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Introduction

The Parkfield section of the San Andreas fault is one of the best-instrumented earthquake source region in the world. Over the past 50 years, one and a half seismic cycles, including two M~6 earthquakes in 1966 and 2004, have been observed there with full geodetic and seismic coverage. Yet it is still unclear how the earthquake generation process takes place in this peculiar area.It has long been recognized that the M~6 earthquakes break a stuck patch imbedded in an otherwise creeping fault -first noted by [START_REF] Harris | Detection of a Locked Zone at Depth on the Parkfield, California, Segment of the San Andreas Fault[END_REF] and most recently modeled by [START_REF] Barbot | Under the Hood of the Earthquake Machine : Toward Predictive Modeling[END_REF]. It has also been observed that the rupture zone lies between two geometrical discontinuities in the fault, a slight compressional bend in the north near Middle Mountain (MM) and an extensional jog in the south near Gold Hill (GH) [START_REF] Lindh | Control of Rupture by Fault Geometry During the 1966 Parkfield Earthquake[END_REF]. Neither the connection between these features nor their role in the nucleation and termination of the M~6 earthquake ruptures have been elucidated.

The 1966 earthquake initiated at the northern end of the rupture area near Middle Mountain, propagated unilaterally to the southeast along the entire Parkfield section and stopped near Cholame (CH) (Fig. 1 and 2; [START_REF] Brown | The Parkfield-Cholame, California, earthquakes of June-August 1966 -surface geologic effects, water-resources aspects, and preliminary seismic data[END_REF][START_REF] Mcevilly | The Parkfield, California, earthquakes of[END_REF].

In contrast, the 2004 earthquake initiated in the south near Gold-Hill (GH), then propagated mainly to the northwest and stopped near MM (Fig. 1 and 2; [START_REF] Langbein | Preliminary Report on the 28 September 2004, M 6.0 Parkfield, California Earthquake[END_REF][START_REF] Rymer | Surface fault slip associated with the 2004 Parkfield, California, earthquake[END_REF]. Both surface ruptures were similar, formed by small fractures associated with local displacements less than 0.1 m [START_REF] Brown | The Parkfield-Cholame, California, earthquakes of June-August 1966 -surface geologic effects, water-resources aspects, and preliminary seismic data[END_REF][START_REF] Rymer | Surface fault slip associated with the 2004 Parkfield, California, earthquake[END_REF]. Source inversion models of the 2004 event reveal two main slip patches close to either end of the rupture extent, with maximum slip ranging from 0.5 to 1m (see an example in Fig. 3), followed by post-seismic afterslip near the surface above the coseismic rupture zone (e.g., [START_REF] Barbot | Postseismic deformation due to the Mw 6.0 2004 Parkfield earthquake: Stress-driven creep on a fault with spatially variable rateand-state friction parameters[END_REF][START_REF] Johanson | Coseismic and postseismic slip of the 2004 Parkfield earthquake from space-geodetic data[END_REF][START_REF] Langbein | Coseismic and initial postseismic deformation from the 2004 Parkfield, California, earthquake, observed by global positioning system, electronic distance meter, creepmeters, and borehole strainmeters[END_REF][START_REF] Murray | Slip on the San Andreas fault at Parkfield, California, over two earthquake cycles, and the implications for seismic hazard[END_REF]) but also at depth in the lower crust [START_REF] Bruhat | Evidence for postseismic deformation of the lower crust following the 2004 Mw6.0 Parkfield earthquake[END_REF]. Similar co-seismic distribution associated with shallow postseismic behavior has been observed for the 1966 earthquake (see an example in Fig. 3; e.g. [START_REF] Archuleta | Dynamic rupture in a layered medium: the 1966 Parkfield earthquake[END_REF][START_REF] Scholz | Seismic and aseismic slip on the San Andreas Fault[END_REF][START_REF] Segall | How similar were the 1934 and 1966 Parkfield earthquakes?[END_REF].

In order to better understand rupture initiation, propagation and arrest of the two latest M6 earthquakes at Parkfield, we present here a combined analysis of high-resolution near surface and earthquake data that image the fine-scale structures of the San Andreas Fault. We bring together geologic fault information available in the literature and a broad range of satellite images and topographic data to refine the long-term surface fault traces along the Parkfield section. We also compute high-resolution seismicity recorded at the Northern California Seismic Network (NCSN) between 1969 and 2015, and aftershocks recorded during the 2 months following the 1966 earthquake [START_REF] Eaton | Aftershocks of the 1966 Parkfield-Cholame, California, earthquake: A detailed study[END_REF], spanning a nearly 50 year time period including two ~M6 events. Using these new data, we relate the structures observed at the surface to persistent deformation patterns along the three-dimensional fault plane at depth. Supported by numerical simulations of the long-term fault deformation, we propose a new mechanical model for the Parkfield segment of the San Andreas fault that differs from previous studies (e.g., [START_REF] Simpson | San Andreas fault geometry in the Parkfield, California, region[END_REF].

