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A B S T R A C T

The origin of deep earthquakes remains enigmatic, but some seismic studies imply that in the deep transition 
zone transformation faulting cannot be the only (or even the major) mechanism. Here we present samples of co- 
existing basaltic-composition garnetite and San-Carlos-composition wadsleyite which were simultaneously 
deformed, resulting in a shear failure. Runaway frictional heating along the shear plane resulted in melting 
within the garnetite sample but not the wadsleyite sample. This fundamental difference in rupture evolution is 
also seen in the failure angles in the two samples, with the failure angle in the garnetite sample consistent with a 
low coefficient of friction, unlike the wadsleyite-hosted fault. Numerical shear-heating models confirm that the 
difference in behaviour is caused by the difference in thermal diffusivity of garnet and wadsleyite. We suggest 
therefore that thermal runaway is a viable mechanism for producing seismicity in crustal portions of subducted 
slabs in the deep transition zone.

1. Introduction

Deep-focus earthquakes, with focal depths greater than ~300 km, 
present an enigma: pressure (P) should inhibit frictional sliding at these 
depths and yet many subducting slabs below convergent margins are 
seismically very active to ~700 km depth. The chemistry and temper
ature (T) of slabs is very different from that of the bulk mantle. Their low 
temperature results in the metastable persistence of minerals in slab 
cores to pressures well beyond their stability and it has been shown that 
the transformation of metastable olivine to its high-pressure polymorphs 
can result in seismicity in the shallow transition-zone (Green and 
Burnley, 1989; Green et al., 1990; -1992) and perhaps deeper. However, 
the transformational faulting mechanism cannot account for the signif
icant rise in earthquake incidence and energy at depths > 520–550 km 
as little olivine should survive here. While some transformational 
faulting may occur throughout the transition zone, there is increasing 
evidence for multiple source mechanisms of seismicity in the deep 
transition zone. The largest events tend to be centred towards the top of 
the slab and have earthquake source characteristics which suggest slow 
rupture propagation at this depth (e.g., Meng et al., 2014), inconsistent 

with transformational faulting of metastable olivine. In addition, 
Gutenberg–Richter b-values differ between the deep and shallow tran
sition zone, implying a change in source mechanism (Zhan, 2017). While 
other upper-mantle minerals with candidate phase transitions exist 
throughout the transition zone (e.g., Hogrefe et al., 1994), they are 
volumetrically minor and unlikely to dominate the rheology of the slab 
sufficiently to cause large deep earthquakes.

Recent seismic source reconstructions suggest that deep earthquakes 
often occur on multiple ruptures separated in time and space (Meng 
et al., 2014; Chen et al., 2014; Park and Ishii, 2015; Kehoe and Kisser, 
2024). The first rupture typically propagates rapidly whereas the later, 
often larger, rupture(s) have low propagation velocities and low corner 
frequencies. This suggests a two-stage mechanism with fundamentally 
different processes occurring during each stage. The early stage is a 
process, such as transformational faulting, where overstepping a critical 
stress threshold allows rapid rupture propagation in a manner analogous 
to brittle failure (see Green and Burnley, 1989). This initial rupture then 
redistributes stress in the surrounding slab which organises into a 
runaway localisation and the slower rupture velocity second event. 
Since the second event does not depend on phase transformation, except 
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for its triggering, its magnitude and location are independent of the 
transforming region.

One possible mechanism for strain localisation in deep seismic 
source regions is shear heating and thermal runaway, potentially lead
ing to melting and catastrophic weakening in the shearing region 
(Kanamori et al., 1998). Frictional melting is well established during 
shallow seismogenic rupture, with ancient frictional melts, pseudo
tachylites, preserved from a range of depths and lithologies (see Sibson 
and Toy, 2006 for a summary) but these are all instances of melt 
generated during slip on a sliding frictional surface. Dobson et al. (2010)
suggested that the low thermal diffusivity of garnet compared to the 
olivine polymorphs might favour thermal runaway and strain local
isation in crustal components of the subducted slab in the deep transi
tion zone since the mineralogy is dominated by majoritic garnet. 
Furthermore, the reduced carbonated MORB solidus at 500–660 km (e. 
g., Thomson et al., 2016) might explain the increased incidence of deep 
earthquakes, and their localisation to the upper part of the slab in this 
depth range, however that relies on the presence of carbonate compo
nents in seismically active slabs.

The ‘remote triggering’ model is one interpretation of the observed 
multiple-rupture events, but it needs verification (Zhan, 2020). Recent 
advances in high-pressure techniques allow controlled deformation ex
periments to be performed under conditions of the transition zone and 
uppermost lower mantle (Nishihara et al., 2008; Nishiyama et al., 2008; 
Manthilake et al., 2012; Hunt et al., 2014; Xu et al., 2022). Here we 
present results of a multi-anvil experiment and simple shear-heating 
models which demonstrate that thermal runaway to melting is 
possible in MORB composition garnetite-hosted faults without carbon
ate under conditions where melting does not occur in wadsleyite-hosted 
faults.

