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Highlights:

* We report X-ray diffraction and sound velocities across the olivine transition
» Shear waves exhibit a transient velocity softening and attenuation

* This transformational softening may arise from a metastable spineloid phase
* This could explain the sharpness and reflectivity of the 410 km discontinuity

Abstract

The seismic signature of the 410-km seismic discontinuity is generally attributed to the
olivine to wadsleyite polymorphic transformation. However, apparent discrepancies exist
between seismic and experimental observations. Among those, the sharpness of the
discontinuity as inferred from the reflectivity of seismic waves is difficult to reconcile with
the gradual nature of the olivine to wadsleyite transformation predicted by phase equilibria. In
this study, we explore the contribution of the phase transition kinetics to the sharpness of the
discontinuity by performing X-ray diffraction and sound velocity measurements on
(Mg,Fe)>Si04 with an unprecedented time resolution as a function of the reaction progress.
Our data document for the first time a transient velocity softening phenomenon and
attenuation which we relate to the formation of a metastable spineloid phase. In the Earth’s

mantle this transformation mechanism would affect the elastic gradient within the olivine-
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wadsleyite two-phase loop, potentially creating a low-velocity layer; hence explaining the

unique sharpness and reflectivity of the discontinuity.

1. Introduction

Olivine, (Mg,Fe);SiO4, is the most abundant mineral in the upper mantle. Its
transformations to wadsleyite and ringwoodite are responsible for the seismic discontinuities
observed at 410 and 520 km depths, respectively. Knowing the transformation pressure and
kinetics, as well as the variation in density and elasticity associated with these transitions is
essential to understanding the depth, sharpness, and amplitude of these discontinuities. These
seismic properties also impose critical constraints on the composition and structure of the
Earth’s mantle, with profound geodynamic implications. In global seismic Earth models, the
410-km discontinuity (hereafter referred to as d410) is characterized by an abrupt rise velocity
of about ~ 5% in PREM (Dziewonski and Anderson, 1981) and ~ 4% in AK135 (Kenneth et
al., 1995). In regional studies, the large amplitude of short-period (~1 Hz) reflected seismic
waves reveals that most of the energy of the seismic waves is reflected from a narrow zone, in
some cases 4 km or less in thickness (Benz and Vidale, 1993; Yamazaki and Hirahara, 1994,
Neele, 1996; Tibi and Wiens, 2005; Waszek et al., 2021). Although these seismic estimates
may suffer from intrinsic uncertainty related to focusing effects, such a sharpness is
inconsistent with a phase transition in a solid solution Mg>Si04-Fe»SiO4 that occurs over a
large range of pressures depending on the composition. Thermodynamic and mineralogical
models estimate the width of the transformation loop to be 7-19 km thick for typical mantle
temperature and composition (Akaogi et al., 1989; Katsura et al., 2004, 2010). As a
consequence, several additional constraints have been proposed to resolve this discrepancy
with the seismic observations. The strong curvature in the binary loop boundaries could result
in a non-linear gradient in mineral transformation yields, and hence in elastic properties
across the tranformation (Gaherty et al., 1999). This could lead to a sharper d410 in seismic
observations (Helfrich and Wood, 1996; Stixrude, 1997). Fe-Mg partitioning involving non-
transforming phases, such as garnet, might have a similar effect (Irifune and Isshiki, 1998).
Conversely, lower temperature may widen the divariant loop (Helffrich and Bina, 1994); and
in places with a high vertical component of mantle flow the latent heat of the transition will
result in a broader transformation interval compared to the isothermal case (Frost, 2003).
Also, the preferential incorporation of water in wadsleyite stabilizes this phase over a wider
range of pressures and temperatures, thereby enlarging the transition pressure interval (Wood,

1995; Helffrich and Wood, 1996; Frost, 2003; Frost and Dolejs, 2007). From OH" partitioning
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between olivine and wadsleyite, Wood (1995) estimated that approximately 0.05 wt% H>O in
the mantle transition zone would imply a 20 km wide discontinuity. For higher water content
estimates of 0.9 - 1.4 wt % H>O (Kelbert et al. 2009; Pearson et al., 2014; Wang et al. 2019)
the transition may broaden up to over 30 km for geotherm conditions < 1200°C. With these
results, the observation of a 2-10 km-thick d410 in the cold, likely hydrated, Tonga slab area
(Tibi and Wiens, 2005) is particularly puzzling, and underlines the need for additional
mechanisms for reconciling the widths of phase transitions with those of observed seismic
discontinuities.

