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pressure and temperature with three adjust- 

Elastic Moduli of Wadsleyite able at room parameters: conditions; L, and dLldP G,, the and elastic dGlrlP, moduli the 

(P-Mg,SiO,) to  7 Gigapascals pressure derivatives at constant temperature; 
and dLidT and dGldT, the temperature deriv- 

and 873 Kelvin 
atives at constant pressure. Data collected 
under cold compression and during heating at 
low temperatures (<573 K) were not used 

Baosheng Li,* Robert C. Liebermann, Donald J. Weidner because nonhydrostatic stresses were gener- 
ated by the NaCl pressure medium under 

Simultaneous sound velocity measurements and x-ray diffraction studies were these conditions. When we fit the longitudi- 
made on wadsleyite (P-Mg,SiO,) t o  7 gigapascals and 873 kelvin. The calculated nal and shear moduli data above 573 K we 
adiabatic bulk (K) and shear (C) moduli yield K (at room conditions) = 172(2) obtain Lo = 322(4) GPa, clL/clP = 6.3(2), and 
gigapascals, dKldP = 4.2(1), and dKldT = -0.012(1) gigapascals per kelvin, and clLldT = -0.034(1) GPaK, and Go = 113(1) 
C (at room conditions) = 113(1) gigapascals, dCldP = 1.5(1), and dCldT GPa, dGIdP = 1.5(1), and dGldT = -0.017(1) 
= -0.01 7(1) gigapascals per kelvin, respectively. The data imply that the P and GPaK, respectively (Fig. 2, A and B). The 
S wave velocity contrasts between olivine and wadsleyite require an olivine corresponding results for the bulk modulus are 
amount of 38 t o  39 percent in the upper mantle t o  satisfy the observed KO = 172(1) GPa, dKldP = 4.2(1), and rNC; 
410-kilometer discontinuity, but 55 t o  60 percent t o  account for the velocity dT = -0.012(1) GPaK. The values of KO and 
increase through the transition zone. Go are within 2% of the Hashin-Shtrikman 

average of the single-clystal elastic moduli 
The velocity increases associated with the sity p = 3.470 gicm3, 0.2% porosity). Bench- (17), whereas dKldP and dGldP are in good 
phase transformation of olivine to wadsleyite top velocity measurements yielded l/, = agreement with those measured by the same 
(6  phase) can be used to infer the proportion 9.63(3) W s  and l/, = 5.67(2) W s  (the value ultrasonic techniques to 12 GPa at room tem- 
of olivine in Earth's upper mantle by com- in parentheses is the standard error in the last perature on a comparable sample (12) and sin- 
parison with the measured 410-km seismic digit), which are within 1% of the Hashin- gle-crystal data from Brillouin scattering spec- 
discontinuity in the mantle. However, be- Shtrikman average from the single-clystal data troscopy (13). 
cause of the lack of experimental data for the (1 7). The experiments were conducted along a Our experimental measurements of CIKI 
elastic propelties of these phases at the pres- series of heating and cooling cycles at different dT  and dGIdT for wadsleyite, together with 
sure and temperature conditions of the tran- pressures, thereby providing a dense coverage previous data for olivine (TvIgFe),SiO,, al- 
sition zone, the olivine content in the upper to a pressure of 7 GPa and a temperature of 873 lowed us to calculate the elastic wave ve- 
mantle has been in debate (1-7). K (Fig. 1, A and B). At the same pressure and locities of olivine and wadsleyite at the 

Acoustic measurements for olivine are temperature conditions, energy-dispersive x-ray pressure and temperature conditions of the 
available for temperatures up to 1700 K at room diffraction spectra were collected for both the 4 10-km discontinuity. The calculation was 
pressure (8) and for transition zone pressures sample and NaC1, yielding direct determina- performed along a 1673 K adiabat with the 
above 10 GPa at room temperature for both tions of the sample volume and the cell pressure Eulerian finite strain approach (4).  The 
olivine (9-11) and wadsleyite (12, 13). Elastic- (16). The density and length of the sample are velocity contrast between these two phases, 
ity studies at high temperatures for wadsleyite obtained from the obsel~ed sample volume (Vp-  Ve)/l/a, reaches 11.7 and 12.1% at 
had only been possible through static compres- (18). The P and S wave velocities and the 410-km depth for P and S waves, respec- 
sion experiments that provide indirect determi- associated elastic moduli were calculated for all tively. If other mineral phases make no 
nations of the bulk modulus (14, 15); no data pressure and temperature conditions (Fig. 2, A contribution to this discontinuity, we infer 
have been available for the temperature depen- and B). an olivine content of 38 to 39% for the 
dence of the wadsleyite shear modulus. Conse- We treated the longitudinal (L) and shear upper mantle to satisfy seismic jumps of 
quently, estimates of the olivine content of the (G) moduli data as linear functions of both 4.6% (19, 20). 
upper mantle based on analysis of the seismic 
discontinuity at 4 10-krn depth have ranged 
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from 27 to 65% (3-6, 10, 11). Here we report 0.208 

data obtained for pressures up to 7 GPa and 
0.206'L.,, temperatures up to 873 K. 

