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Abstract

The mechanisms triggering intermediate and deep earthgoalkeguzzled geologists for
several decades. There is still no consensus concernirigawrisech earthquakes are triggered
by brittle or ductile mechanism§Ve performed a deformation experiment on a synthetic
lawsonite-bearing blueschist atconfining pressure of 3 GPa and temperatures from 583 to
1,073 K. After deformation, the recovered sample reveafgugated shear fractures. Garnet
crystals are dissected and displaced along these ndeolke and reveal micro- and
nanostructures that resemble natural pulverization stesas well as partial amorphization
Formation of such structures is known to require stiatiesrexceeding #@? at low confining
pressures ang explained by the propagation of a dynamic shear rupture.abbence of
shearing in the pulverized wall rock is taken as evidendetlieae structures pre-date the
subsequent heat-producing frictional slip. In analogy torebhsens at low pressure we infer
that the garnet structures in our experiment result fragpid propagation of a shear fracture
even at the high pressure exerted on the sample andubgsest that brittle deformation is

possible at lower crustal to upper mantle depths.

Keywords. pulverization, high-pressure deformation, dynamic ruptiasesonite-blueschist

DDIA apparatus, acoustic emissions

1. Introduction

During subduction at convergent plate margins, intermedigp¢h (70-300 km) and deep
(>300 km) earthquakes are common. Yet, the processes triggeanitigjuakes at the high
pressures (>1 GPa) prevailing at these depths are poorly undeBttb brittle (Raleigh and

Paterson, 196XKirby, 1987; Green Il and Burnley, 1989; Dobson et al., 2002; Hacker, et al
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2003b; Schubnel et al., 201Qkazaki and Hirth, 2016; Ferrand et al., 2017; Gasc et al., 2017;

Incel et al., 201,72019; and references therein) and ductile (Braeck and PodladcBRBO¥;
Kelemen and Hirth, 2007; John et al., 2009; Thielmann et al., P@li%nd Prieto, 2016; Prieto
et al., 2017; and references therein) mechanisms haaghbagosed.

While the suggested ductile mechanisms involve self-localifaiigre by dissipative
heating and thermal runaway situations, the consideretk briechanisms involve dynamic
rupture. In the former case, one expects significaearsbdeformation prior to seismic slip,
whereas in the latter case, wall rock damage may occur dughastrain rates and rapidly
changing stresses near a propagating rupture tip prior tomattheating of the shear fracture
surfaces (Ben-Zion, 2003)Vall rock deformation associated with paleaoearthquakesedfe
from the presence of pseudotchylytes, a rock type oftermasisto be the result of frictional
melting and subsequent quenching (McKenzie and Brune, 1972; Sibson,wa3%)terpreted
as evidence for a thermal runaway mechanism (John, @089 Deseta et al., 2014¥tudies
of pseudotachylyte veins and their surrounding wall rocks iorally deformed rocks do,
however, pose a number of challenges due to postseisroigcr@dion and recovery processes
with respect to their formation (Guermani and Pennacchid®@8; Mancktelow, 2006
Kirkpatrick and Rowe, 2013)Recent microstrutural observations indicate extremeiy hi
stresses in wall rocks around lower crustal earthquake zandsabundant fragmentation
(Angiboust et al., 2012) without observable shear (Austrhemh,e2017; Petley-Ragan et al.,
2018) Such fragmentation is often referred to as ‘pulverization’ when occuring around faults
in the shallow seismogenic regime and is assumed to resuitdynamic rupture processes
(Dor et al., 2006; Mitchell and Faulkner, 2009; Rempe et al., 2013).