Data analysis and results

Surface fault traces

According to the quaternary surface fault map from the USGS (U.S. Geological Survey and California Geological Survey, 2006); blue lines Fig. 1b and1c), the ~30 km long Parkfield section is composed of two linear, roughly N139°E striking, sub-parallel strands (also called the main San Andreas fault and the southwest fracture zone) that join each other at both terminations of the Parkfield section through two structural complexities : i) at the southern end near GH, an extensional jog, where the fault trace bends twice with deviations up to 28° from the mean fault strike (GH-CH, Fig. 1b and2c); ii) at the northern end, near MM, a 5° restraining bend [START_REF] Lindh | Control of Rupture by Fault Geometry During the 1966 Parkfield Earthquake[END_REF] (MM, Fig. 1b and2c).

We analyzed multi-resolution satellite images (Google Earth, Landsat 7) and topographic data (SRTM 30 m, LiDAR available from opentopography.org) and identified additional structural features (black lines in Fig. 1b and1c): around MM, the active fault trace is surrounded by multiple secondary faults several kilometers away from the main San Andreas Fault and clearly imprinted in the topography (Fig. 1c). Most of them have been previously recognized as secondary strike-slip and reverse faults in the field [START_REF] Thayer | Structural Geology of the San Andreas Fault Zone at Middle Mountain, near Parkfield, Central California[END_REF]. Altogether they contribute to forming the localized relief observed at the center of the main fault trace. The overall shape of this structural feature, which encompasses an area approximately 5 km wide and 10 km long, resembles a restraining step-over feature that separates the locked Parkfield section from the creeping section.

These secondary faults strike between N110°E and N150°E, in good agreement with earthquake locations derived in this study and focal mechanisms from Hardebeck (2010) that show oblique reverse and normal faulting (Fig. 1c; see also [START_REF] Thurber | Three-Dimensional Compressional Wavespeed Model, Earthquake Relocations, and Focal Mechanisms for the Parkfield, California, Region[END_REF]. The 1966 and 2004 earthquakes initiated and stopped near these large structural discontinuities observed at the surface near GH-CH and MM.

Earthquake relocation

We use seismicity data to investigate the depth extent of the heterogeneities observed near the surface. We first apply a 3D grid search method (NLLoc program; [START_REF] Lomax | Probabilistic earthquake location in 3D and layered models: Introduction of a Metropolis-Gibbs method and comparison with linear locations[END_REF] to determine new absolute locations of more than ~17,000 earthquakes from 1966-2015 in the 3D velocity model of [START_REF] Thurber | Three-Dimensional Compressional Wavespeed Model, Earthquake Relocations, and Focal Mechanisms for the Parkfield, California, Region[END_REF]. The strike of the new 3D absolute locations is rotated slightly (up to ~2°) counterclockwise compared to the original NCSN locations as a result of properly accounting for the velocity variations across the fault zone. We then use the double-difference algorithm HypoDD [START_REF] Waldhauser | HypoDD: A computer program to compute double-difference hypocenter locations[END_REF][START_REF] Waldhauser | A Double-difference Earthquake location algorithm: Method and application to the Northern Hayward Fault, California[END_REF] to compute precise relative locations using both travel-time differences from P-wave pick data (available from 1966 to 2015) and P-and S-wave cross correlation delay time data [START_REF] Schaff | Waveform cross-correlation-based differential traveltime measurements at the northern California seismic network[END_REF]. We included all events with at least 4 stations in order to be able to simultaneously relocate the aftershocks of the 1966 earthquake [START_REF] Eaton | Aftershocks of the 1966 Parkfield-Cholame, California, earthquake: A detailed study[END_REF] together with the rest of the seismicity. The resulting locations are shown in Fig 1,S1c and S1d. These locations resolve the fine shape of the fault plane at a level of a few tens of meters. The median lateral relative error at the 95% confidence level, derived from a bootstrap analysis of the fine residuals, is 0.039 km and the median vertical relative error is 0.022 km (Fig. S2).

Most events with M < 1 (ML is considered for events M > 3, MD for smaller events; see [START_REF] Uhrhammer | California integrated seismic network (CISN) local magnitude determination in California and vicinity[END_REF] are located in the creeping section (see Supplementary Fig. S1a and S1b). A cross-section at MM (Fig. 1d) indicates that some events also delineate secondary oblique strands in the eastern part (see black arrows) that connect to the main fault at ~10 and ~12 km depth, close to the 1966 nucleation area. Several reverse and normal faulting focal mechanisms located between 10 and 15 km deep (events 3, 4, 5 and 6 in Fig. 1c and1d) are aligned with those secondary strands, while those located between 0 and 10 km deep (events 1, 2 and 7 in Fig. 1c and1d), appear to be related to the secondary fault traces observed at the surface (black crosses, Fig. 1d).

