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Amorphous material in experimentally deformed mafic rock and its temperature dependence: Implications for fault rheology during aseismic creep and seismic rupture

Amorphous materials are frequently observed in natural and experimentally produced fault rocks. Their common occurrence suggests that amorphous materials are of importance to fault zone dynamics. However, little is known about the physico-chemical impact of amorphous materials on fault rheology. Here we present deformation experiments on mafic fault rock, where amorphous material forms due to intense mechanical wear during the experiments. The experiments are run at temperatures from 300 to 600 • C, confining pressures of 0.5 or 1.0 GPa, and at constant displacement rates of ( ḋax ) 2 ⋅10 -7 , 2 ⋅10 -8 or 2 ⋅10 -9 ms -1 , resulting in bulk strain rates (γ) of ≈3 ⋅10 -4 , 3 ⋅10 -5 and 3 ⋅10 -6 s -1 . At these conditions, the mafic rock material undergoes intense brittle deformation and cataclastic flow, but sample strength significantly decreases with increasing temperaturesa feature commonly attributed to viscous deformation processes. Microstructural analyses show that after an initial stage of homogeneous cataclastic flow, strain localizes into narrow (2-10 μm wide) ultra-cataclastic bands that evolve into amorphous shear bands. With the data presented in this research paper, we argue that the temperature sensitivity recorded in the mechanical data is caused by viscous deformation of the amorphous material. We suggest that with the formation of amorphous materials during brittle deformation, fault rheology becomes significantly temperaturesensitive. This has important implications for our understanding of fault strength and weakening due to the presence of amorphous materials. In addition, weak material along faults will lead to stress concentrations that may trigger seismic rupture.

Introduction

Semi-brittle deformation in rocks is a mode of deformation between the brittle-ductile (BDT) and the brittle-viscous transitions (BVT; e.g. Kohlstedt et al., 1995, who use the term "brittle-plastic transition", BPT). While the BDT is only pressure dependent (e.g. [START_REF] Byerlee | Brittle-ductile transition in rocks[END_REF][START_REF] Rutter | On the nomenclature of mode of failure transitions in rocks[END_REF]), the BVT is primarily temperature dependent. Semi-brittle deformation is expected for the deeper parts of the upper to middle crust. Here, rocks achieve significant amounts of displacement without localized failure on discrete fracture surfaces. Instead deformation is largely accommodated by pervasive cataclastic flow. The change from localized brittle to de-localized semi-brittle flow is attributed to the circumstance that frictional sliding at elevated pressures requires higher stresses than the stresses needed to form new micro-cracks. The change from semi-brittle to viscous deformation is achieved by a number of deformation mechanisms in combination. Grain boundary sliding, crystal plasticity, and diffusive mass transfer all play a role to varying degree in the transition (e.g. [START_REF] Gratier | How pressure solution creep and fracturing processes interact in the upper crust to make it behave in both a brittle and viscous manner[END_REF]Bos andSpiers, 2001, 2002;[START_REF] Marti | Experimental investigation of the brittle-viscous transition in mafic rocks -interplay between fracturing, reaction, and viscous deformation[END_REF][START_REF] Richter | The brittle-to-viscous transition in polycrystalline quartz: an experimental study[END_REF].

Laboratory experiments investigating rock deformation in the brittle field are usually performed at ambient temperatures, to sometimes up to ~200 • C (e.g. [START_REF] Niemeijer | Inferring earthquake physics and chemistry using an integrated field and laboratory approach[END_REF]Brantut et al., 2013, and references therein). Brittle processes generally show low activation energies and hence have a low sensitivity on temperature. However, subcritical crack growth due to corrosion cracking, for examplea mechanism associated with the brittle fieldis known to have a temperature and rate (i.e. time) dependencies (see e.g. the reviews of [START_REF] Anderson | Stress corrosion theory of crack propagation with applications to geophysics[END_REF][START_REF] Brantut | Time-dependent cracking and brittle creep in crustal rocks: a review[END_REF]. Additionally, brittle faulting is sometimes observed to be accompanied by (temperature sensitive) dissolution-precipitation creep, able to compete with other deformation mechanisms because of grain size reduction due to cataclasis, (e.g., Gratier and Gueydan, 2008, and references therein). The occurrence of amorphous material in brittle fault zones (e.g. [START_REF] Yund | Amorphous material in high strain experimental fault gauges[END_REF][START_REF] Goldsby | Low frictional strength of quartz rocks at subseismic slip rates[END_REF][START_REF] Janssen | Amorphous material in SAFOD core samples San Andreas Fault: evidence for crush-origin pseudotachylytes?[END_REF][START_REF] Pec | Origin of pseudotachylites in slow creep experiments[END_REF][START_REF] Pec | Semi-brittle flow of granitoid fault rocks in experiments[END_REF][START_REF] Kirkpatrick | Silica gel formation during fault slip: evidence from the rock record[END_REF][START_REF] Hayward | Mechanical amorphization, flash heating, and frictional melting: dramatic changes to fault surfaces during the first millisecond of earthquake slip[END_REF] may introduce further time and temperature-sensitivity to fault strength.

The occurrence of amorphous material in seismically and aseismically sheared rocks has long been recognized and is reported in deformation experiments under a range of temperatures, normal stresses and displacement rates (e.g. [START_REF] Spray | Artificial generation of pseudotachylite using friction welding apparatus: simulation of melting on a fault plane[END_REF][START_REF] Yund | Amorphous material in high strain experimental fault gauges[END_REF][START_REF] Goldsby | Low frictional strength of quartz rocks at subseismic slip rates[END_REF][START_REF] Toro | Relating high-velocity rock[END_REF][START_REF] Niemeijer | Frictional melting of gabbro under extreme experimental conditions of normal stress, acceleration, and sliding velocity[END_REF][START_REF] Pec | Origin of pseudotachylites in slow creep experiments[END_REF][START_REF] Hayward | Mechanical amorphization, flash heating, and frictional melting: dramatic changes to fault surfaces during the first millisecond of earthquake slip[END_REF]. In nature, 'pseudotachylites', which are interpreted to have formed during seismic rupture and melt generation due to frictional heat, are the most common of amorphous material within fault zones (e.g. [START_REF] Sibson | Generation of pseudotachylyte by ancient seismic faulting[END_REF][START_REF] Camacho | Large volumes of anhy-drous pseudotachylyte in the Woodroffe Thrust, eastern Musgrave Ranges, Australia[END_REF][START_REF] Obata | Ultramafic pseudotachylite from the Balmuccia peridotite, Ivrea-Verbano zone, northern Italy[END_REF][START_REF] Curewitz | Ultracataclasis, sintering, and frictional melting in pseudotachylytes from East Greenland[END_REF][START_REF] Austrheim | Pseudotachylytes from Corsica: fossil earth-quakes from a subduction complex[END_REF][START_REF] Scambelluri | Fossil intermediate-depth earthquakes in subducting slabs linked to differential stress release[END_REF]. The great majority of pseudotachylite descriptions in fault zones suggest an origin via frictional melting (melt-origin). However, [START_REF] Curewitz | Ultracataclasis, sintering, and frictional melting in pseudotachylytes from East Greenland[END_REF] present a well-documented case for an ultracataclastic pre-stage (crush-origin) prior to pseudotachylite formation by frictional melting. Pseudotachylite formation without any contribution from frictional melting has also been proposed by e.g., [START_REF] Wenk | Are pseudotachylites products of fracture or fusion?[END_REF]; [START_REF] Janssen | Amorphous material in SAFOD core samples San Andreas Fault: evidence for crush-origin pseudotachylytes?[END_REF]; and [START_REF] Pec | Origin of pseudotachylites in slow creep experiments[END_REF], 2016) but unfortunately, microstructural characteristics to distinguish a melt-origin from potential crush-origin type pseudotachylite have been difficult to define. Investigations of the origins of amorphous materials within fault zones are challenged by the low preservation of small amounts of amorphous material, especially under hydrothermal conditions typical for fault zones. Experimental studies can help to overcome this problem as alteration and overprinting are avoided.