We incorporated ultrasonic techniques for 
use in a DIA-type, cubic-anvil apparatus (SAM 0 0.204 
85) installed on the superconducting wiggler 3 
beamline (X17B) at the National Synchrotron E 0.202 

Light Source (NSLS) of the Brookhaven Na- 
tional Laboratory (16). We conducted travel F 0.200 e 
time measurements of P and S waves for a + 

polycrystallii~e wadsleyite specimen (bulk den- 0.198 

0.196 
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In Fig. 3, we compare the velocity-depth 
profiles to 660-km depth for a pyrolite com- 
positional model with seismic results using 
our data for wadsleyite and published data for 
the olivine, pyroxene, inajoritic garnet, and 
ringwoodite phases (4, 8, 10, 15, 21-23). For 
depths in the upper mantle below 200 km (for 
which an adiabatic geotherm applies), the 
pyrolite model velocities agree with the seis- 
mic data both in absolute values and gradi- 
ents. In the transition zone, the pyrolite inodel 
has larger jumps at 410 Ian but smaller gra- 
dients between 410 and 660 km than the 
body-wave models from synthetic wavefornl 
analyses (24) .  Consequently, the pyrolite 
model'and the seismic profiles converge at 
the bottom of the transition zone just above 
the 660-km discontinuitv. Comvositional 
models with less olivine than pyrolite might 
satisfy the 410-lun discontinuity [see, for ex- 
ample, (lo)], but they will predict velocities 

that are too slow at the base of the transition 
zone. 

Seismic impedance contrast also gives a 
direct measure of the magnitude of the veloc- 
ity jump across the 410-lun discontiiluity 
(25). Gaherty and co-workers have constmct- 
ed velocity models for the olivine plus wad- 
sleyite mixed phase and calculated the asso- 
ciated impedance contrast, concluding that a 
pyrolite olivine content matches the seismic 
observations very we11 (26) .  

Thus, there is a dilemma in attempting to 
draw compositional inferences about Earth's 
upper mantle and transition zone from com- 
parison of mineral physics and seismic mod- 
els. Could the apparent mismatch of pyrolite 
and the seismic models in the transition zone 
be due to incorrect parameterization of the 
seismic waveform inversions (27)? Are there 
unknown high-pressure phases not accounted 
for in the mineral physics modeling? What is 
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Fig. 2. Comparison of the experimental measurements (open squares) and the calculated values of 
the longitudinal modulus L (A) and the shear modulus G (B) of wadsleyite by fitting G and L as linear 
functions of both pressure and temperature. The fitted Lo value agrees well with the measurement 
at zero pressure and room temperature, but the fitted Go value is slightly higher than the measured 
one. It might be a result of oriented microcracks that give rise to low S wave velocity at room 
conditions, but that are closed at high pressures. 

Fig. 3. Comparison of the 
P and 5 wave velocities 
for a pyrolite model with 
seismic velocity-depth pro- 
files GCA, 525, TNA, and 
SNA given in (25). The ve- 
locities for olivine, ortho- 
pyroxene, clinopyroxene, 
and pyrope were calculated 
along a 1673 K adiabat by 
using a Eulerian finite strain 
approach (4). We obtained 
the velocities of a pyrolite 
model using the Hashin- 
Shtrikman average for a 
mineralogical assemblage 
of olivine (57%), orthopy- 
roxene (17%), clinopyrox- 
ene (12%), and pyrope 
(14%) and using elasticity 
data of this study and pre- 
viously published data (4, 
72, 23, 24). 
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the effect of Fe partitioning on the elasticity 
calculations? These questions must be an- 
swered before we can conclude the MgISi 
ratio on the basis of the magnitude of the 
41 0-km discontinuity. 
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sphere apparatus at pressures above 24 GPa 
and at temperatures around 1700 K: for run 

Velocities of MgSiO, Perovskite durations between 0.5 and 3 hours. By mod- 
ifying the existing 10-mm octahedral cell as- 
sembly (1 0) to maximize the sample volume 

a t . 8  CPa and 800 K and Lower and to produce minimal temperature gradi- 

Mantle Composition 
Yegor D. Sinelnikov," Ganglin Chen, Daniel R. Neuville, 

Michael T. Vaughan. Robert C. Liebermann 

Ultrasonic interferometric measurements of the shear elastic properties of 
MgSiO, perovskite were conducted on three polycrystalline specimens at con- 
d i t i o n s ~ ~  to pressures of 8 gigapascals and temperatures of 800 kelvin. The 
acoustic measurements produced the pressure (P) and temperature (T) deriv- 
atives of the shear modulus (G), namely (dG/dP), = 1.8 i- 0.4 and (dG/dT), = 

