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Understanding how earthquakes initiate on active faults and whether this initiation could be detected is an issue of foremost importance in seismology. However, because the physical process of co-seismic rupture corresponds to the development of an instability, its physics is highly non-linear, and involves many scale-dependent processes. This leads to fundamental challenges in studying rupture initiation and propagation whether theoretically, numerically, or experimentally.

 

Plain Language Summary Measurements of earth surface deformation and of small intensity seismicity suggest that some large earthquakes are preceded by slow preparatory processes. Independently, several laboratory experiments, by sliding two blocks of rocks or plastic against one-another, have shown that the slip begins with a so-called initiation phase, during which the slipping area slowly grows until it reaches a size at which it accelerates and produces seismic waves. Whether this kind of initiation process is relevant for earthquakes is debated because these processes have been observed on homogeneous interfaces, very different from natural heterogeneous faults. To address this discrepancy, we mimicked earthquakes in the laboratory by sliding two blocks of plastic against one-another, and observed the slip initiation with an ultra-fast camera. We created an alternation of rough and smooth areas at the interface by roughening them with two different kinds of sandpaper. We observed a complex initiation process that consists of an accelerating alternation of slow and rapid episodes that enlarge the slipping area until the final large and fast rupture is triggered. These observations suggest that, on real faults, slow slip and seismic precursors could both be related as parts of a global complex initiation process.
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2 of 9 However, it is not straightforward to connect those fundamental results to geophysical observations of natural seismogenic faults. Several observations suggest that a form of preparatory process occurs prior some earthquakes. For example, occurrence of foreshock sequences, during which repeating events and migration of seismicity are observed, could be interpreted as the results of a large and slowly growing nucleation zone affected by slow slip, in which small asperities break, sometimes repeatedly [START_REF] Bouchon | Extended nucleation of the 1999 M w 7.6 Izmit earthquake[END_REF][START_REF] Nadeau | Fault slip rates at depth from recurrence intervals of repeating microearthquakes[END_REF][START_REF] Uchida | Interplate quasi-static slip off Sanriku, NE Japan, estimated from repeating earthquakes[END_REF][START_REF] Uchida | Periodic slow slip triggers megathrust zone earthquakes in northeastern Japan[END_REF]. Moreover, geodetic observations showed that slow slip occurred before large earthquakes, but it is difficult to quantify how much of this deformation is accounted for by the foreshock sequence and its post-seismic relaxation, and how much of it could be due to silent slow slip [START_REF] Bouchon | The long precursory phase of most large interplate earthquakes[END_REF][START_REF] Kato | Propagation of slow slip leading up to the 2011 M w 9.0 Tohoku-Oki Earthquake[END_REF][START_REF] Ruiz | Intense foreshocks and a slow slip event preceded the 2014 Iquique M w 8.1 earthquake[END_REF]. At least some foreshock sequences might be due to a large scale nucleation process and related to fault heterogeneity. But how exactly the slip develops during initiation on heterogeneous faults and how it partitions between slow silent slip and fast seismic foreshocks is still largely unclear, despite some insights provided by 2D and 3D numerical simulations [START_REF] Dascalu | Fault finiteness and initiation of dynamic shear instability[END_REF][START_REF] Dublanchet | Interactions and triggering in a 3-D rate-and-state asperity model[END_REF][START_REF] Favreau | Initiation of in-plane shear instability under slip-dependent friction[END_REF]Ionescu & Campillo, 1999;[START_REF] Latour | Effective friction law for small-scale fault heterogeneity in 3D dynamic rupture[END_REF][START_REF] Sudhir | Nucleation of earthquake slip on heterogeneous interfaces[END_REF][START_REF] Yabe | Variations in precursory slip behavior resulting from frictional heterogeneity[END_REF], as well as by friction experiments using rocks [START_REF] Dresen | Seismic and aseismic preparatory processes before large stick-slip failure[END_REF][START_REF] Mclaskey | Earthquake initiation from laboratory observations and implications for foreshocks[END_REF][START_REF] Passelègue | Influence of fault strength on precursory processes during laboratory earthquakes[END_REF][START_REF] Wu | Contained laboratory earthquakes ranging from slow to fast[END_REF][START_REF] Yamashita | Two end-member earthquake preparations illuminated by foreshock activity on a meter-scale laboratory fault[END_REF].