Despite the wide-spread occurrence of amorphous materials in faults, the rheological impact on fault strength is not well determined. The deformation of amorphous materials may be described in terms of the time-scale of structural relaxation, which determines the transition from liquid (relaxed) to glassy (i.e. solid, unrelaxed) behaviour (e.g. [START_REF] Dingwell | Structural relaxation in silicate melts and non-Newtonian melt rheology in geologic processes[END_REF]. The processes by which a glassy (solid amorphous) material is deformed are relatively complicated; unlike crystalline materials, amorphous materials lack a long-range ordered crystal structure suitable for dislocation creep, or grain boundaries that serve as fast diffusional pathways. However, amorphous materials typically show a rheological transition from a solid glassy behavior to a viscous fluid-like behavior at the "glass transition temperature" (T g ). The T g is marked by a change in physical properties such as viscosity, shear modulus, heat capacity etc. (e.g. [START_REF] Ojovan | Viscosity and glass transition in amorphous oxides[END_REF], with the rheology of the amorphous material being highly sensitive to temperatures above the T g and less sensitive below T g .

Although there is the possibility of rate-and temperature-sensitive processes contributing to brittle rock deformation, little is described about them from laboratory experiments (e.g, [START_REF] Chester | Multimechanism friction constitutive model for ultrafine quartz gouge at hypocentral conditions[END_REF][START_REF] Blanpied | Frictional slip of granite at hydrothermal conditions[END_REF]. For the activation of viscous (i.e. temperature-activated) deformation at laboratory strain rates it is usually necessary to make use of the rate increase of temperature-activated processes with higher temperatures.

In the study presented here, diabase rock material is deformed within the semi-brittle field, at intermediate temperatures of 300-600 • C. Although the microstructure of the sample is dominated by brittle deformation, the samples show decreasing strength with increasing temperature -a behavior typical for viscous deformation. We suggest that in this intermediate temperature range, temperature-activated processes take place at laboratory time-scales, thus enabling us to investigate the contribution of these processes to the rheology of fault zones within the brittle-to semi-brittle field.

Materials and methods

Sample material and sample assembly

Experiments were performed on rock powder (grain size fraction ≤ 125 μm) prepared from Maryland Diabase, with an approximate modal composition of plagioclase: 57 vol-%, clinopyroxene: 32 vol-%, orthopyroxene: 8 vol-%, accessories (Qz, Kfs, Ilm, Mag, Bt, Ap): 3 vol-% [START_REF] Marti | Experimental investigation of the brittle-viscous transition in mafic rocks -interplay between fracturing, reaction, and viscous deformation[END_REF][START_REF] Marti | Syn-kinematic hydration reactions, grain size reduction, and dissolution-precipitation creep in experimentally deformed plagioclase -pyroxene mixtures[END_REF].

Most samples were prepared by placing 0.11 g of rock powder, with 0.2 μl (0.18 wt%) H 2 O added, between alumina forcing blocks pre-cut at 45 • (Fig. 1). In this way, a layer of rock material with a starting thickness ~0.8 mm is obtained. The alumina forcing blocks are cylindrical and 6.33 mm in diameter. One experiment (nr. 475) was performed on a cored cylinder of intact Maryland Diabase, with a diameter of 6.55 mm, a length of 15.80 mm, and 0.18 wt% H 2 O added to the sample. More experimental details can be found in Appendix A1.

Experimental conditions

Experiments were performed using the Griggs-type deformation apparatus at the University of Tromsø, Norway. Experiments were run at temperatures (T) of 300, 500 and 600 • C and at confining pressures (Pc) of 0.5 or 1.0 GPa. General shear type of flow is achieved by using the 45 • pre-cut setup. Axial displacement rates ( ḋax ) were held constant at 2 ⋅10 -7 , 2 ⋅10 -8 or 2 ⋅10 -9 m s -1 , resulting in bulk strain rates (γ) of ≈ 3 ⋅10 -4 , 3 ⋅10 -5 and 3 ⋅10 -6 s -1 assuming homogeneous sample deformation. Table 1 lists experiments and experimental conditions. For the general shear experiments, axial displacement (d ax ) translates to shear displacement (d s ) according to:

d s = d ax -(d ax ⋅ (th0 -thF)) cos(45 • ) (1) 
where: th 0 = initial shear zone thickness; th F = shear zone thickness at the experiment end; 45 • is the angle of forcing block pre-cut (Fig. 1c). Details concerning conversion of mechanical data can be found in Appendix A2.

Microstructural analysis

Electron microscopy

After the experiments, samples were immersed in epoxy, cut parallel (in some cases also normal) to the shear direction, and prepared as polished thin sections. Scanning electron microscope (SEM) analyses were performed with a Philips XL30 ESEM at the Basel University "Swiss Nano Imaging" (SNI) facility. Focussed ion beam (FIB) foils were prepared using a FEI Helios Nano Lab G3 at Utrecht University, on sections normal to shear direction, such that the foil is parallel to the shear direction. (Scanning) transmission electron microscope ((S)TEM) analyses were performed at Utrecht University using a FEI Talos 200FX equipped with a high-sensitivity Super-EDX system, and at the University of Minneapolis, using a FEI Tecnai 12. TEM images were recorded in bright-field (BF) and STEM images were acquired in dark field (DF) and high-angle annular dark-field (HAADF) modes.

Image orientation and definitions

If not stated otherwise, micrographs are oriented with the shear zone boundaries horizontal and with a dextral sense of shear. Terminology used to describe stress-displacement curves is given in Fig. 1d.

We consider cataclastic flow as "a deformational process involving initial granulation of grains by microcracking, leading to frictional sliding, dilatancy, and rigid-body rotation among grain fragments, grains or groups of grains." according to the definition by [START_REF] Schmid | Towards a genetic classification of fault rocks: geological usage and tectonophysical implications[END_REF].

Shear zone or bulk shear zone: The term "shear zone", in the reference system of our samples, is used to refer to the layer of rock material placed between the 45 • pre-cut forcing block which gets sheared as a bulk during the experiment. It does not imply any specific deformation mechanism or deformation regime (brittle or viscous).

The term "shear band" is used to refer to a thin zone (within the bulk shear zone) of high and localized shear strain accommodation -as opposed to a "shear fracture", which accommodates displacement along a surface without any obvious distribution of strain within a volume (discernible at SEM resolution). The term shear band is used without implying any specific deformation mechanism or deformation regime.

The term "fault network" or "fault zone" is used to refer to zones of localized accommodation of displacement along segments of shear bands, shear fractures or a combination of both. The term is used without implying any specific deformation mechanism or deformation regime.

Results

Mechanical data, general shear experiments

At all imposed Pc-T (and displacement rate) conditions, samples show initial loading to a peak differential stress and subsequent weakening, which is often followed by a more constant stress value with increasing displacement (Fig. 2a andb). Sample strengths are observed to depend on both temperature and pressure. The pressure dependence of strength is positive, i.e., samples become stronger with increasing confining pressures. The temperature dependence is negative, i.e., samples are weaker at higher temperatures. Sample strengths always remain above the Goetze criterion, which defines the differential stress above which plastic deformation is usually observed to grade into brittle or semi-brittle deformation as Δσ ≤ P conf [START_REF] Kohlstedt | Strength of the Litosphere: constraints imposed by laboratory experimetns[END_REF]. Thus, all samples are expected to show semi-brittle or brittle deformation. Significant amounts of permanent strain are accommodated in all experiments and although samples show weakening after peak stress, none experienced abrupt failure or dramatic loss of shear resistance. Peak stresses in experiments performed at different temperatures are reached after different amounts of displacement. The higher the experimental T, the earlier the peak stress is reached in terms of displacement (Fig. 2). This effect is more pronounced at the lower Pc of 0.5 GPa than at 1.0 GPa (Fig. 2a andb). At Pc ≈ 0.5 GPa, the initial parts of the loading curve are similar for the different experiments and are approximately linear (for axial displacements ≤ 0.3 mm, Fig. 2a).

In displacement rate stepping tests, at T = 300 • C and Pc ≈ 0.5 GPa, at rates of ~ 2 ⋅10 -8 to 2 ⋅10 -9 ms -1 , and ~ 2 ⋅10 -8 to 2 ⋅10 -7 ms -1 , sample strength is weakly sensitive to the imposed displacement rate (Fig. 2c), and stress exponents (n) calculated from the data are on the order of n ≈ 21 [START_REF] Marti | Experimental investigation of the brittle-viscous transition in mafic rocks -interplay between fracturing, reaction, and viscous deformation[END_REF]. Using stress exponent values published in [START_REF] Marti | Experimental investigation of the brittle-viscous transition in mafic rocks -interplay between fracturing, reaction, and viscous deformation[END_REF], activation energy (Q) estimates have been obtained for experiments at Pc = 0.5 GPa. We followed the procedure described in Twiss and Moores (2007, p. 486), Q-values for deformation between 300 and 500 • C are markedly lower, with ~130 kJ/mol, than between 500 and 600 • C, with ~380 kJ/mol. The results suggest that the temperature sensitivity of the deformation process increases with higher experimental temperature (Appendix Fig. 2).

