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Compressional and shear wave velocities of ringwoodite y-Mg,SiO, to 12 GPa
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ABSTRACT

Compressional and shear wave velocities of ringwoodite (y-Mg,Si0O,) were measured on a
polycrystalline specimen to 12 GPa at room temperature using ultrasonic interferometry tech-
niques. Velocity measurements at ambient conditions yielded V, = 9.86(3) and V = 5.78(2) km/s.
Finite strain analysis of the high pressure velocity data yields K = 185(2) GPa, G = 120(1) GPa, K’
=4.5(2), and G' = 1.5(1) for the elastic moduli and their pressure derivatives, respectively. The
velocities and elastic moduli at ambient conditions are indistinguishable from aggregate proper-
ties of polycrystalline ringwoodite calculated using single crystal elastic constants (C;). Com-
parison of the current results on pressure derivatives of bulk and shear moduli with previous
acoustic data on iron free ringwoodite to 3 GPa and iron bearing sample to 16 GPa indicated that
the discrepancy can be explained by the pressure range of the experiments rather than iron con-
tent. Current results suggest that ringwoodite and wadsleyite posses very similar pressure depen-
dence in elastic properties to the transition zone depth. In a pyrolite mantle with 1400 °C adiabatic
foot temperature, the wadsleyite to ringwoodite phase transition is characterized as a seismic
reflector spreading about 20 km in width with a density jump of 2.1% and impedance jumps of
2.4% and 3.1% for P and S waves near 520 km depth, which is consistent with seismic observa-

tions in long period data.

INTRODUCTION

Ringwoodite is a high-pressure polymorph of olivine form-
ing at a depth of approximately 520 km in the transition zone
of the mantle. In a homogeneous pyrolitic mantle, the physical
property change associated with phase transitions from olivine
to wadsleyite and wadsleyite to ringwoodite have long been
considered responsible for the seismic discontinuities at 410
and 520 km depths (e.g., Ringwood 1975; Katsura and Ito 1989;
Bina and Wood 1987; Morishima et al. 1994 and references
therein). Unlike the 410 km seismic discontinuity which has
been observed worldwide in various studies, universal exist-
ence of the 520 km discontinuity is still controversial (e.g.,
Shearer 1991, 1996; Bock 1994; Benz and Vidale 1993;
Flanagan and Shearer 1998; Ryberg et al. 1997). Long-period
seismic studies (e.g., Shearer 1990, 1991; Revenaugh and Jor-
dan 1991; Flanagan and Shearer 1998) report a diffuse imped-
ance jump (~3%), but evidence for a 520 km discontinuity in
short-period and precursor studies (e.g., Cummins et al. 1992;
Benz and Vitale 1993) is less convincing. Although questions
about the possibility of the 520 km discontinuity being an arti-
fact in the processing of the long period data of Shearer (1990)
were raised by Bock (1994), a later study by Shearer (1996)
confirmed the existence of the discontinuity. The existence of
520 km global discontinuity (Shearer 1990, 1996) has also been
challenged by the fact that it can be observed only in certain
regions but not beneath continental shield (e.g., Ryberg et al.
1997; Gu et al. 1998). In a recent study using precursors to the
SS phase, Deuss and Woodhouse (2001) observed splitting of
the 520 km discontinuity, suggesting that compositional het-
erogeneity is responsible for the regional occurrence of single
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or double discontinuities around this depth.

Laboratory measurements of the elastic properties of
wadsleyite and ringwoodite at high pressure and temperature
provide insight into Earth’s seismic features since a phase tran-
sition occurs at approximately 520 km depth. In the last few
years, technical developments have enabled acoustic wave ve-
locity measurements to transition zone pressures using ultra-
sonic and Brillouin scattering techniques. Application of these
techniques to wadsleyite provided valuable data for shear prop-
erties which were not available from P-V-T EOS studies (e.g.,
Li et al. 1996b; Zha et al. 1998). Simultaneous ultrasonic ve-
locity and X-ray diffraction measurements at high pressure and
high temperature have also been reported for wadsleyite to 7
GPa and 873 K, yielding direct determination of bulk and shear
moduli at pressure and temperature (Li et al. 1998a, 2001). For
ringwoodite (y-Mg,Si0,), Rigden et al. (1991) reported ultra-
sonic measurements to 3 GPa using a polycrystalline sample.
Recently, elastic properties of an iron-bearing ringwoodite with
composition y-(Mg o, Fe 19),Si0, have been measured to 16 GPa
using Brillouin scattering (Sinogeikin et al. 2001). However,
the pressure derivatives of bulk and shear moduli from these
two studies differ by as much as ~20%. The reasons for these
differences have been discussed in terms of the effect of iron
and the pressure ranges of the different experiments and are
further explained in our report.

