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Fossil intermediate-depth earthquakes in subducting slabs linked to 
differential stress release 
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The cause of intermediate-depth (50 to 300 km) seismicity in subduction zones is 19 
uncertain. It is typically attributed either to rock embrittlement associated with fluid 20 
pressurization, or to thermal runaway instabilities. Here we document glassy 21 
pseudotachylyte fault rocks – the products of frictional melting during co-seismic 22 
faulting – in the Lanzo Massif ophiolite in the Italian Western Alps. These 23 
pseudotachylytes formed at subduction-zone depths of 60 to 70 km in poorly hydrated 24 
to dry oceanic gabbro and mantle peridotite. This rock suite is a fossil analogue to 25 
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oceanic lithospheric mantle undergoing present-day subduction. The pseudotachylytes 26 
locally preserve high-pressure minerals indicating an intermediate-depth seismic 27 
environment. These pseudotachylytes are important because they are hosted in near 28 
anhydrous lithosphere free of coeval ductile deformation, which excludes an origin by 29 
dehydration embrittlement or thermal runaway processes. Instead, our observations 30 
indicate that seismicity in cold subducting slabs can be explained by the release of 31 
differential stresses accumulated in strong, dry, metastable rocks. 32  33 Over a total length of ∼55,000 km, subduction zones at convergent plate margins are the main 34 setting for earthquakes globally. In such environments, seismicity is caused by accumulation 35 and release of stress from shallow levels down to intermediate depths (50-300 km)1-3. 36 Intermediate-depth earthquakes are inaccessible to direct investigation and much knowledge 37 relies on seismic data, rock-deformation experiments and modelling. Geophysical data show 38 that the seismic activity in subduction zones concentrates either inside the subducting 39 lithosphere, or in kilometres-thick layers along the plate interface. These layers consist of 40 hydrated rocks hosting pressurized pore fluids and show low seismic velocities4-7. 41 Experimental work and numerical models suggest that subduction-zone seismicity is 42 triggered by a thermal runaway instability8-12, dehydration embrittlement2,13-14, phase 43 transformation15 or reactivation of earlier discontinuities1. To date, investigations have 44 prevalently focused on seismicity in the subducting oceanic crust and in the low-velocity 45 plate-interface2,4,5,13-15, whereas the seismic potential of lithospheric mantle of subducting 46 oceanic plates remains poorly understood.  47  Compared to the above studies, field-based investigations of exhumed high-pressure rocks 48 have so far been under-utilised to directly study fossilised earthquake phenomena. 49 Pseudotachylytes, the solidified friction-induced melts produced during seismic slip along a 50 
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fault, are unique indicators of paleo-earthquakes in exhumed faults. Unfortunately, 51 pseudotachylytes are rarely preserved in the rock record and the examples related to 52 subduction settings are limited to findings within exhumed blueschist- and eclogite-facies 53 continental and oceanic crust sections16-22.  54  Here we investigate pseudotachylytes in a gabbro-peridotite body from the Lanzo Massif 55 (Italian Western Alps), a tectonic slice of oceanic mantle involved in Alpine subduction. These 56 pseudotachylytes were previously attributed to a pre-subduction oceanic detachment 57 setting23,24, but here we conclude they formed under eclogite-facies conditions. Although 58 similar to pseudotachylytes from Corsica, related to blueschist-facies metamorphism at 59 shallower subduction depths19-22,25, our case study provides a unique record of oceanic slab 60 eclogitization in the Wadati-Benioff seismic zone, in analogy with the intermediate-depth 61 seismicity affecting the lithospheric mantle in present-day subducting slabs. 62 
 63 