2. Methods

2.1. High pressure experiments

The fault presented here was produced during decompression of 
experiment DT22–004, a relative-strength experiment, performed using 
the deformation-T-cup multi-anvil press (D-T-cup) installed at UCL. 
During decompression, after plastic deformation at high pressure and 
high temperature the position of the deformation pistons is kept con
stant to try and avoid inducing any further deformation in the sample. In 
the experiment presented here a brittle fault was induced in the samples 
due to the elastic relaxation of the deformation pistons during this 
decompression phase. Full details of the deformation cell and protocols 
are described elsewhere (Hunt et al., 2014; Hunt and Dobson, 2017), but 
it is useful to describe the main features here. The d-T-cup is a modified 
6/8 split-cylinder multi-anvil press housed in a modified V-8 
Paris-Edinburgh load frame with a capacity of 470 tons. Modifications 
allow uniaxial differential stress to be applied to the sample via the 
carbide anvils aligned along the compression axis of the press (i.e., the 
〈111〉 direction of anvils). These modifications are, in essence, that 
pistons are inserted within the primary wedges which allow small sec
ondary actuators to drive these two anvils independently of the other six 
carbide anvils. The pistons are made of hardened steel and, at the 
pressures required to deform samples at multi-gigapascal pressures, 
significant elastic strain is accommodated in the pistons.

The experiment reported here was performed as follows:
Samples were pre-synthesised by sintering powders of San Carlos 

olivine or synthetic MORB composition glass at 15 GPa and 1873 K to 
produce well-equilibrated and well-sintered samples. Cylinders of 0.7 
mm diameter and 0.45 mm length were machined from each sample and 
were stacked in a MgO cylinder with Pt marker foils at each end and 
between the samples. This deformation-couple sample was placed in a 
Co-doped 7 mm MgO octahedron, with Al2O3 pistons designed to 
transmit differential stress to the sample during high-temperature 
deformation (Figure S1). High temperature was generated using a TiC- 

MgO furnace (Xu et al., 2021) and monitored using a W-Re thermo
couple which was sandwiched between the samples at the centre of the 
heater.

Hydrostatic confining pressure was increased slowly to the target 
pressure of 15 GPa and the sample was annealed at 1473 K for 1 hour 
prior to deformation. The samples were then deformed in axi-symmetric 
compression to a total shortening of 260 ± 20 μm, corresponding to 
ε~0.3, at an average strain rate of 2.5 × 10–5 s-1. During this deforma
tion stage the end-load is maintained at a constant value, allowing the 
six equatorial anvils to dilate and maintain an approximately constant 
mean stress on the sample. Once deformation was halted the tempera
ture was quenched to room temperature to preserve high-P-T textures in 
the sample.

The experiment was then slowly decompressed, taking around 15 h. 
During the decompression the position of the deformation pistons was 
kept constant in an attempt to avoid any further deformation of the 
sample. Displacement is measured at the end of the pistons furthest from 
the anvils so that, during decompression, elastic relaxation of the pistons 
resulted in generation of axial-compressive differential stresses on the 
sample. The sample presented here displayed brittle faults generated 
during decompression passing through both samples with a total axial 
shortening of 63 μm. Decompression faults were also observed in pre
vious post-spinel deformation experiments with the d-T-Cup (Xu et al., 
2022).

2.2. SEM chemical analysis

The sample pair was extracted from the pressure medium and the 
fault was apparent in the displacement of the marker foil at the end of 
the MORB sample. We therefore mounted the sample and polished it 
down to reveal an axis-parallel section which was perpendicular to, and 
intersecting with, the fault. The orientation for cutting and polishing the 
sample was adjusted visually to ensure that the final polished surface 
was perpendicular to the fault plane. This procedure is accurate to 
significantly better than 10◦, but even a 10◦ deviation from orthogonal 
would result in an error in observed fault angles of less than 2◦, which is 
less than the variability within the fault planes. The polished section was 
prepared for scanning electron microscopy, with a final polish 
comprising 0.3 μm alumina powder and then 10 nm carbon coat.

Samples were imaged using a JEOL JSM-648OLV Scanning Electron 
Microprobe with operating conditions of 15 kV accelerating voltage, 
with a spot size of 50, corresponding to a beam current of approximately 
10 nA. The source was a traditional tungsten-filament giving a resolu
tion for imaging of ~0.1 μm. Characteristic elemental X-ray fluores
cences were measured for compositional analysis using a 30 mm Xplore 
solid-state energy-dispersive X-ray detector running under Oxford Aztec 
software.