A yet largely unexplored aspect is the dynamics of mineral transformations.
Anomalous elastic behaviors, such as softening (i.e. reduction of elastic moduli), have been
reported in the vicinity of phase transitions of some minerals (e.g., Carpenter and Salje, 1998;,
Lakshtanov et al., 2007) and may cause variations in both P- and S-wave velocities. The
presence of a metastable phase might also affect the acoustic signature of a transition, as
observed in orthopyroxene (Kung et al., 2004; Zhang et al. 2013; Zhang and Bass 2016;
Wang et al. 2019). In the olivine system, the existence of intermediate phases between high-
pressure polymorphs has been predicted by transformation models, and would derive from a
shear-induced reaction mechanism where the hcp oxygen sub-lattice in olivine is sheared, via
stacking faults, into the fcc configuration in wadsleyite and ringwoodite (Hyde et al., 1982;
Madon and Poirier, 1983, Bassett and Skalwold, 2021). The process would either lead to the
so-called spineloid €-phase (Madon and Poirier, 1983), or to a disordered spineloid in the case
the arrangement of the cation sublattice is not achieved (Guyot et al., 1991). The €-phase has
been recently identified by X-ray diffraction (XRD) in quench products from the olivine to
ringwoodite transformation (Chandler et al., 2021); while the disordered spineloid has been
identified in situ during time-resolved measurements across the olivine — wadsleyite and
olivine —ringwoodite transitions. In this latter case, XRD patterns are characterized by the
preferential growth of the diffraction lines corresponding to the fcc oxygen sublattice, because
of the lack of long-range order for the cations. This feature was first observed by Furnish and
Bassett (1983) and Chen et al. (2001) in Fe>Si04, as well as Will and Lauterjung (1987) in the
Mg>GeOs system. It was subsequently reported in the (Mgo.oFeo.1)S1204 mantle composition
by our group (Perrillat et al., 2013, Perrillat et al., 2016; where it is referred as y*phase) and
confirmed by Rosa et al. (2016). The presence of an intermediate metastable spineloid phase
therefore appears to be a robust feature of the olivine high-pressure transitions, as confirmed

by the recent discovery of e-Mg>SiOs in the heavily shocked Tenham meteorite (Tomioka and



Okuchi, 2017; Tomioka et al., 2021) named “poirierite” in honour of Jean-Paul Poirier.
Investigation of the seismic effect of this transient phase is therefore essential for a better
understanding of the complex structure of the d410 discontinuity.

In this study, we combine synchrotron time-resolved X-ray diffraction (XRD) and
ultrasonic measurements to determine wave velocities as a function of reaction progress
across the olivine — wadsleyite — ringwoodite transitions in (Mg,Fe)2Si04 samples. These in
situ data reveal a significant softening at the onset of transformation that might be attributable
to the presence of the intermediate spineloid phase reported in previous studies. We also
explore through seismic models the implications of this softening, and conclude that this
transient phase affects the velocity gradient within the two-phase loop, potentially creating a
low-velocity layer and sharpening the d410 discontinuity. The modeled reflection coefficients
show that a [2 km thick layer with a velocity decrease of -1.5% would generate a distinctive
Ul Hz reflection signal of the P’410P” seismic phases consistent with worldwide observations,

that could potentially be detected in short periods receiver functions seismic data.

