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Sound velocities of five minerals to mantle pressures determined
by the sideband fluorescence method

A. CHOPELAS,H. J. REICHMANN,I and L. ZHANd
Max Planck Institut fur Chemie, Postfach 3060, 55020 Mainz, Germany

Abstract-Sound velocities determined from acoustic modes measured in the chromium sideband
fluorescence of MgO to 37 GPa, MgAl204 to 11 GPa, Alz03 to 62 GPa, YAG to 58 GPa, and pyrope
to 52 GPa are presented. The pressure derivatives of the bulk and shear moduli obtained from our
velocity measurements are in excellent agreement with those obtained from lower pressure ultrasonic
measurements. Both shear and compressional velocities are linear with volume for all materials
unless a phase change or change in compressional mechanism occurred. Such changes were observed
for MgAlz04 and pyrope at 11 and 28 GPa, respectively. The velocity-volume slope is different for
all materials but is smaller for minerals containing significant proportions of alumina, particularly
for the shear velocity. A linear velocity-volume relationship means that the elastic or anharmonic
contribution to the geophysically important parameter (a In pia In v)p, where p is the density and
v is a sound velocity, must increase with depth.

INTRODUCTION

IN 1992, A new method for measuring sound veloc-
ities from fluorescence spectra to very high pres-
sures in the diamond anvil cell was introduced
(CHOPELAS, 1992). In that paper, sound velocities
of MgO were obtained to 22 GPa which were later
extended to 36 GPa (CHOPELAS, 1996). This
method has been successfully tested on other ox-
ides, namely AI203 (alumina) to 63 GPa (ZHANG
and CHOPELAS,1994) and MgAb04 (spinel) to 11
GPa (CHOPELAS, 1996). The precision of this
method approaches that of ultrasonic techniques
but allows measurements to much higher pressures.
Both bulk and shear moduli calculated from the
sound velocities determined by the sideband fluo-
rescence method were in excellent agreement with
those obtained by ultrasonic measurements to
lower pressures.

The method consists of monitoring the acoustic
modes found in the vibrational sidebands of a fluo-
rescing cation doped into the host lattice. The
method requires that a fluorescing transition metal
cation with 3 d electrons, e.g., Mn4+, Cr'", or V2+,
be doped into the lattice at an octahedral site; for
all five minerals presented in this article, CrH was
used. The d to d transition that creates the very
sharp fluorescence is the 2Eg -> 4A2g transition,
which is spin, symmetry, and orbitally forbidden
(see CHOPELAS, 1996, for a discussion). This very
sharp electronic transition is vibrationally assisted
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by uneven or odd parity vibrations of the host lat-
tice because it relaxes the symmetry forbidden se-
lection rule. For Cr3+ cations, both Tlu and T2u

lattice phonons irrespective of their location in the
Brillouin zone appear in the spectrum. These lattice
phonons, which include the acoustic modes, appear
as 'sidebands' on the low and high energy sides of
the sharp electronic transition at an energy removed
from the pure electronic or no phonon line corre-
sponding to the energy of the phonon.

This sideband method has several advantages
over the more conventional methods, such as ultra-
sonic techniques, Brillouin scattering, or the newer
impulse stimulated scattering technique. The ex-
perimental requirements are very simple, requiring
only a laser, diamond cell, and single monochroma-
tor with a photomultiplier tube. Since the orienta-
tion of the sample in the cell does not affect the
results, an irregularly shaped chip in any quasi-
hydrostatic pressure medium suffices. The signal
is strong and does not degrade, even at high pres-
sures, so that very small samples can be used, thus
making it easily possible to measure velocities to
lower mantle pressures. The measured acoustic
modes are spherically averaged which provides a
means to directly determine spherically averaged
velocities (discussed later). High symmetry miner-
als are easiest to analyze. The velocity measure-
ments by the fluorescence method are made typi-
cally with uncertainties of 0.3 to 0.5%, compared
to the slightly smaller uncertainties of 0.1 % for
ultrasonic techniques. There are also some disad-
vantages: the inability of this method to determine
individual elastic constants, the interpretation of
the sidebands may be ambiguous especially in
lower symmetry compounds, temperatures are lim-
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ited to a few (three to four) hundred degrees above
ambient, and the introduction of small quantities
of iron « 1%) into a mineral suppresses the
fIuorescence.

In this article, we present the pressure depen-
dence of the sound velocities of five of the eight
minerals measured by the sideband method in our
laboratory. We show that the sound velocities for
these five minerals are linear versus volume to
compressions as low as 0.8, as long as the mineral
does not undergo any phase changes, even for the
more complex garnet structure, which does not
compress isotropically. We also show that the
velocity-volume dependence is much smaller for
those minerals containing alumina, particularly for
the shear velocities and that the linear velocity-
volume relationship requires that (0 In p/o In vh
increase with increasing pressure. The geophysical
implications of this result are discussed.