In this study, velocity data for polycrystalline ringwoodite
(7-Mg,Si0,) to 12 GPa at room temperature are presented. The
results are compared with previous measurements on iron-free
and iron-bearing ringwoodite. Using previous data on
wadsleyite, the physical property change across the phase tran-
sition from wadsleyite to ringwoodite and their implications
for the 520 km discontinuity will be discussed.
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EXPERIMENTAL TECHNIQUES

The polycrystalline specimen was hot-pressed at about 20 GPa and 1200 °C
for one hour in a 2000 ton Uniaxial Split Sphere Apparatus (USSA-2000) in the
Stony Brook High Pressure Lab. Olivine (a-Mg,SiO,) powder was used as start-
ing material. The product was examined by X-ray diffraction and full transfor-
mation to pure cubic ringwoodite was confirmed. A bulk density of 3.515(8) g/
cm?® was obtained using the immersion technique. The bulk density is within
99% of the X-ray density (3.559 g/cm?, Weidner et al. 1984). The length of the
sample after final polishing was 1.535(1) mm and the diameter was ~2.5 mm.
Bench top velocity measurements were performed using glass buffer rods with
40 MHz LiNbO; transducers (36° Y-cut for compressional wave and 41° X-cut
for shear wave), yielding V,, = 9.86(3) and V, = 5.78(2) km/s, respectively. These
values are in excellent agreement with previous single crystal results of V, =
9.85-9.86 and V, = 5.78-5.82 km/s using Brillouin scattering techniques
(Weidner et al. 1984; Jackson et al. 2000).

Compressional and shear wave velocities to 12 GPa at room temperature
were measured with a 1000 ton Uniaxial-Split Cylinder Apparatus (USCA-1000).
High pressure is generated in two stages. The first stage pressurization is pro-
vided by uniaxial loading of the guide blocks, and the second stage consists of
eight tungsten carbide (WC) cubes with triangular truncations on the corner of
each cube. The assembled WC cubes create an octahedral space for hosting the
pressure medium (e.g., Liebermann and Wang 1992). Ultrasonic measurements
were implemented by mounting a piezoelectric transducer on an outside corner
of one WC cube while its opposite corner is in contact with the sample, which is
enclosed in pressure medium and surrounded by lead in a stainless sleeve (see
Fig. 1b of Li et al. 1996a). To enhance the mechanical coupling between the
‘WC cube and the sample for optimum acoustic wave propagation, a gold foil (2
um thickness) was inserted at the WC cube/sample interface. Sample pressure
was determined by monitoring the resistance change associated with phase trans-
formations of the pressure markers (Bi and/or ZnTe). The pressure markers were
placed in a teflon disk immediately adjacent to the sample to minimize the error
in the estimation of sample pressure. Fitting the recorded ram loads to the pres-
sures where the phase transformations occur (Bi, 2.55 and 7.7 GPa; ZnTe, 9.6
and 12 GPa) provides a pressure scale for each high pressure experiment. Two
experiments were conducted for P-wave measurements, one with Bi only and
the other using both Bi and ZnTe as pressure standards, up to 9.6 GPa and 12.1
GPa, respectively. S-wave velocity was measured with both Bi and ZnTe as
pressure standards to 12.3 GPa.

To minimize the deviatoric stress applied to the sample during compres-
sion, the sample and the teflon disk were surrounded by lead and placed inside
a steel sleeve. As examined at the end of the high pressure experiments, the
sample exhibited no shortening or permanent deformation. Non-hydrostaticity
and its effect on the measurements was not considered in this study, but it is
believed to be small based on the dislocation density of a single crystal of oliv-
ine (Li et al. 1998b). It is likely that the major source of error is the experimen-
tal uncertainties in pressure as illustrated in Figure 2 of Li et al. (1998b).