In a previous experimental study, synthetic polycrystalline lavtsemearing blueschist
samples were deformed at confining pressures correspondiogyeo crustal to upper mantle

depths (Incel et al. 2017). Faulting was accompanied by tbhedref acoustic emissions and
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the growth of eclogite-facies minerals monitored usmsitu powder diffraction. Examination
of the recovered run products reezideveral conjugated faults decorated with nanocrystalline
ecologite-facies transformation produstssamples that entered the stability field of eclogite.
Therefore, Incel et al. (2017) suggested that failure oedwlue to transformation-induced
instabilities, a mechanism titled transformationaltiagl (see also Kirby, 198%Green Il and
Burnley, 1989). In one of these samples (BS_3 1073 in Ine€l2017), garnet grains that are
cut and displaced by the faults show microstructures sinalarhat has been described from
‘pulverized’ garnets in natural fault rocks from lower crustal lithologies (Austrheim et al., 2017;
Petley-Ragan et al., 2018). Heree Yurther investigate the micro- and nanostructure of
different garnets found in this sample. In additiore model the spatial relation of the
occurrence and absence of garnet fracturing relgmtinear elastic fracture mechanics with
the aim to gain further insight into the nucleation &ldre mechanisms of intermediate-depth

earthquakes.

2. Experimental methods and analytical techniques

2.1 Sample description and preparation of the starting mhteri

A lawsonite-bearing blueschist from Alpine Corsica seagdample material. To avoid any
initial texture of the starting material a chemicallyntogeneous part of this blueschist was
crushed and sieved to a grain size <38 pm. The major phases are glaucophane and lawsonite in
a ratio of ~3:2 making up ~90 vol.% of the powder. Minor and sstog phases are garnet,
omphacite, actinolite, titanite, and phengite. The dghést powder was hot-pressed at 3 GPa
and 923 K for 24 hours in a piston-cylinder and machined to apprbxam in diameter and 3
mm in height. After hopressing, the sample’s phases reveal a homogeneous texture (Fig. 1a).

In particular, the garnets are randomly distributed througthe sample as evidenced by the

Mn-element distribution map (Fig. Lb
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2.2 D-DIA deformation experiment

A 9x9x8 mm sized amorphous Boron-epoxy cuboid was used asingressdium for the
experiment performed using a D-DIA apparatlike hot-pressed sample is located in the
middle of this cuboid, sandwiched between two gold foils and awmnina pistons, and
surrounded by a BN sleeve that is inserted into a graphitader

The deformation apparatus is mounted on the GSECARS beamlimeA&dvanced Photon
Source, National Laboratory, Argonne, IL, USA. The useyoicBrotron radiation during
deformation made it possible to calculate the diffeatrsiress as well as the strain and the
strain rate during deformation. Stress was calculatelttice planes of glaucophane using
powder diffraction patterns that were taken every five minoftéise deforming sample and the
strain was measured by using radiographs of the sample tieatise taken every five minutes
during deformation. Details of the stress and straioutation are described by Incel et al.
(2017). Additionally, the D-DIA apparatus is equipped with @muatic emission (AE) system.
Acoustic emissions were recorded using a sampling r&e bfHz and in trigger mode with a
trigger threshold of 250 mV on two channels. The durationeofaityest AEs recorded were in
the range of a few hundred microseconds. Hence, the ahtsize over which the stress
measurements are madaround six magnitudes larger than the event duratiorhéruletails
on the experimental and AE setup can be found in Wang @0&13) Gasc et al. (2011), and
Schubnel et al. (2013).

First, the sample assembly was loaded hydrostaticall}ctmiining pressure Jpof 3 GPa
(here confining pressure; Bquals the least principal stresg$. Then, heating was initialized
by increasing the furnace power manually to reach a tempermat&83 K. The sample was
kept at these conditions for 30 min before deformatioh wistrain rate of approx. 5x1@?

commenced. While deformation of the sample proceededyaer was increased in 10 W



120 steps to heat up the sample from initially 583 to 1073 K.iRgpateps were initiated at 5, 12,

121 18, 20, 25, 30, and 35 % axial strain.

122 2.3 Analytical techniques

123 Microstructural analyses of the recovered sample wer@npeetl using a field-emission
124  scanning electron microscope (FE-SEM) with an accelerabtiage of 15 kV. To investigate
125 the nanostructure of this sample, three focused-ion YEE) sections were cut using a FEI-
126 Helios G4 UC-Dual Beam system for imaging, analysis andnrgs®n electron microscopy
127 (TEM). The nanostructural analyses were conducted using &deEhi TEM and a Jeol JEM
128 2011 transmission electron microscope. For both machinesctieleration voltage was 200

129 keV.