2. Experimental methods
2.1 Starting material

The starting material consisted of fine-grain polycrystalline specimens prepared by
hot-pressing powders ground from either natural San Carlos olivine crystals (run# T1634;
Xre=0.1), or synthetic iron-rich olivine (runs# T1204 & T1633; Xg=0.52), where Xge=
Fe/(Mg+Fe) denotes the iron molar fraction. These specimens were identical to those
previously studied in Perrillat et al. (2003; 2016). While the San Carlos olivine is
representative of the Earth’s mantle chemistry, the iron-rich Xpe=0.52 composition was
chosen for its lower transformation pressure and wider binary loop of 3 - 4 GPa at 650 — 1350
°C (Akaogi et al., 1989). This iron-rich olivine has been synthesized from a stoichiometric
mixture of MgO-SiO2-Fe203 synthetic oxides and heated at 1250°C for 20 hours in a
controlled atmosphere furnace (CO-CO2 gas mixture, fO2=10-*atm). The purity and chemical
homogeneity of both samples were confirmed by Energy Dispersive Spectroscopy (EDS)
measurements. Powders were subsequently sintered at 4 GPa and 1000°C for 24 hours in a
Paris-Edinburgh press at Université de Lyon in order to achieve a fine 1-10 pm grain size, a
very low porosity, and the lack of cracks required for the ultrasonic measurements (Fig. S1).
Finally, cylindrical samples of 1.0 - 0.8 mm in length and 1.2 mm in diameter were prepared

with flat faces polished to mirror quality to be perfectly parallel with an accuracy of £ 1 um.



2.2 High pressure and temperature experiments

High-pressure and high-temperature experiments were conducted at the 13-ID-D
Beamline of GSECARS at the Advanced Photon Source, Argonne, IL using a 1000-ton press
and a T-25 multi-anvil module (Wang et al., 2009). Samples were loaded in either 14/8 (run#
T1634) or 10/5 ultrasonic (runs# T1204 & T1633) cell assemblies (Leinenweber et al., 2012),
composed of an MgO octahedral pressure medium with a tubular graphite or “windowed”
rhenium heater, respectively (schematic drawings of the cells can be found in Supplementary
Fig. S2). Gold foils of 2 um thick were placed on the top and bottom sides of the olivine
cylinder to measure the sample length by radiography (Fig. S3). A mixture of NaCl + hBN
placed at the back of the sample provided quasi-hydrostatic conditions and served as pressure
calibrant (Matsui et al., 2012; Le Godec et al., 2000). The uncertainty in the pressure
calculation, from the errors in unit cell measurements and equation of state parameters, was
typically £ 0.2 GPa. The temperature was monitored using a WsRe-W2sRe thermocouple in
contact with the sample, without correction of the pressure-effect on the electromotive force,
leading to a precision of + 10 °C. For run# T1634, the thermocouple reading was lost during
the heating stage so that temperature was estimated from power vs. temperature calibration of
the rhenium furnace and may suffer from higher uncertainties up to = 50°C.

Three experiments were performed at the pressure-temperature conditions for the
olivine to transform into its high-pressure polymorphs (Fig. 1). Phase equilibrium data show
that olivine (0) with Xpe=0.1 transforms into wadsleyite () at 12.5 GPa — 800°C, over a
pressure interval of [10.2 GPa (Frost, 2003; Katsura et al., 2004, 2010), whereas the iron-rich
olivine (0) with Xge= 0.52 transforms directly to ringwoodite (y) at a lower pressure, i.e.
starting at 6.5 GPa, over a wide binary loop of [12.5 GPa (Akaogi et al., 1989; Katsura and
Ito, 1989). In each experiment, the olivine samples were first cold-compressed to reach the
incipient pressure of either the - or O-y coexistence loop. Temperature was then raised
slowly (10°C/min) to 400 — 500 °C and annealed for about 30 to 60 min in order to relax the
stress in both the sample and the cell assembly. Finally, a heating ramp was conducted at
400°C/min to reach the target temperatures for kinetic measurements, at 825°C for run#

T1204, 800 °C for run# T1633, and 890 °C for run# T1634, respectively.

