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Abstract 21 

The olivine-wadsleyite transformation is believed to occur at depths of about 410 km in the Earth, 22 

producing a major seismic discontinuity in this region of the Earth’s mantle. The mechanism of this 23 

phase transition controls the microstructures of the newly-nucleated wadsleyite, the major phase of the 24 

upper part of the mantle transition zone, and thus impacts seismic observations in the region. Here, we 25 

study the microstructures produced by the olivine-wadsleyite transformation using in-situ laboratory 26 

experiments at pressures and temperatures relevant for the mantle transition zone. We transform pure 27 
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olivine samples in laser-heated diamond anvil cells at pressures ranging from 12.3 to 20.2 GPa and 28 

temperatures of 1400-1730 K. At different steps of the transformation we measure the orientation and 29 

size distribution of individual sample grains using multigrain crystallography at synchrotron radiation 30 

sources. We find that the olivine to wadsleyite transformation is incoherent at the conditions of the 31 

mantle transition zone, and is probably dominated by nucleation of wadsleyite at grain boundaries of 32 

the parent olivine. Thus, we expect that seismic anisotropy near 410 km would drop significantly due to 33 

the randomized lattice preferred orientation of newly-nucleated wadsleyite induced by the incoherent 34 

transformation.  35 

 36 
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INTRODUCTION 39 

The 410 km depth discontinuity in the Earth lies at the interface between the upper mantle and the 40 

mantle transition zone (MTZ) and plays a key role in regulating mantle flow and the distribution of 41 

water in the mantle (Bercovici and Karato, 2003). It displays a sharp seismic velocity and density jump 42 

(Dziewoński and Anderson, 1981), attributed to the pressure-induced phase transformation of olivine to 43 

wadsleyite (e.g. Ringwood, 1991; Akaogi et al., 1989; Katsura and Ito, 1989; Ito and Katsura, 1989; 44 

Helffrich and Wood, 1996; Katsura et al., 2004). The correlation between the depth of seismic 45 

reflections and the pressure-temperature conditions of phase transitions in the (Fe,Mg)2SiO4 system 46 

(olivine-wadsleyite, wadsleyite-ringwoodite and ringwoodite-bridgmanite) has been used to estimate 47 

the temperature at mantle discontinuities and anchor deep Earth thermal profiles (e.g. Katsura et al., 48 

2004, 2009).  49 

Phase transitions will also affect the microstructure of a rock and large-scale geophysical 50 

observations. Incoherent transformations, i.e. transformations following no orientation relationship 51 

between the parent phase and the daughter phase, will erase the microstructures of the parent rock, 52 

while coherent transformations, i.e. transformations where the daughter phase grows with an 53 

orientation related to the parent phase, will preserve some microstructures in the daughter rock, 54 

inherited from the parent rock. In the case of the olivine-wadsleyite transition, both mechanisms have 55 

been reported (e.g. Smyth et al., 2012).  56 

Phase transformations in olivine will affect observations of seismic signals from the deep mantle, 57 

such as anisotropy or reflections off the interface, in regions where the material is downwelling. A 58 

coherent olivine-wadsleyite transition will preserve lattice preferred orientation (LPO) in the newly-59 

formed wadsleyite-rich rock below the discontinuity. In contrast, the incoherent transformation of 60 

olivine into wadsleyite will erase LPO and hence anisotropy of the parent olivine-rich rock (as reported 61 
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in Yuan and Beghein, 2013, for instance). The effect of microstructures on the underside reflections at 62 

the 410 km depth discontinuity was investigated by Saki et al. (2018), and it was shown that LPO in 63 

olivine above the discontinuity would in fact affect seismic observables. Microstructures in wadsleyite 64 

below the discontinuity, however, will be affected by the nature of the olivine-wadsleyite phase 65 

transition and deformation of wadsleyite itself. Thus, the nature of the olivine-wadsleyite 66 

transformation will play an important role in the physical properties of the Earth’s mantle and their 67 

monitoring by geophysical observables.  68 

In addition, a phase transformation affects grain sizes (e.g. Rosa et al., 2016; Perrillat et al., 2013), 69 

which will also affect the properties and behavior of the rocks. Rozel (2012), for instance, showed that 70 

a grain size-dependent rheology dramatically affects the convection regime of telluric planets. 71 

Mohiuddin et al. (2020) also showed that the direct olivine to ringwoodite transformation at low 72 

temperatures induces a fine-grained ringwoodite aggregate, deforming by diffusion creep, and with a 73 

substantial strength reduction and a weakening of cold subducted slabs. As such, grain size evolution 74 

during phase transitions in the olivine system is important to model the mechanical behavior of the 75 

mantle and the dynamics of subduction in the MTZ. 76 

Studies of phase transformation microstructures in olivine were first performed on analogs, mostly 77 

germanates, due to experimental limitations (e.g. Ringwood, 1958, 1962; Vaughan and Coe, 1981; Ross 78 

and Navrotsky, 1987; Burnley and Green, 1989; Ringwood and Seabrook, 1962). In germanate analogs, 79 

however, the α ("olivine") phase directly transforms to the γ ("ringwoodite") polymorph, with no 80 

intermediate β ("wadsleyite") phase. Hence, the olivine-wadsleyite transformation microstructures 81 

require studies on the (Fe,Mg)2SiO4 system itself. 82 

Experiments on the olivine-wadsleyite transformation generally indicate an incoherent nucleation 83 

and growth mechanism, where no relation between parent olivine and newly-formed wadsleyite is 84 



 Page 5/39 

observed (Brearley et al., 1992; Kerschhofer et al., 1996, 1998; Kubo et al., 1998b, 2004; Smyth et al., 85 

2012; Mohiuddin and Karato, 2018). In addition, Kerschhofer et al. (1998) have shown that incoherent 86 

nucleation of wadsleyite is dominant at olivine grain boundaries in small grain (<10-20 μm) 87 

aggregates, while in large crystals (0.6 mm) intracrystalline incoherent nucleation is dominant. 88 