Microstructural overview -general shear experiments

The deformed samples show pervasive and intense grain size reduction by fracturing. A foliation, defined by elongated mineral aggregates, is formed due to cataclastic flow (Fig. 3). Both, plagioclase and pyroxene, are pervasively fractured. However, pyroxene grains tend to show longer through-going fractures and larger non-fractured domains, whereas plagioclase tends to be pervasively fractured into fine fragments (Fig. 3c).

In all samples, strain localizes into a fault network, composed of segments of shear bands and shear fractures. Usually, two to three larger fault zones crosscut the sample, transferring displacement from one end of the sample to the other (Fig. 4). For experiments at 300 • C, the relative volume of shear bands is seen to increase with increasing bulk displacement, from ~2.0 area-% in sample 375 (1.56 mm axial displacement) to ~ 3.4 area-% in sample 418 (2.04 mm axial displacement).

Although strain mainly localizes within the fault network, the "low strain" lenses in-between accommodate some of the strain, as seen from the foliation formation as a result of cataclastic flow (Fig. 3b andc). At the end of an experiment, the sample material is cohesive, as could be observed from samples cut in half without previous epoxy impregnation.

Shear band microstructure

Shear bands consist either of ultra-cataclasites (referred to as type I shear bands) or of a material that appears homogeneous without resolvable grain boundaries or clear grain fragments (at SEM resolution) -in the following referred to as type II shear bands. Type II shear bands form along the localized large strain fault networks that crosscut the sample, as well as along the forcing block and sample interface (Fig. 4). The shear bands are recognized by a clear foliation deflection, where the foliation within the shear bands is defined by a nano-to micrometer scale compositional layering (Fig. 5). The shear bands consist of a cohesive, non-porous material, with only few grains resolvable in the SEM (Fig. 5 b,d), and with the compositional layering either laminar or perturbed in flow structures (Fig. 5b,d). From their homogeneous appearance (as seen in the SEM) without any resolvable grains, the material of type II shear bands is presumed to be of nano-crystalline or amorphous nature. Usually no syn-kinematic fracture porosity (at SEM resolution) can be found within type II shear bands. This is in contrast to the surrounding host material (Fig. 5b-d), which is pervasively fractured (syn-kinematic fractures) with a relatively abrupt transition from the fractured host to the homogeneous matrix of the shear band (Fig. 5b andc). Unloading cracks (formed after the experiment, during de-pressurization) are localized within the type II shear bands (Fig. 5d) indicating different physical behavior of the shear bands and the adjacent wall rock material (similar observations were made by, e.g., [START_REF] Stünitz | Dislocation generation, slip systems, and dynamic recrystallization in experimentally deformed plagioclase single crystals[END_REF].

Type II shear bands are found in experiments at all three tested temperatures but are most common in 300 • C experiments and especially at the lower Pc of 0.5 GPa. The shear bands show variable thickness, mostly between ~2 and 20 μm. In 300 • C experiments, they appear to become wider with increasing bulk displacement imposed on the sample. This behaviour is not so obvious in the higher T samples at 500 and 600 • C.

The ultra-cataclastic type I shear bands are usually narrow (<10 μm in width) and contain sub-micron sized, angular grains (Fig. 6a andb).

Wider (20 μm) cataclastic type I shear bands are found at 600 • C and Pc ≈ 0.5 GPa, with relatively rounded grains and a wide range of grain sizes (Fig. 6c andd). The rounded grains show evidence of dissolution and pore trails are ubiquitous (Fig. 6e), indicating fluid presence and partial fault healing.

While type II shear bands are most frequent (for the same amount of total displacement) in 300 • C experiments, the cataclastic type I shear bands occur more commonly at 500 and especially 600 • C, as well as more commonly in the lower Pc experiments. Shear bands formed at the interface to the forcing block, at all temperatures and confining pressures, are dominantly of type II.

One experiment (T = 300 • C, Pc ≈ 0.5 GPa) was terminated at peak stress to study the microstructures that form during the 'loading' part of the experiment (Fig. 1d). An incipient, weak foliation caused by cataclastic flow resulting in aggregate elongation is present at the point that the peak stress is reached (Fig. 7). Strain is only weakly localized but some zones of more intense grain size reduction by fracturing are observed, with minor localization of shear displacement within them (Fig. 7b andc). The sample shows that only small amounts of displacement are needed to fracture the sample pervasively down to submicron sized fragments (sample 421, terminated at peak stress after an axial displacement of ~ 1 mm).

Shear band structures observed in TEM

Type II shear bands formed in general shear experiments 418 (T = 300 • C, Pc = 0.5 GPa) and 373 (T = 600 • C, Pc = 1.0 GPa) were studied in more detail using the TEM. The analyzed shear bands from both samples are composed of nano-crystalline and amorphous material in lenses and layers (Fig. 8). The amorphous nature can be confirmed by (i) lack of diffraction spots in the diffraction patterns (Fig. 8a), (ii) lack of beam diffraction contrast in bright field images irrespective of the tilt angle, and (iii) a uniform grey value, intermediate between bright diffracting and dark non-diffracting crystals in dark field images (Fig. 8c). Within the amorphous layers, a few dispersed nanocrystals are observed and amorphous layers alternate with elongated lenses of nanocrystalline aggregates (Fig. 8c andd; compare [START_REF] Marti | Experimental investigation of the brittle-viscous transition in mafic rocks -interplay between fracturing, reaction, and viscous deformation[END_REF]. The latter are observed to be mostly derived from pyroxene. Pyroxene nanocrystals can sometimes be seen to have an elongated shape with a shape preferred orientation parallel to the shear direction (Fig. 8b). The boundary between nanocrystalline aggregates and adjacent amorphous layers is relatively sharp (Fig. 8a andb).

The area shown in Fig. 8e was mapped with Energy dispersive X-ray spectroscopy (EDX) in the TEM and element concentrations were obtained for three different materials: the amorphous material, a nanocrystalline pyroxene aggregate and a highly fractured plagioclase aggregate in the host (Fig. 8f). The element distribution of the amorphous shear band is more similar to the plagioclase material, with similar Al, Ca, and Si contents. Na is depleted in the shear band but this may be caused by the susceptibility of Na to sublimate from the material under the electron beam, particularly in the amorphous zones. Small amounts of Mg and Fe are detected within the shear band, indicating that only a small fraction of the material is derived from pyroxene.

In Fig. 9, a biotite grain can be seen approximately 200 nm away from the shear band. The biotite can be identified on the EDX map (Fig. 9a) and displays signs of deformation but is fully crystalline as indicated by the lattice fringes visible in high-resolution TEM image (Fig. 9b). Biotite occurs as an accessory mineral in Maryland Diabase and show Fe/(Fe + Mg) ratios of ~0.35-0.42.

The influence of temperature on microstructure evolution

A comparison of the fault networks formed in 300 and 600 • C experiments, at Pc of 0.5 and 1.0 GPa is shown in Fig. 10. 300 • C experiments show displacement transfer crossing the sample in a network of mainly type II shear bands (blue) and discrete shear fractures (red). 600 • C experiments often show strong strain localization at the forcing block -sample interface in the form of type II shear bands (blue).

The fault network traversing the sample is, however, mostly composed of cataclastic type I shear bands (green) while shear fractures and type II shear bands are rare (Fig. 10b,d).

At the higher confining pressure of 1.0 GPa (Fig. 10c andd), shear fractures (red) become more dominant for both 300 and 600 • C samples. Type II shear bands (blue) tend to be thinner and type I shear bands are scarce, even in 600 • C samples. The microstructure of 500 • C experiments is not shown but is intermediate between the 300 and 600 • C experiments.

Microstructures, comparison with axial shortening experiment

Along the 45 • pre-cut sample, the material is confined between the rigid alumina forcing blocks and the direction of shear is pre-defined. To examine the possible influence of this pre-defined geometry, an axial shortening experiment was performed on a whole-rock cored cylinder, at T = 300 • C and Pc ≈ 0.5 GPa (Fig. 11). The displacement rate was ~2 ⋅10 -8 m/s, the same as for most of the shear experiments. Note, however, that the axial rock sample is much larger and thus, the resulting strain rate for homogenous deformation would be approximately one order of magnitude lower than in the general shear experiments.