2.3 In situ X-ray diffraction and ultrasonic measurements



X-ray diffraction was used to monitor in real-time the transformation to wadsleyite
and ringwoodite under isothermal conditions. In situ diffraction was performed in an energy-
dispersive mode using the 20 — 120 keV white beam of the 13-ID-D Beamline and a solid-
state Ge detector (Canberra®), with a two-theta angle fixed at 6°. The vertical and horizontal
widths of the incident beam were 100 x 100 um, respectively. The collection time was set to
60 s in order to improve the temporal resolution of kinetic measurements. This fast collection
was achieved at the expense of the signal to noise ratio of XRD patterns (SNR = 40-80, as
defined by the ratio of peak amplitude to root-mean-square noise), but was sufficient to
identify the major diffraction lines of the product phases. Although the preferential growth of
the diffraction lines of the fcc oxygen sublattice, the characteristic feature of the spineloid
phase, was not observable, we nevertheless consider that the reaction mechanism involving
the metastable spineloid was operational as in previous experiments carried out on the same
sample chemistry and P-T conditions (Perrillat et al., 2013, 2016). The degree of
transformation as a function of time was further obtained from the relative intensities of the
main diffraction lines of olivine (namely (130) (131) (112) (041) (240) lines) and wadsleyite
(namely (112) (211) (240) (244) lines) or ringwoodite (namely (220) (311) (400) (440) lines)
fitted by Gaussian functions after background subtraction. The uncertainty on the degree of
transformation is estimated at £0.05 from the scattering of the phase proportions obtained
from the different diffraction lines. Transformation-time data were analyzed using the general
Avrami relation X(f) = 1 — exp(-kz") where ¢ is time and &, n kinetic parameters optimized in a
least-square fit. This real-time monitoring proceeded until the relative proportions of minerals
in the 0+f3 or 0+Y phase assemblages no longer evolved with time.

Ultrasonic measurements were conducted in parallel with the X-ray diffraction to
estimate the wave velocities variations across the transformation. For this purpose, a dual
mode LiNbOj piezoelectric transducer was attached to the back of the bottom WC anvil, and
used to generate and receive both compressional and shear ultrasonic pulses at 50 and 30
MHz resonant frequencies, respectively. The ultrasonic data acquisition time to get an
adequate signal to noise ratio was typically 20 s. The two-way travel times of elastic waves
through the sample were determined by the pulse-echo overlap method (Fig. S4), and
converted into velocities using the sample lengths measured using X-ray radiography based
on positions of Au markers, with a resolution of + 2 pm (Fig. S3). This sample length was
actually interpolated from the initial and final thicknesses measured by X-ray radiography

(Table S1) assuming that the sample shortening solely results from the extent of the reaction,



and therefore follows the Avrami’s relation estimated from the XRD data. This assumption
seems reasonable given the limited plasticity of olivine at these low temperatures < 900 °C
and short time scales (Hirth and Kohlstedt, 2003). For compressional waves, the ultrasonic
echoes reflected at both ends of the sample were overlapping. As a consequence, V; could not
be determined with confidence, and only the shear waves velocities V; are further discussed in
this work. Considering the uncertainties arising from the sample length + 2.5 pm and travel
time measurements + 0.5 ns, we estimate the overall uncertainty in the present Vi
determination to about 1 % of the nominal values.

This experimental method combining time-resolved X-ray diffraction and ultrasonics
provides insights into the relationship between the seismic velocities and the transient
crystalline processes across the mineral transformations characteristic of the d410 seismic

discontinuity.