EXPERIMENTAL DETAILS

Fundamentally, the experimental techniques for all five
minerals were similar, the mineral was confined in a gas-
keted diamond anvil cell with ruby for pressure calibration
and a quasi-hydrostatic pressure medium, either a metha-
nol:ethanol mixture (to 20 GPa) or argon. All minerals
except the MgAl204 sample were synthesized with small
quantities of Cr3+; typically about 0.1 %. The composition
of the natural MgAl204 sample has been previously re-
ported (CHOPELASand HOFMEISTER,1991). In the experi-
ments over 20 GPa with MgO and A1203, the samples
were heated with a CO2 laser until the surrounding argon
was molten, thus providing a truly hydrostatic environ-
ment for these samples to the highest pressures of these
respective studies. The experiments on spinel and garnet
could not be conducted this way because these materials
undergo phase changes above 20 GPa. Pressures were
measured before and after recording the sample spectra;
maximum differences observed did not exceed 1% of
the confining pressure. The fluorescence spectra of all
minerals were excited with a few mW of either the 488.0-
or 514.5-nm line of an argon laser, which was kept to the
minimum power needed in order to avoid heating the
sample due to light absorption. No peak broadening or
shifting due to heating was observed. The laser light en-
tered the diamond cell at an incident angle of approxi-
mately 25° and was focused to approximately 10-µm di-
ameter in the sample. The signal was collected in a back-
scattering geometry with an fl2 lens and focused into the
analyzing monochromator, either a double or single (used
in the YAGexperiments), which were equipped with pho-
ton counting detection systems. Typical spectral resolu-
tion was I cm -I. All spectra were recorded in a climate
controlled environment, with temperatures typically 293
± I K, in order to prevent drift in monochromator
calibration.

SPECTROSCOPY

In conventional vibrational spectroscopy, i.e.,
Raman and infrared spectroscopy, the vibrational

modes that appear in the spectrum must be very
near the Brillouin zone center, where the acoustic
modes are zero, because the process that allows
the mode to appear in the spectrum depends on the
direct interaction of light with the vibrational
mode, requiring the wave vector of the phonon to
match that of the light. In fluorescence spectro-
scopy, it is the interaction of light with the elec-
tronic transition and not the vibration that creates
the spectrum, thus eliminating the Brillouin zone
restriction. The selection rules for determining the
presence of a vibrational mode in a sideband spec-
trum requires that the vibration not have inversion
symmetry, i.e., that it is of odd parity. For Cr3+,
'both T1u and T2u vibrations, including the acoustic
modes, appear in the sidebands irrespective of their
location in the Brillouin zone. If the modes in the
sidebands were restricted to one point in the Bril-
louin zone, sharp peaks as found in Raman spectra
would be found instead of the broad and sometimes
diffuse peaks found in the sidebands (illustrated for
all five minerals in Fig. 1). The Cr3+ fluorescence
spectrum in a host crystal at a six-fold coordinated
site consists of a sharp central 'no-phonon' line
onto which the vibrational modes are symmetri-
cally superimposed (see Fig. 1). The intensity of
the sidebands on the high energy or anti-Stokes
side of the spectrum is dependent on temperature
similar to the anti-Stokes Raman spectra; the num-
ber of modes excited at a given frequency is given
by the Boltzmann distribution function. The vibra-
tional energy of the phonon equals its energy sepa-
ration from the central peak. There is usually more
than one sharp peak near the central peak, which
is either due to the lifting of the degeneracy of the
d-orbitals because the six-fold site is not perfectly
cubic (Ry line) or the local lowering of site symme-
try caused by the substitution of a trivalent cation
impurity for a divalent host crystal cation (N-lines)
requiring some nearby cation vacancies for charge
compensation. The wavelengths of the electronic
transition of interest in Cr'" range from about 685
to 700 nm.

The sidebands are representative of the phonons
of the unperturbed lattice because the frequencies
of the sidebands are not measurably affected by
the presence of the impurity by the comparison of
the sideband frequencies in MgO:Mn4+, CrH, or
y2+ (GLASS and SEARLE, 1967; CHOPELAS, 1996)
to those measured by inelastic neutron scattering
(SANGSTERet al., 1970). Furthermore, comparison
of the pressure dependence of the Raman and infra-
red modes to the pressure dependence of the side-
band modes in MgAlz04 revealed identical behav-
ior for both types of phonon data (CHOPELASand
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FIG. 1. The l-atm fluorescence spectra of CrH doped
in the five minerals of this study. The RI lines are set to
zero to facilitate the comparison of the phonons of the
various materials. The central peaks for these minerals
are as follows: MgO-699,2 nm; MgAI204-685.5 nm;
Alz03-694.3 nm; YAG-688.8 nm; and pyrope-698.9
nm. The R2 lines for YAGand pyrope are well resolved
and indicated in the figure, The sharp lines on the Stokes
side of the central line in the MgAlz04 and Al203 spectra
are N-lines and are indicated by asterisks. The Alz03
vibrational sidebands are significantly weaker relative to
the R lines at one atm so the spectrum is magnified by a
factor of 10 to enhance the sidebands,

HOFMEISTER,1991). Substitution of different impu-
rity species affect the symmetries of the vibrations
appearing in the sideband and hence intensities of
the modes may vary. For example, the substitution
of y2+ in MgO changes the appearance of the side-
bands dramatically because the T1u symmetry
modes are strongly preferred over the T2u modes
(CHOPELASand NICOL, 1982) but the positions of
the modes are not shifted from those found in CrH
doped MgO (CHOPELAS, 1996).