The mechanical data for the axial shortening experiment (no. 475) and a general shear experiment (no. 418) are presented in Fig. 11d. Although the shear experiment is performed on a pre-crushed rock powder and the axial shortening experiment on a whole rock sample, the initial loading curves of sample 418 and 475 are identical up to Δσ of ~800 MPa. Sample 475 then deviates to lower stresses for equal amounts of axial displacement. While the point of highest curvature in the stress -strain -curve occurs in both samples after approximately the same amount of axial displacement, the stress at this point is 227 MPa higher in experiment 418. Shear experiment 418 shows a pronounced weakening, whereas the axial shortening experiment 475 shows a weak but steady hardening. At ~1.6 mm displacement the stress level of both experiments is the same. The fault pattern developed in experiment 475 consists of multiple conjugate faults crosscutting each other (Fig. 11c).

The major fault at the bottom of the sample terminates against the lower alumina piston and is not free to move. This geometric relation is considered to be the cause of continued hardening seen in the The thin section of sample 475 was prepared parallel to the compression axis and the dip direction of the major fault marked in red in Fig. 11a. The microstructures found along this fault are very similar to those observed in the general shear experiments: (i) A weak foliation formed in the vicinity of the main fault zones (Fig. 11e-g). (ii) The narrow, 10-20 μm wide main fault shows deflection of the foliation and (iii) the main shear band shows a shear-band-parallel compositional banding with flow structures, no resolvable syn-kinematic porosity or clasts, and an accumulation of unloading cracks (compare e.g. with Fig. 5).

The influence of sample geometry (45 • pre-cut vs. whole rock cylinder) on fault network formation is investigated by means of comparing angles of fractures and shear band traces with respect to the loading direction. For this, the major fault in the axial shortening experiment 475 (Fig. 11a), and the fault network in two general shear experiments (375 and 418, Fig. 4) were analyzed (details in Appendix A3). The general shear experiments differ in total amount of axial displacement (d ax ), with 1.56 mm for sample 375 and 2.05 mm for sample 418, while sample 475 attains a maximum d ax value of 3.33 mm.

Given that the dominant mode of failure is brittle, faults are expected to form with angles θ of approximately 30 • to the load axis unless geometrically constrained to another orientation. The axial shortening experiment, sample 475, shows that 79% of all measured fault segments fall within a range of angles of 20 • ≤ θ ≤ 40 • (Fig. 12a), with the shorter (<0. 

Discussion

Semi-brittle deformation of our samples accommodates significant amounts of displacement without leading to an abrupt stress drop (Fig. 2). At all temperatures, the mechanical data and microstructures indicate cataclastic/semi-brittle deformation causing intense grain size reduction and the formation of a weak foliation by cataclastic flow. Whereas cataclastic flow occurs pervasively throughout the samples, the major part of the displacement localizes into a fault network of thin shear bands and shear fractures (e.g. Figs. 4 and 10), beginning at around peak stress conditions (axial displacements ≈ 0.5-1 mm).

In accordance with the widespread signs of brittle deformation in the microstructure, the mechanical data shows a positive pressure dependence of strength at all experimental temperatures (Fig. 2a andb). As fracturing is accompanied by dilatancy, work against the confining pressure is required. Hence increasing confining pressure suppresses fracturing (e.g. [START_REF] Paterson | Experimental Rock Deformation -The Brittle Field[END_REF]. Beside the positive pressure dependence typical for brittle deformation, a temperature sensitivity of the samples is observed, with significantly lower strengths at higher experimental temperatures. This behavior is typically associated with temperature-activated viscous processes and demonstrates semi-brittle behavior for the samples having a bulk mechanical response with characteristics of both brittle and viscous deformation. This mixed mechanical response can be explained as the result of different sample domains deforming with different dominant modes of deformation.

The brittle structures such as pervasive fracturing and cataclasis are clear in the microstructure. However, the cause of the viscous response is less obvious. Based on microstructural observations, two causes for the temperature dependence of strength are proposed: (i) Dissolutionprecipitation creep is indicated at 600 • C by the presence of rounded grains and the absence of sharp corners in clasts (Fig. 6d). Pore trails along partially healed fractures (Fig. 6e) indicate the presence of fluids and solution transfer of material. (ii) Partly amorphous shear bands form in all experiments. They accommodate large amounts of displacement and exhibit flow structures indicative of viscous flow.

The cause of temperature sensitive sample strength

Diffusion creep by dissolution-precipitation is indicated at the highest experimental T of 600 • C, from fracture healing and highly rounded corners of clasts (Fig. 6d ande). At this experimental T, it is likely that part of the temperature-sensitivity of strength is due to strain accommodation by dissolution-precipitation creep. However, the T dependence of strength is observed for all experimental T between 300 and 600 • C, whereas no indications for dissolution-precipitation creep are observed in the microstructure at T ≤ 500 • C. Dissolutionprecipitation creep thus cannot fully explain the decreasing sample strength with increasing experimental temperature.

Based on microstructural observations, the amorphous material within shear bands is the weakest material in the samples as it accommodates the largest amount of displacement. The viscosity of the amorphous material decreases with increasing temperature, which suggests that the amorphous material may be responsible for the temperature sensitive behavior recorded in the mechanical data (Fig. 2a andb). Flow structures within the shear bands at all experimental temperatures (Fig. 5b-d) suggest a fluid-like behavior, confirming a continuous temperature-sensitivity of sample strengths in the temperature range of 300-600 • C. Although less obvious from the microstructure, the nanometer-sized fragments bordering shear bands (e.g., Fig. 8c) might accommodate strain via diffusion creep (e.g. Verbene et al., 2019 and references therein), contributing to the temperature-sensitive component of deformation. In general we see a higher amount of shear bands in low temperature samples (high stress samples) and a low amount of shear bands in high temperature samples (low strength samples). That is, samples at 600 • C show much higher strain localization than the 300 • C experiments. Generally in all experiments, a largely amorphous shear band forms at the forcing block-sample interface. In the 600 • C experiments, this boundary shear is localizing strain much more than in lower T experiments. We think this can be explained by the increasingly lower viscosity of amorphous shear bands with higher T. Whereas the shear bands are still "strong" enough to support high amounts of bulk sample stress at 300 • C, the shear bands are so weak at 600 • C that they localize strain much more efficiently. As strain is more localized in the 600 • C experiments, consequently the low strain lenses show less intense deformation compared to the 300 • C experiments (e.g., compare Fig. 10a andb).

The activation energy estimates further support the increasing temperature sensitivity of deformation at experimental temperatures of ≥500 • C (Appendix Fig. 2). However, it is emphasized that our samples have deformed in the semi-brittle field and that the Q-values do not represent activation energies that can be used for a quantitative description of plastic deformation. Presented Q-values only serve as a qualitative estimate to demonstrate that the temperature sensitivity of deformation increases with increasing temperature. This is interpreted to show that the dominant deformation process appears to change with increasing temperature, what we attribute to a change in the viscous behavior of the amorphous material.