In this study we aim to produce experimentally a direct observation of the rupture nucleation on a heterogeneous interface with a periodic friction heterogeneity. We produce slip events on an almost 1D interface and observe the rupture nucleation and propagation by photo-elasticity. We introduce friction heterogeneity by varying spatially the roughness of the interface. We present here some interesting observations that show that a large scale globally accelerating nucleation process can develop on a heterogeneous fault, while the details of the rupture propagation are controlled at smaller scale by the friction heterogeneity. We discuss their relevance with respect to recent theoretical developments and to what is known about earthquake preparatory processes.

Methods

We produce laboratory earthquakes between two polycarbonate plates (400 × 200 × 9 mm) set inside a bi-axial loading apparatus controlled by two manual pumps (see Figure 1 and Figure S1 in Supporting Information S1).

The plates are maintained by horizontal rails and are in contact through their thin and long sides (400 × 9 mm). A uni-axial stress around 3 MPa is first imposed in the direction normal to the fault. Then, the lower plate is pushed in the direction parallel to the fault while the upper plate is blocked by a metallic part, until slip occurs between the plates. A stick-slip behavior then takes place, in which each slip event is considered as a laboratory earthquake (Figures 1c and1d). GOUNON ET AL.
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One strain gauge rosette placed near the fault (1 cm) at middle length (200 mm) measures the local strain tensor at 4,800 Hz during the experiment. This allows to retrieve the local stresses and to extract the normal and shear stress values just before and after each event, and thus the stress drop. As this strain gauge is the only stress measurement available in our experimental setup, these values will be used as a proxy for the shear stress, residual stress, and stress drop of the whole event (see Figure S5 in Supporting Information S1).

The use of polycarbonate, which is a photo-elastic material, allows to follow the rupture propagation along the fault over time by photo-elasticity, as proposed in several publications [START_REF] Latour | Characterization of nucleation during laboratory earthquakes[END_REF][START_REF] Nielsen | Experimental observation of stick-slip instability fronts[END_REF][START_REF] Schubnel | Photo-acoustic study of subshear and supershear ruptures in the laboratory[END_REF][START_REF] Xia | Laboratory earthquakes: The sub-Rayleigh-to-supershear rupture transition[END_REF]. The optical setup (see Text S2 in Supporting Information S1) allows to get movies at 170,000 fps of a field of 𝐴𝐴 1280 × 32 pixels that encompasses almost the whole fault. In these movies, the rupture front propagation can be followed because it is surrounded by stress field variations (stress concentration followed by stress drop) that create light intensity variations. We plot the light intensity variation for a line of pixels parallel to the fault at each time step, creating videograms (Figures 2a, 2c and2e). The rupture front position at successive time steps is extracted by manually picking its position on the videograms (Figure S7 in Supporting Information S1). This finally allows to obtain the rupture propagation history of the events (Figures 2b,2d,2f, and Figures S8-S10 in Supporting Information S1) and to estimate a nucleation length by measuring the length of the rupture when it reaches its final constant velocity (see Text S4 in Supporting Information S1).

Three types of interfaces were studied: (a) smooth (homogeneous), (b) rough (homogeneous), and (c) heterogeneous interfaces. The smooth interface was prepared by manually sanding both sides of the interface with A800 (smooth) sandpaper. For the rough interface we used A800 sandpaper on the lower side, and A400 (rougher) sandpaper on the upper side. The heterogeneous interface (Figure 1b) is composed on the upper side by an alternation of rough and smooth parts approximately 1 cm long (with irregularities due to the manual sanding process). The lower side is sanded homogeneously with the finest A800 sandpaper.

For each kind of interface, several runs of the experiment have been realized during which 10 slip events are registered by applying the procedure described in Text S1 in Supporting Information S1. This leads to a total of 40 registered events for the heterogeneous interface and 20 for the smooth and rough interfaces.