Travel time was measured using the phase comparison method of ultra-
sonic interferometry and an acoustic interferometer from ANUTECH (e.g.,
Niesler and Jackson 1989). Details of this method have been described else-
where (Niesler and Jackson 1989; Rigden et al. 1991; Li et al. 1996a). Briefly,
when a gated RF pulse travels through the sample and is reflected back to the
receiver, there is a phase delay between the front end reflection and the back
end reflection due to additional round trip travel inside the sample. When the
frequency of the RF input varies, the two reflections experience in-phase and
out-of-phase delay, i.e., ®Ar = nm, where At is the round trip travel time inside
the sample. This results in a series of minima and maxima in the summation of
the two reflections. The apparent travel time (A¢) is therefore obtained from the
frequency (f) where these extrema occur, At = n/2f, where n is the number of the
wavelength in the round trip distance of the sample length. In this study, the P-
wave travel time was obtained in the frequency range 40-60 MHz, and S wave
in the range 30-50 MHz. The perturbation of the gold foil to the measured
travel time, resulting from reverberation of waves between the WC anvil and
sample, was also corrected at high pressures (~0.5 ns for P wave and ~2.5 ns for
S wave).

RESULTS AND DISCUSSION

The travel times for both P and S waves show monotonic
decrease with increasing pressure to P >12 GPa, amounting to
~9% and ~6%, respectively (Fig. 1 and Table 1). The measure-
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ments from two P-wave experiments are reproducible within
0.5 ns which is approximately the uncertainty of the current
measurements. The discrepancy in these two experiments re-
flects primarily the uncertainty in the pressure measurements.
From the travel times of P and S waves and their zero pressure
values, the sample lengths and densities at elevated pressures
were calculated using the method of Cook (1957), from which
P and S wave velocities as well as the elastic longitudinal (L =
pV3) and shear (G = pV?) moduli were subsequently obtained.
The bulk modulus is calculated using the relationship K = L —
4G/3. Fitting velocity data to the third order finite strain equa-
tions (Davies and Dziewonski 1975) provides simultaneously
the elastic moduli at ambient conditions and their pressure de-
rivatives. When calculating the elastic properties, the travel
times of both P and S waves at the same pressure are required.
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FIGURE 1. (top) P wave travel times at high pressure from two
experiments. The reproducibility is about 0.5%, which is about the
uncertainty of the current measurements. Empty circle and solid square
= high pressure run data, solid circle = bench-top results. (bottom) S-
wave travel times at high pressure. Empty circle = high pressure run
data, solid circle = bench-top results.
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TaBLE 1. Calculated properties of Mg.SiO, spinel from P and S wave
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TABLE 2. Elastic properties of ringwoodite y-Mg,SiO, at ambient

experiments™ conditions

P 2% p 2L 4 G 1 2 3 4 5 6 7
(GPa) (us) (g/cm®) (mm) (km/s) (GPa) I, (km/s) 9.86(3) 9.75-9.77 9.93 9.85(6) 9.86 - -

S wave data V; (km/s) 5.78(2) 5.82-5.83 5.87 5.82(3) 5.78 - -
0.0 0.5308 3.515 3.070 5.78 117 K(GPa) 185(2) 178/184 190 185(3) 184(3) 181.0(3) 182(3)
1.0 0.5260 3.534 3.065 5.83 120 G(GPa) 120(1) 120/120 125 120(2) 119(2) 124.2(5) -
2.0 0.5216 3.553 3.059 5.86 122 A 45(2) 4.69-499 419 - - 410(2) 4.2(3)
3.0 0.5178 3.571 3.054 5.90 124 G 1.5(1) 1.73-1.78 1.12 - - 122) -
4.0 0.5142 3.590 3.049 5.93 126 1 = This study, ultrasonic results on polycrystal to #>12 GPa.
5.0 0.5113 3.606 3.044 5.95 128 2 = Rigden et al. (1991), ultrasonic, polycrystal, up to 3 GPa.
5.7 0.5094 3.618 3.041 5.97 129 3 = Kiefer et al. (1997), pseudopotential calculation.
6.5 0.5072 3.633 3.037 5.99 130 4 = Jackson et al. (2000), single crystal, Brillouin scattering, ambient.
7.7 0.5050 3.653 3.031 6.00 132 5 = Weidner et al. (1984), single crystal, Brillouin scattering, ambient.
8.8 0.5028 3.671 3.026 6.02 133 6 = Matsui (1999), MD simulation.
10.1 0.5006 3.693 3.020 6.03 134 7 = Meng et al. (1994), static compression, EOS, isothermal values.
11.3 0.4995 3.712 3.015 6.03 135
12.3 0.4985 3.729 3.010 6.04 136