In order to obtain the sound velocities from the

sideband spectra, the transverse and longitudinal
acoustic modes need to be distinguished from the
optical modes. Fortunately, the frequencies of the
sideband modes closely correspond to those found
in inelastic neutron scattering studies for MgO
(SANGSTER et al., 1970), Al203 (KAPpus, 1975),
and MgAl204 (THOMP~ONand GRIMES, 1978) mak-
ing assignment of the acoustic modes in the side-
bands relatively straightforward. For the garnets,
however, the large number of atoms in the unit cell
means there are a large number of vibrations to
be accounted for, complicating the acoustic mode
assignment. Furthermore, two-phonon features
may also appear in the sidebands although this
doesn't seem to be the case for the other three
compounds. There are other factors that can aid in
distinguishing the acoustic modes from the optic
aside from the fact that the acoustic modes are
expected to be among the lowest in frequency in
the spectrum. (1.) High pressure behavior can be
used, In MgO, Al203 and MgAI204, the acoustic
modes have much larger magnitude second pres-
sure derivatives than the optic modes (CHOPELAS
and HOFMEISTER, 1991; CHOPELAS, 1992; ZHANG
and CHOPELAS, 1994; CHOPELAS, 1996). (2.) Pro-
cess of elimination can be used. For example, in
MgAI204' nearly all the optic modes in the side-
bands could be accounted for by the infrared and
Raman active modes, leaving the selection of the
acoustic modes straightforward. (3.) Finally, the
acoustic mode results can be verified with the low
pressure sound velocity data from ultrasonic stud-
ies. In the MgO, A1203, and MgAl204 studies, us-
ing any of the optic modes for determining the
velocities at high pressure did not yield results that
even approached those found in ultrasonic studies.

SOUND VELOCITIES

The sound velocities of a mineral are related to
the slope of the dispersion curves near the Brillouin
zone center, dw/dk where w is the mode frequency
and k is the wavevector (= 21'Ja, where a is the
lattice constant). However, the measured frequen-
cies, or the peak in the fluorescence spectrum, are
near values that one expects at the Brillouin zone
edge. It is again emphasized that the appearance
of a phonon in the sideband has little to do with
Brillouin zone location but is only governed by
its symmetry. Indeed, in examining the sideband
spectrum of MgO (Fig. 1), we see that the trans-
verse acoustic mode at 270 cm " is very broad with
intensity down to 0 ern -I, which is the frequency
of the acoustic mode at the zone center. Therefore,
this spectral feature obtains intensity from phonons
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throughout Brillouin zone, i.e., from the center to
the edge,

In order to extract sound velocity information
from the frequencies in the spectra, we need to
determine how this frequency relates to velocity.
The simplest method to illustrate this is to use a
simple diatomic I-dimensional ' 'lattice". The pho-
non frequencies of this' 'lattice" can be easily ob-
tained in terms of the elastic constant C between
atoms and the masses of the heavy and light atoms,
m, and m2, respectively, by solving the equation
of motion. For small values of k (e.g., Chapter 4
in KITTEL, 1976), the acoustic frequencies are

and at maximum k, the acoustic frequencies are

To determine the relationship between the slope of
the acoustic mode dispersion curve at the zone cen-
ter to an observed frequency at the zone edge, a
linear extrapolation of the slope to the zone edge
yields

~
WD = X 7r (3)

2

where the subscript D refers to the Debye fre-
quency, which is the frequency at the zone edge
with a linear dispersion curve. The ratio of the
slope to the zone edge frequency is

slope= ~X!!:
W Vm/ + m: 2

The ratio in Eqn. 4 above is an expression of con-
stants and suggests that the velocity must be pro-
portional to the measured frequency as expected
for a continuous elastic medium.

vcxwXa

Aside from the measured frequencies w, this
method requires the lattice constant versus pressure
and the zero pressure sound velocities, which have
both been measured for a great number of materi-
als. Equation 5 implies that it is immaterial what
the exact function is for the acoustic dispersion
curve except that it must not change general form
during compression. Because all of the materials
under consideration are oxides, it is not expected
that the acoustic dispersion curves will be irregu-
larly shaped. In fact, the available inelastic neutron
scattering data for MgO (SANGSTERet al., 1970),

(1)

Ab03 (Kxrrus, 1975), and MgAl204 (THOMPSON
and GRIMES, 1978) show that for all three com-
pounds the acoustic mode dispersion curves are
nearly sinusoidal.

This simple one-dimensional model might sug-
gest that the acoustic mode frequencies that we
measured are directional and not spherically aver-
aged. However, it has been recently shown for
MgO and MgAlz04 that the acoustic modes in these
materials do, in fact, yield spherically average ve-
locities by comparison of the directional velocity
information provided by ultrasonic data to those
from our experiments (see Fig. 2ab) (CHOPELAS,
1996). The sideband frequencies are compared to
frequencies calculated from directional velocities
using w = wo(v/vo)(ao/a), where the variables with
the subscript zero represent values at one atm. The
spherically averaged velocities from the ultrasonic
studies compare very well with the sideband fre-
quency measurements. This same test for the two
garnets and Al203 yields similar results as for MgO
and MgAI204, although not quite as decisively,
because (1) the ultrasonic data for YAG(YOGURTCU
et al., 1980) and Ab03 (GIESKEand BARSCH, 1968)
are only to very low pressures, thus extrapolation
to over 50 GPa for comparison have very large
uncertainties, and (2) the ultrasonic (WEBB, 1989)
and impulse stimulated scattering (CHAI et al.,
1993) data for pyrope are for substantially different
compositions.