Results

The videograms of three events chosen for their representativeness are presented in Figures 2a, 2c and2e. For the three events, the rupture initiates around the position 𝐴𝐴 𝐴𝐴= 35 ± 3 cm on the fault. This is the case for all the events of all the experiments, and is most probably a result of the loading geometry, as will be shown later in Section 5.

Smooth Interface

The nucleation of the representative event on the smooth interface (Figures 2a and2b) consists of a transition from very low to high rupture velocity over a distance of 4 cm. The rupture is unilateral, meaning that it propagates only toward one direction (from right to left of the figure). The rupture velocity growth is not monotonic and one decelerating episode can be seen (see Figure 2b). Such a behavior is also observed in the majority (12) of the smooth events. However, a monotonic rupture velocity growth is also observed for eight events (Figure 2g). The rupture front position for all the events on smooth interface is shown in Figures S8,S11, and S12 in Supporting Information S1, to demonstrate the variability of rupture behaviors. The mean nucleation length is 𝐴𝐴 𝐴 𝐴𝐴𝑆𝑆 >= 3.8 cm , with standard deviation 𝐴𝐴 𝐴𝐴𝐿𝐿 𝑆𝑆 = 3.0 cm (see Figure 3a).

Rough Interface

The nucleation of the representative event on the rough interface (Figures 2c and2d) consists of a continuous and monotonic transition from low to high rupture velocity. This nucleation process occurs on an area approximately 14 cm wide, and is unilateral. When considering the 20 events measured on the rough interface (see Figures S9,S13, and S14 in Supporting Information S1), one can see that the nucleation process is monotonic for their majority (17/20). The mean nucleation length is 𝐴𝐴 𝐴 𝐴𝐴𝑅𝑅 >= 11.7 cm , with standard deviation 𝐴𝐴 𝐴𝐴𝐿𝐿 𝑅𝑅 = 2.2 cm (see Figure 3a). GOUNON ET AL.
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Heterogeneous Interface

A rupture event on the heterogeneous interface is described in Figures 2e and2f, as an example of the specific behavior produced by heterogeneities. A complex phase that we will identify as a complex nucleation occurs between t = -1.7 and t = -0.4 ms, on the right side of the fault (0.35-0.22 m). During this nucleation process, the rupture velocity shows an alternation of slow and fast stages. The duration of the slow stages becomes shorter and shorter along the process until the "fast propagation" phase begins at t = -0.4 ms. The rupture front positions for the 40 slip events are plotted in Figures S10,S15, and S16 in Supporting Information S1. Overall, the main observation is a high variability of rupture characteristics (velocity, existence, and duration of the nucleation). The variability is higher between events from different experiments, suggesting that at least some part of the observed behavior is determined by initial conditions that are created when the plates are brought into contact and subjected to normal stress. In the following, we decided to focus on the results of Experiments 3 and 4 with heterogeneous interfaces. In these experiments, complex but reproducible nucleation phases due to the friction heterogeneity are observed, and the nucleation stage can generally be identified: for these 20 events, the measured nucleation length range from 2.5 to 12.9 cm, with a mean value 𝐴𝐴 𝐴 𝐴𝐴𝐻𝐻 >= 8.2 cm and a standard deviation of 𝐴𝐴 𝐴𝐴𝐿𝐿 𝐻𝐻 = 3.8 cm (see Figure 3a).

Interestingly, the rupture velocity variations observed during the complex nucleation phases occur at the same positions for all events. The positions of these transitions are correlated with the locations of smooth and rough parts of the fault (white and gray patches on Figure 2f, respectively). More precisely, each time a rupture enters a Finally, these complex nucleation phases can be described as a globally accelerating process at large scale, despite the velocity variations at small scale. Indeed, as can be seen in Figure 2f, the maximum rupture velocity reached in each smooth part of the fault grows from the beginning to the end of the nucleation process. Similarly, the delay imposed by each of the very slow stages decreases at each step.