The host-rocks of fossil seismic faults  64 The Alpine Lanzo Massif is a 20x9 km-wide sliver of oceanic mantle peridotite with 65 subordinated 160 Ma old gabbro dykes23, regionally embedded in serpentinite and 66 metagabbro (Supplementary Fig. S1). It records oceanic serpentinization around unaltered 67 peridotite cores26 and later subduction-related Alpine metamorphism under eclogite-facies 68 conditions (2-2.5 GPa and 550-620 °C at 55-46 Ma)26-29. The southernmost body of the Lanzo 69 Massif (Moncuni, Fig. S1) has a core of poorly hydrated to anhydrous mantle peridotite and 70 pyroxenite intruded by cm- to 10's of cm-thick dykes of preserved dry gabbro. Such unaltered 71 gabbro and peridotite are predominant in Moncuni, and contain minor volumes (∼5vol%) of 72 hydrated metaperidotite and metagabbro that record static, eclogite-facies metamorphism. 73 The heterogeneous water distribution can be related to limited oceanic hydration prior to 74 subduction. Unaltered and hydrated-eclogitized domains form a coherent body that 75 
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underwent the same subduction-zone evolution, but the predominant peridotite and gabbro 76 metastably escaped eclogitization. Hence, most oceanic lithosphere in Moncuni, as in the 77 whole Lanzo Massif, metastably preserved the pristine structures and mineral assemblages 78 representative of pre-subduction mantle and oceanic settings throughout its 100 Myr-long 79 history. Very limited water access during the entire evolution thus prevented the 80 metamorphic re-equilibration of poorly hydrated to anhydrous rock domains and ductile 81 deformation of entire rock mass during subduction.  82  The unaltered peridotite comprises olivine, orthopyroxene, clinopyroxene and spinel 83 showing a coarse, pre-oceanic, mantle tectonite foliation23. This rock is enriched in plagioclase 84 due to melt-rock reaction during mantle-to-ocean evolution23 and, in addition, can display 85 minor amounts of amphibole23 and serpentine. The unaltered gabbro dykes display igneous 86 clinopyroxene, olivine and plagioclase, locally overprinted by an oceanic high-temperature 87 (700-800 °C) mylonitic foliation24 (Supplementary Information 1, Fig. S2). The high-88 temperature, pre-subduction, mantle-to-oceanic foliations are the only ductile deformation 89 structures developed in these rocks. 90 In the Moncuni eclogitic metaperidotite, mantle olivine and plagioclase were replaced by 91 metamorphic olivine + antigorite, and by zoisite + garnet + chloritoid + chlorite, respectively 92 (Fig. 1a,b). In eclogitic metagabbros, igneous plagioclase was overgrown by jadeite + zoisite + 93 garnet + kyanite, olivine by talc + tremolite and clinopyroxene by omphacite; chloritoid 94 coronas formed between pseudomorphosed plagioclase and olivine. Such transformations are 95 typical of Alpine eclogitic metagabbros and metaperidotites26-30. 96  97 
Relative timing and pressure-temperature earthquake faulting conditions 98 Numerous pseudotachylyte veins crosscut the Moncuni peridotite, pyroxenite and gabbro, 99 the derived high-temperature tectonite and mylonite, and the eclogitic metaperidotite and 100 
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metagabbro. Pseudotachylytes occur as moderately to steeply dipping fault veins, striking N-S 101 to NW-SE, trending subparallel to the gabbro dykes but also locally crosscutting the dykes. 102 The pseudotachylyte fault veins are associated with sub-parallel, pervasive, sharp, brittle slip 103 planes and thin cataclasites, all crosscutting the pre-existing tectonitic (peridotite), magmatic 104 and mylonitic (gabbro) fabrics. Pseudotachylytes in rocks hosting even trace amounts of 105 water (poorly hydrated peridotite, eclogitic metaperidotite and metagabbro) do not contain 106 glass, but a crypto- to micro-crystalline matrix. Glass is only preserved in pseudotachylytes 107 within dry, unaltered gabbros. The thickest pseudotachylyte veins (a few 10’s of cm, Fig. 2a) 108 occur in peridotite: the matrix and microlites entirely annealed to an aggregate of olivine, 109 orthopyroxene, clinopyroxene and Cr-spinel (Fig. 2b). This agrees with previous description 110 of orthopyroxene, olivine, interstitial clinopyroxene and spinel microlites in such 111 pseudotachylytes23,24, and suggests cooling and post-cooling recrystallization of the frictional 112 melt in the spinel stability field for ultramafic systems.  