130 3. Reaults

131 3.1 Mechanical data and acoustic emissions

132 During the first stage of deformation at a temperatu88iK, the sample was strained by
133 5 % and the differential stress increased towards a pess gif approx. 3 GPa, i.e. the level
134 of the confining pressure (Fig. 2). The differential sérelecreased continuously during
135 syndeformational heating of the sample. A total axiais of 40 % was accumulated by the
136 time the temperature reached 107.3rktotal 10 acoustic emissions were recorded between 10
137 to 19 % axial strain. Two events recorded at around 12 %atagprox. 19 % axial strain
138 respectively, were large events almost reaching voltageasatuof the recording system (5

139 V).
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3.2 Microstructural analyses

Microstructural investigations using the field-emissiomsaag electron microscop&I-
SEM) revealed faults oriented at an angle of around@dtie direction of the axial stress
crosscutting the entire sample (Fig. 3a). It is posdinde either some of the fault-filling
material (gouggof the major faults was lost during sample preparatiotherfault surfaces
were separated during decompression. However, some rélgbsige material are preserved
at the fault borders. These relicts show holes afiteraction with the electron beam of the
SEM, implying that this material is poorly crystallinagF3c).

Two different types of garnets can be identified in the raedol sample, (i) garnet crystals
that are dissected and displaced along narrow faults (&lvjde Figs 3c; 4a-c) and (ii)
unsheared garnet grains situated at some distance to thetrfaalt (~0.5 to 1.5 mm; Figs. 3b,
4d, e) Two example sets of displaced garnet gpahow apparent shear displacements of 42
and 58 um, respectively (Figs. 3c; 48xack-scattered electron (BSE) imaging reveals that the
displaced garnet halves are fragmented into pieces vatheders <1 um (Fig8d, 4b) and
some of them were dragged along during slip (red arrow in Fig.Gathet grains located
further away from the fractures do not seem to be fraggdextitthis magnificatiomn the SEM

(Figs 3b; 4d, €.

3.3 Nanostructural analyses

Transmission electron microscope (TEM) analyses werfenpeed at three different sites
(Fig. 3b, ¢ to investigate the nanometer-scale structures of: (ijaink-gouge of the narrow
fault dissecting and displacing a garnet crystal, (Gpenet crystal that is cut by this narrow
fault, hereafter referred to as damage-zone garnet,igqwadg@rnet crystal located at a minimum
of ~0.5 mm from any fault, denoted as host-rock garnet. fiblt-gouge contains garnet

crystals with sizes ranging from <20 nm to ~100 nm. In brigfd mode TEM imageshe
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material embedding the garnets appddarighter than the garnet grains (Fig. 5a). An electron
diffraction pattern of this area sheda few diffraction spots but also a diffuse halo (Fig. 5b)
implying a combinatiof domains that have lost their long-range crystalline ceddrcrystals
large enough to produce diffraction spots.

Scanning transmission electron microscopy (STEM) of thmmage-zone garnet
demonstrates that this grain is completely shattered intdl $ragments (Figs. 5c6a)
surrounded by a fault-filling material exhibiting vesicles andnbrphic crystals (Fig. 6a).
Using energy-dispersive spectroscopy (EDS) measuremeses itiemorphic crystals were
identified as omphacite. The surrounding matrix mainlgsegis of Si, Al, Na, and Ca in
addition to O. The diffraction pattern obtained fromrawar area with a diameter of ~500 nm
in the shattered damage-zone garnet shows few large aadalsexeak diffraction spogs
indicative of a polycrystalline material, together witklifuse halo in its center (Fig. 5d).
This halo is less prominent than the one obtained tfifinaction of the fault-gouge (Fig. 5b)
A bright field anda dark field mode image of the same area within the sleatidamage-zone
garnettaken at high magnification document grain-size and crysiahtation variation,
respectively (Fig. 6b, c). The bright field image shows isd\ggains ranging in size from ~10
to ~50nm in diameter (Fig. 6b)A quantitative determination of the grain-size distribatis
hampered by the abundant overlap of small grains. Latticges are clearly visible locally
(Fig. 69. However, the brightness variation in the correspandiark-field mode image
suggests variable lattice orientation on the nanorsetde.