P t .
o o , wave dal2 7 l/p / on [.)OlyCI'yStall.ll’le samples to 3 GPa. However, the current da.ta
(GPa) (us) (g/cm®) (mm) (km/s) (GPa) deviate from Rigden et al. (1991) at about 4-5 GPa and fall in
?'g g-g(‘);g gg;g g-g;g g'gg 2‘5‘3 between the finite strain extrapolations of Rigden et al. (1991),
27 0.3028 3565 3.056 10.09 363 the finite strain calculations using a combination of zero pressure
37 0.3004 3.584 3.050 10.15 369 values from Brillouin scattering and pressure derivatives from
4.9 0.2980 3.604 3.044 10.22 376 _ .
59 02955 3623 3039 10.28 383 Meng et al.. (1994) (P >20 GPa,K' = 4..2), and theoretical calcula-
6.9 0.2933 3.640 3.035 10.35 390 tions of Kiefer et al. (1997) and Matsui (1999).
;3 832;}; gggg gggg lgig 38? Comparison of the current results of iron-free ringwoodite
04 0.2884 3682 3.023 10.48 404 with recent data for [Y-(Mg.,Fe ¢9),S10,] from Sinogeikin et al.
10.1 0.2873 3.693 3.020 10.51 408 (2001) [K=188(3)GPa, K’ =4.1,G =120 (2) GPa, G'=1.3(2),
11.3 0.2852 3.712 3.015 10.57 415 Brillouin rin 1 P h iron itu-
127 0.2838 3705 3011 10,01 419 ouin scattering to 16 GPa] suggests that 9% iron substitu

* The uncertainty in pressure is about 0.1 GPa. The travel time has a
standard deviation less than 0.5 and 1.0 ns for P and S waves, respec-
tively, at the 95% confidence level. The overall uncertainty propagated
into the calculated velocity is better than 0.5% while the modulus is about
1%. Data at P< 1.0 GPa are not used in data processing due to poor
mechanical coupling between the buffer rod and sample.

Therefore, in processing S-wave data, P-wave travel times at
the pressures of the S-wave experiments were obtained from a
polynomial fit to the data of Experiment no. 1 (Fig. 1a). The
same procedures were performed while processing P-wave data.
The results for P- and S-wave experiments conducted at com-
parable pressure ranges are listed in Table 1.

Finite strain fitting performed on velocity data at high pres-
sures (P > 1.0 GPa) yields K = 185 GPa, G = 120 GPa, K' =
4.5(2), and G' = 1.5(1) for the bulk and shear moduli and their
pressure derivatives (Table 2). The elastic moduli at zero pres-
sure are remarkably consistent with previous experimental re-
sults of K = 184185 and G = 119-120 GPa from single-crystal
Brillouin scattering measurements (Weidner et al. 1984; Jack-
son et al. 2000) and the isothermal value of K = 182 GPa of
Meng et al. (1994). The bulk modulus falls in the ranges of
pseudopotential calculation of Kiefer et al. (1997) and MD
calculations of Matsui (1999), while the shear modulus is ~4%
lower than that predicted in the previous studies.

The pressure derivatives, as seen in Table 2, differ as much
as 20% from the results of Meng et al. (1994) obtained at P >
20 GPa and those of Rigden et al. (1991) at 3 GPa. The results
from this study obtained at P > 12 GPa fall in between these
two previous studies. Further examination of Figure 2 indi-
cated that the bulk and shear moduli from this study in the
range of 0-3 GPa agree well with the previous results of Rigden
et al. (1991) obtained from ultrasonic velocity measurements

