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Effect of phase transitions on compressional-wave
velocities in the Earth's mantle

Li Li' & Donald J. Weidner!

The velocities of seismic waves in the Earth are governed by the
response of the constituent mineral assemblage to perturbations
in pressure and stress. The effective bulk modulus is significantly
lowered if the pressure of the seismic wave drives a volume-redu-
cing phase transformation'?. A comparison between the amount
of time required by phase transitions to reach equilibrium and the
sampling period thus becomes crucial in defining the softening
and attenuation of compressional waves within such a two-phase
zone’. These phenomena are difficult to assess experimentally,
however, because data at conditions appropriate to the Earth’s
deep interior are required. Here we present synchrotron-based
experimental data that demonstrate softening of the bulk modulus
within the two-phase loop of olivine-ringwoodite on a timescale of
100 s. If the amplitude of the pressure perturbation and the grain
size are scaled to those expected in the Earth, the compressional-
wave velocities within the discontinuities at 410, 520 and, possibly,
660 km are likely to be significantly lower than otherwise expected.
The generalization of these observations to aluminium-controlled
phase transitions raises the possibility of large velocity perturba-
tions throughout the upper 1,000 km of the mantle.

The current view of the radial seismic structure of the mantle
consists of smooth velocity variations punctuated by discontinuities
at410, 520, and 660 km (ref. 4), which are thought to be caused by the
olivine-wadsleyite-ringwoodite—perovskite ~phase transitions™*.
However, complexities arise from the possible relaxation of the bulk
modulus caused by phase transitions' in regions of coexisting high-
and low-pressure phases. The olivine phase transitions have finite
widths owing to the partitioning of iron and magnesium between
coexisting phases”®. Some of the ‘smooth’ zones consist of coexisting
high- and low-pressure phases of pyroxene—garnet—perovskite,
which tend to have broad two-phase zones that are controlled by
the partitioning of aluminium between coexisting phases’. In the
regions with coexisting high- and low-pressure phases, the equilib-
rium bulk modulus, K., will be considerably relaxed because a pres-
sure change will induce a volume change that is the result of the
pressure-induced phase transformation:
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where APy, is the width of the two-phase zone, (AV/ V), is the
proportional volume change associated with the transformation and
Keas is the elastic unrelaxed bulk modulus of the two-phase aggregate
when no phase transition occurs. Whether K, or K, defines the
P-wave velocity depends on whether the kinetics of the transforma-
tion occur on a timescale respectively shorter or longer than the
period of the seismic wave.

Figure 1 illustrates the effect on the P-wave velocity of transition-
induced relaxation for a pyrolitic Earth'®'" with an adiabatic temper-
ature gradient'’. Figure la illustrates the unrelaxed elastic system.

Figure 1b shows the relaxed system with only the olivine transform-
ing. Figure lc is similar to Fig. 1b, but both olivine and pyroxene
reach equilibrium. Also illustrated in Fig. 1c is the preliminary ref-
erence Earth model®. It is noteworthy that this model lies between the
relaxed and unrelaxed systems and is closest to the unrelaxed velocity
in regions where no phase transitions occur. On the basis of our
experimental results, we argue that the Earth most likely samples a
significant fraction of the relaxed system resulting in a reduced
P-wave velocity, but with little bulk attenuation.

The crucial issue is the timescale for the system undergoing phase
transitions to reach equilibrium, in comparison with the period of
seismic waves'. Kinetics rates are often attributed to nucleation of the
new phase and growth of the new phase. As both phases coexist,
nucleation is probably not important here. Growth requires that
the composition of the region that is becoming the new phase change
from one side of the controlling binary loop to the other, thus requir-
ing diffusion. For the olivine system, iron and magnesium must
exchange'” by several per cent. The rate of this diffusion process
defines one timescale (t;) of the transformation. For times longer
than 7, some transformation will occur. Complete transformation
requires that the region furthest from the transforming zone equi-
librate iron or magnesium with the transforming zone*'*, and defines
a second timescale (1,). There is probably a range of characteristic
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Figure 1| Calculated P-wave velocities (V) versus depth in the Earth using
pyrolite composition and adiabatic gradient®. a, Here the measurement
time is much less than the shortest characteristic time (which we estimate to
be <10~ s for P waves). b, Here we assume total phase equilibrium for
olivine phases (green line; the blueline is the same asin a). ¢, Same as b except
total equilibrium for pyroxene—garnet—perovskite transitions is also
assumed (red line). The preliminary reference Earth model’ (PREM) is
included. Plots in b and c are calculated from the depth derivative of the
density model. The density model is derived from the phase equilibria and
equations of state for pyrolite minerals'. o, olivine; 3, wadsleyite; v,
ringwoodite; pv, perovskite; px, pyroxene; gt, garnet.
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times between 7, and 7, in the real system, yielding progressively
more transformation for times between these bounds.