Discussion

In this part, we will discuss and explain how we interpret several aspects of these observations. First, to understand why there is a privileged nucleation position, we used the software Abaqus to simulate the stress state resulting from the loading process (see Text S5 in Supporting Information S1). This stress profile, represented by the ratio of shear stress to normal stress (Figure 3d), is peaked at the typical location where we observe the beginning of nucleations. The length scale of this variation is of the order the fault length, 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ≃ 40 cm. It is most probable that a random heterogeneity of stress at a smaller length scale and amplitude disturbs this theoretical profile: this type of effect was measured in the experimental setups of Yamashita et al. ( 2021), Guérin-Marthe et al. ( 2019), and [START_REF] Bayart | Fracture mechanics determine the lengths of interface ruptures that mediate frictional motion[END_REF][START_REF] Bayart | Rupture dynamics of heterogeneous frictional interfaces[END_REF]. It arises from the contacting process, that cannot be simultaneous and equally distributed along the interface. If such a random heterogeneity exists, its realization changes each time the fault is unloaded and reloaded (thus between different experiments) and should be slightly but not significantly changed between different successive slip events as was shown in the cited studies. This supposed heterogeneity of stress would be a good candidate to explain part of the variability observed between experiments and between events.

Second, if we consider the whole range of preparatory processes observed in this study, we can classify them in two types of behavior: (a) the "classical" nucleation described for example, in [START_REF] Latour | Characterization of nucleation during laboratory earthquakes[END_REF] and [START_REF] Ohnaka | Scaling of the shear rupture process from nucleation to dynamic propagation: Implications of geometric irregularity of the rupturing surfaces[END_REF], during which the rupture velocity grows in a monotonic and continuous way and (b) "complex" nucleation in which the rupture grows by successive accelerating and decelerating phases. Among these "complex" nucleation events, we can distinguish between events with only one or two decelerating phases, and those with more than two (see Figure 2g). These diverse types of preparatory processes had already been described for randomly heterogeneous interfaces [START_REF] Xu | Strain rate effect on fault slip and rupture evolution: Insight from meter-scale rock friction experiments[END_REF][START_REF] Yamashita | Rupture preparation process controlled by surface roughness on meter-scale laboratory fault[END_REF][START_REF] Yamashita | Two end-member earthquake preparations illuminated by foreshock activity on a meter-scale laboratory fault[END_REF]: more complex nucleations arose on more heterogeneous interfaces. Thus, the complexity of preparatory process seems to be characteristic of heterogeneous interfaces. In our experiment, moreover, the periodical friction heterogeneity clearly is the source of the complexity observed at the same scale in the nucleation process. However, some complexity is also present for the supposedly homogeneous interfaces, showing that another source of heterogeneity is also present, probably resulting from the contacting and loading process.

We plot 𝐴𝐴 𝐴𝐴𝐶𝐶 versus the stress drop 𝐴𝐴 (𝜏𝜏0 -𝜏𝜏𝑅𝑅) measured at mid-fault in Figure 3b. Although dispersed, the data for the three types of interfaces are partitioned into three overlapping yet distinguishable groups. We can thus assume that the mean values of 𝐴𝐴 𝐴𝐴0 -𝐴𝐴𝑅𝑅 and 𝐴𝐴 𝐴𝐴𝐶𝐶 (large empty symbols in Figure 3b) are representative of a characteristic behavior for each type of interface.

It has been shown theoretically that on homogeneous linear slip-weakening interfaces the critical nucleation length

𝐴𝐴

𝐴𝐴𝐶𝐶 is related to the weakening rate 𝐴𝐴 𝐴𝐴 of the friction law by [START_REF] Campillo | Initiation of antiplane shear instability under slip dependent friction[END_REF][START_REF] Dascalu | Fault finiteness and initiation of dynamic shear instability[END_REF][START_REF] Uenishi | Universal nucleation length for slip-weakening rupture instability under nonuniform fault loading[END_REF]:

𝐿𝐿𝐶𝐶 = 1.158 𝜇𝜇 ⋆ 𝑊𝑊 = 1.158 𝜇𝜇 ⋆ 𝐷𝐷𝐶𝐶 𝜏𝜏𝑃𝑃 -𝜏𝜏𝑅𝑅 (1)
where 3b) or by a least square fit (continuous curves).
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First, one can remark that the data are not well described by this homogeneous model, even for the homogeneous interfaces. This may be explained by the fact that we approximate the strength drop by the stress drop measured at mid-fault. But it also suggests that there is a source of variability not directly to the interface properties. Moreover, the theoretical nucleation length of Equation 1 may not correspond exactly to the measured experimental length (see Supporting Information S1). The estimated 𝐴𝐴 𝐴𝐴𝐶𝐶 thus may not be accurate. Nevertheless, the relative values can be compared for the different types of interfaces. It is interesting to see that, as expected from [START_REF] Ohnaka | Scaling of the shear rupture process from nucleation to dynamic propagation: Implications of geometric irregularity of the rupturing surfaces[END_REF], the characteristic 𝐴𝐴 𝐴𝐴𝐶𝐶 for the rough interface is larger than the characteristic 𝐴𝐴 𝐴𝐴𝐶𝐶 for the smooth interface. More interestingly, we obtain a characteristic value of 𝐴𝐴 𝐴𝐴𝐶𝐶 for the heterogeneous interface that lays in between the values for the smooth and the rough one. This 𝐴𝐴 𝐴𝐴𝐶𝐶 can be seen as an effective value that homogenizes the effect of the friction heterogeneity on the critical nucleation length.

Alternatively, one can interpret the measured nucleation length as a critical Griffith's length [START_REF] Andrews | Rupture velocity of plane strain shear cracks[END_REF] and estimate a fracture energy characteristic to each interface (see Figure S19 in Supporting Information S1). This process is subject to the same limitations and uncertainties as the previous estimations of 𝐴𝐴 𝐴𝐴𝐶𝐶 . It gives values in the range of 0.07-0.18 𝐴𝐴 J.m -2 for the "smooth" interface, 0.3-0.59 𝐴𝐴 J.m -2 for the rough interface, and 2.00-2.58 𝐴𝐴 J.m -2 for the heterogeneous interface, which are roughly in agreement with other experimental estimations (e.g., 1.1 𝐴𝐴 J.m -2 for optically flat PMMA in [START_REF] Svetlizky | Classical shear cracks drive the onset of dry frictional motion[END_REF]).

Introducing heterogeneity in the theoretical models of nucleation drastically complicates them, because the slip development at one point of the fault directly depends on the ability of neighboring regions to slip or not.