Nanostructural analysis of the host-rock garnet shows musdracture-like features and
possibly subgrains ranging in diameter from several hdntreometers to ~5 um (Fig. 5e). In
contrast to the damage-zone garnet, though, very few drawesdiameters <100 nm (Fig., 5¢
e). A diffraction pattern of an area with a diameter500 nm (Fig. 5e) indites a high degree

of crystallinityin this zone (Fig. 5f).
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4. Discussion

4.1 Garnet pulverization due to dynamic rupture propagation

Our microscopic analyses revealed extensive fragmentatid grain-size reduction of the
damage-zone garndts diffraction pattern shows numerous weak diffraction spadicating
the presence of many small crystals. Additionally, aidéfhalo is observed implying that some
subdomains are either amorphous or too small (<10 nm) to preckicdefined diffraction
spots (Fig. 6¢; Yund et al., 199@n the contrary, the host-rock garnet is fully crystelland
mainly reveals subgrain-formation (Fig. 5e, f). Thes@eeimental microstructures are
strikingly similar to what Austrheim et al. (2017) descriled‘pulverization structures” in
garnets found in close vicinity to a pseudotachylyte producedgdadseismic loading and
faulting of granulites from the Bergen Arcs, Norway, andhose found in garnets from
mylonitic micaschists in the Sesia Zone, Swiss Alpsgia@nn and Stockhert, 2002).

Based on the record of acoustic emissions (Fig. 2), figudtnd associated pulverization of
the wall rock occurred at a confining pressure of ~3 GPa, a differstress of ~2.5 GPa, in a
temperature range from 640 to 720aKan experimentally imposed strain rate of 5X&band
at ~10 to 196 axial strain. One characteristic feature of pulverizeactures is the absence or
the low amount of shearing of the fragments (TrepmadnSttckhert, 20Q2Austrheim et al.,
2017) Due to the small fragment sizekthe damage-zone garnet it was not possible to measure
ther orientation. It is likely that the fragments experescsome shearing during further
deformationasevidencedy the ‘tailing’ of the damage-zone garnet into the fault (red arrow
in Fig. 3d).However, because the fragments’ arrangement still mimics a typical garnet crystal
shape we can exclude significant shearing of the bulkadsyahd their environment (Figs. 3c,
4a, 5c). As evidenced by the microstructure of the recovsaetple showing lawsonite

pseudomorphs as well as by in-situ monitoring of the minssdrmablage during deformation,



213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

extensive reaction comprising the dehydration of lawsonitke piece at a later stage during
deformation (Incel et al., 2017). Therefore, most ofréreaining strain was accommodated by
lawsonite dehydration involving a solid volume change of areR0&o.

When occurring aupper crustal depth (<15 km), wall-rock damage is explained by high
strain rates and stresses around a dynamically propagaphge tip ( Reches and Dewers,
2005; Dor et al., 2006; Doan and Gary, 2009; Mitchell et al., 2011; a3zt 2012; Rempe et
al., 2013; Aben et al., 2017a, 2017b, 2016; Xu and Ben-Zion,; Ziiffith et al., 2018). Due
to the much lower strength of rocks in tension tharommression, recently published stigdie
highlight the impact of isotropic or quasi-isotropic tensan the pulverization of rocks (Xu
and Ben-Zion, 201, 7Griffith et al., 2018). In the model of Grady (1982) the autfuantifies
the relation between the energy needed to create netur&asurfaces during fragmentation
and the inertial or kinetic energy available due to ramdilny. Later Glenn and Chudnovsky
(1986) added a strain energy term to this model that accourntsefenergy consumed by the
solid until reaching its tensile strength. Based on tluideth fragment size will not vary over a
wide range of strain rates (strain energy dominated rggi@wce the tensile strength of the
material is exceeded, the fragment size expongntiacays with increasing strain rate (kinetic
energy dominated; Grady, 1982)cross natural faults, this situation is realized iosel
distance (~5 cm) to the fault plane where strain ratesexpected to be high (Griffith et al.
2018). In the present study, we follow a similar approach asmiessin Griffith et al. (2018)
in order to investigate, if the above model can explarottserved difference in fragmentation
intensity between the damage-zone and the host-rocktgbimst we check if the calculad
fragment size matches our measured garnet fragmengsthsitGlenn and Chudnovsky (1986)
model. Then, we test if the corresponding strainsréitethe predicted strain rates around a
dynamically propagating mode Il crack tip at the respectigitipas of the damage-zone and

the host-rock garnet using linear elastic fracture mechafsee Freund, 1990for these