113 In gabbros, mylonitic gabbros (Supplementary Information 1, Fig. S2) and eclogitic 114 metagabbro (Fig. 2c), pseudotachylyte fault and injection veins are few microns- to a few 115 millimetres-thick. In gabbros and gabbro mylonites the rock-forming minerals display a 116 pervasive shattered microstructure and brittle comminution close to microfaults and 117 pseudotachylytes, and occur as unreacted clasts within cataclasites (Supplementary 118 Information 1, Figs. S3, S4) and pseudotachylytes. Pseudotachylyte fault and injection veins 119 cut the cataclastic zones and truncate all minerals (Supplementary Information 1, Figs. S5, 120 S6). Other than a cataclastic flow structure, the wall-rock minerals aside faults and 121 pseudotachylytes do not show evidence of progressive grain-size reduction by dynamic 122 recrystallization (Supplementary Information 1, Figs. S5,S6). In pristine gabbros, 123 pseudotachylytes consist of glass including microlites of clinopyroxene, plagioclase, garnet 124 and fragments of the host rock that lack kinking and foliation planes. Figure 3a shows two 125 
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glassy pseudotachylyte fault veins with protruding injection veins cutting a gabbro. The larger 126 vein shows a flow layering with a band of pure glass (white dotted line, Fig. 3a) and a band of 127 clast-laden glass clustered with plagioclase and clinopyroxene microlites (a few μm sized). 128 Microlites also occur in trails along healed microcracks confined within the pseudotachylyte. 129 Raman analysis shows the pseudotachylyte glass is anhydrous (Supplementary Information 1, 130 Fig. S7). Micrometric pyrope-rich garnet associates with plagioclase and clinopyroxene 131 microlites (Figs. 3b-d; Supplementary Information 1, Fig. S8). Garnet also occurs in rare, few 132 
μm-wide, discontinuous coronas at plagioclase-olivine boundaries only in the gabbro wall-133 rocks adjacent the pseudotachylyte veins (Fig. 3a). This corona-garnet acted as nucleation site 134 for garnet microlites that overgrew the pseudotachylyte glass (Fig. 3e). Pseudotachylyte in 135 pyroxenite contains pyrope-rich garnet microlites with dendritic shape suggesting growth 136 from quenched frictional melts31,32 (Figs. 3f, S9). In unaltered gabbro, garnet is thus restricted 137 to pseudotachylytes and grew either inside the veins, or in the adjacent wall-rock. The major 138 element compositions of such garnets are all comparable with those of eclogitic garnet from 139 other Alpine gabbros with similar bulk composition (Supplementary Information 1, Fig. S10). 140 This helps bracketing pseudotachylyte formation within a stage of high-pressure garnet 141 growth. 142 The eclogitic metagabbro and metaperidotite domains at Moncuni are limited in volume, 143 but their relationships with pseudotachylyte are fundamental for assessing the tectonic 144 environment of seismic faulting. Figure 4a shows pseudotachylyte veins and sub-parallel 145 microfaults dissecting the contact between metagabbro and metaperidotite. Within the 146 metagabbro, these microfaults offset cataclastic igneous pyroxene cemented by omphacite 147 (Fig. 4b) and cut the jadeite + zoisite pseudomorphs after plagioclase (Fig. 4a). The 148 microfaults contain clastic fragments of jadeite and zoisite replacing plagioclase and are 149 overgrown by eclogite-facies dendritic garnet (Supplementary Information 2, Figs. S12-S14, 150 
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garnet composition in Fig. S10). Garnet growth near pseudotachylytes and microfaults was 151 likely enhanced by the thermal transient caused by frictional heating. 152 In metaperidotite, the pseudotachylyte matrix consists of olivine and pyroxene microlites 153 variably altered to serpentine, talc and tremolite. These pseudotachylytes cut prograde 154 antigorite veins (Supplementary Information 2, Fig. S15) and include: (1) clasts of mantle 155 olivine overgrown by high-pressure metamorphic olivine; (2) olivine clasts hosting antigorite 156 veinlets truncated against the pseudotachylyte (Figs. 4c,d); (3) high-pressure pseudomorphs 157 after mantle plagioclase corroded by the pseudotachylyte melt (Fig. 4d; Supplementary 158 Information 2, Fig. S16). Olivine microlites display higher Mg concentrations than the host-159 rock olivine (Supplementary Information 2; Fig. S17). Late-stage veins cutting metagabbro, 160 metaperidotite and pseudotachylyte (Fig. 4a) display high-pressure mineralogy: the same 161 vein contains zoisite+chlorite+omphacite in the metagabbro and talc+tremolite in the 162 ultramafic pseudotachylyte (Supplementary Information 2, Figs. S18a-c). Pseudotachylyte and 163 microfaults thus cut eclogitized metagabbro and metaperidotite (Fig. 4), and are in turn 164 overgrown by eclogitic garnet and cut by high-pressure veins (Figs. S12,S18). 