Mohiuddin and Karato (2018) also observed both of these mechanisms in San Carlos olivine 89 

polycrystals of ≈25 μm grain size and proposed that the dominance of one mechanism over the other 90 

also depends on the temperature and the overpressure in the sample. These two incoherent mechanisms 91 

lead to slightly different microstructures. Grain boundary nucleation is expected to produce grains with 92 

random shapes while intracrystalline nucleation produces lamellae-shapped wadsleyite grains 93 

(Kerschhofer et al., 1996, 1998; Mohiuddin and Karato, 2018) along olivine stacking faults on planes 94 

(010) (Kerschhofer et al., 1996) or {101} (Kerschhofer et al., 1998), possibly resulting in shape 95 

preferred orientation of wadsleyite grains. 96 

Finally, the study of Smyth et al. (2012) documented both coherent and incoherent deformation 97 

mechanism. By heating and compressing a fine-grained mixture of natural olivine, silica, FeO and 98 

brucite (Mg(OH)2) at 13 GPa and 1400°C in a multi-anvil press, they synthesized an aggregate 99 

composed of olivine, wadsleyite, clinoenstatite and a melt phase. Quenched samples were then 100 

recovered for ex-situ analysis. Transmission electron microscopy studies of these samples show that 101 

small lamellae of wadsleyite were present within the remaining olivine crystals with the two following 102 

crystallographic relations to the host: Type I with [001]ol || [010]wd  and (100)ol || {101}wd, and Type II 103 

with [001]ol || [100]wd and (100)ol || {021}wd. Nevertheless, the authors observed a dominance of 104 

incoherent grains of wadsleyite. They hence concluded that the coherent mechanisms, although active, 105 

are less efficient than the incoherent nucleation of wadsleyite and should, hence, not have a significant 106 

impact on the microstructure.  107 
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Previous studies investigating the mechanisms of olivine-wadsleyite transformation, however, 108 

mostly relied on post-mortem characterization at the local scale using optical or electron microscopy 109 

(Brearley et al., 1992; Kerschhofer et al., 1996, 1998; Kubo et al., 1998a, 1998b, 2004; Smyth et al., 110 

2012; Mohiuddin and Karato, 2018). Ex-situ techniques allow a very precise determination of 111 

crystallographic orientations, compositions, grain boundaries, mean grain sizes, and defect structures 112 

but questions remain on whether the sample microstructures are modified at the later stages of the 113 

experiment, during decompression for instance, and whether orientation relationship at the local scale 114 

does affect microstructures at the bulk scale, in a polycrystal. Only a few in situ results of 115 

transformation-induced microstructures were reported (Wenk et al., 2004; Rosa et al., 2016; Chandler 116 

et al., 2021b), but all were performed at fairly low temperatures and focus on the olivine-ringwoodite 117 

direct transformation, rather than the olivine-wadsleyite transformation, which requires higher 118 

temperatures. 119 

In this work, we re-address the question of microstructures induced by the olivine-wadsleyite 120 

transformation using in-situ measurements at high pressure and temperatures. We rely on a recently 121 

developed DAC-based experimental method, multigrain crystallography (MGC; Nisr et al. (2012); 122 

Zhang et al. (2019); Nisr et al. (2014); Langrand et al. (2017)), which allows in-situ measurements of 123 

crystallographic structures, grain orientations and grain statistics at high pressure during processes, 124 

such as deformation or phase transformation. Previous works using MGC did not succeed to maintain 125 

relevant mantle temperatures (Rosa et al., 2015; Langrand et al., 2017; Zhang et al., 2019; Chandler 126 

et al., 2021a, 2021b). Here, olivine both as single-crystal and polycrystal is compressed at temperatures 127 

close to those of a standard geotherm using a laser-heated DAC, and transformed into the wadsleyite 128 

phase. We follow the microstructures prior to, during, and after the transformation using MGC and, 129 
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based on these microstructures, we investigate which type of transformation occurs in olivine at the 130 

pressures and temperatures of the MTZ. 131 

METHODS 132 

Samples 133 

Two starting materials were used: an olivine single crystal and sintered polycrystalline olivine 134 

samples. The olivine single-crystal was a fragment of natural San Carlos olivine, with dimensions of 135 

≈ 20 μm x 20 μm and polished manually to obtain a thickness of 10-15 μm. The polycrystalline 136 

samples were prepared from a powder of natural San Carlos olivine, ground in a planetary mill and 137 

sintered at ≈ 25 MPa and 1500 K for 40 minutes in a piston-cylinder apparatus. A piece of the sintered 138 

product was then prepared for electron microscopy and characterized in a FEG JEOL JSM-7800F 139 

scanning electron microscope (SEM) using the electron back-scattered diffraction (EBSD) technique. 140 

This characterization shows that it is a pure olivine polycrystal with heterogeneous grain sizes, ranging 141 

between less than a micron and 50 μm, and with no preferred orientation (Fig. 1.a, b). Infrared analysis 142 

shows less than 3 ppm of H2O in the olivine grains of the sintered polycrystal (Fig. 1.c). That analysis 143 

was done with a Bruker Hyperion 3000 FTIR microscope coupled with a Vertex 70 spectrometer, 144 

which was equipped with a simple MCT detector and a ’Focal Plan Array’ detector. Once sintered, the 145 

product was cut into fine slices with a precision diamond wire saw and mechanically polished to a 146 

thickness of 10-15 μm. Finally, samples were cut into disks of 20 μm diameter by lasers (Fig. 1.d). 147 

In both cases, samples were coated with a 150-200 nm thick platinum layer on both sides. This step 148 

ensures proper absorption of the heating infra-red lasers by the sample. It is also critical to maintain 149 

stable temperatures as olivine and wadsleyite have different optical absorption properties. No signal 150 
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from the platinum coating is seen in the diffraction images because of the very small volume fraction of 151 

platinum compared to the sample. Nevertheless, temperature stability during laser heating was 152 

drastically improved for samples with platinum coating. Earlier attempts with un-coated samples 153 

showed jumps in temperatures of several hundreds of degrees during pressure increases or phase 154 

transformations and those datasets were systematically discarded. Such large temperature oscillations 155 

did not occur when using samples coated with platinum. The platinum coating is then a convenient way 156 

of increasing the stability of the heating without decreasing the diffraction signal of the sample. 157 