tion for magnesium in ringwoodite has insignificant effect
(<2%) on the elastic moduli but the pressure derivatives are
lowered by ~9%. Further examination of the data from Rigden
et al. (1991), Sinogeikin et al. (2001), and this study indicates
that the apparent discrepancy in pressure derivatives is prima-
rily due to pressure ranges of the experiments rather than the
effects of iron. As discussed above, at pressures less than 3
GPa, the bulk and shear moduli data from this study agree well
with those of Rigden et al. (1991). It is also evident that the P-
and S-velocity data in this pressure range in Sinogeikin et al.
(2001) have similar pressure dependences to those of Rigden et
al. (1991) (see Fig. 2 of Sinogeikin et al. 2001). Similarly, at
pressures between 4 to 13 GPa (despite large scatter in the
Brillouin data), the velocities (also elasticity) on 9% iron
ringwoodite show good agreement with those observed in our
current study (Fig. 2). This agreement suggests that 9% iron plays
an insignificant role on the pressure derivatives of ringwoodite
in this pressure range. Ignoring the pressure range of these re-
sults, one could mistakenly attribute the apparent difference in
pressure derivatives to the effect of iron, the use of polycrystal-
line samples, or systematic differences inherent in the experi-
mental techniques.

WADSLEYITE TO RINGWOODITE PHASE TRANSITION
AND THE 520 KM DISCONTINUITY

The property changes associated with the wadsleyite to
ringwoodite phase transition was investigated by calculating
the compressional and shear wave velocities for wadsleyite and
ringwoodite to high pressures at room temperature (Fig. 3). In
order to minimize uncertainty in the estimation of the property
changes at the transition pressure, pressure derivatives of bulk
and shear moduli from previous ultrasonic measurements of
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FIGURE 2. Comparison of the bulk and shear moduli at high
pressure from this study (filled squares) for iron-free ringwoodite with
previous measurements. Long dashed lines are extrapolations of
measurements to 3 GPa on iron-free ringwoodite by Rigden et al.
(1991), short dashed lines are finite strain calculations using zero
pressure values of Jackson et al. (2000) and pressure derivatives from
theoretical calculations. Dotted lines are finite strain representation of
data from Sinogeikin et al. (2001) for 9% iron ringwoodite.

wadsleyite using the same technique over a comparable pres-
sure range were used (Li et al. 1996b). Note that the velocities
for ringwoodite and wadsleyite exhibit similar pressure depen-
dence to the pressure at 520 km depth. The velocity difference
between these two phases [V(y)-V(B)] amounts to 0.17 km/s
and 0.11 km/s at 18 GPa in comparison to 0.21 km/s and 0.14
km/s for P and S waves at ambient conditions. The velocity
jumps from wadsleyite to ringwoodite at 520 km pressure (~18
GPa) are AV, = 1.6% and AV, = 1.8% along with a density
increase of 2.0%. The resulting acoustic impedance jumps are
3.6% and 3.8% for P wave and S wave, respectively.

When compared with seismic observations, non-olivine
components have to be taken into account. It has been shown
that interactions among mantle phases through element parti-
tioning have significant effects on the property changes in oli-
vine components throughout the transition zone (Bina and Wood
1987; Irifune and Isshiki 1998; Stixrude 1997; Weidner and
Wang 2000). In this study, we investigated the property changes
associated with the wadsleyite to ringwoodite phase transition
by calculating the velocities around 520 km depth for a pyrolite
mantle. Elasticity and iron partitioning among co-existing
mantle phases at high pressure and temperature were obtained
from extant experimental data (Akaogi and Akimoto 1979;
details of the calculation can be found in Weidner and Wang
2000 and Li et al. 2001, and references therein). Elasticity data
for ringwoodite used by Weidner and Wang (2000) (see also
Duffy and Anderson 1989) were updated with current data for
pressure dependence and those from Jackson et al. (2000) for
temperature dependence of bulk and shear moduli. The effect
of iron on the bulk and shear moduli as well as density was
corrected when considering composition changes with increas-
ing depth (e.g., Duffy and Anderson 1989). Although recent
experiments have indicated that small amounts of water in
wadsleyite and ringwoodite (2 to 3%) cause significant (>10%)
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FIGURE 3. Compressional and shear wave velocities of ringwoodite
and wadsleyite to 18 GPa. Solid lines: finite strain extrapolation of this
study. Dotted lines: Finite strain extrapolations using previous
experimental data of Li et al. (1998a) and Zha et al. (1998). Dashed
Lines: Finite strain extrapolations of Rigden et al. (1991).

decrease of elastic modulus at ambient conditions (Yusa and
Inoue 1997; Yusa et al. 2000; Inoue et al. 1998), the amount of
water content in the transition zone as well as elasticity data
for hydrous wadsleyite and ringwoodite at high pressure and
high temperature are still under investigation. The calculations
performed here are for an anhydrous mantle composition.