Formation of amorphous material

Amorphous material is found along fault zones in nature as well as in experiments. Many of these occurrences are attributed to frictional melting during seismic slip (e.g. [START_REF] Philpotts | Origin of pseudotachylites[END_REF][START_REF] Mc Kenzie | Melting on fault planes during large earthquakes[END_REF][START_REF] Sibson | Generation of pseudotachylyte by ancient seismic faulting[END_REF][START_REF] Spray | Artificial generation of pseudotachylite using friction welding apparatus: simulation of melting on a fault plane[END_REF][START_REF] Toro | Earthquake rupture dynamics frozen in exhumed ancient faults[END_REF][START_REF] Hirose | Growth of molten zone as a mechanism of slip weakening of simulated faults in gabbro during frictional melting[END_REF][START_REF] Del Gaudio | Frictional melting of peridotite and seismic slip[END_REF][START_REF] Niemeijer | Frictional melting of gabbro under extreme experimental conditions of normal stress, acceleration, and sliding velocity[END_REF][START_REF] Hayward | Mechanical amorphization, flash heating, and frictional melting: dramatic changes to fault surfaces during the first millisecond of earthquake slip[END_REF]. However, amorphous material has also been reported from aseismically creeping faults, both in nature (e.g. [START_REF] Janssen | Amorphous material in SAFOD core samples San Andreas Fault: evidence for crush-origin pseudotachylytes?[END_REF][START_REF] Kirkpatrick | Silica gel formation during fault slip: evidence from the rock record[END_REF] and experiments (e.g. [START_REF] Yund | Amorphous material in high strain experimental fault gauges[END_REF][START_REF] Goldsby | Low frictional strength of quartz rocks at subseismic slip rates[END_REF][START_REF] Pec | Origin of pseudotachylites in slow creep experiments[END_REF], 2016[START_REF] Hayward | Mechanical amorphization, flash heating, and frictional melting: dramatic changes to fault surfaces during the first millisecond of earthquake slip[END_REF]. [START_REF] Pec | Origin of pseudotachylites in slow creep experiments[END_REF][START_REF] Pec | Semi-brittle flow of granitoid fault rocks in experiments[END_REF] and [START_REF] Yund | Amorphous material in high strain experimental fault gauges[END_REF] attribute the formation of amorphous material to mechanical wear and resulting loss of crystallinity from very high defect densities during deformation of their samples. This effect is also observed in ball-milling, e.g., of feldspathic material: [START_REF] Sanchez | Effects of grinding of the feldspar in the sintering using a planetary ball mill[END_REF]. Here we also suggest that the amorphous zones in our samples formed by mechanical wear during deformation and not from frictional melting. In the granitoid samples of [START_REF] Pec | Origin of pseudotachylites in slow creep experiments[END_REF][START_REF] Pec | Semi-brittle flow of granitoid fault rocks in experiments[END_REF] and [START_REF] Yund | Amorphous material in high strain experimental fault gauges[END_REF], feldspars are seen to readily 300• C, 0.5 GPa). a) Amorphous layer, with a few remaining nano-crystals ("cryst") is bordered in the upper right by a layer of pyroxene nano-crystals. b) Polycrystalline Px aggregate of nm grain size (middle) bordered by zones of amorphous material. c) -e) STEM images from a shear band formed near the forcing block interface in sample 373 (600 • C, 1.0 GPa). c) and d), same area, recorded in DF and HAADF mode, respectively. The DF image shows diffraction contrast, whereas the HAADF image depicts element contrast. The dark patchy half-spheres at the top left in image d) are caused by beam damage. e) HAADF image of an area mapped with EDX in the TEM. The frames indicate sites used for analysis shown in f). f) Normalized element counts for the elements Al, Ca, Na, K, Si, Fe and Mg. Two sites are evaluated from the amorphous part of the shear band, one from a nano-crystalline Px aggregate and three individual sites from a Pl aggregate. cryst = crystalline. become amorphous, whereas quartz is often preserved as (nano-)crystalline material. The high susceptibility of plagioclase to amorphisation is supported by our observations, where the chemical composition of the amorphous material is comparable to that of plagioclase (Fig. 8f).

Our experiments were performed at displacement rates far from seismic slip rates and melting by frictional heating is unlikely at the low displacement rates. A crush-origin of the amorphous material, i.e. amorphisation by mechanical wear (as opposed to a melt-origin by 2016) for granitoid rock material. (ii) At higher Pc, both the ultra-cataclastic type I and the amorphous type II shear bands form less extensively and less frequently than at lower Pc (Fig. 10). This behavior is observed for all temperatures from 300 to 600 • C. Increased Pc suppresses the formation of ultra-cataclasites, because cataclastic flow necessitates dilatancy. Suppressing the formation of ultra-cataclasites then leads to a decreased subsequent development of amorphous shear bands. (iii) The geometry of shear bands formed in our experiments is seldom planar but irregular with many 'wavy' segments (e.g. Figs. 4 and5). Pseudotachylites that are interpreted to have originated from frictional melting during seismic rupture are generally seen to be planar, even if the pseudotachylite boarders may be wavy from melt injection veins, etc. The undulatory geometry of shear bands in our samples does not favor fast slip, and points to an origin of coalescence rather than rupturing. (iv) While the amorphous material in shear bands is almost exclusively derived from plagioclase (Fig. 8), biotite in the very close vicinity of the shear band does not show any indication of melting (Figs. 8e and9). The liquidus temperature of intermediate plagioclase in the presence of water is ~ at 1150 • C [START_REF] Johannes | Melting of plagioclase in the system Ab-an-H 2 O and qz-ab-an-H 2 O at P H2O = 5 kbars, an equilibrium problem[END_REF]. For biotite with an Fe/(Fe + Mg) ratio of ~0.35-0.43, liquidus T is expected to be around 100 • C lower, at around 1040-1070 • C (Eugster, H. P., 1965). The fact that the biotite grain shown in Figs. 9 and 200 nm away from the shear band, is still crystalline and not molten strongly indicates that the temperatures were not high enough to melt either biotite or plagioclase.

Furthermore, nanocrystals of plagioclase and pyroxene are found in the amorphous layers (Fig. 8a andb) -if the temperature of the shear bands had reached melting conditions, the survival of such nano-crystals would have been highly unlikely due to their high surface energy.

Temperature-sensitivity of amorphous shear bands

The flow structures and high strain accommodation in the amorphous type II shear bands raise the question whether the material could be above its glass transition temperature at values as low as 300 • C (at the given experimental displacement rates, i.e. time scales). The flow structures and the temperature-sensitivity of sample strength indicate that deformation of the amorphous material is temperature sensitive. With increasing experimental T, the type II shear bands are observed to decrease in width and become more localized into fewer boundary shears. This behaviour would be consistent with a decreasing viscosity of the amorphous material at higher temperatures, allowing for greater strain localization. Although it is unlikely that frictional melting occurs in our experiments due to the slow rates of deformation, a limited temperature increase within shear bands due to shear heating is probable (e.g. [START_REF] Ben-Zion | Shear heating during distributed fracturing and pulverization of rocks[END_REF][START_REF] Duretz | Shear heating-induced strain localization across the scales[END_REF]. In order to explore the possibility of frictional heating, we have designed a 'worst-case' scenario for shear strain concentration in the amorphous material (see Appendix A4) and calculated the intensification of the shear strain rate with respect to the shear strain rate of the bulk sample. We assume that the shear zone deforms homogeneously until peak stress is reached, and that, after peak stress, all of the deformation is taken up by a fault zone made up of all the shear bands in the sample while the rest of the shear zone stops deforming. The intensification depends on the ratio (x = thX/th0) between the thickness of the fault zone and that of the entire shear zone, and on the ratio (f = d 2 /d 1 ) between the displacements before and after peak stress. Significant intensification is only possible, if the shear bands are very thin (see Appendix A4).

As seen in 2D, the shear bands comprise 2 to 3.4 area% for the samples 375 and 418, respectively (Fig. 4c). For sample 375, x ≈ 0.02 and f ≈ 0.6, the resulting intensification of the shear strain and shear strain rate is 19x, while for sample 418, with x ≈ 0.034 and f ≈ 1.0, the resulting intensification is 15x. For bulk sample strain rates of ~3⋅10 -5 s -1 , the corresponding shear strain rates in the amorphous layers are ~6⋅10 -4 s -1 (375) and ~5⋅10 -4 s -1 (418). Even if we assume that only 10% of the shear bands deform actively, the resulting strain rates would only be ~6⋅10 -3 s -1 (375) and ~5⋅10 -3 s -1 (418). Following the approach of [START_REF] Cardwell | Frictional heating on a fault zone with finite thickness[END_REF], temperature increase from frictional heating is calculated to be on the order of 4-7 • C (Appendix A5). This T increase may be a very conservative estimate, but even if the T increase were one order of magnitude higher, it is far from sufficient to cause melting in the crystalline material. Still, given temperature-dependent viscosity, any T increase in the shear bands will lower the strength of the amorphous materials and favor continued strain localization.

Fault network geometry and its influence on bulk sample strength

The fault network formed in our experiments is always comprised of segments of shear fractures and segments of shear bands (either type I or type II or a combination of both, e.g., Fig. 10). However, in none of the experiments have we observed a through-going, fully connected amorphous type II shear band. This has two important implications: (a) the fault network does not completely detach the two sides of the shear zone-host system -bridges of cataclastic host rock remain, resisting displacement along the fault network; and (b) the mechanical strength of the network is not the same everywhere. Some segments must be weak because they deform viscously while others are strong due to frictional deformation ('creeping' vs. 'locked segments), as suggested e. g., by [START_REF] Pec | Semi-brittle flow of granitoid fault rocks in experiments[END_REF]. While our samples show this at a small scale, large scale segments of natural fault zones show this as well (e.g., [START_REF] Simon | Stressing of locked patches along a creeping fault[END_REF][START_REF] Pacheco | Nature of seismic coupling along simple plate boundaries of the subduction type[END_REF][START_REF] Dixon | The seismogenic zone of subdution thrust faults[END_REF][START_REF] Scholz | The seismic coupling of subduction zones revisited[END_REF].