High-temperature / high-pressure experiments 158 

To reach the high pressure and high temperature of the 410 km depth discontinuity, we use diamond 159 

anvil cells (DAC) coupled with laser heating. We used diamonds with 300 μm flat tips, rhenium gaskets 160 

with holes of 100–145 μm in diameter to serve as sample chambers (Fig. 1.d), and membranes to 161 

control sample pressure remotely. As pressure media, we used either MgO, KCl or alumina (Table 1). 162 

All three are chemically inert in an olivine-wadsleyite system at the investigated pressure-temperature 163 

conditions (Shen and Lazor, 1995; Kimura et al., 2017; Zhou et al., 2020). We can rule out undesired 164 

reactions in our experiments as no other phase than olivine, wadsleyite and the pressure media are 165 

present in the diffraction patterns (Figure 3).  In all cases, the sample and pressure media were loaded 166 

under a controlled argon atmosphere into the DAC to prevent the interaction of the hygroscopic 167 

pressure transmitting media with air moisture. 168 

The state of the sample was followed using in-situ multigrain X-ray diffraction at the ID27 169 

beamline at ESRF, the P02.2 beamline at PETRA III, and the PSICHÉ beamline at SOLEIL. In all 170 

cases, olivine was compressed at ambient temperature up to pressures between 2 and 10 GPa, after 171 

which we laser-heated to achieve temperatures ranging between 1400 and 1800 K. Pressure was then 172 

slowly increased while maintaining a constant temperature within ± 100 K. The sample composition 173 
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and pressure were monitored from the 2D-diffraction patterns using the software Dioptas (Prescher and 174 

Prakapenka, 2015). Sample temperatures were measured using spectral radiometry as provided by the 175 

beamlines during the experiments. At several points upon compression, pressure increase was stopped 176 

to collect multigrain X-ray diffraction data by rotating the DAC over Δω≈60° (depending on diamond 177 

height and cell opening) and acquiring X-ray diffraction images every 0.5° rotation increment δω 178 

(Fig. 2). At both ESRF-ID27 and PETRA-III-P02.2, laser heating was maintained during multigrain X-179 

ray diffraction data collection, using the standard laser-heating configuration at ESRF, and using a 180 

device such as presented in Bykova et al. (2019) at PETRA-III. At SOLEIL-PSICHÉ the sample was 181 

quenched to ambient temperature before multigrain X-ray diffraction data collection. Sample 182 

recrystallization could occur during the high-temperature 3D-XRD scans. Note, however, that 183 

recrystallization is most expected in deformed grains with high concentrations of internal defects (e.g. 184 

Poirier and Guillopé, 1979, Urai et al., 1986), and hence parent olivine rather than the newly nucleated 185 

wadsleyite grains. In-situ 3DXRD measurements at high temperature, nevertheless, offers the great 186 

advantage to avoid introducing additional deviatoric stresses upon temperature quenching that could, 187 

also, affect the sample (Kavner and Duffy, 2001).  188 

At the P02.2 beamline at PETRA III, X-rays were set to a wavelength of 0.2903 Å and focused to 189 

7.6 (horizontal) × 4.4 (vertical) μm. The sample-to-detector distance was 398.7 mm, based on the CeO2 190 

calibration. Diffraction images were collected using a PerkinElmer XRD 1621 amorphous silicon flat-191 

panel detector with 2048×2048 pixels of size (Liermann et al., 2015) for 5 s. At the ID27 beamline at 192 

ESRF, we used X-rays with a wavelength of 0.3738 Å, focused to 3.2 (horizontal) × 3.0 (vertical) μm. 193 

The sample-to-detector distance was 245.54 mm, based on the CeO2 calibration. Diffraction images 194 

were collected using a MAR165 CCD planar detector with 2048×2048 pixels of size for 6 s. At the 195 

PSICHÉ beamline at SOLEIL, we used X-rays with a wavelength of 0.3738 Å focused to about 12 196 
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(horizontal) × 10 (vertical) μm. The sample-to-detector distance was 389.75 mm, based on the CeO2 197 

calibration. Diffraction images were collected employing a PILATUS flat-panel detector with 198 

1475 × 1679 pixels of 172 × 172 μm, and with an acquisition time of 5 s. Note that the study of large 199 

single crystals diffraction was allowed by the PILATUS detector that can count every photon received 200 

on the panel, with high peaks spread resolution and a small readout time (Eikenberry et al., 2003), and 201 

can handle significantly higher peak intensity before saturation.  202 

Table 1 summarizes the experiments that were performed along with the starting materials, 203 

pressure-transmitting media, and sample characterization techniques. Three experiments used pure 204 

polycrystalline olivine samples as starting materials: LTC_05_01 and LTC_03_02 performed on ESRF-205 

ID27 and P2_01 performed on PETRA-III-P02.2. One experiment started from an olivine single-206 

crystal, Olivine_01 performed at SOLEIL-PSICHÉ. 207 

Diffraction data processing 208 

Post-experiment, ω-rotation multigrain diffraction images were stacked to generate an average 209 

diffraction image, which was then further processed using the Rietveld refinement package MAUD 210 

(Lutterotti et al., 2014; Wenk et al., 2014) from which we extract the unit cell parameters of the 211 

pressure medium, olivine, and wadsleyite. The pressure was then calculated using thermal equations of 212 

state from the literature (Angel et al. (2018) for olivine and Katsura et al. (2009) for wadsleyite) and the 213 