We calculated the velocities for a 1400 °C adiabatic tem-
perature. For a pyrolitic mantle composition, the velocity in-
crease across the wadsleyite to ringwoodite phase transition is
0.4% for P waves, 1.0% for S waves, and 2.1% for density
over ~20 km width (Table 3). The resulting acoustic imped-
ance jumps are 2.4% and 3% for P and S waves, respectively.
These results are consistent with previous predictions by Rigden
et al. (1991) and Weidner et al. (1984) that the dominant fea-
ture of the 520 km discontinuity in a pyrolite mantle is a den-
sity, rather than velocity, increase. The results of impedance
jumps are consistent with the seismic observation of S-wave
impedance change of 2.2-3.6% from the SS precursor study of
Shearer (1996) and 2.8—4.0% from the ScS reverberation study
of Revenaugh and Jordan (1991) near 520 km depth.

Due to the positive Clapeyron slope of the wadsleyite to
ringwoodite phase transition (e.g., Katsura and Ito 1989;
Morishima et al. 1994), temperature changes cause changes in
phase transition pressure and the width of the binary loop, and
therefore velocities, impedance, and the width of the phase tran-
sition (Bina and Wood 1987). To investigate the effect of tem-
perature on the magnitude and topology of the 520 km
discontinuity, velocities around 520 km depth for the pyrolite
model along 1200 °C and 1600 °C adiabats were also calcu-
lated. The results are summarized in Table 3. At 1200 °C, the
wadsleyite to ringwoodite phase transition depth is centered
around 500 km, spreading about 30 km in width with total im-
pedance increases of 3.6% and 3.5% for P and S waves, and
2.3% increase in density. In comparison, at 1600 °C, the phase
transition width decreases to ~18 km, centered at 552 km, and
the impedance increase is 2.3% for P waves, 3.2% for S waves,
and 2.2% for density increase. Note that the P-wave velocity
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TABLE 3. Comparison of velocity increase, impedance jump and
density jump of wadsleyite to ringwoodite phase transi-
tion in a pyrolite mantle composition

Adiabat 1200 °C 1400 °C 1600 °C
Depth (km) 484-514 517-537 543-561
AV, (%) 13 0.4 0.1
AV, (%) 1.2 1.0 1.0
Ap (%) 23 2.1 2.2
Ap V) (%) 3.6 2.4 2.3
Alp V) (%) 3.5 3.1 3.2

jump decreases rapidly with increasing temperature, but S-wave
velocity and density jumps remain relatively insensitive to tem-
perature. Similarly, S-wave impedance shows less sensitivity
to the variation of temperature than P-wave impedance at this
temperature range. These results suggest that cooler tempera-
tures make the 520 km discontinuity less visible than in hot
regions mainly by broadening the widths of the discontinuity
and decreasing the effective reflection coefficient. This will
explain in part the difference in ocean-shield difference in the
occurrence of the 520 km discontinuity (Gu et al. 1998). Inter-
estingly, if we consider temperature only, the depth variation
of the 520 km discontinuity (484—543 km) in the temperature
range of 1200-1600 °C agrees very well with the magnitude of
this discontinuity obtained by Flanagan and Shearer (1998)
(490-537 km). However, the splitting of the 520 km disconti-
nuity observed by Deuss and Woodhouse (2001) is not obvi-
ous in our calculated velocity profiles.

In summary, the available experimental data indicate that
the wadsleyite to ringwoodite phase transformation in a pyrolite
composition would be visible in seismic data primarily as a
density jump over a depth of ~20 km. The results of the imped-
ance jump (3.1-3.5% for S waves, 2.3-3.6% for P waves) and
depth (484 to 543 km) for the wadsleyite to ringwoodite transi-
tion agree well with the seismically observed 520 km disconti-
nuity at various locations (e.g., Shearer 1996; Revenaugh and
Jordan 1991; Ryberg et al. 1997; Deuss and Woodhouse 2001).
Lateral temperature variations of = 200 °C have insignificant
effect on the property change of density, S-wave velocity, and
S-wave impedance while the depth changes from 484 km to
543 km. Large temperature variations, if they exist in the mantle,
could be an alternative to chemical heterogeneity in explaining
the large amplitude topography of the 520 km discontinuity.
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