(2)

VELOCITY RESULTS

(4)

The primary plots of sideband spectra at various
pressures and frequency versus pressure for MgO,
MgAlz04, and Al203 have been published (CHO-
PELAS, 1992; ZHANG and CHOPELAS, 1994; CHO-
PELAS, 1996) so only the highlights and results are
shown here for those compounds. The velocity-
pressure and velocity volume relationships for all
materials are listed in Table 1 and the comparison
of the sound velocity of all materials versus pres-
sure to PREMvalues are illustrated in Fig. 3.(5)

For MgO and A1203, no phase transitions or un-
usual phenomena occurred over the pressure ranges
of these studies nor were they expected to occur
(ZHANG and CHOPELAS, 1994; CHOPELAS, 1996).
Above 20 GPa, the samples were heated until the
surrounding argon melted providing a hydrostatic
environment and eliminating the pressure uncer-
tainties due to pressure gradients. The frequencies
and thus the sound velocities calculated using Eqn.
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FIG. 2a. Upper. Comparison of the predicted effect that
the directional shear velocities of MgO at high pressures
would have on the transverse acoustic mode frequency to
the actual frequencies measured at high pressure, The
shear velocity in the 100 direction is calculated from
(C44lp)"Z and in the 110 direction is calculated from
{(ClI-C22)/ 2p} 112. The "directional" frequencies w at
high pressure are then calculated from Wo x (vivo) x (ao/
a), where v are the respective directional velocities, a the
lattice constant and the subscript zero represents the val-
ues at ambient pressure. The elastic constants used for
these calculations are from ultrasonic studies (JACKSON
and NIESLER, 1982; YONEDA, 1990). The intermediate
curve that describes the data well is calculated using the
averaged elastic moduli from those ultrasonic studies but
with the second derivatives adjusted according to ultra-
high pressure compressional results (DuFFY and AHRENS,
1995).

FIG. 2b. Lower. Comparison of the predicted effect that
the directional shear velocities of MgO at high pressures
would have on the longitudinal acoustic mode frequency
to the actual frequencies measured at high pressure. The
compressional velocity in the 100 direction is calculated
from (ClI/p)"Z and in the 110 direction from {(CII + CI2

+ 2C44)/ 2p} 112. The remaining information from Fig. 2a
applies to this figure,

5 increased monotonically with pressure (see Fig.
3) and followed the trends expected by extrapolat-
ing the low pressure ultrasonic data. Plots of the
velocity versus volume for both materials yielded
straight lines (Fig. 4ab). For A1203, the large num-
ber of optic modes surrounding the longitudinal
acoustic mode rendered it impossible to measure
this mode to high pressures with any confidence
(ZHANG and CHOPELAS, 1994). We were only able
to measure two of the transverse acoustic modes,
which exhibited identical behavior, and obtained a
good constraint on the shear velocity to over 60
GPa. The compressional velocity was calculated
using the well-constrained bulk modulus and its
pressure derivative, the density, and our shear ve-
locity from

40

[
KS 4 J1I2

vp = - + - X i/:
P 3 s

(6)

This method yielded reasonable results (Fig. 3
and 4ab).

MgAI204

For MgAI204, data were taken to 21 GPa (CHO-

PELAS and HOFMEISTER, 1991) but a change in com-
pressional mechanism was observed as a break in
slope for some of the optical modes in the Raman,
infrared, and sideband spectra and as decreases in
frequencies of the acoustic modes. Significant
changes in the sideband fluorescence spectra were
not observed until 19 GPa, where the signal became
significantly weaker and the shape of the sidebands
changed dramatically. Therefore, we report the
sound velocities of MgAI204 to only 11 GPa (CHO-

PELAS, 1996). It is noted here that the shear velocity
does not change with pressure within the uncertain-
ties of the data even though the compressional ve-
locity behaves similarly to that of the other
compounds.

40

YAG

Typical high pressure spectra of YAG {yttrium
aluminum garnet: Y3AI2(AI04)3} are shown in Fig.
5. It is clear that the signal quality or resolution
does not degrade with pressure. It is also noted here
that this sample was not heated at high pressures to
relax the argon matrix but the resolution does not
degrade substantially or suddenly with pressure. In
these experiments, pressures were taken from ruby
chips placed very close to the sample in order to
minimize the uncertainties due to pressure gradi-
ents. The acoustic modes are indicated in Fig. 5 at
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Table 1, Pressure and volume dependence of the sound velocities ofMgO and MgAh04

Pressure Dependence in kmls

v,(P) = v,(O) + (avJaph .p + (a2vJap2) , p2

Volume Dependence in kmls

v, = v,o + {av,/a(VNo)}·(l-VNo)

MgO
v, 6,05(1) + O,0381(13).P _ 3,6(4)-10-4 • p2
vp 9,70(2) + O,0704(20)·P _ 5,6(6)-10-4. p2

MgAh04

v, 5,49(5) + 0,001(1)' P
vp 9,785(11) + 0,047(5) ,P - ° 0010(5)' p2

Ah03
v, 6.41(1) + O,0234(ll)'P _ 1.7(2)'10-4 .p2
vp 10,90(11) + O,0532,P _ 1.9,10-4 .p2

YAG
v, 4,94(2) + O,00484(46),P
vp 8,52(3) + O,0520(26),P _ 3,0(5).10-4 • p2

Pyrope
Vs 5,06(4) + O,0271(22)·P
vp 9,16(4) + O,0572(14)'P

6,05(1) + 6 37(10H1-VNo)
9,69(1)+ 125(2HI-VNo)

5.49(1) + O,l(3)'(1-VNo)
9,79(1) + 8 0(4)·(1-VNo)

6.40(3) + 5,70(13),(1-VNo)
10,87 + 17,2'(1-VNo)

4,97(2) + 1.47(17H1-VNo)
852(1) + 11.3(2),(1-VNo)

5,07(1) + 6,5(5H1-VNo)
9,06(1) + 12,2(6l(l-VNo)

tthis value for pyrope is to 28 GPa; above here the slope changes to 20.1(11) (see fig, 8b)
Note: densities po in g cm-3 and bulk moduli K in GPa of the minerals above are as follows-