The laboratory-generated fault studied here is smaller than the 
analytical spot size and so chemical analyses inevitably contained con
tributions from the host rocks. In addition, any cataclastite on the fault 
should comprise a mechanical mixture of some, or all, the minerals 
exposed to the fault wall, as well as also potentially containing material 
derived from frictional melting. Mass balance calculations were there
fore performed, following Dobson et al. (2021), on the analyses of the 
fault material to assess these possibilities. The MORB-composition 
sample hosting the fault contains three minerals: pyroxene, garnet and 
stishovite. In addition, low-percentage anhydrous partial melts from 
MORB were used as a proxy for frictional melt compositions. The 
composition of the melt was taken from the experimental study of 
Yasuda et al. (1994) who studied MORB melting from 3 to 20 GPa. 
Separate mixing models were constructed using melt compositions 
determined at each pressure by Yasuda et al., although in practice there 
was little difference between these models as the melt composition does 
not vary greatly as a function of pressure. For a given mixing model 
there are four phases with known compositions - pyroxene, garnet, 
stishovite and melt - whose phase proportions can vary. Pyroxene and 
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garnet compositions were determined from the SEM analysis of the 
sample; stishovite is assumed to contain 1 wt% Al2O3 since individual 
grains were too small to analyse and stishovite in dry MORB garnetite 
contains this amount (e.g. Ishii et al., 2022). However, fitting the data 
assuming stishovite is pure SiO2 does not substantively alter the results. 
The eight chemical components SiO2, TiO2, Al2O3, ‘FeO’, CaO, MgO, 
Na2O and K2O were included in the calculation (K2O was not reported in 
the melts of Yasuda, but since their starting MORB composition con
tained 0.23 wt % K2O we assume that it was below detection limits in the 
melt). These eight components were recalculated as atomic percentages 
and normalised to 100 %. The model concentration of the ith chemical 
component, Cm

i , is expressed as a sum of the concentration of that 
component over all phases weighted by the phase fraction, φj: 

Cm
i =

∑4

j=1
φjCij (1) 

where Cij is the concentration of the ith chemical component in the jth 
phase. Under the constraint that phase fractions must sum to 1 there are 
3 independent variables in the system (three of the four phase fractions) 
and the model composition will sum to 100 % for normalised chemical 
compositions. The model composition is fitted to the composition of the 
analysed fault material by minimising the sum, over all components, of 
squared differences between the analysed fault concentration, CFault

i , and 

the model concentration, SSm =
∑8

i=1
(
CFault

i − Cm
i
)2 and the residual 

sum of squares (RSS) is used as a measure of fit quality.

2.3. TEM analysis

After the SEM analysis was completed an electron transparent sam
ple was cut from a region containing the fault using a dual beam Xe 
plasma (P)-FIB at the University of Oxford. The sample had three 
transparent regions of different thicknesses ranging from 40 nm to 100 
nm and was investigated using analytical transmission electron micro
scopy (TEM) and precession electron diffraction. Analytical scanning 
TEM was conducted on a Jeol ARM-200F, cold field emission source 
(CFEG) Cs probe corrected STEM at 200 kV acceleration voltage. Energy 
dispersive X-ray spectroscopy maps were collected using a 100 mm2 

Cenurion EDX detector, for mapping times between 20 min and 2hrs. 
The precession electron diffraction (PED) analyses were performed at 
Imperial College London on a Thermofisher Spectra 300 X-FEG/Ulti
Mono using the Nanomegas implementation. The acceleration voltage 
was set to 300 KeV and we used a precession angle of 0.2◦, a conver
gence angle of 1.2 mrad and a frame time of 0.003 s resulting in 4 
precessions. The nominal pixel size of our map was 2.4 nm, however 
sample related beam broadening is likely to increase the diameter to an 
estimated 4 nm. Using a spot size of 9 we obtained a screen current of 
0.133nA.

2.4. Rupture model

Frictional heating was modelled using a 1-dimensional half-space 
model which extended from the centre of a rupture into the far field 
of the hosting wall rock. The model has been described in detail else
where (Dobson et al., 2018), but in essence it is a finite difference model 
which combines the solution to the infinite-sheet dyke cooling problem 
with a local frictional heating in the region containing the rupture plane. 
The model calculates the temperature field of a half-space, from the 
centre of the rupture into the host rock wall for a given shear velocity, 
stress and displacement. Heat generation within the rupture is given by 

Qs = μτu (2) 

where μ is the coefficient of friction, τ is the shear stress, u is the shearing 
velocity, and heat is conducted away from the centre of the rupture zone 
according to the conduction equation: 

Qc = − KdT/dX (3) 

where K is the thermal conductivity and X is distance from the centre of 
the rupture. The rate of change of temperature at any given point is 
therefore: 

dT
/
dt =

(
− Kd2T

/
dX2 +Qs

)
Cpρ (4) 

where Qs = 0 outside the shearing region, Cp is the specific heat capacity 
and ρ is the density. Temperature-dependent thermal conductivities and 
heat capacities are taken from the literature (Xu et al., 2004; Giesting 
et al., 2004; Su et al., 2022; Yusa et al., 1993), and standard state den
sities are used since compression and thermal expansion are 
second-order effects. There are three free parameters in the model, μ, τ 
and u; the coefficient of friction can be derived from the failure angles of 
the rupture planes but τ and u are treated as adjustable parameters.