Equilibrium also requires heat diffusion. If latent heat does not
diffuse from the system, the amount of relaxation of the bulk modu-
lus is reduced by about one-half for the olivine system, but by very
little for the pyroxene system. The timescale for heat flow thereby also
enters the conditions for equilibrium', but will not be discussed
here. The characteristic time depends on the diffusion length, x, by
7= x%/D (ref. 2), where Dis the appropriate diffusion coefficient. As
pointed out in ref. 2, x= (d/3)3P/APy,,, where x is a transformed
rim on a grain of size d. A smaller pressure perturbation 6P will
transform a smaller amount of material, thus reducing x and 7.
For seismic waves’, with 8P of roughly 1077 GPa, AP, of 0.3 GPa
(width of the olivine—wadsleyite two-phase loop), d of 1 cm and D of
107" m?*s™! for iron—magnesium exchange'®, 7, is approximately
10 ?s. Timescale 7,, which characterizes the longest diffusion dis-
tance for complete equilibrium, can reach values of 10''s if the
diffusion path is as long as 1 cm. This implies that seismic waves,
with periods between 1 and 1,000, will at least partially drive the
phase transition and will exhibit partially relaxed velocities. If the
seismic timescale were the same as the characteristic time, we would
expect an associated attenuation. For the conditions outlined here,
we conclude that the seismic velocities are partially relaxed, but with
little or no attenuation.

In the laboratory, with values of 8P at the gigapascal level and
grains sizes of a few micrometres, we expect 7, to be of the order of
1,000s. Furthermore, we expect that these characteristic times are
reasonably appropriate for the olivine—wadsleyite-ringwoodite
transformations as well as the pyroxene—garnet—perovskite transfor-
mations. Aluminium diffusion controls the two-phase region of the
latter system. Although aluminium diffusion data are not available,
gallium diffusion in garnets suggests characteristic times similar to
those for the iron—magnesium exchange in olivine'. Thus, the char-
acteristic times in Fig. 1¢ may be similar to those in Fig. 1b. However,
a recent study'” reported diffusion coefficients for the iron—magnes-
ium exchange of 10> m®s ™" for perovskite. This increases the char-
acteristic time of the ringwoodite-to-perovskite transition by six
orders of magnitude, and possibly out of the seismic band.

Testing this model by quantifying this phenomenon in the labor-
atory has been limited by the challenge of creating the appropriate
pressure—temperature environment and simultaneously measuring
elastic properties and attenuation of the bulk modulus at seismic
frequencies. Use of the deformation DIA high-pressure system'® on
a synchrotron X-ray source has provided a new opportunity to pur-
sue these goals'®. Here we report two types of experiment on an
olivine sample, of composition Fa;, (Fa, fayalite), which is used to
ensure a wide two-phase loop between olivine and ringwoodite. In
the first set of experiments, the time-resolved transformation
between olivine and ringwoodite was defined by the X-ray diffraction
pattern after a change in the pressure or temperature conditions
altered the equilibrium proportions of the two phases. In the other
measurements, the olivine sample (~10-um grain size) and an alu-
minium oxide reference were enclosed in a silver capsule which was
placed in a high-pressure cell. At high pressure and temperature (up
to 15GPa, 1,700K), a sinusoidal uniaxial stress is applied to the
sample, inducing strains of 10?10~ >. We measured stress—strain
phase and amplitude relationships, resolved using X-ray radiation,
for frequencies of 1-100 mHz. Details of the experimental procedures
are reported elsewhere'”.

