michael Hanfland 

A Kietveld 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 a i  54 I 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 closel) paclied compact ionic 
an.angement for nletal d io~ ides .  The most 
C ~ I I I I I I ~ I I  dense form of B 0 2  compounds 

D. Andrault, Laboratoire des Geomateriaux, lnstitut 
de Physique du Globe, Paris 75252, France. G. Fiquet, 
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t ron Radiation Facility, Grenoble 38043, France. 

^To tvhom correspondence should be addressed. 

(~vhzrz  B is SI. Ti. Gz. and so forth) is rutile. 
in ~vhich the oxygen suhlattice can he sezn as 
largely distorted face-centered cubic and in 
uhich only onz of the t n o  octahedral sites is 
fillscl by silicon (Fig. 1).  Rutile can also he 
compared to the ABO, pzrovskite-type struc- 
turs (~vhere  AB is MgSi. CaTi. SrZr. and so 
forth). in 1vhic11 the lack of the -4 cation 
\vould he halanced by a modification of the 
octahedral li111cs. thus reduclng the size of the 
lacant po1)hedra. There are se\,eral other 
dense fo1.m~ of the BOZ 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 (I). 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 CaC1,-type post- 
stishovite structure, as suggested by several 
experiments with x-ray diffraction (2-4) or 
Raman spectroscopy (5). Several ab initio 
structure simulations also indicated a CaC1,- 
type post-stishovite distortion, from pressures 
of 45 to 200 GPa ( 6 9 ) .  Other studies also 
proposed the occurrence of post-CaC1,-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 (I  I ,  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 (13). 
The use of Pt avoids possible artifacts that are 
related to the pressure gradient in the sample 
chamber, and pressure measurement errors 

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 (14-1 7). 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 
(1 1 1) bent Laue monochromator was used to 
produce a bright monochromatic x-ray beam 

Stbhovite 
and the 

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 CaC1,-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.) dhkl Bragg lines with cell parameters of SiO, 
(P4,lmnm) and CaCl,-type SiO, (Pnnm) at 53.2 and 63 CPa, respectively. V, volume; numbers in 
parentheses are uncertainties in measured parameters; *, SiO, lines superimposed with P t  lines; **, lines 
found with negligible intensity. 

Cell 
Stishovite CaC1,-type SiO, 

dhk~ parameters 
Exp. Calc Exp. Calc 

110 2.810 2.81 11 2.789 2.792 
01 1 * 2.1622 * 2.160 
101 ** 2.143 
020 * 1.9878 ** 2.000 
200 ** 1.948 
11 1 1.898 1.8995 1.888 1.889 
120 1.781 1.7779 
210 
121 1.464 1.4634 
21 1 
220 1.404 1.4056 

a axis (A) 3.9755 (3) 
b axis (A) 3.9755 (3) 
c axis (A) 2.5767 (8) 

v (A3) 40.724 (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 (18). Lebail profile refine- 
ments with the program package GSAS (19) 
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 to 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 

1.4 1.6 1.8 2.0 
D spacing, A 

Fig. 2. Selected region of Rietveld fits showing the 
occurrence of new diffraction lines that fit with a 
CaC1,-tylje SiO, distortion above 54 CPa. Struc- 
tural models are (A) stishovite and Pt at 46.8 CPa, 
(B) stishovite and Pt at 63 CPa, (C) CaC1,-type 
SiO, and Pt at 63 CPa, and (D) CaC1,-type 510, 
and Pt at 120 CPa. 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 
stisl~ovite to a CaCl2 disto~tion 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 
CaC1,-type SiO, polymorph at -63 GPa 
agrees with previous experiments (3, 5) .  We 
checked for the occurrence of other possible 
SiO, high-pressure structural forms ( 1 4 ,  but 
only the CaC1, fonn was found to be com- 
patible with the slight spectral n~odification 
found above 54 GPa. No other spectral mod- 
ifications were observed above 63 GPa to the 
maxi~nu~n  pressure of 120 GPa (Fig. 2D). 