EosFit Calculator software (Angel et al., 2014). Pressure and temperature conditions for each 214 

multigrain measurement are summarized in Table 2. 215 

The sample microstructural evolution during the transformation is processed using multigrain 216 

crystallography (MGC). This method consists in acquiring 2D-diffraction images at different ω rotation 217 

angles. The data is then processed to i) separate the background and the diffraction signals of the 218 
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pressure medium from that of the larger sample grains, ii) identify individual diffraction spots of the 219 

larger sample grains, and iii) determine the sample grain orientation matrices. The detailed procedure 220 

has been described in Rosa et al. (2015) and used in Rosa et al. (2016) and Langrand et al. (2017). It 221 

relies on open-source softwares from the FABLE-3DXRD package, available online at 222 

https://github.com/FABLE-3DXRD, additional tools from the TIMEleSS project, available online at 223 

https://github.com/FABLE-3DXRD/TIMEleSS, and thoroughly described in a dedicated manual at 224 

http://multigrain.texture.rocks/.  225 

Individual diffraction images are first cleaned to exclude high-intensity single-crystal diffraction 226 

spots from the diamond anvils and subtract the background signal. Individual diffraction spots are then 227 

located using a high-pass filter, as implemented in the Peaksearch algorithm (Sörensen et al., 2012). 228 

The ImageD11 software (Wright, 2006) then uses the list of extracted diffraction spots and information 229 

on the experimental conditions to compute a list of potential G-vectors to be assigned to the sample 230 

grains. ImageD11 does not include full crystallographic information to generate the list of G-vectors 231 

and hence generate Miller indices which can be extinct in a given crystal structure. We hence re-232 

evaluate the list of potential G-vectors using our TIMEleSS scripts and the full crystallographic 233 

information for olivine and wadsleyite, and concentrate on g-vectors that will actually contribute to 234 

diffraction. This additional step decreases the risk of error during grain indexing. At this point, each 235 

observed G-vector is assigned to its observed intensity and location in orientation space (2θ, η and ω 236 

angles), and potential h, k and l Miller indices. 237 

The final indexing step relies on the GrainSpotter software (Schmidt, 2014), with the following 238 

settings: 100 000 random grain orientation trials, tolerances of 0.08° in 2θ, 4° in η and 3° in ω to assign 239 

a measured G-vector to a grain, a minimum number of 15 G-vectors per grain, and a minimum 240 

completeness of 30%. This procedure is repeated a number of times (i.e. 50), removing already 241 
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assigned G-vectors, to improve the number of indexed grains. The final output consists of a list of 242 

grains, along with their crystallographic orientation and the list of the associated diffraction spots.  243 

From the results of the MGC processing, it is possible to extract a relative size for the indexed 244 

grains by scaling grain volume to the intensity of their diffraction spots. Then, using the illuminated 245 

volume of the sample, the number of indexed grains and their relative volumes, we can provide an 246 

estimate of their actual size, as volume or mean radius. This computation is performed using a script 247 

from the TIMEleSS tools.  248 

The raw multigrain data, as well as the resulting lists of grains, their orientation and grain size are 249 

available online at https://doi.org/10.57745/NZFWP9 (Ledoux et al., 2023). 250 

Grain orientations analysis 251 

Indexed grain orientations are shown as either pole figures (PF; for samples with very few grains, 252 

e.g. Fig. 4) or inverse pole figures (IPF) of the compression direction (for samples with a large number 253 

of grains, e.g. Fig. 5). Each marker in inverse pole figures represents an indexed orientation and is 254 

color-coded according to calculations based on an orientation distribution function (ODF) fitted to the 255 

indexing results. Markers in pole figures also represent the orientation of indexed grains but are not 256 

color-coded because orientation distributions are not relevant for a low number of grains. For this step, 257 

we use the open-source MTEX toolbox for MATLAB (Bachmann et al., 2010).  258 

MTEX is also used to test the effect of a coherent transformation mechanism from olivine to 259 

wadsleyite. For these simulations, we start from the indexed olivine grain orientations prior to the 260 

transformation and compute the daughter wadsleyite orientations resulting from a strict coherent 261 

transformation. We test for both orientation relationships suggested by Smyth et al. (2012): Type I with 262 
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[001]ol || [010]wd  and (100)ol || {101}wd, and Type II with [001]ol || [100]wd and (100)ol || {021}wd. The 263 

simulated daughter wadsleyite orientations are also plotted as IPF, using the same procedure as above. 264 

RESULTS 265 

Transformation microstructures in olivine single crystal 266 

Sample in run Olivine_01 was an olivine single crystal at 6.3 GPa and 300 K. It was laser-heated to 267 

temperatures of 1700–1800 K and compressed at 1700-1800 K over 100 minutes to drive a partial 268 

conversion to wadsleyite. Multigrain crystallography data was collected on the olivine single-crystal 269 

prior to the pressure increase, and at 16.1 GPa and 300 K, after the partial transformation to wadsleyite 270 

and quench in temperature (Fig. 4).  271 

Before the transformation (Figs. 4a,b), the sample is an olivine single crystal, as shown by both the 272 

diffraction pattern and the single grain orientation deduced from the multigrain crystallography 273 

processing. The diffraction image shows intense and slightly deformed diffraction peaks, indicating that 274 

the crystal is large and is submitted to some stress. The multigrain crystallography processing locates a 275 

single grain, with an estimated equivalent radius (i.e. the radius of a sphere with an identical volume to 276 

that of the grain) of 6.1 μm.  277 

Later, upon compression at high temperature, (Figs. 4c,d,e, f) the sample contains both olivine and 278 

wadsleyite. Olivine diffraction peaks are still intense (Fig. 4), indicating grains of larger size, but also 279 

appear elongated along the diffraction rings, suggesting that the olivine portion of the sample is 280 

subdividing into different orientation domains. The multigrain crystallography processing identifies 25 281 

grains of olivine with a mean radius of 0.8 μm. The orientations of these grains do not show any 282 

particular alignment with specific sample directions, but are different from the orientation of the 283 
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original single crystal, before partial transformation to wadsleyite (Fig. 4b). On the stack of all ω 284 

diffraction patterns, wadsleyite appears as small diffraction peaks forming a nearly-continuous 285 

diffraction ring, suggesting that wadsleyite grains are small. On a single image of the collection, 286 

however, the diffraction spots of wadsleyite are distinct (Fig. 4f). The multigrain crystallography 287 

processing locates 72 daughter orientations of wadsleyite, with a mean radius of 0.8 μm. Most of these 288 

grains show a cluster of orientation with their [100] crystallographic axes in the vicinity of the 289 

compression direction (Fig. 4e). 290 

Transformation microstructures in polycrystalline olivine 291 

Samples in runs LTC_05_01, LTC_03_02 and P2_01 were pure polycrystalline olivine. All were 292 

compressed at temperatures ranging between 1400 and 1730 K and converted to wadsleyite. Figure 5 293 

presents the orientations of the grains indexed by MGC in these three experiments and at different steps 294 

of the transformation. 295 

In experiment LTC_05_01, the transformation from olivine to wadsleyite is observed between 296 