165 Pressure-temperature estimates for Lanzo eclogitic metagabbros28 yield 2-2.5 GPa and 166 550-620 °C, corresponding to a 8 °C/km gradient similar to that of modern subduction 167 zones33. In metaperidotite, formation of secondary olivine via reaction antigorite + brucite = 168 olivine + fluid26,30 and breakdown of mantle plagioclase to chlorite, zoisite, garnet occurred at 169 comparable conditions of 2-2.5 GPa and 600 °C26. Pressure-temperature estimates done for 170 the Moncuni hydrated-eclogitized metagabbro and metaperidotite yield similar values. We 171 calculated mineral phase stabilities using the hydrated-eclogitized rock compositions, 172 because they represent the only water-saturated reactive volumes that equilibrated under 173 eclogite-facies conditions. Maximum 2.2 GPa and 600 °C are achieved for crystallization of 174 omphacite, zoisite, garnet and kyanite after the gabbro plagioclase (Supplementary 175 
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Information 2, Fig. S18d). Formation of talc+tremolite in veins cutting the ultramafic 176 pseudotachylyte occurred below 2.2 GPa (Supplementary Information 2, Fig. S18e).  177 In gabbros, the pyrope content of the garnet microlites and eclogitic garnet growth after 178 the pseudotachylyte glass (Fig. 3e) suggest that faulting occurred at ∼70 km depth (Fig. 179 S18d,e). In eclogitized rocks, the omphacite-cemented breccia (Fig. 4b), entrainment of 180 eclogitic mineral clasts in pseudotachylyte and microfaults (Figs. 4c,d), eclogitic garnet 181 overgrowth of microfaults in metagabbro (Supplementary Information 2, Figs. S12-S14), and 182 high-pressure veins cutting pseudotachylytes, all suggest eclogite-facies, intermediate-depth 183 seismic faulting. 184 
 185 
Potential mechanism for intermediate depth seismicity 186 The Moncuni pseudotachylyte occurs in ophiolitic gabbro-peridotite recording pre-187 subduction high-temperature ductile deformation during mantle flow and oceanic 188 mylonitization23,24. We did not observe any crystal-plastic flow referable to subduction 189 (Supplementary Information 1, Fig. S6). All studied rocks display either mantle tectonite 190 fabrics, or gabbroic igneous and mylonitic oceanic textures. The entire Alpine subduction-191 zone recrystallization took place statically and produced pseudomorphic and coronitic 192 textures (Figs. 1a, 2c, 4a; Supplementary Information 2, Fig. S11). All rocks escaped ductile 193 deformation (and locally metamorphism) during subduction, when co-seismic rupture and 194 frictional melting took place. The mechanical response, the metastable survival of pre-195 subduction mineral assemblages and the preservation of dry pseudotachylyte glass imply this 196 rock package experienced very limited hydration. Our observations highlight the intimate link 197 between seismic activity and strong, poorly hydrated, metastable sections of subducted 198 oceanic lithosphere. This allows constraining the seismogenic environment and discussing the 199 mechanism triggering the intermediate-depth seismicity recorded at Moncuni. 200 
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Thermal runaway and dehydration embrittlement are the most accredited earthquake 201 mechanisms by geoscientists. Present-day intermediate-depth earthquakes in the mantle 202 have been related to thermal runaway34,35. This mechanism explains the syn-kinematic 203 association of pseudotachylyte and mylonites: in blueschist-facies gabbro-peridotite from 204 Corsica, pseudotachylyte was synchronous with mylonitization of the wall-rocks. This is 205 indicated by (1) foliation development and grain-size reduction via dynamic recrystallization 206 in rock domains near fault planes, and by (2) entrainment of deformed wall-rock fragments in 207 pseudotachylyte veins21,22. Such evidence enabled linking faulting to localized crystal-plastic 208 deformation and thermal runaway under stress up to 580 MPa or more21,22,36. Moncuni 209 pseudotachylytes invariably cut pre-subduction foliated peridotite and gabbro, as well as 210 undeformed, massive rocks. Absence of an eclogite-facies mylonitic foliation and of dynamic 211 recrystallization in the selvages of the fault veins, and a lack of foliated eclogitized rock 212 fragments inside pseudotachylytes suggest that Moncuni, different from Corsica, does not 213 record crystal-plastic deformation precursory to seismic slip. The dry glass composition 214 moreover indicates that little water was available to promote ductile shearing11. Overall, the 215 above features suggest that frictional melting at Moncuni was not caused by thermal runaway 216 shear instability.  