-2.9 ? 0.3 X l op2  gigapascals per kelvin. Combining these derivatives with 
the derivatives that were measured forthe bulk modulus and thermal expansion 
of MgSiO, perovskite provided data that suggest lower mantle compositions 
between pyrolite and C1 carbonaceous chondrite and a lower mantle potential 
temperature of 1500 i 200 kelvin. 

Experimental and theoretical efforts have fo- 
cused on determining the elastic behavior of 
(Mg,Fe)SiO, perovskite, the most abundant 
mineral in Earth's lower mantle, because its 
physical properties constrain the chemical 
composition and rheology of the lower man- 
tle (1-4). Experimental and theoretical skid- 
ies of the ambient elastic moduli indicate that 
MgSiO, perovskite has an anoinalously high 
shear ~nodulus G, which requires a large tem- 
perature derivative of G to satisfy seismic 
velocities in the lower mantle with reasonable 
petrological models (5, 6). 

In the absence of sufficiently large speci- 
mens for acoustic techniques, static compres- 
sion studies have been employed to deter- 
mine the isothermal bulk modulus KT, the 
pressure and temperature derivatives of KT, 
and thermal expansion a for silicate perov- 
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skite. Discrepancies in a and (dKTIdT), re- 
sulted in different lower mantle bulk compo- 
sitions. The lower values of a and (dKTi 
dT),l (7) favor a chemically uniform mantle 
with a composition similar to pyrolite (8 )  
[Si/(Mg + Fe) = 0.691, whereas analyses 
based on the higher values of a and (dKTl 
dT),l (9) favor a hotter; heterogeneous lower 
mantle that is enriched in silica [Si/(Mg + 
Fe) - 11. To determine which model might 
be more realistic, we measured the pressure 
and temperature dependence of G of MgSiO, 
perovskite, which allows us to constrain the 
possible temperature and chemical composi- 
tion of the lower mantle more precisely. 

Polyc~ystalli~le samples of MgSiO, pe- 
rovskite were synthesized in a uniaxial split- 

Table 1. Density p, G, and t he  derivatives of  C f r om 
o f  MgSiO, perovskite. 

ents: we were able to recover cylindrical 
specimens that were -1.5 min in diameter 
and thickness, suitable for ultrasonic experi- 
ments with bulk densities within 2% of the 
single-crystal x-ray values (Table 1). 

Monochromatic x-ray diffraction spectra 
from the polished tops and bottoms of the 
cylinders contained only perovskite peaks 
(11). Each sample was thoroughly examined 
from the ends and sides of the cylinders with 
microfocus Rainan spectroscopy (IZ), and 
the best three samples of stiucturally pure, 
polycrystalline perovskites were chosen for 
subsequent high-pressure acoustic experi- 
ments. After polishing the cylinders under 
liquid nitrogen cooling, we performed acous- 
tic tests at high pressures to confirm that the 
propagation of 20- to 70-MHz signals was 
possible tllrough the samples. 

With a recently developed technique (13),  
ultrasonic interferometric measurements of 
the shear elastic properties of the three sam- 
ples were performed over a range of pressure 
and temperature (Fig. 1). The experimental 
paths consisted of initial compression at room 
temperature followed by a series of heating 
and cooling cycles as pressure was slowly 
decreased. The in situ acoustic and x-ray 
diffraction measurements were performed si- 
multaneously at high pressure and at high 
temperature. 

At each pressure and temperature for which 
travel times (14) were measured, energy-disper- 
sive x-ray diffraction patterns from the sample 
and from the NaC1-confining media were col- 

ultrasonic measurements o f  polycrystall ine samples 

Data source 

Sample 2997 4.03(2) 175(12) 1.8(1) 3.0(1) 
Sample 3020 4.06(2) 176(5) 1.9(3) 2.9(2) 
Sample 3081 4.10(2) 174(7) 1.8(4) 2.8(3) 
Other  studies 4.107* 177(4)7 1.6-2.21 2.0-3.5s 

*MgSiO, x-ray density from Joint Commission on Powder Diffraction Standards card 341216. tMgSi0, single- 
crystal Brillouin-scattering measurements (6). :Elasticity systematics of dGldP versus K,IC for MgSiO, perovskite 

(15). $Temperature-averaged irG1;iT values of h e  lower mantle (5). 
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