1400 K–14.9 GPa and 1730 K–18.7 GPa. Before transformation (collection s26), MGC indexes 55 297 

olivine grains with a mean grain radius of 0.5 μm and no lattice preferred orientation. After the 298 

transformation (collection s27), MGC locates 114 grains of wadsleyite with a mean grains radius of 299 

0.6 μm. We observe significant crystal preferred orientations, with the [100] crystallographic axes of 300 

wadsleyite aligned at a low angle of the compression direction. 301 

In experiment LTC_03_02, the transformation from olivine to wadsleyite is observed at 1700 K and 302 

between 17.0 and 18.8 GPa. Before the transformation (collection s07), MGC indexes 180 grains of 303 

olivine with a mean grain radius of 0.5 μm. The olivine grain orientations form a girdle between the 304 

(100) and (010) poles of the inverse pole figure. After the transformation (collection s08), 188 grains of 305 



 Page 15/39 

wadsleyite are indexed with a mean grain radius of 0.5 μm and a crystal preferred orientation with the 306 

maximum orientation probability 30° away from (100).  307 

In experiment P2_01, the transformation from olivine to wadsleyite is observed between 1550 K–308 

20.2 GPa and 1450 K–12.3 GPa. Before the transformation (collection s06), MGC indexes 84 olivine 309 

grains with a mean grain radius of 1.0 μm and no crystal preferred orientations. In this experiment, 310 

pressure decreased at the olivine to wadsleyite conversion, with data collected while olivine and 311 

wadsleyite coexist (collection s07) leading to 83 olivine grains with a mean grain radius of 0.7 μm and 312 

no crystal preferred orientation and 30 wadsleyite grains with a mean grain radius of 0.7 μm and 313 

orientations concentrated between the (010) and (001) poles of the inverse pole figure. After full 314 

conversion to wadsleyite (collection s08), we index 144 wadsleyite grains with a mean grain radius of 315 

0.7 μm. The crystal preferred orientation is weak but shows two maxima at (001) and (010) in the 316 

inverse pole figure. 317 

Grain size evolution 318 

Two tendencies are observed regarding grain size evolution in our experiments: i) in experiments 319 

Olivine_01 and P2_01, the mean sample grain size decreases during the phase transition from olivine to 320 

wadsleyite, while ii) in experiments LTC_03_02 and LTC_05_01, the grain size does not significantly 321 

change during the phase transition.  322 

The grains size evolution in experiments Olivine_01 and P2_01 is illustrated in Fig. 6, based on the 323 

example of experiment P2_01 for which data with coexisting both olivine and wadsleyite is available. 324 

Before the transformation (dataset s06), the olivine grain radii vary between 0.5 and 2.2 μm. During the 325 

transformation, the olivine grain size decreases, with grain radii between 0.4 and 1.6 μm (dataset s07). 326 

Coexisting wadsleyite in the same measurement shows grain radii between 0.4 and 1.1 μm. After the 327 
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transformation (dataset s08), the sample is made of wadsleyite grains with grain radii ranging between 328 

0.2 and 1.8 μm and an average radius of 0.7 μm. 329 

Regarding experiments LTC_03_02 and LTC_05_01, for which grain size does not reduce upon the 330 

phase transformation to wadsleyite, we can notice that the average grain radius in olivine before 331 

transformation is 0.5 μm. In all experiments, the mean radius of wadsleyite grains after full 332 

transformation is above 0.5 μm. We can hence conclude that, in experiments LTC_03_02 and 333 

LTC_05_01, olivine grain size before transformation is already close to that of the newly-formed 334 

wadsleyite grains. The phase transformation hence does not result in grain size reduction in these 335 

experiments. 336 

Overall, the grain sizes in our experiments are small with an estimated mean grain size equal to or 337 

smaller than 1 μm in equivalent radius (except for the starting single crystal of Olivine_01).  The 338 

differences in mean wadsleyite grain sizes between experiments can be explained by the grain size in 339 

the starting material. Nevertheless, wadsleyite grain sizes are somewhat similar in all experiments and 340 

we do not see a clear effect of the pressure medium. More investigations will be needed, however, to 341 

conclude on the relative effects of stress, overpressure, and pressure media on wadsleyite grain sizes 342 

after transformation. In all cases, large olivine crystals tend to disappear during the transformation, 343 

with olivine grain radii of about 0.8 μm in equivalent radius in coexisting olivine and wadsleyite. The 344 

wadsleyite grains past phase transformation have mean grain radii between 0.5 and 0.8 μm.  345 
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DISCUSSION 346 

Olivine-wadsleyite transformation mechanism 347 

We observe lattice preferred orientations in wadsleyite after transformation, with [100] 348 

crystallographic axis parallel or at 30–40° of the compression direction in experiments LTC_05_01 and 349 

LTC_03_02 (Fig. 5). Starting from an olivine single-crystal (Olivine_01, Fig. 4), wadsleyite after 350 

transformation also shows a similar LPO, although weaker than in experiments LTC_05_01 and 351 

LTC_03_02. 352 

Experiment P2_01, starting from polycrystalline olivine and for which measurements in the mixed 353 

olivine-wadsleyite phase are available, shows a more complex behavior. The first wadsleyite grains 354 

nucleate with orientations between the (010) and (001) poles of the IPF of the compression direction 355 