217 Regarding dehydration-induced seismic embrittlement, laboratory experiments that 218 investigated behaviour of dehydrating serpentinite by monitoring of acoustic signals provide 219 contrasting results. Whereas some experiments report that serpentine dehydration produces 220 acoustic emissions13,37, others show that dehydration occurs without embrittlement and 221 acoustic activity38,39. Recent deformation experiments on dehydrating synthetic aggregates of 222 antigorite + olivine show that acoustic emissions associated with shear failure can occur in 223 samples containing small amounts of antigorite (5vol%)40. These results show that little 224 dehydration is necessary to trigger seismicity and suggest that dehydration-induced stress 225 
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transfer, rather than fluid overpressure, causes embrittlement40. Comparably, Moncuni hosts 226 
∼5vol% hydrated metaperidotite recording initial antigorite dehydration to secondary olivine 227 (Fig. 1a), producing only 2wt% fluid from fully serpentinized rocks30. The amount of water 228 released by the volumetrically subordinate metaperidotite is thus insufficient to induce 229 extensive seismic faulting in the whole Moncuni body. The presence of metamorphic olivine 230 clasts within the pseudotachylyte (Fig. 4c) may even suggest that antigorite dehydration 231 predated the seismic activity. The Moncuni eclogitic metagabbro does not contain amphibole 232 and/or lawsonite (whose dehydration is suggested to cause seismic embrittlement in the 233 crustal section of subducting slabs14), and the crosscutting cataclasite and microfaults entrain 234 zoisite clasts that are stable during the eclogite-facies event (Supplementary Information 2, 235 Figures S12, S13). Consequently, rock embrittlement due to fluid overpressure does not 236 represent a viable mechanism to explain seismicity at Moncuni. Instead, as achieved in 237 deformation experiments40, shear failure may have occurred in strong peridotite (and 238 gabbro) hosting minor, dehydrating, antigorite domains. As suggested by the experimental 239 modelling40, dehydrating antigorite domains lost their load capacity and transferred stress to 240 the surrounding peridotite, inducing instability and faulting in the olivine-rich rock 241 asperities40. Stress propagation out of minor dehydrating metaperidotite volumes, or from 242 serpentinite enclosing the Moncuni body, into unaltered peridotite and gabbro may thus 243 explain formation of the observed pseudotachylytes. 244 Moreover, the pressure-temperature conditions of Moncuni pseudotachylyte formation 245 (Supplementary Information 2, Figs. S18d,e) coincide with the depth of plate unbending41. 246 This process could also have contributed to enhanced differential stress in the uppermost 247 part of the strong dry slab which might have exceeded the stress needed for peridotite failure 248 (580 MPa)36. 249  250 
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Locating the seismic hypocenter 251 The distribution of intermediate-depth seismicity in subduction zones shows that seismic 252 events nucleate in low-velocity zones at the plate interface4,42-45, and inside the subducting 253 plate, in the upper Wadati-Benioff zone4,5,42-45. The low-velocity zones can consist of (1) 254 altered crustal sections of the slab5, (2) mélanges of rocks derived from both the subducting 255 slab and overriding plate5, and (3) large serpentinite slices detached from the slab46. Seismic 256 wave velocities in these domains are hampered by the presence of abundant hydrous 257 minerals and pressurized fluids6,7, which make them preferential sites for seismic 258 dehydration embrittlement2,13-14 and non-volcanic tremors47. In contrast, the Wadati-Benioff 259 seismic zone can be located inside the lower oceanic crust or in the upper lithospheric mantle 260 of subducting plates5. In this deeper seismic level, heterogeneous hydration of mantle rocks 261 can be localized along earlier oceanic detachment faults and/or extensional faults developed 262 during slab bending in the outer rise of subduction zones48. 