Additionally, shear bands and shear fractures commonly form at an angle of 20-40 • to the load axis (Fig. 12), inclined 5-25 • with respect to the forcing block interfaces. Due to this orientation relationship and the rigid nature of the forcing blocks, displacement along the shear bands is, at least in part, controlled by the deformation of the material in the lower strain regions between the bands. The resulting bulk sample strength thus is determined in part by the rheology of the stronger material in low strain regions, and the low strain regions deform mainly by cataclastic flow. Due to the discontinuity of amorphous shear bands and the inclination of shear band boundaries with respect to the forcing block, the bulk sample mechanical response is a mixture of viscously deforming shear bands, frictional sliding shear fractures, and cataclastic lower strain lenses. The implications of this observation is that the bulk mechanical sample response and the strength and temperature dependence of the amorphous zones only partially control sample strength, so that bulk sample strength would be far lower for the case of fully interconnected, favorably oriented amorphous shear bands (i.e. fully viscous instead of semi-brittle behaviour).

Comparison with axial shortening experiment

One axial shortening experiment (no. 475) on a solid intact sample was performed with the intention of observing how shear bands and fractures develop in the absence of an enforced geometry. The fault geometry of this sample is more complex, with several interfering conjugate sets of faults and with a major fault that ended at the interface with the bottom alumina piston (Fig. 11a,c). The hardening displayed by the mechanical data again indicates a mixed rheology of weaker fault zones and stronger low strain domains, which must both deform in order to accommodate bulk sample strain in the presence of non-continous, conjugate faults and their interaction with the bottom alumina piston. Minor hardening in the axial experiment versus minor weakening in the shear experiment (Fig. 11 d) may be due to sample geometry where faults are more effectively terminated at the cylindrical piston-sample interface (sample 475) as opposed to the 45 • interface in the shear assembly (sample 418).

With 0.8-0.9 mm axial displacement needed until the point of highest curvature is reached in the stress-displacement data, the displacement is comparable in both, general shear and axial shortening experiment (Fig. 11d). Importantly, the significantly smaller sample volume in the general shear sample compared to the axial shortening sample does not seem to have an influence on the bulk sample strength. Also, the developed microstructures in the axial shortening and the general shear experiments are very similar: the fault angle θ is between 20 and 40 • with respect to the load axis (Fig. 12), pervasive fracturing and cataclastic flow lead to a foliation in the wall rock adjacent to the faults. The faults show microstructural characteristics of type II shear bands throughout (Fig. 11f andg).

Comparison with nature

We performed our experiments to study the deformation behavior and rheology of semi-brittle fault rocks within mafic rocks. Two points should be noted: (i) the experiments are run without any significant amount of pore fluid pressure, and (ii) although the starting material represents a high-grade mafic assemblage that is metastable at the imposed experimental conditions, no significant amount of mineral reaction products were observed (probably due to sluggish reaction kinetics). Relating to nature, such a situation would correspond to a dry case or to the initiation of semi-brittle deformation when external fluids have not (yet) infiltrated the rock.

In our samples, amorphous material is considered to have formed as a result of intense crushing and mechanical wear. The amount of amorphous material formed is considered to be proportional to the work performed on the rock, i.e. the integral of the stress-strain curve. In our samples, amorphous shear bands are considered to form between peak stress (initial localization of intense crushing, Fig. 7) and the post-peak weakening. The estimated strain that is accumulated within shear bands until they become amorphous is around γ ≈ 10-20 (see appendix A4 for calculation). Shear stresses in our experiments are high (on the order of several hundred MPa up to ~ 1.2 GPa). In general, the stresses in the (semi-)brittle crust are assumed to be approximately 10-times lower than in our experiments [START_REF] Bürgmann | Rheology of the lower crust and upper mantle: evidence from rock mechanics, geodesy, and field observations[END_REF][START_REF] Behr | Brittle faults are weak, yet the ductile middle crust is strong: implications for lithospheric mechanics[END_REF], although, locally, stresses may rise to high levels in nature as well. If lower stresses are assumed for nature, amorphous material can still form at stress concentrations but will necessitate larger strains to generate equal amounts of amorphous material compared to our experiments. Evidence for such a stressstrain trade-off comes e.g. from observations from [START_REF] Yund | Amorphous material in high strain experimental fault gauges[END_REF], who observed amorphous material forming along faults within their experiments at far lower stresses (10s of MPa) than ours but at significantly higher strains (shear strains on the order of 100-1000). As the preservation potential of amorphous

Conclusions

The results of experiments using pre-crushed natural diabase at confining pressures of 0.5-1.0 GPa, temperatures between 300 and 600 • C, and bulk displacement rates of 10 -5 to 10 -6 s -1 lead to the following conclusions:

-The bulk mechanical response of the sample contains attributes of both brittle (pressure-dependent) and viscous (temperature-dependent) deformation. Whereas the brittle deformation is correlated with widespread cataclastic flow, the viscous component is attributed to the formation of amorphous to nano-crystalline material within localized shear bands, especially at lower temperatures. At high temperatures (~600 • C), diffusion creep deformation is suggested to (partly) take over in fine-grained material. -The amorphous material has formed due to mechanical wear from an ultra-cataclastic pre-stage -not due to frictional heating and melting. Amorphisation occurs after ≥0.9 mm of axial displacement on narrow zones of ~2-20 μm width during slow slip (aseismic slip rates).

-The amorphous material is weaker than the surrounding, highly fractured crystalline material and decreases in strength with increasing temperatures. It introduces a temperature-sensitive viscous behavior in an otherwise cataclastically deforming rock. -The degree to which the amorphous material in localized shear bands controls the bulk sample strength is determined by the geometrical arrangement of the shear bands and their degree of interconnection.

In our experiments, the weakening induced by the formation of the amorphous material is considered to be far below the potential weakening it could produce. Shear bands are not fully interconnected and they are not oriented parallel to the shear zone boundaries such that they have not developed across entire samples. Thus, portions of the shear zones mechanically are not controlled by viscous shear within amorphous material but by cataclastic deformation. The result is a mixed mechanical response with both, temperature sensitive and pressure sensitive characteristics. -Plagioclase is especially susceptible to amorphisation by mechanical wear and natural rocks composed of a high amount of plagioclase have the potential to form significant amounts of amorphous material. -Due to its temperature-sensitivity, amorphous material is likely to have a significant influence on fault rock strength when temperatures are raised, as, for example, in the course of frictional heating during a seismic rupture event. Our experiments indicate that amorphous material can lead to weakening at temperatures as low as 300 • C, indicating that significant fault weakening can occur at temperatures far below those where melting and melt-lubrication occurs.

material in nature is likely to be low in the presence of aqueous fluids, it will easily be alterated and/or replaced by lower grade metamorphic assemblages and vanish from the geological record.

From our observations we suggest that amorphous material in brittle fault zones has the potential of introducing a temperature dependence (i. e. viscous component) to fault rock rheology, with lower fault strengths at higher temperatures. In nature, as in our experiments, the degree to which this viscous component will determine the bulk fault rheology depends on the geometric arrangement and the degree of connectivity of the amorphous material within the fault (c.f. [START_REF] Pec | Semi-brittle flow of granitoid fault rocks in experiments[END_REF]. The less favorable the geometrically orientation and/or the lower the connectivity of shear bands, the closer the bulk rheological response will be to a brittle end-member behavior.

Significant temperature effects on fault strength in our experiments are observed over a range of temperatures from 300 to 600 • C. These are higher temperatures than generally assumed for brittle fault zones at natural conditions (usually around T < 200 • C). However, this has to be seen in relation to the fast experimental strain rates. For temperatureactivated processes, experiments are carried out at higher temperatures to compensate for a shorter duration. Viscous behavior in sections of natural fault systems caused by the presence of amorphous material at temperatures of ~200 • C could be expected at the lower natural strain rates. Additionally, even a moderate temperature increase due to shear heating, during times of elevated fault creep rates, would favor strain localization in amorphous material as the material's deformability is temperature sensitive. The more strain is accommodated by amorphous material, the more likely is the fault rheology to diverge from a purely brittle behavior towards a more viscous rheology.

Our study shows that amorphous material can be present prior to a seismic event. It has been reported from several studies that pseudotachylites which formed during seismic rupture, could have initiated from a cataclastic stage (e.g. [START_REF] Magloughlin | Microstructural and chemical changes associated with cataclasis and frictional melting at shallow crustal levels: the cataclasite -pseudotachylyte connection[END_REF][START_REF] Hetztel | Structural and chemical evolution of pseudotachylytes during seismic events[END_REF][START_REF] Curewitz | Ultracataclasis, sintering, and frictional melting in pseudotachylytes from East Greenland[END_REF]. As seen from our experiments, only a few mm of displacement are needed (at the high experimental differential stresses) to form amorphous material from plagioclase. Such amorphisation due to mechanical wear may form from an ultra-cataclastic stage.