MgO: Po=3,583, K=160,5 (JACKsONand NIESLER, 1982); Ah03: Po=3,982, K=253,O (GIESKE
and BARSCH, 1968); MgAl204: Po=3,578, K=195,7 (CHANGand BARSCH, 1973); YAG:
Po=4.550, K=180.3 (YOGURTcuetal., 1980); Pyrope: Po=3,601, K=172,8 (O'NEILLetal.,
1991); MgSi03 perovskite: Po=4,096; K=264,O(WEIDNERet al. 1993)
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FIG. 3. Plot of compressional and shear velocities of
five minerals versus pressure at room temperature, The
data are indicated by the symbols and the fitted functions
are listed in Table 1. The lower mantle PREM (DZIEWONSKI
and ANDERSON, 1981) compressional and shear velocities
at mantle pressure and temperatures are shown for com-
parison. Velocities for perovskite should lie slightly above
those for Al203 at v,o = 6.58 and vpo = 11.1 km/s
(WEIDNER et al., 1993).

194 and 319 cm ". Justifications for these identifi-
cations are: (1) These are the only two modes that
did not correlate to either an infrared or Raman
mode (HURRELL et al., 1968; HOFMEISTER and
CAMPBELL, 1992), (2) the LA mode at 319 cm "
exhibited the largest magnitude second derivative,
and (3) these frequencies yielded high pressure ve-
locities consistent with the available ultrasonic data
(YOGURTCU et al., 1980). Moreover, these frequen-
cies for YAG are very near those found for MgAl204
and are therefore not unreasonable. The pressure
dependencies are shown in Fig. 6a and their veloci-
ties calculated from Eqn. 5 are shown in Fig. 6b,
with the uncertainties indicated in both of these
figures. As in MgAlz04, the shear velocity of YAG

changes very little with pressure. The velocities of
YAG are proportional to volume (Fig. 4ab) to the
highest pressure of this study.

Pyrope

The velocity results for pyrope (Mg3AI2Si3012)
are preliminary but are worth mentioning here be-
cause they are of significant geophysical interest.



Sound velocities at mantle pressures

The sideband spectrum of pyrope (Fig. 1) strongly
resembles that of YAG and the frequencies of most
of the modes correspond well to the positions of
the available infrared and Raman data' (HOFMEIS-
TERand CHOPELAS,1991). As in the case of spinel,
there appears to be a change in compressional
mechanism or phase change at about 28 GPa in
pyrope. First, the slope of the optical mode side-
band at 852 cm-I decreases by about 45% at this
pressure. Second, the resolution of the sideband
spectra decreased suddenly above this pressure
(Fig. 7). Since no Raman measurements exist to
28 GPa, we attempted to measure the Raman spec-
trum of this sample above this pressure but the
inherently weak spectrum allowed us to monitor
only four modes with any confidence. No discern-
ible changes could be detected to 35 GPa. A similar
decrease in resolution of sideband fluorescence
spectra was observed for MgSi03 majorite (CHO-
PELAS, 1991) at 38 GPa where the Raman spectrum
exhibited dramatic changes, with major new peaks
appearing which are characteristic of cubic garnets
and peaks characteristic of the tetragonal structure
disappeared.

A plot of velocity versus pressure from our re-
sults (Fig. 8a) shows that there is excellent agree-
ment with impulse stimulated scattering data on a
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different composrtion pyropic garnet (with 16%
iron in the Mg2+ site) to 22 GPa (CHAI et al., 1993)
and, from this, it appears that these compressional
velocity data can be simply extrapolated to higher
pressures. However, a plot of velocity-versus vol-
ume reveals a break in slope for the velocity vol-
ume function at approximately 28 GPa (Fig. Sb),
the same pressure the resolution of the spectra de-
graded. The transverse acoustic mode could not be
followed with any confidence above this pressure
due to this loss of resolution. The data scatter for
pyrope is significantly higher than for the other
materials so pyrope warrants another set of experi-
ments before these results can be called final.

Pressure derivatives of the elastic moduli

The first and second pressure derivatives of the
bulk and shear moduli can be estimated from the
velocity results here from

Ks = p(v; - % Xv;)

for the adiabatic bulk modulus and

(7)

G = pv; (8)

for the shear modulus. The results for the elastic
moduli versus pressure are fitted to

ShearVelocity
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1.3~ .. Spinel.. AlO

, 3. YAG
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0
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0,75 1 0,701.00 0,95 0,90 0,85 0,80

y/V
0 CMB

FIG,4a, Left. Plot of reduced compressional velocity versus compression. The compression at the
core mantle boundary (CMB) is indicated in the figure. The data are shown as symbols and the
fitted lines are listed in Table I as velocity. The results for pyrope (open diamond) show a increase
in slope at about VNo = 0,9 corresponding to 28 GPa (see Fig, 8b). Reduced volumes were
calculated with a third-order finite strain equation of state (BIRCH,1978) and bulk moduli listed in
the footnote of Table 1 and pressure derivatives listed in Table 2.
FIG. 4b, Right, Plot of reduced shear velocity versus compression. The remaining information

pertaining to Fig. 4a applies to this figure.
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FIG,5, Fluorescence spectrum of chromium-doped YAG
at various pressures. The RI line is set to 0 cm" in order
to emphasize the pressure effect on the sidebands. The
RI line at 688,8 nm shifts at a rate of 0.0385 nrnlGPa.
The acoustic modes are indicated at each pressure. Note
that the quality, intensity and resolution of the sidebands
does not deteriorate even to the highest pressures.
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M(P) = Mo + Mo" P + 1/2 X Me X p2 (9)

where M is the respective modulus. Since the den-
sity is required in the calculation of the moduli,
the density is first calculated from a third order
finite strain equation of state (BIRCH, 1978) with
the zero pressure values of the bulk modulus ob-
tained in ultrasonic studies or volume compres-
sional studies (see Table 1). Then if the pressure
derivative of the bulk modulus obtained here dif-
fered from that used to calculate the density, the
volumes were recalculated with the new pressure
derivative. This process was continued iteratively
until the two results converged. Table 2 shows the
excellent agreement between the low pressure ul-
trasonic results and our results for all five minerals.