3. Results and discussion
3.1 Effect of phase transition on shear velocities

Fig. 2 shows time-series of XRD patterns measured across the O-y transformation in
run #T1204. In all runs, the appearance and growth of the high-pressure phase is accompanied
by the decrease in intensity of olivine diffraction peaks. In detail, the volume fraction of
olivine shows a steep decrease in the first 10 minutes of the reaction until it achieves a steady
state after 30 to 40 minutes. The observed kinetics behavior can be described using the
Avrami’s relation. At the end of each experiment, the coexistence of olivine with either
ringwoodite or wadsleyite evidences the achievement of equilibrium within the two-phase
loop. The relatively low degrees of transformation, i.e. the persistence of a large fraction of
olivine, is explained by the drop in confining pressure of 1.1 to 1.5 GPa due to the negative
volume change intrinsic to the reaction: the B and Yy phases are 7% and 8% denser than
olivine, respectively. The steep decrease in olivine fraction at the onset of transformation is
consistent with an early saturation of nucleation sites followed by interface-controlled growth
of the product phases, as evidenced in our previous kinetic studies (Perrillat et al., 2013;
2016). The overall transformation timescales are in agreement with the ~ 10° m.s™! growth
rate reported at 870 °C in these earlier works using similar fine-grain polycrystalline olivine
samples.

The evolution of ultrasonic velocities with time and reaction progress is shown in Fig

3. Shear velocities drop by 80 to 350 m.s™! in the first 3 to 5 minutes of the reaction,



corresponding to a 1.8 to 7.5 % reduction in Vj, respectively, followed by a steady increase
that correlates with the duration of the reaction. At the end of the experiments, Vs values
agree within uncertainties with velocities calculated from literature elasticity data (see
Supplementary Table S2) for a mixture of o+ or a+Yy phases in the proportions observed in
the present XRD measurements (Fig 3). The large velocity drop at the onset of the reaction is
coupled with a simultaneous lowering of waveform amplitudes, while, afterward S-wave
echoes increase again in amplitude after this initial period (Fig 4). This initial drop in

waveform amplitude reaches 45% for run # T1204, 39 % for #T1633, and 32% for #T1634.

3.2 Softening and attenuation at the onset of transformation

Previous studies have generally focused on the magnitude of velocity jumps across the
polymorphic phase transitions of olivine from the equilibrium phase proportions along the
transition interval and the elastic moduli of the individual phases (e.g., Gaherty et al., 1996;
Weidner and Wang, 2000). Whatever the averaging scheme for the effective elastic moduli
calculation and the linear or non-linear rate in the volume fractions of phases one assumes,
modeled velocities across the binary loop always take intermediate values between the
velocity of olivine and that of its high-pressure form, increasing gradually between these end-
member velocities. In contrast, the present measurements show a significant decrease in shear
wave velocities in the first steps of reaction. This transient slowness in Vs cannot be explained
by thermal effects since the amplitude of velocity drop is much larger than the expected [150
m.s” drop caused by a 0400 °C temperature jump, based on the temperature derivative
dVs/dT of shear velocities of the (Mg,Fe)2S104 polymorphs (Sinogeikin et al., 2003; Liu et
al., 2005). Moreover, in our experiments, velocities keep decreasing for a few minutes after
temperature is stabilized, arguing for a transformational origin for the velocity drop. An
explanation for this velocity reduction might be the formation of the metastable spineloid
phase observed in previous works, that would further transform with time into
thermodynamically stable wadsleyite or ringwoodite. The velocity softening may result from
the highly defected nature of the spineloid, while the lowering of the waveforms amplitudes
may track intrinsic attenuation from cations diffusion or scattering of the wave associated to

changes in microstructures across the reaction.

3.3 Implications for the sharpness of the 410km discontinuity



The application of the above experimental results to the Earth’s mantle requires that
we assess the role and extent of the transient spineloid phase in natural geodynamic
environments. Due to the gradual transformation of olivine into wadsleyite through the binary
loop, a substantial amount of the spineloid phase will be produced continuously over the
depths covering the transition. In low temperature subduction settings, due to the slow
kinetics, the spineloid phase will persist metastably beyond the olivine transition equilibrium
pressure (Dipler et al., 1996; Tetzlaff and Schmeling, 2009). For example, at a temperature of
1000 °C and assuming the transformation kinetics from Perrillat et al. (2016), the spineloid
phase would last over a depths interval of ~ 7 km (Fig. S5). Under convective mantle
conditions with [11350 °C adiabatic geotherm this metastability will be reduced and controlled
by the interplay between the velocity of the phase transformation and the convective flow
(Solomatov and Stevenson, 1994).