The presence of amorphous materials along a fault (caused by earlier aseismic deformation) will be of importance during a seismic rupture event that has the potential of significantly increasing the local temperature due to shear heating. Where a fault heats up during rupturing, the strong temperature-sensitivity of the amorphous material will cause a significant strength drop of the fault and cause strain localization within the weakened amorphous material. Both effects will promote the continuation of seismic rupture, (i) by a strength reduction of the fault and (ii) by strain localization that will cause high stress concentrations at the tip of the deforming zone. As the glass transition temperature (T g ) of an amorphous material usually is far below the melting temperature of a chemically equivalent crystalline solid, amorphous materials can significantly weaken a fault at temperatures below those needed for melting and melt-lubrication.

In our experiments, where amorphisation occurs by mechanical wear, feldspars are observed to be especially susceptible to amorphisation (see also [START_REF] Pec | Semi-brittle deformation of grani-toid gouges in shear experiments at elevated pressures and temperatures[END_REF][START_REF] Pec | Origin of pseudotachylites in slow creep experiments[END_REF]. Natural faults within feldspar-rich rocks may thus be the most likely candidates to show temperature-sensitive viscous behaviour. As feldspars are prone to fragmentation and amorphisation, a "crush-origin pseudotachylite" would be expected to show only small amounts of feldspar clasts. In contrast to a "melt-origin pseudotachylite", which may be likely to preserve plagioclase clasts due to incomplete melting.

  Fig. 1. a) Sample assembly. b) Scanned thin section (plane polarized light) of a sample after deformation. Cracking sometimes occurs during de-pressurization to room conditions after experiment termination. c) Sketch of a sample at experiment start (left) and end (right), showing the shear displacement and the thinning of the shear zone. th 0 = initial shear zone thickness, th F = shear zone thickness at experiment end. d ax = axial displacement of the load piston. d) Schematic stressdisplacement curves of experiments showing hardening and weakening behaviour. The term 'sample loading' refers to the initial part of the stress-displacement curve before the point of highest curvature (black vertical arrow) is reached. For all but one sample, the point of highest curvature coincides with peak stress.

Fig. 2 .

 2 Fig. 2. Mechanical data. Shear stress vs. axial displacement of the load piston for experiments performed at T = 300, 500 and 600 • C and Pc = 0.5 and 1.0 GPa. a) and b) constant displacement rate experiments. a) Experiments performed at Pc = 0.5 PGa. b) Experiments performed at Pc = 1.0 GPa. Blue line in a) marks onset of significant deviation from linearity in stress -displacement curve for all T. c) Constant displacement rate and displacement rate stepping tests, performed at T = 300 • C, Pc = 0.5 GPa. Red horizontal lines in a), b) and c) mark the shear stress (τ = 1 2 Δσ) equivalent to the Goetze criterion (Δσ = Pc) indicating that for all temperatures Δσ > Pc. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3 .

 3 Fig. 3. Microstructures of cataclastic flow. a) Central part of sample 375, deformed at T = 300 • C, Pc = 0.5 GPa. Digital phase map overlay on BSE SEM image. Orange: plagioclase (Pl), green: pyroxene (Px), yellow: oxides, red: apatite, dark grey: quartz. Sketch in upper right indicates kinematic reference frame. l.a. = load axis (parallel to axial displacement direction). b) Foliation defined by elongated aggregates of intensely fractured grains. c) Grain size reduction by fracturing down to sub-micron size fragments. Plagioclase typically shows more intense fragmentation than pyroxene. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4 .

 4 Fig. 4. Strain localization. a) Thin section scan of sample 375 and BSE SEM image of the shear zone. Pyroxene appears light grey, plagioclase dark grey and unloading cracks black. b) and c) Mechanical data and traced fault zones (red) for samples 375 (b) and 418 (c) respectively. Both samples were deformed at T = 300 • C and Pc = 0.5 GPa. In grey: unloading cracks or missing area. Area-% of fault zones are given for both samples. Orientations of synthetically inclined Riedel shears R1) and Y-shears (Y) are indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6 .Fig. 7 .

 67 Fig. 6. Microstructure of type I shear bands. a) Displacement is accommodated by a narrow (~2 μm wide) ultra-cataclastic zone (outlined by orange dotted line). Sample 369, deformed at 500 • C, 0.5 GPa Pc). b) Close-up of area marked in a). The ultra-cataclastic zone consists of sub-micron sized angular fragments. c) Sample 373. Unique cataclastic shear bands (traced with red dotted lines) only formed in 600 • C, 0.5 GPa experiments. Shear band is composed of rounded grains with a broad size distribution. Black = unloading crack. d) Detail of c). e) Partly healed fractures decorated with pore trails, indicating fluid presence. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8 .

 8 Fig. 8. Nano-structures of type II shear bands. a) and b) Bright field TEM images and diffraction patterns from a shear band formed in sample 418 (300• C, 0.5 GPa). a) Amorphous layer, with a few remaining nano-crystals ("cryst") is bordered in the upper right by a layer of pyroxene nano-crystals. b) Polycrystalline Px aggregate of nm grain size (middle) bordered by zones of amorphous material. c) -e) STEM images from a shear band formed near the forcing block interface in sample 373 (600 • C, 1.0 GPa). c) and d), same area, recorded in DF and HAADF mode, respectively. The DF image shows diffraction contrast, whereas the HAADF image depicts element contrast. The dark patchy half-spheres at the top left in image d) are caused by beam damage. e) HAADF image of an area mapped with EDX in the TEM. The frames indicate sites used for analysis shown in f). f) Normalized element counts for the elements Al, Ca, Na, K, Si, Fe and Mg. Two sites are evaluated from the amorphous part of the shear band, one from a nano-crystalline Px aggregate and three individual sites from a Pl aggregate. cryst = crystalline.

Fig. 9 .

 9 Fig. 9. Nano-structures of a biotite grain. The grain is next to an amorphous shear band (same biotite grain as in Fig. 11e). a) HAADF-STEM image and EDX map for the elements Fe, K and Ca. Red lines in HAADF image trace mark the biotite grain. White rectangle marks area seen in b). b) top image: High-resolution TEM image, revealing lattice fringes within the biotite grain. Numbered squares indicate area where Fast Fourier Transformations (FFT's) were acquired. Middle row: enlarged view of bright field image areas marked above. Bottom row: Corresponding FFT's. Light blue lines indicate a circle with radius 1.07 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10 .

 10 Fig. 10. Microstructural overview of fault zones formed at 300 and 600 • C, Pc = 0.5 and 1.0 GPa. BSE images show central parts of each sample. Underneath, the same area is displayed with segmented fault zones.

Fig. 11 .

 11 Fig. 11. Axial shortening experiment of Maryland Diabase. a) Sketch of sample with the main fault zones traced in red. b) Thin section scan, plane polarized light. Marked area is shown in e). c) Front and back view of sample after the experiment still sealed in the metal jacket. Conjugated faults crosscut the sample. d) Mechanical data of the axial shortening experiment 475 (300 • C, 0.5 GPa) and the general shear experiment 418 for comparison. Differential stress values at point of highest curvature in stress-displacement curve are indicated. e) Mosaic of light micrographs, plane polarized light. Two faults are seen, forming a foliation in the adjacent host rock. f) and g) BSE SEM image close-up view of fault. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 12 .