DISCUSSION

Comparison of the sound velocities of candi-
date minerals at high pressures and temperatures
is the most definitive way to constrain composi-
tional models of the mantle. Using density alone
does not distinguish between the two most dis-
cussed lower mantle compositional models, a per-
ovskitic model composed of almost entirely of
Mgo,88Feo,12Si03with minor percentages of other
phases or a pyrolitic model composed primarily
of magnesiowtistite and MgSi03 perovskite
where the iron is preferentially partitioned into
the magnesiowtistite phase. Extrapolation of the
densities of each of these three phases, the two
different perovskite compositions and magnesio-

10

i 9

11
10 20 30 5040

Pressure (GPa)

FIG. 6a. Left, The transverse and longitudinal acoustic modes of YAGat 190 and 319 cm-I,
respectively, versus pressure. The uncertainties indicated by the error bars are about 0.5%.
FIG. 6b, Right. The shear and compressional velocities of YAGcalculated using Eqn. 5 and the

frequencies shown in Fig, 6a. The lartice constant at each pressure was calculated with the third-
order finite strain equation of state (BIRCH,1978) and a bulk modulus of 180.3 GPa and its pressure
derivative of 5.2.

60
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FIG. 7. Fluorescence spectra of pyrope (Mg3AlzSi3012)
doped with chromium at various pressures, The RI peak is
plotted as 0 crn" in order to emphasize pressure induced
changes in the sidebands. Note that above 28 GPa, the
RI and R, lines and the features in the sidebands broaden
substantially, decreasing the resolution markedly. Above
this pressure, the transverse acoustic mode became impos-
sible to resolve.
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wiistite, to lower mantle conditions brings them
to within 1-2 % of each other (CHOPELAS and
BOEHLER, 1992) and to PREM densities for the
lower mantle (DZIEWONSKI and ANDERSON,
1981). Using the bulk (hydrodynamic) sound ve-
locity v'" from equations of state leads to less
ambiguous results. However, for an adiabatic ex-
trapolation to lower mantle conditions, the re-
quired high temperature values of the bulk modu-
lus or its pressure derivative for perovskite are
not very accurately known (and are current sub-
ject for debate) nor can they be measured at 1
atm or low pressures because of metastability
problems. Bulk sound velocity can not yet be
used as a much more rigorous constraint than the
density.

To illustrate the difference between density and
velocity comparison, the density of the mantle min-
erals and alumina versus pressure are plotted in
Fig. 9, where we see the density these minerals
converge at high pressures. The differences be-
tween MgO and MgSi03 perovskite become
smaller at high temperatures because of their re-
spective thermal expansion coefficients. However,
in examining Fig. 3 where the velocities measured
here are shown relative to PREM, there are differ-
ences of at least 10% in velocities instead of differ-
ences less than 5% (for density) at room tempera-
ture. The perovskite velocities are expected to lie
slightly above those for alumina with the 1 atm
values at 6.58 and 11.1 km/s for Vs and vp, respec-
tively (WEIDNER et al., 1993). Distinguishing the

12' Pyrope

50 0.851.00 0,95 0,90

=:
0,80

FIG, 8a. Left. Preliminary velocity results for pyrope for the compressional and shear velocity
versus pressure. The pressure dependence of impulse stimulated scattering data for a slightly different
composition garnet {(Mgo,84,FeoI6hAI,Si3012l to 22 GPa (CHAI et al., 1993) are shown for
, comparison,

FIG. Sb, Right. Plot of the pyrope shear and compressional velocities from Fig, 8a versus com-
pression. The increase in slope of vp versus VNo by over 60% at 28 GPa is clearly shown (see
Table 1).
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Table 2. Comparison of pressure derivatives of the elastic moduli obtained by the sideband
method to those obtained by ultrasonic techniques,

MgO

YAG

Sideband Ultrasonics

Pmax(GPa) 36,5 3,2
K' 4,08 4.13
K" (GPa·l) -0,036 -0,022
G' 2,56 2,53
G" (GPa-l) -0,030 -0,027

Pmax(GPa) 57,5 0,3
K' 5,16 4.44
K" (GPa-l) -0.0036
G' 0,68 0,62

Pmax(GPa) 1Lot 1.0
K' 5,05 5,15
K" (GPa-l) -0,13 -0.48
G' 0,072 0,51

@Pmax(GPa) 53,0 1.0
G' 1.94 1.98
G" (GPa-l) -0,02 -0,02

Pmax(GPa) 28,Ot 3,2
K' 4,5 4,7'
G' 1.73 1.81 *

Pyrope

Reference

JACKSONand NIESLER, 1982
YONEDA, 1990
DUFFY and AHRENS, 1995

YOGURTCUet al., 1980

CHANGand BARSCH, 1973
YONEDA, 1990

GIESKEand BARSCH, 1968

WEBB, 1989

'See Fig, 2a for explanation of values for MgO,
@Only shear velocities were measured,
tphase change or change in compressional mechanism at this pressure
*pyrope with 36% iron at the Ml+ site

5,5 --MgO
------ AI 0

2 3
........ , Pyrope
-..-..-..-,MgSiO3 pv

,-.._"-'-"-':~'-"-"-'-"/
5,0 ..... "' ......