(Fig. 5 s07). After the transformation (collection s08), the orientation distribution spreads, with clusters 356 

of orientations near the (010), (001) and (100) poles of the IPF, which could be a transition between the 357 

first nucleation texture (collection s07) and a texture with the [100] crystallographic axis parallel to 358 

compression, as in the three other experiments. 359 

A coherent transformation implies a crystallographic orientation relationship between the parent-360 

phase, olivine, and the daughter-phase, wadsleyite. Smyth et al. (2012) report two topotactic 361 

relationships for the olivine–wadsleyite coherent transformation, based on observations in transmission 362 

electron microscopy of post-mortem products of the transformation. Type I orientation relationships 363 

lead to (100) olivine || {101} wadsleyite and [001] olivine || [010] wadsleyite. Type II orientation 364 

relationships lead to {021} wadsleyite || (100) olivine and [100] wadsleyite || [001] olivine. Both Type I 365 

and Type II orientation relationships are tested in Fig. 7 for experiments LTC_05_01 and LTC_03_02. 366 
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The results are clear: the orientations of wadsleyite grains observed in the experiment do not 367 

correspond to the predictions of either Type I or Type II orientation relationships.  368 

In P2_01, no clear LPO is observed in the olivine grains before the transformation or in the relict 369 

olivine grains coexisting with wadsleyite during transformation. Based on our simulations (Fig. 7), 370 

coherent transformations of polycrystalline olivine with no LPO should produce daughter-wadsleyite 371 

with no LPO. However, the first wadsleyite grains observed during the transformation show a relatively 372 

strong LPO along a girdle between the (010) and (001) poles of the IPF of the compression direction. 373 

Hence a coherent transformation cannot explain the transformation texture (nor the post-transformation 374 

texture) of the newly-formed wadsleyite in this experiment.  375 

Experiments on polycrystalline olivine hence show that orientation relationships observed at the 376 

local scale do not apply at the polycrystal scale. As discussed in Smyth et al. (2012), incoherent grains 377 

of wadsleyite dominate the sample microstructure. This result is confirmed with experiment 378 

Olivine_01, starting from a single crystal, in which multiple domains of wadsleyite and olivine are 379 

formed during transformation, with no obvious orientation relation to the original single-crystal. As 380 

such, the inheritance of crystallographic preferred orientations in the olivine-wadsleyite transformation 381 

is unlikely to be significant at the 410 km depth discontinuity in the Earth mantle, with a dominant 382 

incoherent nucleation of wadsleyite. LPO in wadsleyite during or after transformation is most likely 383 

related to oriented growth due to stress or plastic deformation following the phase transformation. 384 

Interestingly, the grain size observed in wadsleyite in our LH-DAC experiments is close to those 385 

observed in multi-anvil press experiments at 1400-1800 K with durations ranging from tens of minutes 386 

to a few hours (Nishihara et al., 2006, Demouchy et al., 2011, Mohiuddin and Karato, 2018). This 387 

observation supports that transformation mechanisms in our LH-DAC experiments should not be 388 

significantly different than that deduced from large-volume press experiments. 389 
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Effect of grain size on the transformation mechanism 390 

The study of Kerschhofer et al. (1996) shows that the grain size of the transforming olivine 391 

influences the olivine-wadsleyite transformation mechanism with i) a grain-boundary nucleation of 392 

wadsleyite, operating in both a large single crystal and a fine grained matrix, and ii) an intracrystalline 393 

nucleation of wadsleyite inside a large olivine single crystal only. None of these mechanisms are 394 

reported to produce strict orientation relationships between olivine and wadsleyite. 395 

In our polycrystalline experiments, the mean grain size of the parent-olivine is up to 1.0 μm in 396 

equivalent radius, and hence is smaller than that of the fine matrix of the experiments of Kerschhofer 397 

et al. (1996), where the grain-boundary nucleation is dominant. In experiment Olivine_01 the single-398 

crystal olivine sample is shown to subdivide into multiple domains of both olivine and wadsleyite as 399 

the phase transition proceeds (e.g. Fig. 4), leading to an average grain radius of 0.8 μm both in olivine 400 

and wadsleyite. According to Kerschhofer et al. (1996), the phase transition, in this case, should also be 401 

controlled by a dominant grain-boundary nucleation mechanism. 402 

Mohiuddin and Karato (2018) also found wadsleyite grains of small size (2.8-4.2 μm in diameter) 403 

and proposed dominant grain-boundary nucleation of wadsleyite, but at the condition that the 404 

transformation over-pressure is below 3 GPa. As over-pressure increases, they showed that intra-405 

crystalline nucleation makes a significant contribution to the volume fraction transformed. In our 406 

experiments Olivine_01, LTC_05_01 and LTC_03_02, the transformation over-pressure is less or equal 407 

to 3 GPa, and so should be dominated by grain-boundary nucleation of wadsleyite, in agreement with 408 

the proposition of Kerschhofer et al. (1996). In experiment P2_01, although grain size is similar to that 409 

of the other samples, the over-pressure is larger than 3 GPa. Thus, based on the results of Mohiuddin 410 

and Karato (2018), a greater contribution of the intra-crystalline mechanism for wadsleyite nucleation 411 

could be expected in this particular experiment.  412 
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Effect of stress on the phase transformation 413 

Transformation mechanisms in the olivine system are known to be sensitive to parameters such as 414 

stress, temperature, and over-pressure (e.g. Burnley and Green, 1989, Burnley, 1995, Kerschhofer et al, 415 

1996, 1998, Smyth et al, 2012, and references therein). Early diamond anvil cell experiments provided 416 

inconsistent results, probably due to the lack of pressure-transmitting media and high stresses (Burnley 417 

1995).  418 

Our experiments are performed at much higher temperatures, thanks to laser heating, and use 419 

different pressure media, MgO, Alumina, and KCl, all with different strengths. They lead to consistent 420 

results: the wadsleyite microstructures after transformation from olivine are dominated by an 421 

incoherent mechanism, whatever the pressure medium or over-pressure prior to the transformation, 422 

with no effect of the olivine starting texture or grain sizes, and consistent grain sizes in wadsleyite past 423 

transformation (e.g. Table 2). This is consistent with observations in low-stress and small grain sizes 424 

experiments in large-volume press experiments (e.g. Burnley and Green, 1989, Kerschhofer et al, 1996, 425 