3. Results

Fig. 1 shows a cross section of the recovered sample, with a fault 
crossing from the centre of the MORB sample at the bottom to emerge at 
the left edge approximately two-thirds of the way up the wadsleyite 
sample. The main fault shows a right-lateral displacement of 82 ± 1 μm, 
measured at the strain markers between the samples and the lower end 
of the MORB sample. This corresponds to ~60 μm axial shortening of the 
samples. The fault segments in the MORB and wadsleyite samples have 
clear differences. The wadsleyite-hosted fault segment forms a failure 
angle, ξ = 61 ± 1◦, with the end of the sample (parallel to the σ2 = σ3 
plane in the deformation cell geometry) and presents as an open fracture 
(Fig. 1b). Presumably this was filled with poorly consolidated cata
clastite which was lost during sample polishing. By contrast, the MORB- 
hosted fault segment forms a failure angle ξ = 51 ± 2.5◦ and shows good 
cohesion with no surface topography across the fault in most of the 
sample. Both fault segments are straight along the majority of their 
lengths and the changes in style of fault segment occur abruptly at the 
junction between the samples, suggesting that they are related to dif
ferences in material properties of the two host samples, which in turn 
influence the dynamics of rupture. The failure angle of the MORB-hosted 
fault segment changes towards the base of the sample, becoming ~55◦

where it terminates on the Al2O3 piston.
The MORB-hosted fault segment is shown in detail in Fig. 2. Pyrox

ene grains form approximately 27 vol% of the sample and the trace of 
the fault across the image is readily identified by following the truncated 
pyroxenes. There is no evidence of ductile deformation associated with 
the fault in the surrounding grains, as would be expected had the rupture 
formed during the high-temperature deformation of the samples. 
Furthermore, the ductile shortening of both the samples (ε~0.3) is 
consistent with the deformation imposed on the cell whilst at high 
temperature. The majority of the fault is extremely thin, ∼ 0.2 μm, with 
dark material clearly filling it in regions where it passes through bright 
garnet. While most of the displacement is accommodated on the main 
rupture surface, small subsidiary ruptures emanate from this surface, 
forming a rupture network 3–5 μm wide in some places. The slip on these 
subsidiary ruptures is 10 μm or less but they also appear to contain a 
very thin trace of dark material. This rupture network appears to be 
much better, or possibly exclusively, developed on the left side of the 
main rupture as viewed in the images.

Table 1 presents the compositions of the pyroxene and garnet min
erals and of the material filling the fault. The pyroxene and garnet 
compositions are consistent with equilibration around 15 GPa, with ~50 
% jadeite and ~20 % majorite components respectively (Wijbrans et al., 
2016). The fault material shows considerable compositional variability 
as demonstrated in Fig. 3 for Ca/Al, Mg# = Mg/(Mg+Fe) and Si content. 
The average fault composition falls within the compositional space 
bounded by garnet, pyroxene and stishovite, with the best fitting 
mixture model comprising 61 % garnet, 29 % pyroxene and 10 % 
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stishovite (RSS = 0.50), in reasonable agreement with the phase pro
portions in the bulk sample. Almost half of individual analyses, how
ever, do not fall within the garnet-pyroxene-stishovite compositional 
space, being low in Si and high in Ca/Al. These analyses do, however fall 
within the compositional space created by the addition of a 
MORB-garnetite melt (from Yasuda et al., 1994). The coloured volumes 
in Fig. 3 represent the compositional range of melts generated between 3 
and 20 GPa in equilibrium with MORB-composition eclogite or 

garnetite. The best fitting model mixtures for individual analyses do not 
depend strongly on the pressure of melt chosen, although the melt 
produced at 7.5 GPa and 2048 K, shown as crosses in Fig. 3, consistently 
produces the best fits, with best-fitting model mixtures requiring up to 
25 % melt, and most models requiring 15–19 % melt (Supplementary 
Information).

Fig. 1. (a) Secondary electron image of recovered samples of (top) wadsleyite and (bottom) MORB-composition garnetite cut by a fault. The total displacement along 
the fault is 82 μm, based on the bottom and central marker foil, but this is distributed among subsidiary ruptures in the MORB sample. The angle of the fault is 
substantially different in the wadsleyite and MORB samples (ξ = 61◦ and 48◦ respectively) and changes abruptly between the samples. The MORB-hosted fault 
segment shows very good cohesion along most of its length whereas the wadsleyite-hosted fault segment presents as an open fracture, presumably due to loss of 
poorly bonded cataclastite during polishing. (b) Secondary electron image of the fault in the wadsleyite (red box labelled “b” in a) showing open fracture. The region 
of the MORB-hosted fault shown in Fig. 2 is indicated by the box labelled “2″.

Fig. 2. Backscattered electron image of the main fault passing through the MORB-garnetite sample. Dark grey grains are pyroxene, the bright grains are garnet and 
occasional small square-section or elongate grains within the garnet are stishovite (3 stishovite grains highlighted with black arrows). The main fault is indicated by 
the large white arrows. Pyroxene grains are clearly truncated by the fault and, where it passes through garnet, the fault is marked by sub-micron width layer of dark 
material. A subsidiary rupture network, with displacements of up to 10 μm, is highlighted by small white arrows. Randomly oriented black fractures which tend to 
follow grain boundaries are late-stage decompression fractures. The black circle indicates the approximate size sampled by chemical analyses. The red box indicates 
the approximate area of the FIB slice for TEM analysis.
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3.1. The material filling the MORB-hosted fault