Another important issue is the transposition of the present ultrasonic measurements
performed at MHz frequencies to the seismological observations in the Hz - mHz range. The
shear-wave velocity decrease probed by the ultrasonic waves points to a softening process in
the spineloid phase operative at the MHz timescale, coupled to an attenuation of the
waveforms. The seismic waves that travel at much lower frequencies will sample these
relaxed effective elastic properties, and hence the deceleration of S waves observed in
experiments will be also effective at teleseismic periods. In contrast, the attenuation at seismic
frequencies cannot be directly inferred from the damping of MHz waveforms since the
frequency dependence of the relaxation process is not yet known. However, the contribution
of the olivine — wadsleyite transition to the bulk and shear attenuation in the Earth’s upper
mantle has long been suggested (Jackson, 2007; Li and Weidner, 2008; Ricard et al., 2009)
since the phase transformation driven by the propagation of seismic waves in a two-phase
loop is a typical source of energy dissipation.

The effect of a transformational softening on the d410 velocity profile, such as the
metastable intermediate spineloid phase could create, is qualitatively discussed below and
illustrated in Fig. 5. The equilibrium elastic profile for an anhydrous pyrolitic mantle
composition is the black curve, obtained by Tauzin et al. (2018) through thermodynamical
calculations with the Perple_X codes (Connolly, 2005) and the mineral thermoelastic database
of Stixrude and Lithgow-Bertelloni (2011). Considering that the fraction of spineloid will be
the maximum in the upper part of the loop and will decrease volumetrically with depth as
more olivine is transformed into wadsleyite, the occurrence of the spineloid phase will reduce

the velocity relative to this equilibrium profile. The amplitude of this velocity drop will
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depend on the abundance of the spineloid relative to the olivine and wadsleyite phases, but
also on the amount of the non-transforming coexisting minerals, such as pyroxenes and
garnet. Hence, the 1.8 — 7.5 % V; drop observed in the present experiments should be
considered as an upper bound. Since the speed of longitudinal waves (Vp) depends partly on
the shear modulus we expect that V, would also decrease to a lesser extent, although it was
not possible to measure it in the present experiments. Under geotherm conditions, the impact
of this transient softening will be to damp the velocity rise in the uppermost kilometer of the
loop red profiles in Fig. 5), while in the cold areas of downgoing slabs, where the extent of
the spineloid phase will be more pronounced, it could even create a low velocity layer (solid
red profile in Fig.5). In both settings, the effective thickness of the d410 will be significantly
reduced, as detailed hereafter.

Seismic constraints on the d410 structure are mainly from the analysis of secondary
reflected or converted seismic waves at the interface (e.g. Shearer, 2000). These include P-to-
S or S-to-P converted phases from the discontinuity, precursors to PP or SS resulting from
underside reflections, as well as P’P’ precursors to PKPPKP phases (Fig. S6). The reflectivity
of these seismic phases, defined as the ratio of amplitude of the reflected or converted wave to
the incident wave, depends on the impedance contrast (i.e. the product of the velocity and
density) across the interface. Hence, the reflectivity of these phases is highly sensitive to the
gradients in elastic properties within the loop. The observation of P’410P’ reflections with ~1
Hz dominant frequency implies that most energy of these waves is reflected from a narrow
interface, impossible to reconcile with equilibrium mineralogical models (Fig. S7).