10



238 calculations, we used a densjiy 3,000 kg ¥, a garnet fracture toughnessg¥ 1.5 MPa
239 (Mezeix and Green, 2006), aadrange in garnet tensile strengtt 433 MPa to 4.3 GPa
240 deduced using reported single crystal or aggregate compressingtissr (Pardavi-Horvéth,
241 1984 Kavner, 2007) assuming that the tensile strength of d s®laround a third of its
242 compressive strength. We used a shear modulus p= 64 Gflatfoophane (Bezacier et al.,
243  2010),a Poisson’s ratio v= 0.22 (Cao et al., 2013), and two different rupture velooitie.8¢

244 and v=0.9¢ with ¢ being the shear wave spe&tie microstructural observations indicate a
245  coseismic slip of a few tens of micrometer (Figures 3cgdaesponding to a range in fracture
246  energy Gof~0.1 to 100] m? (Passelégue et al., 2016), deduced from experiments accounting
247  for the uncertainty regarding the critical slip distaffoether explanations in Passelegue et al.,
248  2016).

249 The calculated fragment size distribution matchesquéll the measured garnet fragments
250 of the host-rock and the damage-zone garnet, respec{ivigiyres 5; 7a Based on linear
251 elastic fracture mechanics, strain rates at the pogitighe host-rock garnet range from %10
252 to ~10 st (Figure 7b) Combining the resultef both calculations, the host-rock garnet plots
253  within the strain energy dominated regime (Figurelf)s fits well the nanostructural analysis
254 that reveals some fracture-like features, but mostly polygbat are homogeneously sized
255 resembling subgrains (Figures 5e;.8l) explain the extensive fragmentation of the damage-
256  zone garnet, strain rates must hbgenhigh enough to exceedrnet’s tensile strength. Based
257 onthe measured fragment sizes of the damage-zond,gstra@ rates have to be at least 10
258 s!(Figure 7a) Since the crack tip passthrough this garnet crystal, such high strain rates are
259 realized within the damage-zone garnet volume in closgityidb the rupture tip (Figures 7b
260 8a, b)

261 The theory of linear elastic fracture mechanics provigeasgmptotic solution for a semi-

262 infinite crack that is only valid in the near-tip fie{@Freund, 1990). This requirement is

11



263 obviously difficult to satisfy regarding the length raté the shear fracture relative to the
264 respective garnet distances to the fault plane. A previemdhcal study on the relation

265 between wall-rock damage and depth reports an increase iambunt of fracture energy
266 dissipated in the off-fault medium with increasing dgi@kubo et al., 2019). The authors also
267 state that the width of the damage-zone decreasesigpth. Consequently, this implies that
268 at deeper depth the off-fault damage will be confined toreowazone around the fault.

269 Showing extensivly damaged garnets only in close vicinitieddult, our experimental study

270 confirms these theoretical results.
271 4.2 Frictional melting of blueschist

272 Sliding of the fracture surfaces in mode Il causeemperature increase, which may
273 eventually lead to melting of the fracture surfaces. We dettheceresence of a solidified melt
274  from the amorphous material present in the fault-fillirgtenial (Fig. 5a,b) and in some places
275 intrudedthe shattered damage-zone garnet (Fig.l6ahis “melting scenario”, the vesicles in
276 the amorphous material reflect fluid exsolution during dgmession of the melt and the
277 observed idiomorphic omphacite crystals nucleate and druoimg cooling of the melt (Fig.
278 63a). Assuming a wet basalt solidus temperaturef +1,000 K at ~3 GPa (Hacker et al., 2003a)
279 asliding-related increase in temperature of 280-360 K thetemperatures prevailing during
280 the AE activity (640-720 K) would be sufficient to cause laualting. After Cardwell et al.