263 Figure 5 helps identifying the seismic subduction-zone environment for the Moncuni 264 pseudotachylytes. Moncuni, like the entire Lanzo Massif, differs from the other Alpine 265 ophiolitic complexes, which pervasively equilibrated to high-pressure metamorphic 266 assemblages during subduction49. These complexes either derived from the altered upper 267 part of oceanic slabs, or from plate interface domains, where extensive metamorphic re-268 equilibration occurred in presence of abundant fluids. Pseudotachylytes were not observed 269 hitherto in serpentinite and other hydrated eclogite-facies rocks, whose potential seismic 270 record is represented by eclogitic breccias50 related to high fluid pressures. In contrast, the 271 dry and metastable Moncuni and Lanzo peridotite fits a location in the intra-slab lithosphere 272 (Fig. 5a), whose structures and behaviour correspond to the available descriptions of eclogitic 273 pseudotachylyte in metastable, dry rocks16-17,31-32. We thus conclude that strong dry to poorly 274 hydrated peridotite and gabbro within subducting slabs can either undergo stress transfer 275 
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from nearby dehydrating rock domains40, or accumulate large differential stress during plate 276 unbending41, which may represent alternative mechanisms to generate intermediate-depth 277 seismicity in subduction-zone environments. 278  279 
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Figure captions 301 
Figure 1. Pseudotachylyte in eclogitized metaperidotite. a: SEM back-scattered image of 302 pseudotachylyte (pst) cutting across olivine (ol), which is partially replaced by antigorite 303 (atg). Mantle plagioclase has been replaced by metamorphic garnet (grt), zoisite (zoi) and 304 chlorite (chl).  b: close-up of the olivine shown in (a) reveals darker relict cores of mantle 305 olivine  (ol1; #Mg = 0.89-0.91) replaced by lighter metamorphic olivine along the rim and 306 microfractures (ol2; #Mg = 0.82-0.86). 307  308 
Figure 2. Pseudotachylyte in peridotite and metagabbro. a: pseudotachylyte vein within 309 peridotite. b: SEM back-scattered image showing small microlites of olivine (ol), 310 orthopyroxene (opx; dark gray), clinopyroxene (light grey) and spinel (small bright droplets). 311 A large olivine clast is included in the groundmass. c: photograph of a polished sample 312 showing black mm-thick pseudotachylyte veins cutting eclogitic metagabbro. The igneous 313 clinopyroxene, plagioclase and olivine in the metagabbro have been pseudomorphosed by 314 green omphacite, white jadeite+zoisite and black chlorite+chloritoid with cores of white talc, 315 respectively (see Supplementary Materials 1). 316  317 
Figure 3. Pseudotachylyte in anhydrous gabbro. Back-scattered SEM images of Figure S6. 318 
a: pseudotachylyte fault (red dashed lines) cutting a gabbro preserving magmatic 319 clinopyroxene (cpx1), olivine (ol), plagioclase (plag). Metamorphic garnet (grt) coronas 320 formed at olivine-plagioclase boundaries close to pseudotachylyte (white arrows). Fault and 321 associated injection vein contain pure glass layers (white dashed line) near glass layers 322 including microlites and clasts. b, c: glassy pseudotachylyte hosting dendrite-like 323 clinopyroxene microlites (cpx2; area b, plate a) with plagioclase and garnet microlites (area c, 324 
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plate a). d: garnet microcracks in glassy pseudotachylyte. e: host-rock garnet overgrowing the 325 glassy pseudotachylyte. f: dendritic-like garnet in pseudotachylyte from pyroxenite.  326  327 