° W W W W 100 lW

Pressure (GPa)

FIG. 9. The extrapolated densities of MgO, Ah03, py-
rope, and MgSi03 perovskite versus pressure at room
temperature to the core-mantle boundary pressure. The
MgO and MgSi03 perovskite curves converge even fur-
ther at high temperatures because of the lesser value of
a for perovskite and the greater value of a for MgO
at high pressures. The densities at high pressure were
calculated with the third-order finite strain equation of
state (BIRCH, 1978) and the bulk modulus data listed in
Tables 1 and 2. The density and bulk modulus values
used for perovskite are listed in the Table 1 footnote with
Ko/ = 4 assumed.

compositional models of the mantle will have to
wait, however, until high pressure measurements
for perovskite are completed.

(0 In p/o In v)

Aside from distinguishing between mantle com-
positional models, measurements of sound veloci-
ties to these high pressures allows us to examine
more closely the velocity-volume relationship for
oxide minerals. This relationship in its logarithmic
form is useful for interpreting lateral velocity
anomalies in terms of lateral temperature anoma-
lies from

(0 In p/o In v)p X 8v (10)8T =
a

where 8v is the velocity anomaly, a the thermal
expansion coefficient, and p the density. {Note:
In (plpo) = +In (YNo).} Eqn. 10 assumes that the
velocity variation is due to a temperature variation.
Furthermore, note here that Eqn. 10 requires the
isobaric value of (0 In plo In v) and our measure-
ments yield the isothermal value. The following
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discussion provides constraints for the high pres-
sure isobaric (0 In pi 0 In v)p.

As seen in Fig. 4ab, all the sound velocities de-
pend linearly on volume as long as there is no
change in compressional mechanism. It is also
noted that the minerals with high alumina content
have the smallest relative changes in shear velocity
with compression. In fact, MgAlz04 exhibited no
measurable change in shear velocity over the pres-
sure range of that study. From examination of this
figure, it is further clear that the velocity-volume
relationship is quite different for all the materials
particularly for the shear velocity. For compres-
sional velocity, the variation of slope between min-
erals is much less but nonetheless, extrapolation of
velocity to high pressures using this' method re-
quires at least some lower pressure data in order
to establish the velocity-volume function.

The linear relationship between velocity and vol-
ume requires that the value of (0 In plo In vh
increases with pressure. Likewise, in the available
data on sound velocities versus temperature {sum-
marized in (ANDERSON et al., 1992)}, there is a
linear velocity-volume dependency for MgO and
Al203 (see Fig. 10a,b) although the slope is of dif-
ferent magnitude than that versus pressure at con-

FIG. lOa. Top. Plot of shear and compressional veloci-
ties of MgO (®D = 945 K) versus reduced volume from
high pressure data at room temperature (solid points are
data from this study) and from high temperature data at
I atrn {open points are fitted values from (ISAAK et al.,
1989) }. The slopes of the high temperature data for v,
and vp are 11.1 and 14,0 kmls, respectively, compared to
6.4 and 12.5 kmls for the high pressure data (Table 1).

FIG. IOb. Center. Plot of shear and compressional ve-
locities of Alz03 (®D = 1034 K) versus reduced volume
from high pressure data at room temperature (solid points
are data from this study) and from high temperature data
at 1 atm {open points are fitted values from (GOTO et al.
1989)}. The slopes of the high temperature data for v,
and vp are 15.8 and 19.6 kmls, respectively, compared to
5.5 and 16.3 kmls for the high pressure data (Table I).

FIG. IOc. Bottom. Plot of shear and compressional ve-
locities of NaCl (®D = 321 K) versus reduced volume
from high pressure data at room temperature {solid points
are fitted values from (SPETZLERet al., 1972)} and from
high temperature data at 1 atm {open points are data
from (YAMAMOTOet al., 1987)}. The slopes of the high
temperature data for v, and vp are 4.6 and 6.9 kmls, respec-
tively, compared to 3.8 and 9.4 kmls for the high pressure
data. Recent very high pressure data obtained by Brillouin
scattering (CAMPBELLand HEINZ, 1992) yielded approxi-
mately 6.7 kmls for vp versus reduced volume at room
temperature. Compressional velocity versus reduced vol-
ume for KCl (®D = 235 K) is 6,3 kmls at 1 atm and high
temperature (YAMAMOTO and ANDERSON, 1987) and is
6,2 kmls at room temperature and high pressure (CAMP.
BELL and HEINZ, 1992).

1.04
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stant temperature. This linearity versus temperature
requires that (0 In plo In v), decreases with increas-
ing temperature. Note that for both of these com-
pounds the velocity-volume slope for the compres-
sional velocity is very nearly the same whereas
there are substantial differences for the shear veloc-
ity. In order to draw some conclusions on the re-
quired isobaric value of (0 In plo In v) at mantle
conditions, its relationship to the isothermal value
needs to be clarified.