Using a similar teclmique, Tsuchida and 
Yagi (3) proposed a higher transition pressure 
of 92 to 108 GPa but reported a stisllovite 
volume of 40.09 W v j u t  before the transi- 

, - 

3 23 LO 63 e n  130 '23 

P r e s s u r e  (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 CPa. The mean 
value between the a and b axes [as well as the c 
axis (Table Z ) ]  continues without discontinuity 
the pressure evolution found for SiO, at lower 
pressures. Symbols correspond t o  c/a for stisho- 
vite (squares) and c/a (triangles), c/b (circles), and 
the mean value between c/a and c/b (gray 
squares) for the CaCl, form of SiO,. 

tion. This volume is comparable to that with increasing pressure to 120 GPa (Table 2). 
found at 53.2 GPa in this study (Table 2). The mean value between the cia axes and c:b 
Our transition pressure was also -4 GPa axes ratios becomes almost independent of 
higher than that proposed by Kingma et ul. pressure above 45 GPa, wit11 a value of -0.651. 
(5) from Raman spectroscopy. Using Ne as 
a quasi-hydrostatic pressure medium, they 
observed a phase tra~lsformation without 
pressure hysteresis on decompression It is 
possible that. after sample laser heating. the 
SiO, is metastably quenched in the pressure 
stability field of the CaC1, form of stisho- 
vite. However, second-order transforma- 
tions usually occur without temperature 
hysteresis. 

This means that the c axis, which cosresponds 
to the Si-Si distance, 110 longer remains less 
con~pressible than the (u ,  6 )  plane (Fig. 1). In a 
manner similar to that for the mean value be- 
Ween the a and b axes, the pressure evolution 
of the c axis does not show any significant 
discontin~~ity during the phse hansformation of 
stishovite to a CaC1, form of SiO,. These ob- 
sen ations agree with previous calculations (6, 
7, 14, 22). 

Subsequent Lebail refinements were per- The pressure evolution of the a and b cell 
formed up to 54.8 GPa and from 63 to 120 GPa parameters (Fig. 3) is similar to that usually 
to extract cell parameters for stishovite and found for a Landau-type temperature-induced 
CaC1,-type SiO, respectively. We report cell transition (23). With a standard type of rep- 
paralneters (Fig. 3 and Table 2) together with resentation for such tra~lsitioll wit11 the ratio 
single-cl-ystal analysis to 16 GPa (20) and pow- of (a - b):a axes as an order parameter, 
der-diffraction analysis to 54 GPa (21). The results indicate that the CaC1, form of SiO, is 
evolution of cia axes and rib axes ratios (Fig. 3)  the lower entropy polymolph. Therefore, the 
shows the kansition of stishovite to the CaC1, CaC1, form may be the low-temperature 
form; with an increase of the CaC1, disto~tion poly~no~ph of stishovite. This indicates a pos- 

Table 2. Stishovite and CaCI,-type SiO, cell parameters used t o  calculate equations of state up to 120 
CPa. 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 (CPa) a axis (A )  b axis (A )  c axis (A )  v (A3)  v,t (A3)  

45.8 3.992 
48 r 46.3 3.989 

K ~ =  291 =I GPa j 49.3 3.972 
464, \ K . 4.3 ~ 0 . 1  - 49.4 3.982 

t %*. V, = 46.63 A3 - 44 I '\ 

% !  -.. 48.1 3.9836 (2 )  
a 42 - - 53.2 3.9755 ( 3 )  5 ; Stlshovite - 
0 %** 54.8 3.9725 ( 3 )  
> 41 - ?-, kV, cacl2.type 63.0 3.8971 ( 7 )  

,., j 66.4 3.8829 ( 7 )  
3 8  &. -& 72.5 3.8467 (1 1 )  +.. ... 77.5 3.8325 ( 9 )  
36 - 

Lh-- ,,L.- 84.6 3.81 70 (1 0 )  
o 20 40 50 80 100 120 89.5 3.801 4 (10)  

P r e s s u r e  (GPa) 93.9 3.7882 ( 9 )  

Fig. 4. EOS o f  silica up t o  CMB pressure. Circles, 
squares, and triangles represent data f rom Ross 
et al. (ZO), Hemley et al. (27). and this study, 
respectively. The vertical line a t  54 CPa shows 
the transition pressure between SiO, and the 
CaCl, form of SiO,. Wi th in our experimental 
resolution o f  -2 per mil, there is no significant 
variation o f  volume or compressibility above 
the transition pressure (see Table 3). 

Single-crystal x-ray diffraction (20)  

2.6678 
2.6645 
2.6601 
2.6517 
2.6474 
2.641 7 

Powder diffraction ( 27 )  

2.623 
2.618 
2.602 
2.600 
2.605 
2.596 
2.588 
2.590 
2.585 

This study 
2.5837 (4 )  
2.5767 (8 )  
2.5788 (9 )  

4.0008 (8 )  2.5658 (2 )  
3.9955 ( 7 )  2.5608 (3 )  
4 .0114(12)  2.5509 ( 4 )  
3.9848 (1 0 )  2.5438 ( 2 )  
3.9787 (1 1 )  2.5339 ( 2 )  
3.9750 (1 1 )  2.5279 ( 2 )  
3.9709 (10)  2.5221 ( 2 )  