The average composition of the rupture is well fitted with a melt-free 
mineral mixture model comprising the three minerals in the garnetite in 
approximately correct ratios for the bilk composition. However, the 
amount of garnet in the rupture will have been significantly over
estimated since the analytical spot size is much larger than the rupture 
width, and analyses were performed on regions where the rupture is 
readily identified, being bounded by brighter garnet material on both 
sides. It is well known that cataclastites in faults tend to be enriched in 
softer, or more readily cleaved, phases (e.g.; Maddock, 1992) – pyroxene 
in this case - so one might expect pyroxene enrichment on the rupture 
plane. It is, however, clear from Fig. 3 that the melt-free mixtures cannot 
fit all the individual analyses, and to fit the range of compositions 
sampled along the rupture requires a fourth component, which is well 
approximated by a MORB garnetite-derived melt, suggesting that 

frictional melting might have occurred during faulting. TEM analyses of 
the chemistry of the fault material are indicated by the open diamonds 
with 3 standard error bars in Fig. 3. The fault material chemistry 
measured by TEM falls between the MORB-garnetite melt of Yasuda 
et al. (1994) and garnet compositions, but very close to the 
MORB-garnetite melt.

Fig. 4 shows a bright-field TEM image of the fault, with precession 
electron diffraction patterns collected from the positions indicated by 
the coloured crosses. Diffraction patterns taken outside the fault show 
clear crystalline reflections which can be indexed to stishovite or garnet, 
but the diffraction patterns taken from within the fault do not show 
crystalline reflections but a zone of diffuse scattering around the main 
transmitted beam. This is best seen in the radially integrated “1-d” 
diffraction patterns (Fig. 4c) where the diffuse scattering signal is clearly 
stronger than the background signal seen in the crystalline diffraction 
patterns. The majority of material filling the fault is therefore amor
phous, consistent with its origin as a quenched melt. The composition of 
the fault region from scanning TEM chemical analysis fall within the 
MORB garnetite melt compositional field of Yasuda et al., 1994 (Fig. 3), 
confirming that the amorphous material was produced by melting of the 
MORB garnetite.

The composition of frictional melts, as estimated from pseudo
tachylite matrix compositions starts far away from the equilibrium melt 
composition as individual minerals flash-melt, but it can evolve towards 
equilibrium with continued shear as survivor clasts dissolve into the 
melt (e.g., Montheil et al. 2020). It is difficult to know how far from 
equilibrium the frictional melt produced during these experiments will 
be, but a MORB-equilibrium melt under appropriate conditions should 
be a good first-order estimate since any pre-melting cataclastite on these 
0.2 μm thick faults will be extremely fine grained and hence the system 
should re-equilibrate rapidly. No pseudotachylites have been reported 
from pressures as high as 7 GPa so direct comparisons are difficult, but 
we note here that high-pressure pseudotachylites hosted in mafic 
granulites show low Mg#, high Ca/Al and low Si compared to their host 
rocks (Altenberger et al., 2013), as also seen here. A frozen melt 
component in the MORB-hosted fault segment would also explain why 

Table 1 
Chemical composition of minerals hosting the fault and the fault material in the 
MORB-garnetite sample from scanning electron microscope analyses.

pyroxene ε n = 5 garnet ε n = 10 fault ε n = 17

SiO2 56.43 0.23 45.15 0.09 53.24 1.7
TiO2 1.03 0.05 2.21 0.09 1.46 0.04
Al2O3 12.95 0.03 17.75 0.24 15.19 0.45
Cr2O3 ND – 0.09 0.05 ND –
MgO 7.27 0.14 9.48 0.86 6.80 0.22
FeO 3.83 0.31 10.44 0.63 8.39 0.36
CaO 10.08 0.36 12.43 0.25 10.75 0.35
Na2O 7.76 0.19 2.02 0.13 3.64 0.26
K2O 0.41 0.03 ND – 0.18 0.20
TOTAL 99.72 ​ 99.71 ​ 99.65 ​

​ End-member proportions Garnet cations/12O

​ Jd 0.53 Mj 0.06 Si 3.28
​ Di 0.41 Na-Mj 0.16 Al 1.56
​ En 0.06 Py 0.23 ​ ​
​ ​ ​ Al 0.22 ​ ​
​ ​ ​ Gr 0.33 ​ ​

Fig. 3. Calcium-aluminium ratios (blue circles) and magnesium number (orange squares) of the fault material plotted against silicon content from SEM point an
alyses. The average of the analyses is indicated with the large symbols. The solid lines connect the compositions of the main mineral phases, garnet, pyroxene and 
stishovite. The filled polyhedra indicate the range of MORB-garnetite melt compositions from Yasuda et al., 1994; crosses mark the composition of the melt which 
produces the best fitting mixture models. The unfilled diamonds, with error bars are average analyses of the amorphous region of the fault from STEM analyses. 
Dashed lines show compositional space which can be produced from mixtures of the minerals plus the amorphous material analysed by STEM.
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the rupture-filling material shows good cohesion, surviving very well 
during recovery and polishing. By contrast, the wadsleyite-hosted fault 
segment presents as an open fracture, as do faults hosted in bridgmanite 
and bridgmanite-ferropericlase samples (see Fig. 3 of Xu et al., 2022), 
suggesting that material on the rupture surface had little or no cohesion. 
While this is not evidence on its own for a lack of melting in the 
wadsleyite-hosted fault segment it does suggest that the ruptures in the 
two samples behaved substantially differently.