281 (1978), the temperature riagd” on a slipping fault can be expressed as

_ D
282 AT = pep JeEay (eq. 1)

283  with shear stress, shear displacement D, densityspecific heat capacity, (1,100 J kg K
284 lat ~1,000 K; Hartlieb et al., 201.8hermal diffusivityx (~10°m s1), and slip durations,.
285 The nominal shear stresand normal stress, acting on the fault are ~1.25 GPa and 4.25 GPa,

286 respectively (withd= 45° o1= 5.5 GPa, ands= 3 GPa). Assuming a minimum total

12
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displacement B 42 pm (Figs. 3c) and only 10 % of that slip to have happened coseitynic
and a sliding velocity of ~1 ni'§for a crack-like rupture; Schubnel et al., 2013) givebpa s

durationty;;, of ~4.2x1® s. These estimates result iMA of >390K indeed exceeding the

difference between prevailing assembly temperature arditipde’s solidus temperature.
The presence of a melt film on the fault surfaceslead to fault lubrication (Di Toro et al.,

2006) Dynamic shear strengthof a fault with a continuous melt film strongly dependsthe

ratio between the width w of the molten zone thafilimg the fault plane and the slip

displacement (e.g., Ferrand et al., 2018)

p[H+cpAT|w
(1-m)D

(eq. 2)

Tf =

with the latent heat of fusioH (= 3x1( J K') and the radiative efficiency. In our sample,
the narrow fault that contains molten material shawsidth of w= 100-500 nm Previous
studies showd that the seismic efficiency, as function of the naatgtal energy spent on slip
during rupture, ranges between 011<0.5 (Poli and Prieto, 2016). Within this spagjation
(2) gives a dynamic shear strength of the fault as low/ae 66 MPa (Fig. 9a) corresponding

to friction coefficients of ~0.00® 0.015 (Fig. 9b), i.e., significant lubrication (Figure 8c).

5. Conclusion and implications

The micro- and nanostructures observed in the damagegamet, which resemble
pulverization structures in natural rocasupper as well aat lower crustal depths, can be
explained by extensive fragmentation due to high strain rateiated with a dynamically
propagating shear fracture. Such microstructures are notevieo, compatible with fault
models that involve failure by self-localizing thermal nwag mechanisms. In such a situation,
one would expect to see evidence of pre-failure shear straive wall rocks, and the local

differential stress levels should not rise above thgalrnexternally imposed far-field stress
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(John et al., 2009However, it has been demonstrated that high local steesg, due to
coseismic loading, are required to fracture garnet (TrepmadrStockhert, 2002After the
passage of the crack tip, frictional sliding of the faaurfaces causes melting and fault
lubrication. Our experimental study emphasizes the impoetaf dynamic rupture as a brittle

precursor to unstable frictional slip even at upper mantle slepth
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Figure 1. The starting material after hot-pressing.Backscattered electron (BSE) image
showing that the phases are homogeneously distributedgimut the sample. b) A Mn-
distribution map of the same region was used to highlighloitation of garnet crystals.
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Figure 2: Differential stress, temperature, and cumulative nurobarcoustic emission (AE)

events over axial strain. Based on the record of AjEsy(curve), faulting and pulverization

occurs at a confining pressure)®3 GPa, a differential stress of ~2.5 GPa (blue curve), in a

temperature range of 640 to 720 K (red curve), at an imposaal istte £) = 5x10° s?, and an
axial straine= ~10-19%.
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Figure 3. Backscattered electron images of the lawsonite-bednlingschist sample after
deformation. a) Overview image of the sample showingdanifiented at ~45° towards

crosscutting the sample. The positions of the high-miagiidn images in b-d as well as the
position for Fig. 4 are highlighted with white rectanglespectively. b) The host-rock garnet
crystal that is located at ~0.5 um to the closest fabk.location of FIB section 3 is shown as
white dashed line. c) A garnet pair that is dissected ampiaded along a narrow fault. The
apparent displacement is ~42 um. The locations for FdBoses 1 and 2 are marked by white
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510 dashed lines. The white rectangle shows the locatioryafreet half presented in d. d) At high
511 magnification and high brightness contrast the garndtdpgears fragmented into several
512 pieces <1m.