'SiO, obtained after a rapid quench from 120 CPa. 
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I ~ I \  e slope of the boundas) betn e m  the tlx o the CaCl? d ~ s t o l t ~ o ~ l  that n e obse11 ed \\ e the11 extracted atonlic coordi~lates with 
s111ca polyrno~-phs 111 a pressure-tempel-at~lre 
( P - T )  d~agram.  The cr~tical temperature of 
the phase trans~tion [ T L ( P ) ]  n ould reach T = 

300 K whel; pressure reaches 51  GPa This 
111ea11s that. n.hile further compressing silica 

There is no substalltial discontinuity 111 the 
1-olume of the SiO, polymor~~lls at the t'ansit~on 
pressure (Fig. 1. and Table 2 ) .  nhich i~lclicates 
that the x olume difference betxx een stishol ite 
and CaClz-ope SiO, is either lleglig~ble or 

the Rietveld method. n.hic11 compares the ex- 
penmental and modeled intensities of Bragg 
lines. There are one or hxo parameters for 
detem~ining the osqgen positio~l in stishov~te 
(7.. s. 0)  or CaC1,-type SiO, (r. J,. 0). respec- 

at room temperature ( Te,p) abo\-e 54 GPa, \ve 
Increase the gap betneen the esperimental 

belo\\- the esperi~nental resolutioll of -2 per 
mil. This resolution also corresponds to an im- 

ti\-el>. The calculatiolls collverged to atomic 
pos~tions (Table 1) that agreed betneea exper- 
imental and calculated feahlres (see Fig. 2). 
n-it11 standard de\ ia t~o~ls  behveen 0.7 mld 1.5 
and betneen 3 and 7O.b for the X' and R(F2)  

and critical temperatures [the gap 1s (TL - 
Te,,,)]. For such a second-order transitioa. an 
Increase in i Tc - Tz,I,) explains the Increase of 

precis1011 in the integrated transition energy of 
-1.5 kJ mol ( P 1 l ~ , , O , )  (1.. nlolar ~o lume) .  
This imprecision is h~gher than energies that are 
collmonlq encountered in Landau-t)pe transi- 
tions in\jol\-ing octahedral rotations. n-hich are 
usually hu~ldrcds ofjoules per mole ( 2 4 ) .  Thus. 
a xolume  ariat ti on belo\\- our resolution can 
balance the integrated loss of fiee energy that is 

parameters, respectively \Ve obser~ ed a slight 
preferred orientation an-ay fi'om the c axis for 
both SiOZ polymor~~lls. \Ye obtained a better 
agreement behxeen the calculated and experi- 
mental features by cons~dering a thern~al pa- 

Table 3. EOS data for sil~ca and SiO, octahedra. 
Errors are estimated to be 1 CPa, 0.05, and 0.005 
A3 for Kc,  K ' ,  and V,, respectively. 

related to the formation of the lower entropy 
CaCI, f o m ~  of SiO,. 

\i'.e calculated T arious third-order Bircll- 

rameter for silicon that n a s  about hx ice that for 
0x1 gen. 

In tile stability field of stishovite. we first 
note the higher compression of the polar Si-0 
bond in comparison with the equatorial bond 
(Figs. 1 and 5A), nhich is co~lsiste~lt with the 
single-crystal difkaction measurements by 
Ross er ill. (20)  and nit11 the calculatio~ls by 
Karki et (11. ( 7). At about the ~aas i t i oa  pressure 
(51. GPaj behveen st~sho\.ite and CaC1,-type 
SiO,. the polar Si-0 bond becomes sho~ter 

! ,  P",ax K O  

(GPa) (CPa) (CPa) K 

Stishovite 

306 
15 313 4' 
532  291 4.29 

CaC1,-type silica 
120 282 429 f  

Silica 

120 289 4.41 
120 291 4.29t 

SiO, octahedra 

53.2 319 3 3 2  
53.2 303 4' 

120;: 312 4.95 
120: 346 4 

Llur~~aghan equations of state for the different 
sections of the compression culye (Table 3 ). In 
the exper~mental accuracq. there is no signifi- 
cant EOS \-ariati011 n-hen co~lsidelillg pressures 
up to 53.2 or 120 GPa. \Ye therefore propose 
the same EOS for the high-press~~re s~lica f o ~ u ~ s  
fiom 1 bar to 120 GPa. ~ i t h  the zero-pressure 
bulk modulus I<(, = 391 x 1 GPa. the first 
pressure dern atlve of the bullc modulus I<' = 

iilCdP = 1.29 x 0.05. and the unit cell \.olume 
of stishov~te in staadard cond~tions 1 ; i  = 

46.629 -t 5 A'. Looking at ~ l l i~ lor  effects. \ \e 
note that a slightly Ion-er bulk modulus (I<,,, = 

282 k 1 GPa: I<' = 1.29 fixed) is associated 
^Bri l louin scattering measurements (25). A l l  o ther  calcu- \\ itll a bliglltly larger roolll volume. 
lat lons are v ~ t h  t he  lev!-pressure single-crystal diffraction 
data (20, -ExDerlmental data when considering the experimental data for the 

\ ,  

15 and 63 CPa were excluded. CaU, form of 50, only (Table 3).  