3.2. Rupture propagation and friction on the two fault segments

The different failure angles, ξ, in the two samples are also informa
tive since the effective coefficient of friction can be estimated as μ 

= tan(2ξ − 90) (e.g., Fjær et al., 2021). The failure angle of the 
wadsleyite-hosted fault segment corresponds to a coefficient of friction 
of μ░= 0.62 ± 0.05 and is consistent with a fault undergoing frictional 
sliding with no lubrication mechanism. We note here that the faults 
generated in bridgmanite and bridgmanite-ferropericlase mixtures by 
Xu et al., 2022 have failure angles of 60 ± 2◦, very similar to the 
wadsleyite-hosted fault seen here. The failure angle of the MORB-hosted 
fault segment, by contrast corresponds to a much smaller coefficient of 
friction, μ░= 0.21 ± 0.09, within the range of values observed during 
frictional melting in experimental studies of seismic slip in anhydrous 
crystalline rocks (Di Toro et al., 2011; Niemeijer et al., 2012). If the 
failure angle of the MORB-hosted fault segment really does imply the 

Fig. 4. Bright-field TEM image (a) and precession electron diffraction patterns (b, c) of the faulted region. The edges of the faulted region are indicated by the white 
dotted lines. Diffraction patterns (blue, yellow) of grains outside the faulted region show clear crystalline reflections (b), but patterns (red, green, purple) collected 
within the fault have only weak, or no, crystalline reflections. Instead, they have a broad region of diffuse scattering, which is clear in the radially integrated 
diffraction patterns (c), characteristic of amorphous material. Strong reflections for pyroxene, garnet and stishovite are indicated as ticks below the integrated 
patterns in (c).

F. Xu et al.                                                                                                                                                                                                                                       Earth and Planetary Science Letters 654 (2025) 119243 

6 



presence of melt this means that the melt must have been present at the 
propagating rupture tip since it is during rupture propagation, and not 
during subsequent slip, that the orientation of the rupture plane is 
defined. We note here that the failure angle of the MORB-hosted fault 
segment changes close to the Al2O3 end-piston, being consistent with a 
coefficient of friction of 0.45, similar to the coefficient of friction 
observed in dry gabbro during slip prior to melting (Niemeijer et al., 
2012). This might represent a region where the rupture initiated, with 
propagation without a lubricating melt. As the rupture progressed, 
melting would then occur with the possibility of melt injection along the 
rupture to lubricate the propagating rupture tip, reducing the coefficient 
of friction and failure angle.

While it seems reasonable to assume that rupture initiated at the 
Al2O3 piston and then propagated through the MORB and wadsleyite 
samples there is further support for this rupture propagation direction 
from the distribution of secondary ruptures. Asymmetric damage gen
eration is known to occur during rupture propagation, with more 
damage on the side where the compressive wave is travelling in the same 
direction as the rupture propagation direction (Rice et al., 2005). In the 
case of the sample as presented in Fig. 1, where the fault displacement is 
dextral, propagation of the rupture from the bottom of the image up
wards would tend to induce more damage on the left side of the fault, 
where we see secondary ruptures emanating from the main rupture 
plane (Supplementary Figure 2).

3.3. Frictional heating and melting in MORB and wadsleyite

The difference in behaviour of the two fault segments, with melt 
lubrication in the MORB-hosted fault and no melting in the wadsleyite- 
hosted fault deserves further investigation. It has previously been sug
gested that the low thermal diffusivity of MORB garnetite compared to 
wadsleyite or ringwoodite might make thermal runaway and shear 
localisation more likely in crustal parts of the subducting slab at depths 
between 500 and 660 km (Dobson et al., 2010). Here we implement a 
shear heating model using temperature-dependent material properties 
of wadsleyite and majoritic garnet to test the possibility of frictional 
melting for the experimental conditions (the model is provided in the 
data repository: 10.5285/7b24d391-ce38–42e2-a9d7-f2704d4ccf1f). 
Heat is provided by friction on the rupture plane according to Eq. (2) and 
is lost by diffusion into the surrounding ‘wall rock’ (Eqs. (3), 4).

The coefficient of friction is derived from the failure angle of the fault 
segments; the half-width of the fault is 0.13 μm and displacement at the 
end of the simulation is 40 μm (one half of the total displacement in the 
sample), both determined from the SEM images. The model is allowed to 
run, accumulating shear until the total displacement equals the half- 
width displacement of the fault. The only unknowns are the stress at 
which rupture occurred and the shearing velocity, which feed into the 
heat generation equation in a similar manner. The difference between 
the two parameters is that lower shearing velocity also allows more heat 
to be lost to conduction during the time taken to accumulate shear strain 
and so differences caused by thermal conductivities are accentuated at 
low shearing velocities. If we fix the shearing velocity at 30 cm/s, a shear 
stress of 1.9 GPa is required to melt the MORB-hosted fault segment 
(Tm ∼ 2023 K at 15 GPa), using the coefficient of friction of 0.44 implied 
by the failure angle at the start of the rupture. The wadsleyite (Tm ∼