The following section is intended to explore the range of amplitude and thickness for
the velocity softening that would reproduce the observed seismic reflectivity coefficients and
the effective sharpness of the d410. We computed the P’410P’ reflectivity for various shapes of
velocity gradients, and for a range of frequencies between 102 and 5 Hz. While the Zoeppritz
equations are commonly used to compute reflection/conversion coefficients for first-order
seismic interfaces, this approach shows some limitations when the discontinuity extends over
a significant depth interval as in the case of the olivine high-pressure transformations. When
the width of velocity gradients is larger and the shape more complex, the use of
reflection/transmission coefficients for first-order interfaces is no longer a good
approximation, except at long-periods (Bostock, 1999; Gaherty et al., 1999; Tauzin et al.,
2019). We therefore reconstructed the response of velocity profiles by sub-dividing gradients
in thin homogeneous layers, and then computing the effective response using a plane-wave

matrix algorithm such as designed by Kennett (1983) and Chapman (2003). We modified an
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algorithm from Chapman (2003) to calculate the generalized reflection-transmission
coefficients from a stack of homogeneous layers (Tauzin et al., 2019). For simplicity, the
anelastic attenuation within the layers was not considered here, i.e. 9/ = 0. We first computed
the reflection response of the pyrolite reference equilibrium model along potential
temperatures of 600 to 2400 K (Fig. S7). The modeled reflection coefficient (RPP) for P’410P’
phases shows little energy reflection within the 0.6 — 2 s period range. The effect of
temperature is to vary the width and velocity contrast across the loop but does not add sharp
gradients that may explain the observations of ~1 Hz dominant frequency of P’410P’ reflected
phases. We then constructed models to account for the softening effect that the spineloid
phase would produce. We superimposed to the 1600 K pyrolite elastic profile a narrow low-
velocity zone of thickness /; and perturbations in velocity 4V; and density 40;, with an
underlying vertical gradient a2 = dc/dz (where c¢ represents V, and p) to connect to the
reference elastic structure. Fig. S8 shows examples of varying 4V, h; or a> while keeping the
other parameters constant. Compared with the simple pyrolitic model, the response is
enriched in high frequencies with a peak in the band-pass of analysis of P’410P’ and P-to-S RF
data. The most efficient way to enrich the spectra in high frequencies is to increase the
thickness and/or the elastic anomaly within the low-velocity zone. Changing the slope of the
underlying gradient has little effect in comparison (Fig. S8). Using an appropriate
combination of parameters, Avi =-1.5%, h1 =2 km and a> = 0.2 s”!, we were able to generate
a resonance peak close to 1 Hz (Fig. 6). Note that given the tradeoffs between the above
parameters, this combination is non-unique and a range of models would satisfy the 1 Hz
reflectivity (Fig S8). In all these models, the overall effect of the metastable spineloid phase is
to broaden the P’410P’reflection response toward higher frequencies. This effect could well
explain the observation of short-period P’410P’ phases throughout the globe (Fig. S6, Xu et
al., 2003).

Finally we explore the detectability of such a narrow (4 = 2 km) low-velocity (Avy = -
1.5%) layer using receiver functions (RF). We computed P-to-S transmission coefficients
(Fig. 6) and found a resonance peak in the band pass of RF data at 1.2 Hz. This means that
high-frequency RFs could theoretically detect the low velocity layer due to the intrinsic
mechanism of the phase transition and investigate its spatial extent. This would nevertheless
require to extend the typical period range of RF analysis below 5s periods, and to overcome
the current limitations of out-of-phase stacking of the converted arrivals that originate from

attenuation, noise and velocity heterogeneities in the upper-mantle.
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4. Conclusions