 12 Fig. 12. Fault-orientation measurements. The axial shortening experiment 475 is compared to two general shear experiments 375 and 418. a) Plots of fault segment length vs fault segment angle. Reference frame is explained at right. FB = forcing block. The amount of axial displacement is given above each plot. Red-shaded area marks angles between 20 and 40 • and the number in red indicates the fraction of faults within this range. b) Histogram (grey bars) and continuous kernel density estimate fit (black line) of the fraction of fault segment orientations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

  

Table 1

 1 List of experiments and experimental conditions.

	Experiment Number		T [ • C]	Pc [MPa] at peak	Pc [MPa] at end	peak τ [MPa]	average τ at flow [MPa]	SZ thickness at start [mm]	SZ thickness at end [mm]	axial displacement [mm] from hit point	axial displacement rate b [m/s]
	367		600	566	587	620	455	0.82		0.64		1.31	2.1E-08
	369		500	526	565	738	680	0.82		0.65		1.44	2.0E-08
	373		600	518	548	614	469	0.82		0.67		1.71	1.9E-08
	374		300	553	571	1101	1012	0.82		0.68		1.60	1.9E-07
	375		300	538	565	1022	954	0.82		0.71		1.56	2.0E-08
	395		300	1000	1038	1318	1059	0.82		0.60		1.72	2.2E-08
	397		500	993	1033	1051	890	0.82		0.62		1.59	1.9E-08
	399		600	999	1045	930	752	0.82		0.62		1.85	2.0E-08
	401	1)	500	1012	na	928	na	0.82		0.75		0.50	7.1E-09
	402	2)	500	na	na	na	na	0.82		0.82		0.00	-
	418		300	536	568	978	894	0.82		0.60		2.04	1.9E-08
	421	1)	300	517	na	973	na	0.82		0.72		0.97	9.5E-09
	442	3)	300	554	564	963	877 961	0.82		0.59		2.28 a	1.9E-08 1.6E-07
	444	3)	300	528	571	937	869 765	0.82		0.66		1.77 a	1.7E-08 2.0E-09
	483		500	530	570	792	665	0.82		0.64		1.83	2.0E-08
	501		600	1010	1054	903	688	0.82		0.57		1.86	2.4E-08
	509		300	545	576	1069	957	0.82		na		1.72	2.2E-08
	521		300	544	562	1065	935	0.82		na		1.38	2.2E-08
	Experiment Number	T [ • C]	Pc [MPa] at peak	Pc [MPa] at end	Δσ at end [MPa]	sample length at start [mm]	sample length at end [mm]	axial displacement [mm] from hit point	axial displacement rate b [m/s]
	475	300	-		636	1846	15.80		12.7		3.33	8.3E-09
	1) experiment terminated at peak stress.							
	2) experiment terminated at hit-point.							
	3) displacement rate stepping test.							
	na = no data available. a Total displacement from start to end of experiment.						

b Average displacement rate.
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The rock powder used in the general shear experiments was prepared by crushing Maryland Diabase rock pieces with a hand-press and subsequently with an alumina hand-mortar, repeatedly separating the size fraction <125 μm. The sample, containing the alumina forcing blocks and the rock powder with the added H 2 O, were wrapped with a nickel foil (0.025 mm foil thickness) and placed in a pre-annealed platinum jacket (0.15 mm wall thickness). The jacket is weld-sealed with a Lambert welding apparatus, while the jacketed sample is held in a pre-cooled (4 • C) sample-holder to prevent sample heating and water loss during welding. The sample prepared from a cored cylinder of intact Maryland Diabase was jacketed and sealed in the same way as the samples prepared from rock powder in the 45 • shear set-up. Potassium Iodide (KI) was used as the confining medium in an allsalt-assembly.

A2. Mechanical data acquisition and data treatment

Confining pressure (Pc), axial load and displacement of the load piston are recorded digitally at 1 Hz. Temperature is measured via a thermocouple positioned next to the sample (Fig. 1a) and monitored and controlled (held within ±1 • C) with a PID Eurotherm controller. For all experiments, the axial displacement is corrected for apparatus stiffness ('stiffness correction'). Pc (i.e. σ3) is corrected for the pressure increase in the confining medium, which is brought about by a volume decrease inside the pressure vessel due to the advancing load piston ('salt correction', [START_REF] Richter | Stresses and pressures at the quartz-tocoesite phase transformation in shear deformation experiments[END_REF]. For every mm piston advance, the volume of the confining medium inside the pressure vessel decreases by approximately 0.2%. For example, if KI is used as a confining medium and a starting confining pressure of 10 kb is applied, the volume decrease gives rise to a pressure increase of approximately 20.3 to 16.9 MPa/mm for deformation temperatures of 300-600 • C, respectively.

Differential stress (Δσ) of general shear experiments is calculated for a constant cross section of the forcing block pistons (diameter d = 6.55 mm) and subsequently corrected for the decreasing overlap of the forcing blocks with increasing displacement ('overlap correction ', Fig. 1c, Marti et al., 2017 Eq. ( 2b)). The shear stress (τ) is derived from Mohr circle construction from the area corrected Δσ. For the axial shortening experiment, Δσ is calculated in the usual manner by assuming an increasing cross sectional area of the sample (so-called 'area correction').

A3. Fault zone orientation distribution

Fractures and shear bands were segmented by manually tracing them from backscattered electron (BSE) and light microscope images (for general shear and for the axial shortening experiment respectively). The orientation of shear bands and shear fractures was determined using the 'Analyze Particle' function of the image analysis platform ImageJ. As especially shear bands can show an anastomosing trend and significant variations in local orientations, they were manually separated into approximately straight segments so that the true orientation of the individual segments could be measured and not an intermediate mean angle derived from measuring an anastomosing shear band as a whole. The minimum length of a structure measured in the case of the general shear experiments was set to 50 μm. To derive a mode orientation of the measured shear bands and shear fractures, a continuous kernel-density estimator function was fitted on the orientation distribution, using the MATLAB software and the MATLAB function 'ksdensity'.

A4. Strain and strain rate estimates for shear bands

From microstructural observations localization into ultra-cataclastic shear bands initiates at peak stress (in the mechanical data). The weakening after peak stress is correlated with the deformation of the amorphous material. Appendix Fig. 1 shows a typical stress displacement plot with, below, a schematic drawing of the shear strain partitioned between the cataclastic material of the shear zone ('host rock') and the amorphous material of the shear bands which are represented by a single layer ('fault zone').

The following simplifying assumptions are made: 1. Thinning of the sample is neglected, its initial thickness remains th0 = constant. 2. The displacement from start to peak stress (d 1 ) is achieved by homogeneous shear of the entire shear zone (γ 0 ). 3. The remaining deformation after peak stress (d 2 ) is achieved entirely by the fault zone (shear bands) (γ FZ ), the host rock stops deforming. 4. As a consequence, the bulk shear strain of the sample as a whole (host rock plus fault zone) is

The aim is to find the ratio between the shear strain γ FZ and γ b as a function of the relative thickness of the shear zone (x = thX/th0) and the relative length of displacement after peak stress (f = d 2 /d 1 ).

(A1) Where w = (h ⋅ γ 0 ), h = (th0 -thX), γ 0 = (d 1 /th0), and thX = (x ⋅ th0). Replacing yields

Regrouping and replacing d 2 = (f ⋅ d 1 ) yields

Appendix

A1. Sample preparation and sample assembly (A3) (A4)

Appendix Table 1 lists ratios of (γ FZ : γ 0 ) and (γ FZ : γ b ) for shear zones as they occur typically in the experiments discussed here. The displacements before and after peak stress, d 1 = d 2 = 1 mm, as a consequence, (f = 1). The shear zone thickness, th0 = 0.8 mm, as a consequence, (γ 0 = 1.25 and γ b = 2.5). A range of values for the relative thickness of the fault zone is used (0 < x ≤ 1.00). 

Appendix

A5. Shear heating estimate

An estimate for the amount of shear heating reached in our experiments is derived after the model from [START_REF] Cardwell | Frictional heating on a fault zone with finite thickness[END_REF]. The authors suggest that if the width of the fault is much smaller compared to the characteristic length for heat conduction, i.e. w/(κ⋅t) 1/2 ≪ 1 (where w is fault width, κ is thermal diffusivity and t is the duration of slip) the temperature difference caused by frictional heating equates to

We consider the cases of four experiment at 300 and 600 • C and both confining pressures (Appendix Table 2). For a minimum estimate, we assume the active shear band to have a width of 1% of the total shear zone width (th0), thus w = 0.8 mm * 0.01 = 8e-6 m. For the duration of slip we take the time between peak stress to the end of the experiment and for κ we use published data from Branlund and Hofmeister, 2012) (Appendix Table 3). For w/(κ⋅t) 1/2 , we thus receive values between 6.1e-05 and 4.0e-05, fulfilling the condition that the fault width is much smaller than the characteristic length of head conduction.

The temperature difference is calculated using equation (A5), using values given in Appendix Table 3. Specific heat capacity values are converted from J/mol*K to J/kg*K by c p (J /kg ⋅K) = c p (J /J ⋅K) ⋅ 1 ρ ⋅ 1 m where m is the plagioclase mole volume and ρ is the plagioclase density. If we consider a maximum estimate where we use peak stress for the whole length of the fault displacement, then temperature increase values range between 5.3 and 7.2 • C for the 300