Table 4. Oxygen coordinates up to 120 GPa and data for Si-0, 0 - 0 ,  and VOcta. 

1 5 5  - -  - ~- 
: 283 .: 583 $83 1:,3 '283 

Pressure (GPa) 

P (GPa) x axis y axis SiO (2, A) SiO (4, A) v c,,Z (A3) 0-0 , l ,q (A) 

Single-ciystal x-ray diffraction (20) 

1.8130 1.7560 
1.8016 1.7554 
1.8000 1.7512 
1.7873 1.7458 
1.7829 1.7428 
1.7721 1.7383 

Powder Rietveld refinement (this study) 

1.724 1.692 
1.721 1.688 
1.697 1.703 

0.323 1.699 1.692 
0.323 1.695 1.688 
0.321 1.680 1.690 
0.324 1.682 1.677 
0.320 1.676 1.670 
0.31 7 1.649 1.682 
0.31 7 1.649 1.675 
0.31 1 1.616 1.691 
0.322 1.642 1.671 
0.325 1.648 1.664 
0.323 1.650 1.658 
0.31 5 1.613 1.674 
0.312 1.593 1.684 
0.313 1.605 1.670 

1.819 1.751 

" . -  < , -  ---- 

: 20 40 30 6: i:0 120  

Pressure (GPa) 

Fig. 5. The occurrence of the CaCl -type stisho- 
vite distortion is associated w i th  (A) a progres- 
sive inversion of the shortest Si-0 distance 
f rom equatorial (triangles) t o  polar bonds (cir- 
cles) and (B) a change in compression of the 
shortest 0-0 bond distance (circles), allowing 
all the shortest 0-0 bond distances t o  evolve 
toward a similar value of -2.25 t o  2.30 A for 
the highest pressures and resulting in a more 
symmetrical oxygen sublattice. Squares, stisho- 
vite; triangles, CaC1,-form 0-0 bonds. 

www.sciencemag.org SCIENCE V O L  282 23 OCTOBER 1998 723 



R E P O R T S 

than the equatorial bond. We also note a change 
in the pressure evolution of the shortest 0 - 0 
distance above the transition pressure (Fig. 5B). 
In the CaCl2 structure, the compression occurs 
without a further decrease of this short 0 - 0 
distance, but instead, the 0 - 0 first distances 
evolve toward a comparable value (that is, the 
oxygen sublattice becomes more symmetrical). 

The modification of the a and b cell param
eters above 54 GPa is achieved by a rapid 
rotation of the Si06 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 
CaCl2 forms of Si02 (Table 3). Our results are 
compatible with an integrated octahedral vol
ume variation of about +1% between stishovite 
and CaCl2-type Si02 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 Si06 com
pression is high and that the octahedral volume 
relaxes in the CaCl2 form of Si02. We thus 
propose that, when it adopts the mmm point 
group, the ideal Si06 octahedral K0 is that 
calculated for the CaCl2 form of Si02 (K0 = 
311 ± \\K' = 4.95 ± 0.05). 

The integrated 1% volume variation of Si06 

octahedra (AJ^cta) corresponds to a compres
sion work of —35 kj (PAJ^cta), 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 Si06 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 (a -
b)/a- order parameter, there might be an entro
py gain that is related to the achievement of a 
more symmetrical oxygen sublattice (Fig. 5B). 

We observed a continuous increase of the 
Si02 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 MgSi03 

(V0 = 162.6 A3, K0 = 256 GPa, and K! = 4) 
(17) and MgO (VQ = 74.70 A3, K0 = 167 GPa, 
and K' = 4.5) (75). We calculated that the AK 
value that is related to the MgSi03 -» MgO + 
Si02 breakdown reaction is positive at all pres
sures. At 300 K, A V 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 

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 > an excess of 
magnesiowustite (Mg,Fe)0 ib thought to be 
present in the lower mantle. 
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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 (1, 2, 

Thermodynamics of Calcite 
Growth: Baseline for 

Understanding Biomineral 
Formation 

H. Henry Teng, Patricia M. Dove,* Christine A. Orme, 
James J. 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. 
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