Figure 4. Pseudotachylyte in metaperidotite-metagabbro. a: transmitted light image of 328 pseudotachylyte (pst) at metaperidotite-metagabbro contact.  In metagabbro, jadeite+zoisite 329 (jd+zoi) replaced plagioclase, talc+chloritoid replaced olivine (ex-ol), omphacite replaced 330 clinopyroxene (detail in (b)). In metaperidotite, metamorphic olivine (ol2) and antigorite 331 replaced mantle olivine (ol1), garnet+zoisite+chlorite replaced plagioclase. The white arrow 332 (rectangle b) indicates a microfault parallel to pseudotachylyte. b: enlarged rectangle (b). The 333 microfault offsets cataclastic igneous clinopyroxene (cpx) cemented by omphacite (omph). c: 334 SEM back-scattered image of pseudotachylyte hosting  clasts of mantle ol1 overgrown by ol2. 335 
d: enlarged rectangle (d). Pseudotachylyte enclosing clasts of ol2+antigorite+orthopyroxene 336 (opx) and disrupted fragments of garnet-bearing pseudomorphs after plagioclase (Fig. S8). 337 
 338 
Figure 5. Locating seismic activity of Moncuni in a subducting slab. Seismicity in a 339 subduction zone (modified after42). The brown layer corresponds to the low-velocity zone 340 (LVZ); the light green and dark green fields represent the mantle wedge and the subducting 341 oceanic mantle, respectively. The light grey dashed lines in the LVZ correspond to 342 dehydration boundaries separating amphibole-lawsonite eclogite (shallow LVZ, left side), 343 from jadeite-lawsonite eclogite (central LVZ), from anhydrous eclogite (deeper part of LVZ, 344 right side). Circles show hypocenters in the LVZ and in the subducting plate. The star shows 345 the interpreted location of the Moncuni seismic failure. 346 
 347 
Methods 348 
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Moncuni samples were studied by optical and scanning electron microscope (SEM), electron 349 microprobe, electron back scattered diffraction (EBSD) and transmission electron microscope 350 (TEM). For SEM analysis the thin sections were SYTON-polished and carbon-coated (coating 351 thickness of ~3.5 nm).  352 • Optical and Scanning electron microscopy were performed at the Universities of Genova in 353 energy-dispersive mode with a SEM VEGA3 TESCAN operating at 15 kV and equipped with an 354 EDAX APOLLO XSDD energy-dispersive X-ray spectrometer. Working conditions were:  15 kV 355 accelerating potential, 20 nA beam current, 2 μm beam diameter, and 100 s counting time. 356 • Major element mineral compositions were analyzed by electron probe microanalysis using 357 the JEOL 8200 Superprobe at the Dipartimento di Scienze della Terra, University of Milano. 358 Quantitative elemental analyses were performed by wavelength-dispersive analysis at 15 kV 359 and 60 nA. Natural silicates were used as standards. A PhiRhoZ routine was used for matrix 360 correction. The compositions of feldspar microlites were analysed by energy dispersive X- ray 361 spectroscopy (EDX) at the TESCAN SEM (Erlangen) equipped with the Oxford Instruments 362 INCA system and a 50 mm2 X-Max detector. 363 
• Backscatter Secondary Electron (BSE) atomic Z-contrast images were collected using a 364 ZEISS CrossBeam 1540 EsB SEM equipped with thermo-ionic field emission at the 365 Department of Material Sciences of the University of Erlangen-Nuremberg.  366 
• Electron Backscattered Diffraction (EBSD) analysis was performed using a ZEISS Cross- 367 Beam 1540 EsB SEM equipped with the Oxford Instruments Channel5 EBSD system with a 368 Norderly-II camera and Flamenco acquisition software. Working conditions were: (i) 16 mm 369 working distance, 20 kV acceleration voltage, 120 μm aperture and high current mode 370 resulting in ~7 nA beam current (with the ZEISS instrument).  371 
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• Focused-ion beam scanning electron microscopy and transmission electron microscopy. 372 Electron-transparent thin foils were prepared for (scanning) transmission electron 373 microscopy ((S)TEM) by using a FEI Talos Nanolab G3 UC focused ion beam - scanning 374 electron microscope (FIB-SEM). FIB foils were investigated in a FEI Talos F200X (S)TEM 375 equipped with four energy-dispersive X-ray detectors (Super-X EDX). EDX analyses of 376 submicron-sized garnets within the pseudotachylyte were quantified using the Cliff-Lorimer 377 method. All FIB-SEM and TEM analyses were carried out at the Microscopy Square, Utrecht 378 University. 379 
Data availability. Authors declare that all observations and analytical data supporting the 380 findings of this study are available within the article and its Supplementary Information files. 381 Mineral analyses are reported in the Supplementary Table.  382 
 383  384 
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