2323 K at 15 GPa) fault segment, with a coefficient of friction of 0.62 
only heats to 993 K under the same conditions (Fig. 5). If, on the other 
hand, a friction coefficient of 0.21 is used for the MORB-hosted fault (the 
mean value from the failure angle at the centre of the MORB fault 
segment) MORB melting requires 3.9 GPa of stress, which would heat 
the wadsleyite-hosted rupture to around 2300 K. In this instance, 
therefore, both the MORB-hosted and wadsleyite-hosted fault segments 
would have melted concurrently. The difference in heating, and hence 
melt generation, on the faults hosted by the two samples is caused pri
marily by the very low thermal conductivity of majoritic garnet 
compared to wadsleyite. The foregoing discussion constrains the 

maximum shearing velocity to below 30 cm/s since reducing the 
shearing velocity requires more time for strain to accumulate. This 
adversely affects heat generation in scenarios with high thermal con
ductivities and, hence, would allow melting along the MORB-hosted 
fault segment without melting in the wadsleyite-hosted segment with 
coefficients of friction defined by their failure angles.

The low coefficient of friction implied by the failure angle of the 
MORB-hosted fault segment requires melt to be present at the propa
gating rupture tip and so melting must occur after a very small amount 
of shearing. If we assume the coefficient of friction before melting is 
0.44, a shearing velocity of 30 cm/s, a shear stress of 3.7 GPa, which 
would not melt the wadsleyite-hosted segment after 80 μm of shear 
would require 10 μm of shear to initiate melting in the MORB-hosted 
fault segment, consistent with the presence of melt on the subsidiary 
ruptures.

4. Discussion

4.1. Comparison between the experimental and natural systems

The experiment and calculations presented here demonstrate that 
frictional melting occurs on MORB-garnetite-hosted ruptures much 
more readily than wadsleyite-hosted ruptures in multi-anvil experi
ments. There are, however, some important differences between the 
present experiments and the situation in subducting slab material in the 
transition zone, which we address here. First, failure occurred at an 
ambient temperature of 298 K, requiring approximately 1700 K, or 2000 
K respectively, of shear heating to reach the melting temperatures of the 

Fig. 5. Shear heating models for MORB garnetite and San Carlos wadsleyite for 
(a) the mean and (b) maximum measured value of MORB coefficient of friction 
(μ), derived from fault angles. Temperature on the fault plane (normalized to 
the melting temperature of the host material) versus total distance travelled by 
the modelled half-plane. The shear stress is set so that MORB just melts after 40 
μm of shear at displacement rate of 30 cm/s.
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MORB and wadsleyite samples. In addition, very high shear stresses, of 
several gigapascals, can be supported by silicate minerals at low tem
perature, whereas the stresses driving subduction are thought to be of 
order tens-to-hundreds of megapascals (Liu et al., 2020). The numerical 
model shows that gigapascal-stresses were necessary for melting to 
occur in the experiment. Gigapascal stresses can develop transiently due 
to rapid volumetric strains during phase transitions (Liu et al., 1998), 
stress amplification around weak inclusions (Toffol et al., 2022) or slab 
bending as it enters the lower mantle (Zhan, 2020) however, this is not 
the case in the majority of the subducting slab. Large (gigapascal) 
stresses are, however, predicted to develop at the interface between the 
crust and mantle components as subducting slabs progress through the 
transition zone (Liu and Zhang, 2015). Second, the pressure under which 
the samples faulted is not known, except that it was during decom
pression and at sufficient pressure for the cell to remain intact (probably 
in excess of 2 GPa confining pressure). This means that the shear stress is 
largely unconstrained but, as discussed above, stresses of several giga
pascals are required to generate sufficient shear heating to melt on the 
MORB-hosted rupture in the experiment. It also means that the samples, 
which were equilibrated at 15 GPa are outside their stability fields. It is 
unlikely that during the extremely short duration of rupture and shear 
heating melting would have been affected by the metastability of the 
samples since breakdown of metastable garnet is slow, even in the 
presence of melt (Ezad et al., 2022). The fact that garnet and wadsleyite 
persist metastably around the rupture is important since it means that 
they control conductive heat loss. Thus, while the rupture may have 
occurred outside the stability fields of the two samples the physics of 
shear heating and melting which they imposed on the rupture segments 
is appropriate to their equilibrium pressures. Third, the MORB compo
sition studied here was nominally dry. Water-loss has been invoked as an 
origin for intermediate-depth earthquakes (eg Dobson et al., 2002; Jung 
et al., 2004) but within the transition zone MORB is likely to be water 
undersaturated as both davemaoite and stishovite can contain appre
ciable amounts of water as OH- defects (e.g. Chen et al., 2020, 2024). In 
this case the only effect will be on phase proportions, with slightly more 
stishovite and davemaoite in the wet assemblage. This will not affect the 
results presented here.