To simplify the problem, the heterogeneity is generally introduced in theoretical studies through one physical parameter only: initial stress [START_REF] Cattania | Precursory slow slip and foreshocks on rough faults[END_REF]; peak stress 𝐴𝐴 𝐴𝐴𝑃𝑃 of the friction law with 𝐴𝐴 constant [START_REF] Schär | Nucleation of frictional sliding by coalescence of microslip[END_REF] or with 𝐴𝐴 𝐴𝐴𝐶𝐶 constant [START_REF] Campillo | On the effective friction law of a heterogeneous fault[END_REF]; varying weakening rate 𝐴𝐴 𝐴𝐴 with 𝐴𝐴 𝐴𝐴𝑃𝑃 constant [START_REF] Lebihain | Earthquake nucleation along faults with heterogeneous weakening rate[END_REF]. In contrast, in experimental setups, and also on actual seismogenic faults, the heterogeneity arises both from the friction and stress distribution, and at several length scales. In our study, the friction heterogeneity is imposed at a precise length scale of 2 cm (see Figure 3c). However, on one hand the three friction parameters may vary, and on another hand, an uncontrolled heterogeneity of the stress and/or of the contact is also present. It is thus challenging to compare directly these results with the available theoretical studies. Nevertheless, recent studies [START_REF] Albertini | Stochastic properties of static friction[END_REF][START_REF] Lebihain | Earthquake nucleation along faults with heterogeneous weakening rate[END_REF][START_REF] Schär | Nucleation of frictional sliding by coalescence of microslip[END_REF] have shown a number of theoretical results that provide a framework to discuss our observations. [START_REF] Schär | Nucleation of frictional sliding by coalescence of microslip[END_REF] demonstrate three typical behaviors when the heterogeneity is a periodic variation of 𝐴𝐴 𝐴𝐴𝑃𝑃 of wavelength 𝐴𝐴 𝐴𝐴 : classical nucleation when 𝐴𝐴 𝐴𝐴 𝐴 𝐴𝐴𝐶𝐶 , critical coalescence when 𝐴𝐴 𝐴𝐴≃ 𝐿𝐿𝐶𝐶 , and sub-critical coalescence when 𝐴𝐴 𝐴𝐴 𝐴 𝐴𝐴𝐶𝐶 . In this subcritical coalescence regime, the rupture length grows by the successive coalescence of asperities in an accelerating process that strongly resembles the complex nucleation described on our heterogeneous interface. Here the wavelength of the heterogeneity is 𝐴𝐴 𝐴𝐴 = 2 cm which we can compare either to 𝐴𝐴 𝐴 𝐴𝐴𝑆𝑆 > = 3.8 cm, in which case we should rather be in a critical coalescence regime, or to 𝐴𝐴 𝐴 𝐴𝐴𝑅𝑅 > = 11.7 cm which should correspond to sub-critical coalescence. This is coherent with the fact that we both observe events with up to seven acceleration stages, and events with only one or two acceleration stages. However, it is not possible to resolve with certainty with our setup whether the asperities are slowly slipping together before joining in a true coalescence process, or if they begin to slip sequentially one after the other. [START_REF] Lebihain | Earthquake nucleation along faults with heterogeneous weakening rate[END_REF] 3b, the theoretical homogenized regime (black curve) is not far from the best fit for the heterogeneous data (green continuous). Moreover, we actually are at the limit of the homogenized regime, because here 𝐴𝐴 𝐴𝐴 𝐴 𝐴𝐴min and 𝐴𝐴 𝐴𝐴 𝐴 𝐴𝐴hom . This explains first that the effect of the asperities can be distinguished, and second, that we can have considerable variations of the measured 𝐴𝐴 𝐴𝐴𝐶𝐶 compared to 𝐴𝐴 𝐴𝐴hom , that can result from the actual value of the local effective nucleation length at the location of the peak stress distribution. We are thus probably at the limit between homogenizable and extremal regimes.

Our observations can also be related to the numerical results of Yabe and Ide (2018) obtained on periodically 1D heterogeneous friction interface. They describe a "dynamic nucleation phase" that can occur with favorable friction conditions, in which slow slip and seismic ruptures of asperities work together in order to prepare the total rupture of the fault. Similarly, [START_REF] Cattania | Precursory slow slip and foreshocks on rough faults[END_REF] introduced heterogeneity in numerical models via interface roughness, and show that the nucleation process consists of "episodic asperity failure, mediated by aseismic slip." These numerical models fall in range with our observations, where the successive fast ruptures are related to each other by slow propagation phases.