Smyth et al, 2012). A more precise analysis of the effect of stress on the phase transformation 426 

mechanism would require a proper estimate of stress in the olivine and wadsleyite grains. Grain-to-427 

grain stress estimate can be obtained using 3D-XRD (e.g. Oddershede et al, 2010, Chandler et al, 2021) 428 

but requires careful calibration for relevant measurements. We did attempt to extract grain-level stress 429 

distributions from our datasets but did not obtain reliable results. This will have to be the topic of future 430 

investigations. 431 

Over-pressure, stress, and subsequent deformation may have affected details of grain orientations in 432 

wadsleyite past transformation from olivine (e.g. Figs 4, 5), but the fine analysis of these features goes 433 

beyond the goals of this paper. 434 
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IMPLICATIONS 435 

Olivine and wadsleyite are considered the main minerals of the upper mantle and the upper section 436 

of the MTZ, respectively. Hence, microstructures in these phases have a great influence on the 437 

properties of these two layers. It is now largely accepted that LPO induced by olivine deformation is 438 

the source of the strong seismic anisotropy measured in the upper mantle (Nishimura and Forsyth, 439 

1989; Cara and Lévêque, 1988; Long and Becker, 2010). Textured downwelling olivine of the upper 440 

mantle then transforms into wadsleyite at depths of the 410 km depth discontinuity and questions arise 441 

whether this LPO will propagate to wadsleyite in the MTZ.  442 

In agreement with previous ex-situ studies based on electron microscopy (Brearley et al., 1992; 443 

Kerschhofer et al., 1996, 1998; Kubo et al., 1998b, 2004; Smyth et al., 2012; Mohiuddin and Karato, 444 

2018), our in-situ high pressure high temperature measurements show that the transformation is 445 

dominated by incoherent nucleation at pressures between 12.3 and 20.2 GPa, and temperatures of 446 

1450–1770 K. The result is also confirmed by experiments starting from a larger single-crystal olivine 447 

grain. 448 

Thus, our results argue that the olivine to wadsleyite transformation around the 410 km depth will 449 

erase the LPO and, also, the whole microstructure of the parent-olivine. As such, the olivine to 450 

wadsleyite phase transformation cannot be a source of LPO in the transition zone. Accordingly, seismic 451 

anisotropy in olivine will be erased as rocks cross the 410 km depth discontinuity. This is consistent 452 

with seismic observations from the literature, that report a significant decrease of the seismic 453 

anisotropy in the MTZ compared to the upper mantle (e.g. Fischer and Wien, 1996; Panning and 454 

Romanowicz, 2006; Foley and Long, 2011; Yuan and Beghein, 2013; Huang et al., 2019). Based on 455 

these results, the seismic anisotropy observed in this region (Panning and Romanowicz, 2006; Yuan 456 
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and Beghein, 2013; Foley and Long, 2011; Huang et al., 2019) should rather arise from additional 457 

plastic deformation below the transition zone. 458 

After transformation, the size of the resulting wadsleyite grains in our experiments ranges between 459 

0.4 and 0.8 μm in mean equivalent radius. This result is consistent with other experimental studies on 460 

the olivine-wadsleyite transformation, where the newly formed wadsleyite grains are generally on the 461 

order of micrometers or tens of micrometers (Smyth et al., 2012; Perrillat et al., 2013; Rosa et al., 2016; 462 

Mohiuddin and Karato, 2018). Hence, if the grain size of the parent olivine is larger, as it may be 463 

expected in the upper mantle (mm to cm, Faul and Jackson, 2005), the transformation would imply a 464 

grain size reduction. Grain size is an important parameter in the mechanical properties of rocks as it can 465 

change the dominant deformation mechanism of the aggregate. This change of dominant deformation 466 

mechanisms (dislocation creep vs. diffusion creep vs. grain boundary sliding) due to grain size 467 

variations in the mantle was investigated by numerical studies (e.g. Rozel, 2012; Dannberg et al., 468 

2017), which show that grain size variations can modify the rheology and convection of the mantle. In 469 

addition, using numerical calculations based on experimental data, Mohiuddin and Karato (2018) show 470 

that slab materials at lower temperatures (i.e. small grain size) will be weaker than slabs at higher 471 

temperatures (large grain size) due to sluggish grain growth. According to our measurements, the 472 

olivine-wadsleyite phase transformation will nucleate small wadsleyite grains, and hence induce a 473 

weakening of the aggregate, which will be important to model deformation and the dynamics of the 474 

Earth’s transition zone.  475 

Finally, the study highlights the potential of using multigrain X-ray diffraction in the laser-heated 476 

diamond anvil cell for the study of microstructures in Earth mantle minerals. Unlike other techniques, 477 

such as radial x-ray diffraction, multigrain X-ray diffraction can be combined with laser-heating, 478 

approaching both relevant mantle pressure and temperature conditions, and maintaining a low level of 479 
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stress on the sample. In addition, the method allows for extracting statistical information on individual 480 

grain sizes and orientations, hence offering new avenues for discoveries in high pressure mineralogical 481 

science. 482 
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TABLES 701 

 702 

 Experiment 
Starting 

material 
PTM Beamline Characterization technique 

Olivine_01 Single crystal Alumina SOLEIL-PSICHÉ MGC after temperature quench 

LTC_05_01 Polycrystal MgO ESRF-ID27 In-situ MGC at high temperature 

LTC_03_02 Polycrystal MgO ESRF-ID27 In-situ MGC at high temperature 

P2_01 Polycrystal KCl PETRA-III-P02.2 In-situ MGC at high temperature 

 703 

Table 1: List of samples and experiments. PTM stands for Pressure Transmitting Medium. 704 

  705 
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 706 

Experiment Collection P (GPa) T (K) Phase N 
Mean GR 

(μm) 