The final difference between the experiment presented here and deep 
seismicity in the Earth is that in the experimental case shear heating 
occurred on a rupture plane where extreme strain localisation had 
already occurred, whereas for deep seismicity shear heating is hypoth
esised to cause the localisation in a positive feedback loop. The present 
simulations cannot address this since; (1) they assume frictional heating 
occurs on a fault plane where shear is already localised, rather than 
viscous dissipation across a volume and, (2) temperature dependent 
rheology is not implemented and is not well constrained for the transi
tion zone minerals, particularly for majoritic garnets. However, rupture 
models for deep earthquakes which require thermal runaway as a 
mechanism for localising strain (e.g., Meng et al., 2014; Karato et al., 
2001; Ogawa, 1987) will be particularly sensitive to the thermal con
ductivity of the straining medium and so such processes should occur 
more readily in the MORB component of the subducting slab.

The recent modelling work by Spang et al. (2024) explored the 
parameter space where thermal runaway could occur under 
transition-zone conditions. They found that thermal run away was 
possible if there was an appropriate perturbation to initiate strain 
localisation. They used a perturbation in rheology in their models and 
found that viscosity reductions as small as 1 % were sufficient to initiate 
thermal runaway. In the case of remote triggering the triggering 
perturbation is assumed to be stress transfer from the initial rupture, but 
Spang’s models should be applicable in every other respect. Two 
non-dimensional parameters are identified in the work of Spang et al. 
(2024) which control whether thermal run away is likely to occur: (A =
Uel/Uth) the ratio of elastic to thermal energy and (B = tr/td) the ratio of 
the stress relaxation timescale to the thermal diffusion timescale. They 
show that thermal runaway occurs when A is large and B is small. This 

supports the present findings since the thermal diffusivity in MORB 
garnetite is around three times smaller than in ringwoodite, meaning 
that B will be correspondingly smaller in the MORB-dominated crustal 
portion of the subducting slab.

In addition, the ambient temperature in the MORB layer of the 
subducting slab is only a few tens or hundreds of Kelvin below its 
melting temperature (particularly if it is hydrated or carbonated, for 
example; Thomson et al. 2016; Shirey et al., 2021), so relatively little 
shear heating is necessary. For the olivine polymorph wadsleyite within 
the slab interior, the ambient temperature is lower than in the MORB 
component by several hundred Kelvin. Even without this difference in 
ambient temperature, the higher melting temperature of the peri
dotite/harzburgite component means that the relative difference in 
heating required to melt these components compared to MORB is much 
greater in the Earth than in the laboratory. At depths greater than 520 
km wadsleyite is replaced by ringwoodite, accompanied by an increase 
in thermal conductivity of 10–15 % (Xu et al., 2004), making the situ
ation even worse for shear melting of ringwoodite.

4.2. Implications for triggering of deep seismicity

Brittle fault failure occurs preferrentially at lithological boundaries 
where there is a change in elastic properties between the two lithologies 
(e.g., Ley and Park, 1993; Toy et al., 2011). Liu and Zhang (2015) extend 
this to the boundary between the oceanic crust and slab interior by 
calculating the stresses induced across the boundary by the mineralog
ical transformations and differential compression of the two lithologies. 
They show that very large stresses, up to 1 GPa can be generated at the 
base of the subducted crust in the deep transition zone. The present 
experiments demonstrate a significantly greater efficiency of shear 
heating in MORB garnetite than in wadsleyite (and, by extension, in 
ringwoodite) under the same conditions. This implies that any defor
mation process which dissipates energy as heat will tend to produce 
relatively larger temperature increases in the crustal part of the slab, 
resulting in locallisation and thermal run away in the upper part of the 
slab. The localisation of large slow-rupture earthquakes towards the top 
of the subducting slab at depths between 520 and 660 km might 
therefore be explained by the difference in thermal conductivity be
tween MORB and the ringwoodite, which has the highest thermal con
ductivity of all the olivine polymorphs.

Several factors may contribute to the cessation of seismicity below 
the 660 km seismic discontinuity. First, the grainsize reduction associ
ated with the post-spinel transition in the slab interior has been sug
gested to cause a significant weakening of the slab interior below 660 
km (e.g., Ito and Sato, 1991). This would inhibit stress transfer from 
triggering earthquakes in the slab interior to basaltic regions below 660 
km depth. Second, the breakdown of MORB-garnet compositions be
tween ~700 to 800 km depth produces phase assemblages containing 
~50 % bridgmanite and stishovite both of which are good thermal 
conductors. While the thermal conductivities of the other main 
lower-mantle phases of MORB (davemaoite and the 
calcium-ferrite-structured phase) is unknown it is very unlikely that they 
will be as insulating as garnet since their unit cell dimensions are 
significantly smaller than garnet, and hence Umklapp phonon scattering 
processes will be less efficient. This implies that thermal runaway will be 
harder to achieve in the MORB phase assemblage in the lower mantle 
than in the transition zone.

5. Conclusions

The present experiments demonstrate the increased efficiency of 
thermal runaway in the garnetite phase assemblage which comprises 
basaltic compositions in the transition zone, compared with ‘normal’ 
mantle transition-zone phase assemblages. This enhanced thermal 
runaway is sufficient to cause melting by dissipative processes during 
shearing and hence is a likely mechanism for remote triggering of deep 
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earthquakes by thermal strain localisation in the transition zone. Future 
work should focus on coupled thermal-viscous numerical modelling of 
strain localisation in transition zone MORB and harzburgitic phase 
assemblages.
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