The relationship between the isothermal and iso-
baric values of (0 In p/EJ In v) can be obtained from
straightforward mathematics

(~) = a[(~) - (~) ] (11)
oT v 0 In p T 0 In p p

The first term the right hand side of the equation
can be related to (0 In v/o In ph by taking the
natural log on both sides of Eqn. 5 and differentiat-
ing with respect to In p at constant temperature.
This results in (0 In v/o In ph = (0 In wlo In ph
- 1/3 and when the same is done at constant pres-
sure, it results in (0 In v/o In p)p = (0 In wlo In p)p
-1/3' Therefore, (0 In v/o In ph.p may be directly
substituted in Eqn. 11 above for (0 In wlo In ph.p
which then shows that the difference between the
isobaric and the isothermal derivatives is directly
related to the intrinsic anharmonicity (0 In wloT)v.
We do have evidence that the intrinsic harmonicity
vanishes at lower mantle conditions (see following
discussion), and thus, the differences between the
isobaric and isothermal derivatives also vanishes.
Note that the values of (0 In v/o In p) lie between
1/2 and 2 therefore taking the inverse of these also
gives us values that lie between 1/2 and 2. Thus,
small differences between (0 In v/o In p) values
mean that (0 In p/EJ In v) must approach each other
as their inverses do.

The evidence that the intrinsic anharmonicity di-
minishes substantially at temperatures above the
Debye temperatures is theoretically (HARDY, 1980)
and experimentally based (ANDERSON et al., 1992).
In high temperature experiments on several miner-
als including A1203, MgO, and pyrope, ANDERSON

et al. (1992) showed that thermal pressure is linear
with temperature above the Debye temperature 0D,

meaning intrinsic anharmonicity could not be de-
tected. Furthermore, the velocity-volume functions
of two alkali halides, KCl and NaCl, are nearly the
same at room pressure and temperature (which is
near or above the Debye temperatures of these ma-
terials, Fig. lOc). This means that the isobaric and
isothermal derivatives of (0 In plo In v) are nearly
the same as well.

We have clues as to what (0 In plo In vh should
be at the high temperatures and pressures of the
lower mantle by examining the PREM adiabatic val-
ues, which should be very near the isothermal val-
ues (shown in Fig. 11). These values are very simi-
lar to the values found for the mantle materials at
room temperature and high pressure of about 1.0
for v, and 1.4 for v" which are approximately dou-
ble those found for (0 In plo In v)p at room tempera-
ture and I atm (ANDERSON et al., 1992) for a large
number of minerals.

In summary, the value of the elastic (or anhar-
monic) contribution to (0 In plo In v)p appears to
increase from the reported 1-atm values as pressure
increases. In examining Eqn. 10, the combined ef-
fect of (0 In p/EJ In v), increasing and thermal
expansivity decreasing with depth implies that the
same magnitude velocity anomalies at greater
depths yields larger temperature anomalies. Thus,
the structural features in terms of velocity anoma-
lies found in three-dimensional tomographic mod-
els significantly change when put in terms of tem-
perature anomalies, reducing the magnitude of the
features at shallower depths and increasing their
magnitude at greater depths. The structural features
in lower mantle tomographic models now in terms
of temperature appear markedly similar to com-

---,:I v--PREM ---';-,:':>'-::J s

, .s > ~:~,~~~_'-O:":~~--;~:=~"
/~" _,/ ".'. ,',". ------]
:',' ,_ "'~ ,-,-,-'-'-'-'-'-"",,' "",.'" -'-'-- -,- -,-,-,-,-'-'-«-:~.v ....
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FIG. 11. Plot of (a In pi a In vh versus pressure at room
temperature for four of the five minerals of this study.
The YAG shear velocity values are off the scale (see Table
3) since v, changes very little with pressure. The adiabatic
PREM values at lower mantle pressures and temperatures
(DZIEWONSKI and ANDERSON, 1981) are included in the
figure for comparison. The highest pressure attained in
each of the experiments for the four minerals are indicated
on the pressure axis, The extrapolated values for three of
the four minerals were obtained by assuming a linear
velocity-volume relationship (see Table 1). The values
for pyrope are shown only to 28 GPa since a change in
compressional mechanism is observed here (see Fig, 8b).
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(CJlnp/CJlnvs)T

Table 3, Values of the density dependence of (CJlnp/CJlnv)Tfor five minerals,

MgO
MgAl204*
Al203

Pyrope*
YAG

0,85 + 3,7·ln(p/po)

1.03 + 2,5·1n(p/po)
0,67 + 2,7·ln(p/po)
3.3 + 5,5·ln(p/po)

0,76 + 1.9·ln(p/po)
0,97 + 1Hn(p/po)
0,75 + 0.39·1n(p/po)
0.46 + 2.4·1n(p/po)
0,69 + 2,7·ln(p/po)

*pyrope values to 28 GPa and MgAl204 values to 11 GPa

puter simulations of plumes (YUEN et al., 1993),
which supports the hypothesis that (0 In plo In v)p
increases with depth.

The results obtained here are insufficient to de-
termine the exact value of the thermal anomalies
because the anelastic contribution to (0 In plo In v)p
is not known. There is evidence that the anelastic
contribution may be as significant as the elastic
(anharmonic) contribution, and thus will reduce the
value of (0 In plo In v), (KARATO, 1993) and
which, in turn, reduces the calculated thermal
anomaly.

CONCLUSIONS

Sound velocities of five minerals measured using
the new sideband method have been presented and
are shown to be in excellent agreement with the
lower pressure results obtained by other methods.
This means that the acoustic modes measured here
yield spherically averaged information. We find
that the velocity is linear with volume as long as
no phase change or change in compressional mech-
anism occurs. However, this velocity-volume func-
tion varies from mineral to mineral and is smaller
for minerals with significant alumina contents, par-
ticularly for the shear velocity. The linear velocity-
volume relationship requires that (0 In plo In vh
increase with pressure or decreasing volume. Since
the intrinsic anharmonicity decreases with depth,
the isobaric (0 In plo In v) must also increase with
depth. This in turn increases the magnitude of the
calculated thermal anomalies from the seismic to-
mographic velocity anomalies with depth.
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