GVE per 

grain 
Indexed GVE

Olivine_01 

multi1 6.3 300 olivine 1 6.1 75.0 19.9% 

multi4 16.1 300 
olivine 25 0.8(3) 31.0 16.4% 

wadsleyite 72 0.8(3) 31.7 42.6% 

LTC_05_01 
s26 14.9 1400 olivine 55 0.5(3) 37.9 23.3% 

s27 18.7 1730 wadsleyite 114 0.6(3) 39.0 46.4% 

LTC_03_02 
s07 17.0 1700 olivine 180 0.5(3) 46.9 58.7% 

s08 18.8 1700 wadsleyite 188 0.5(3) 49.4 63.2% 

 P2_01 

s06 20.2 1550 olivine 84 1.0(4) 122.4 47.6% 

s07 13.5 1510
olivine 83 0.7(3) 119.1 46.8% 

wadsleyite 30 0.7(2) 123.7 17.0% 

s08 12.3 1450 wadsleyite 144 0.7(3) 47.4 76.2% 

 707 
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Table 2: Experimental conditions and indexing statistics. For each experiment, the table indicates 708 

the pressure (P)/temperature (T) conditions at which multigrain measurements were performed, 709 

together with the results of the multigrain crystallography indexing: number of indexed olivine or 710 

wadsleyite grains (N), the mean radius of the indexed grains (mean GR), the mean number of indexed 711 

reflections per grain (Gve per grains), and percentage of indexed G vectors for each phase (Indexed 712 

Gve). Note that other phases, such as the pressure medium, might also be the source of a large number 713 

of G vectors that overlap with those of the phase of interest and will reduce the apparent percentage of 714 

indexed G vectors. Also note that the mean grain radius deduced from MGC in experiment Olivine_01 715 

is limited by the size of the incoming X-ray beam, and hence smaller than that of the original single-716 

crystal. Numbers in parenthesis are standard deviations from the mean grain size, on the last digit.717 
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FIGURES 718 

  719 

Figure 1: Characterization of the polycrystalline starting material for experiments at ESRF and 720 

PETRA III. a) EBSD band contrast image showing the shapes and sizes of the grains in the olivine 721 

polycrystal after piston-cylinder sintering; b) EBSD orientation map of the starting material; c) FTIR 722 

measurements of water content in grains of the sintered polycrystal; d) Photograph of the diamond 723 

anvil cell pressure chamber (closed cell, top view). The olivine polycrystalline sample is a 20 μm 724 

diameter disk loaded with a MgO pressure medium inside a 140 μm diameter hole in a rhenium gasket. 725 
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  726 

Figure 2: Experimental layout for multigrain crystallography (MGC) measurements at high 727 

pressure and high temperature at a synchrotron beamline. View from the top. The synchrotron X-rays 728 

beam (thick blue line) passes through the DAC (in green) and is transmitted or diffracted by the 729 

crystallites in the sample. The diffracted rays (thin blue lines) form the diffraction pattern on the 730 

detector (in grey). The DAC is rotated in ω and data is collected at different ω values. In the reported 731 

experiments at both PETRA-III-P02.2 and ESRF-ID27, the laser heating system was rotating with the 732 

DAC during ω rotations. At SOLEIL-PSICHÉ, the lasers were fixed and the sample was quenched in 733 

temperature before collecting MGC data. 734 
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 735 

 736 

Figure 3: Experimental diffraction data for dataset P2_01_s07 where both olivine and wadsleyite 737 

coexist. (a)  Diffraction spots extracted by the 3D-XRD process from the whole diffraction collection, 738 

plotted in azimuth vs. inverse d-spacing and staked in omega. (b) Integrated diffraction pattern with 739 

annotated diffraction peaks for KCl, olivine and wadsleyite. Here, the diffraction pattern is plotted as a 740 

histogram of locations of the diffraction spots shown in (a) vs. inverse of the d-spacing. Using such a 741 

histogram leads to sharp diffraction signals and allows for easy sample identification. 742 
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 743 

  744 

Figure 4: Transformation microstructures starting from an olivine single crystal. Single crystal 745 

olivine data (a,b), olivine-wadsleyite polycrystal data after partial transformation (c, d, e). Stacked 746 

diffraction patterns (a,c). (100), (010) and (001) pole figures representing the orientations of olivine 747 

(b,d) and wadsleyite grains (e). The compression direction is indicated above the pole figures. To better 748 

illustrate the diffraction spots of the wadsleyite grains, a zoom-in for one image at one omega step of 749 

the collection is shown (f). 750 
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  751 

Figure 5: Transformation microstructures in polycrystalline olivine samples. Inverse pole figures of 752 

the compression direction representing grain orientations of olivine (Ol) before transformation, olivine 753 

(Ol) and wadsleyite (Wd) during transformation, and wadsleyite (Wd) after transformation from 754 

olivine. LTC_05_01, LTC_03_02 and P2_01 are different experiments. Pressure and temperature 755 

conditions of the measurements are indicated below each inverse pole figure along with N, the number 756 

of indexed grains. The fundamental space and axes defining the inverse pole figure are shown on the 757 

right. The color scale applied to the markers is based on a probability calculated from the orientation 758 

distribution function fitted to the sample and is expressed in multiple of a random distribution (m.r.d). 759 

It should be noted that, in all the experiments in this figure, MGC data collections were performed in 760 

situ at high P-T conditions during laser-heating.  761 

 762 



 Page 38/39 

  763 

Figure 6: Distribution of estimated grain equivalent radii in experiment P2_01 while the sample is 764 

pure olivine (collection s06), a mixed olivine-wadsleyite phase (collection s07) and fully transformed 765 

to wadsleyite (collection s08). The green and blue bars correspond to olivine and wadsleyite grains 766 

size, respectively. n is the number of grains for each phase. M, m, Av are the maximum, minimum, and 767 

average grain radii, respectively. MD is the grain radius for which distribution is maximal. All are 768 

expressed in μm. 769 
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  770 

Figure 7: Coherent transformation simulations (b, d, f, h) and comparison with the experimental 771 

results (a, c, e, g), for experiments LTC_05_01 (a, b, c, d) and LTC_03_02 (e, f, g, h). For each 772 

experiment, the olivine grain orientations before transformation (a, e) are used to compute the daughter 773 

wadsleyite orientations. The computation is based on the two topotactic relationships given by Smyth 774 

et al. (2012), indicated below the corresponding inverse pole figures. c) and g) are experimental 775 

wadsleyite grains orientations just after the transformation. 776 
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