The combination of X-ray diffraction and ultrasonic velocity measurements across the
olivine high-pressure transformation evidenced a transient decrease in shear wave velocity
which might be related to the spineloid phase reported in previous works. Additional works
would be needed to confirm the involvement of this intermediate metastable phase and to
measure the evolution of longitudinal wave speeds; which was not possible in this study given
the experimental limitations. Such a velocity reduction would affect the seismic signature of
the d410, reducing its effective thickness as compared to that predicted by phases equilibrium
only. This kinetic effect would be particularly significant in cold mantle environments where
transformation kinetics are slow, and would explain the observation of a very sharp
discontinuity in cold subduction zones, like Tonga (Yamazaki and Hirahara, 1994; Tibi and
Wiens, 2005). The depth of the d410 being also temperature dependent, we hypothesize that
the reflectivity of the d410 should be positively correlated with its depth. These results also
highlight the importance of investigating dynamics of mantle phase transformations using
state-of-the-art in situ time resolved probes. It is essential to capture the intermediate
metastable phases of the reaction pathway and their bearing on the fine-scale velocity

structure of seismic discontinuities.
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Figure 1 — Phase relations in the (Mg,Fe):SiO4 system (left panel, from Akaogi et al.,
1989; Katsura and Ito, 1989) and pressure-temperature (P-T) conditions of the present
kinetics experiments (right panel). The P-T paths include a cold-compression stage
followed by an annealing step at 400 — 500 °C. Temperature is finally jumped to 800 — 890°C
for the transformation to occur. In all runs, pressure decreased between the onset of the
reaction (filled symbols) and the final measurements (empty symbols), as a result of the
negative volume change of the reaction.
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Figure 2 — Time-series of X-ray diffraction patterns for run T1204. Successive spectra
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(). (left) whole XRD dataset, and (right) selected patterns.
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Figure 3 - S-wave velocities as a function of time and reaction progress. (top)
Temperature profile as a function of time. (middle) Evolution of olivine fraction estimated
from XRD data. The red line is a fit to the Avrami kinetic law X(t) = 1 — exp (-kt"), with
optimized k and n kinetic parameters. (bottom) Shear velocities along the transformation
determined from S-wave travel times and the sample lengths (see Supplementary Table 1 for
the raw data). For comparison, velocities were modeled along the same P-T profile using the
phase volume fractions determined from XRD and the thermoelastic properties of the
individual iron-bearing olivine, wadsleyite and/or ringwoodite phases (see Supplementary
Table 2). Modeled velocities (blue curves) exhibit a slight decrease at the onset of reaction
due to the temperature rise before stabilization but in all runs the observed shear velocity
drops are more pronounced arguing for a reaction-related softening.
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for sample T1633 (left panel). The lowering of the wave amplitude (colored scale) between
1 and 4 min (right panel) is a possible manifestation of attenuation.
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Figure 5 — Schematics of the effect of a transformational softening across the olivine-
wadsleyite transformation on the seismic velocity profile

(left panel) Mineral phases as a function of depth for a mantle pyrolitic composition. In the
modeling, an intermediate spineloid phase (y*) coexists with the olivine and wadsleyite phase
in the transformation interval. The fraction of this y* phase (figured as green circles) is
maximum in the upper part of the loop and decreases volumetrically with depths as more
olivine transformed into wadsleyite. The other non-transforming minerals in equilibrium are
garnet, Opx: orthopyroxene and Cpx: clinopyroxene. (right panel) Schematic illustration of
the effect of the intermediate y* phase on the velocity profile. In comparison with the
equilibrium profile (black curve), the y* phase would lead to a softening whose effect would
be to lower the velocity rise in the first kilometers of the loop, or even to create a low-velocity
layer (red curves).
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Figure 6 — Effect of a spineloid low-velocity layer on the P’410P’ (PKPPKP) reflectivity
and P-to-S transmission (Ps RFs) coefficients. The reference model in black is obtained
from an adiabat with 1600 K potential temperature and a pyrolitic mantle composition (pyr.
1600K). The perturbed model in red corresponding to the presence of the metastable spineloid
phase (sp.) is calculated by superimposing a narrow low-velocity zone of thickness /1 = 2 km,
-1.5% perturbations in velocities Avpi, Avs; and density Api, and gradient in the underlying
velocities a2 = 0.2 s’'. Compared with the simple pyrolitic model, the spineloid response is
expanded toward the high frequencies with a peak in the band-pass of analysis of P’410P” and
P-to-S RF data (thick black line).
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