Conclusion

In this paper we provide a direct experimental observation of the rupture nucleation on a periodically heterogeneous interface in a 2D in-plane geometry. Despite a high variability between different slip events, we gather several observations of a complex nucleation process in which the variation of interface roughness plays an important role. The rupture propagation begins with an alternation of slow and fast episodes that can be interpreted as a nucleation process, and then reach a last fast phase that breaks the whole interface length (propagation phase). The nucleation process, composed of slow and fast phases, depicts a globally accelerating phenomenon, and can be viewed on the larger scale as a growing nucleation zone in which the slip is partly seismic and partly aseismic. The final length and duration of the large scale nucleation process is thus a result of the rupture propagation dynamics at the smaller scale, and could be seen as an effective nucleation process that homogenizes the small scale friction heterogeneity, as was proposed in previous theoretical studies [START_REF] Campillo | On the effective friction law of a heterogeneous fault[END_REF][START_REF] Dublanchet | The dynamics of earthquake precursors controlled by effective friction[END_REF][START_REF] Favreau | Initiation of shear instability in three-dimensional elastodynamics[END_REF][START_REF] Latour | Effective friction law for small-scale fault heterogeneity in 3D dynamic rupture[END_REF][START_REF] Lebihain | Earthquake nucleation along faults with heterogeneous weakening rate[END_REF][START_REF] Schär | Nucleation of frictional sliding by coalescence of microslip[END_REF]. We tested the theoretical process of homogenization of the friction parameters, in the limits allowed by the available measurements and the restrictive hypotheses of most theoretical studies, and found a general agreement. Although it is not straightforward to generalize these observations to the case of 2D heterogeneous faults, they provide some insights in the current epistemological debate for the conceptualization of earthquake nucleation, and point to models in which slow and fast slip can co-exist during the nucleation process, and in which random heterogeneity of the faults plays an important role. The experimental apparatus was conceived and built with the technical support of the GIS service of OMP (René Dorignac, Pierre Nougué, Marcel Belot, Yoan Micheau, and Driss Kouach). We acknowledge the technical support of Sebastien Benahmed, Michel Dupieu, and Hélène Pauchet, and the participation of François Larrouturou in developing analysis codes. We are grateful to Alexandre Schubnel, Stefan Nielsen, François Passelègue, and Mathias Lebihain for insightful discussions and/or sharing their experience on experimental setups and to the two anonymous reviewers. This work was financially supported by OMP and IRAP.
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Figure 1 .

 1 Figure 1. (a) Principle of the experimental set-up (see Text and Supporting Information S1 for details). (b) Sketch of the upper side of the heterogeneous interface. (c) Shear stress at the strain gauge location during an experiment (Experiment 3-heterogeneous), and (d) a zoom on event 5.

Figure 2 .

 2 Figure2. Videograms of typical events on the three types of interfaces and the retrieved space-time evolution of the rupture front for the same events. (a, b): An event with smooth homogeneous interface (event 5 of Experiment 2). The nucleation part starts around t = -0.6 ms and x = 0.35 m and finish at t = -0.5 ms, time at which the "rapid propagation" part begins. (c, d): An event with the rough homogeneous interface (event 9 of Experiment 1). The nucleation begins around x = 0.32 m at t = -1.77 ms and let the propagation parts starts around x = 0.2 m at t = -0.39 ms. (e, f): An event with heterogeneous interface (event 4 of Experiment 3). A complex nucleation occurs between t = -1.7 and t = -0.4 ms, beginning at x = 0.32 m and finishing at x = 0.22 m where a fast propagation at constant velocity begins. Inset (g) shows the distribution of the three "classes" of nucleation observed for each type of interface.

Figure 3 .

 3 Figure 3. (a) Distribution of the nucleation lengths for the three types of interfaces, and their mean value (continuous line) and standard deviation (dashed lines). (b) Nucleation length versus stress drop for all the events. The large unfilled symbols are placed at the average stress drop and average nucleation length for each type of interface. The continuous colored curves correspond to Equation 1 with best fitting value of 𝐴𝐴 𝐴𝐴𝐶𝐶 for each interface. The dashed colored lines are obtained with Equation 1 and the average stress drop and nucleation length. The continuous black line is obtained with the theoretical homogenized nucleation length and the average stress drop for heterogeneous interface. The curves are labeled with the corresponding values of 𝐴𝐴 𝐴𝐴𝐶𝐶 . (c) Profile of 𝐴𝐴 𝐴𝐴𝐶𝐶 on the heterogeneous fault, of the theoretical homogenized nucleation length 𝐴𝐴 𝐴𝐴hom and of the average value of 𝐴𝐴 𝐴𝐴𝐶𝐶 on the heterogeneous fault 𝐴𝐴 𝐴 𝐴𝐴𝐻𝐻 > . Bars of lengths 𝐴𝐴 𝐴 𝐴𝐴𝑆𝑆 > , 𝐴𝐴 𝐴 𝐴𝐴𝑅𝑅 > , 𝐴𝐴 𝐴 𝐴𝐴𝐻𝐻 > , and 𝐴𝐴 𝐴 𝐴𝐴hom > have been placed for comparison with the heterogeneity size. (d) Successive profiles of the ratio shear stress/normal stress during the numerical simulation of the loading process.
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