513

514

515 Figure 4: a) Backscattered electron images of another pairssédied and displaced crystals
516 that are offset by a narrow fault. The offset alongndeow fault is ~58 pmb and c) The two
517 halves of the garnet pair showing extensive fragmemtatib). d and e) This garnet was found
518 at ~1 mm from the nearest fault and seems relativedgtine) Same crystal as in d) with the
519 image taken at a higher brightness contrast at the SEM.

520
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Figure5: Transmission electron microscope images of the thiBeections 1-3. a and b) FIB
1 revealing the fault-filling material. a) Bright field age showing dark (i.e. crystalline) garnet
crystals floating in a bright (i.e. amorphous) materide location chosen for a diffraction
pattern is highlighted by a white circle. b) Diffractionttean of the fault-filing material
exhibiting few large and several weak diffraction spots andfasdihalo. ¢ and d) FIB section
2 cut across the damage-zone garnet next to the narmaiv claln STEM mode the damage-
zone garnet appears to be completely shattered into pigécem. The white rectangle marks
the position of Fig. & and the white circle shows the location of the diffi@ctpattern. d)
Diffraction pattern of the shattered damage-zone gakmety weak diffraction spots indicate
the presence of numerous small crystals. There is aldidfuse halo in the center of the
diffraction pattern. e and f) FIB section 3 cut acrbssrelatively intact host-rock garnet located
at ~0.5 um from a fault. e) The fragments are muchidhga those found in the damage-zone
garnet. The white circle highlights the location chosen dodiffraction pattern. f) The
diffraction pattern of the area shown in e) presemtystalline structure.
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Figure 6: Transmission electron microscopy images of the ste@ttdamage-zone garnet. a)
STEM image revealing the fault-filling material surrounding ttamage-zone garnet. Within
this material vesicles (white arrow) and idiomorphic ompibarystals can be found. b) Bright
field image taken in the same zone as the diffractigtepa(Fig. 5c, d). c) The same area as
shown in b) taken in dark field mode. The large grainketrby the white arrow shows
subdomains<{10 nm) that are slightly tilted.
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Figure 7. a) Grain size versus strain rate plot based on the moti€lsady (1982) and Glenn
and Chudnovsky (1986). The measured garnet fragments ajshedtk (dark grey rectangle)
and the damage-zone garnet fragments (light grey rdejafig quite well the calculated
fragment sizes (dashed area) over the investigated s&t@nrange The minimum tensile
strength for garnet aggregates is 433 MPa deduced from th@ressive strength of garnet
aggregates under confinement (Kavner, 2007). The maximum tetsitgth was deduced
from single crystal hardness measurements repostéthidavi-Horvath (1984). For both we
assumed that the tensile strength is around a thirdeofdmpressive strength. The fracture
toughness of garnet is ~1.5 MPa (Mezeix and Green, 2006) ak)diain rates as a function
of distance from the fault plane for two different mungt speeds,\0.8¢ and 0.9¢) and two
different fracture energiesc®.1 J mt and 100 J r; Passelégue et al., 2016)
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Figure 8. a) Prior to rupture, both garnet crystals are intgct.he rupture tip passes through
the damage-zone garnet. Pulverization of the damage-zonet gacurs due to the extreme
strain rate around the crack f{B«n dominated Figure 7a). Because strain rate decays with
distance, the host-rock garnet that is located at a mmidistance of ~500 um to the nearest
fault only shows the formation of subgrains (strainrgpe&lominated Figure 7a). ¢) Shearing
behind the rupture tip causes the displacement of thetdaahes and eventually frictional
melting of the fault surfaces.
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Figure 9: a) Dynamic shear resistance and b) effective coefficdf friction versus width of
the slip-associated melt layer. The vertical dashrexslmark the measured width of the molten
zone filling out the fault along which a garnet pair is ditse and displaced (Fig. 3c). Recent
studies show that the radiative efficiency increasel daipth ranging betweey= 0.1 to 0.5
for intermediate depth earthquakes (50-300 km). The dashedmatidines indicate the
intercept of this radiative efficiency range and the widinge of the molten zone (~100 to 500
nm) measured in the sample. The dynamic shear resistandd be ~7 to 66 MPa (a) resulting
in an effective coefficient of friction of ~0.002 to 0.019.(

28