Figure 2 shows a typical evolution of the volume per cent of the
phases as a function of time after a new set of equilibrium conditions
has been established. The fitted curve indicates a characteristic time
of about 4,000 s. This is consistent with diffusion being the control-
ling process, with a value for D of 10~ "> m*s™ ! for iron-magnesium
exchange'” and a characteristic length of 2 pm, which would suggest
that about half of the material undergoes transformation (with 10 pm
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Figure 2 | Example of the olivine content versus time, from X-ray
diffraction observations. The temperature reached 1,350 K at 33,000s.
Olivine transforms to spinel with time. The decay curve has a characteristic
time of 4,000 s. These data are consistent with iron-magnesium diffusion
being the dominant process, with a diffusivity of 10~ “m?s 'anda
diffusion length of 2 um. These results support the bulk attenuation
observed during loading with a period of 1,000 s (Fig. 3) and the softening
observed at low amplitudes and shorter periods (Fig. 4). Run number 30;
error bars, 1s.d.

grains). This is consistent with the model described above and with
previous studies on olivine phase kinetics™.

Attenuation is expected when the characteristic time is comparable
to the oscillation period. Figure 3a shows one cycle of a 1,000-s
oscillation, where stress (derived from the strain of the reference
material) is plotted against strain of the sample. The hysteresis loop
indicates energy loss in the cycle. Figure 3b shows the hysteresis loop
for the same condition at a slightly lower temperature, where only the
ringwoodite phase was stable as indicated by the diffraction pattern.
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Figure 3 | Stress versus strain for one cycle during sinusoidal loading with
period of 1,000s. a, At 1,650 K both olivine and ringwoodite coexist in
approximately equal amounts, as demonstrated by X-ray diffraction. The
resulting Q factor is about five. b, At 1,500 K, X-ray diffraction indicates that
ringwoodite dominates the sample. The Q factor is indistinguishable from
infinity. The area inside the hysteresis loop is the energy loss during one
cycle. We conclude that the phase transition is responsible for the energy
dissipation.
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Figure 4 | Sample stress-strain relationship at 1,350 K. The samples
contain olivine and ringwoodite in about equal proportions. The plotted
curves are models for 50-s (squares), 100-s (diamonds), infinitely long
(relaxed) and infinitely short (unrelaxed) sampling times. The curves are
calculated using the analysis' for a two-phase mixture, with adjustments
made to reflect a cycling uniaxial stress and parameters of grain size 10 um
and diffusion coefficient 10~ !> m? s~ '. Run number 28; error bars, 1 s.d.

The energy loss for the mixed-phase region is considerably larger
than that for the single-phase region, as expected in this model. We
again emphasize that the small stress amplitude in the seismic wave
may lower the characteristic time to a much smaller value and, thus,
shift the attenuation peak to much higher frequencies than those
sampled by seismic waves.

The observations suggest a characteristic time on the order of
1,000 s in the laboratory for gigapascal-level stresses. This phenom-
enon will be important in the seismic record if the characteristic time
scales with stress amplitude as suggested by the model outlined
above. We tested this scaling by measuring stress and strain as a
function of the stress amplitude at fixed frequencies. Figure 4 com-
pares the model predictions for stress amplitude versus strain ampli-
tude with the results for sinusoidal oscillations with 50-s and 100-s
periods. For any strain amplitude, the characteristic time 7; was
derived in accordance with the discussion above and the stress was
calculated using the relaxed modulus, the unrelaxed modulus, the
characteristic time and the frequency of the oscillation, according to
standard relaxation models'. The slope of the stress—strain curve for
large-amplitude oscillations is equal to the unrelaxed Young’s modu-
lus, whereas the slope at small amplitude reflects the relaxed modu-
lus. The data were constrained to go through the origin. The 50-s
model curve has a smaller amount of relaxed strain than the 100-s
curve because the transformed sample volume (8 V) is less for shorter
transformation times and, hence, shorter periods. Whereas the small-
amplitude data exhibit some scatter, the more robust, large-ampli-
tude data are consistent with the model® and, therefore, support our
claim that the characteristic time decreases as the amplitude of the
perturbing stress decreases.

The data presented here imply that phase transitions reduce
P-wave velocities in the Earth’s mantle. The relaxed and unrelaxed
velocities are easy to calculate, but the actual velocity will lie between
these values, and the exact amount of softening is not yet known.
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Whether or not associated bulk attenuation occurs requires more
investigation of the timescales. This suggestion alters the information
that is considered essential in creating a seismic profile from mineral
physics data. More experiments and directed seismic observations
are needed to define the impact of the process presented here.
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