Distribution of the 1966 and 2004 aftershocks

In the following analysis, we only consider earthquakes of M ≥ 1, corresponding to the minimum magnitude of completeness of the earthquake catalog (see Supplementary Fig. S3). Fig. 2 shows the distribution of the 1966 and 2004 aftershocks within 2 months of the mainshock (in blue and red, respectively). The along strike distribution of the aftershocks is sharp and fairly similar for both events, mostly situated between 4 and 12 km deep along the Parkfield section. Distinctive seismicity patches (e.g. streaks, clusters, repeating events, [START_REF] Waldhauser | Streaks, multiplets, and holes: High-resolution spatio-temporal behavior of Parkfield seismicity[END_REF][START_REF] Thurber | Three-Dimensional Compressional Wavespeed Model, Earthquake Relocations, and Focal Mechanisms for the Parkfield, California, Region[END_REF] outline an area devoid of earthquakes between 6-9 km deep, corresponding to the main locked patch of the fault that broke in the 1966 and 2004 events (dashed lines in Fig. 2b, [START_REF] Harris | Detection of a Locked Zone at Depth on the Parkfield, California, Segment of the San Andreas Fault[END_REF].

The 1966 and 2004 aftershock sequences are similarly distributed, especially near GH-CH where two distinct patches of seismicity, at ~5 km and ~10 km depth, are superimposed (Fig. 2b), suggesting that the same main fault strand has been activated during the two earthquakes. A high concentration of number of aftershocks (including all M ≥ 4 events) and cumulative moment release are observed near the rupture tips of the 1966 and 2004 earthquakes (Fig. 2a,b; Fig. 3a,b).

We note that in the northwestern part of the Parkfield section, the 1966 aftershocks tend to deviate further to the northeast away from the San Andreas fault trace (blue dots in map view on Fig. 2a). This deviation is also observed in the original absolute locations and might be due to the poor station coverage in the northwestern part of the 1966 rupture zone [START_REF] Eaton | Aftershocks of the 1966 Parkfield-Cholame, California, earthquake: A detailed study[END_REF]. However, few events are concerned and our relocations are in good agreement with previous studies in the southeastern part of the Parkfield section, where most of the seismicity is localized (Fig. 2; e.g., [START_REF] Thurber | Three-Dimensional Compressional Wavespeed Model, Earthquake Relocations, and Focal Mechanisms for the Parkfield, California, Region[END_REF][START_REF] Waldhauser | Large-scale relocation of two decades of Northern[END_REF]. More generally, less than 20 permanent and temporary stations recorded aftershock activity following the 1966 earthquake, with several periods of interrupted service [START_REF] Eaton | Aftershocks of the 1966 Parkfield-Cholame, California, earthquake: A detailed study[END_REF]. This likely explains why the aftershock activity and the cumulative seismic moment release shown in Figure 3 are much lower for the 1966 sequence compared to the one in 2004. 1969-2004 and 2005-2015 We choose to represent in Fig. 2 only the best (i.e., correlation based) relocations (gray dots) for the two interseismic periods from 1984-2004 and 2005-2015 for a fine-scale representation of the geometrical features (see Supplementary Fig. S1 for the entire relocated catalog). The interseismic seismicity distribution is remarkably similar to the co-and postseismic distributions. Figure 3 shows along strike cross sections of the earthquake density and cumulative seismic moment released within 2 months after the 1966 and 2004 Parkfield earthquakes (Fig. 3a and3b, respectively), and during the [START_REF] Stein | Seismic potential revealed by surface folding: 1983 Coalinga, California, earthquake[END_REF][START_REF] Waldhauser | Streaks, multiplets, and holes: High-resolution spatio-temporal behavior of Parkfield seismicity[END_REF]and 2005-2015 interseismic periods (Fig. 3c and 3d, respectively) interseismic periods (Fig. 3c and 3d, respectively). Density contour lines point out five, possibly six, persistent kilometer scale seismicity patches during the interseismic periods (Fig. 3c and3d). A patch of higher density is located at the northern end of the Parkfield section at 4 km depth, a patch that was also activated by aftershocks of the 2004 event (Fig. 3b).

Interseismic periods

The interseismic, cumulative moment release maps allow us to distinguish other patches which are lining up at 4-6 km and ~10 km depth (Fig. 3c and3d), again in good agreement with patches that were active during the 1966 and 2004 post seismic periods (Fig. 3a and3b).

3D fault geometry

We determine the three-dimensional fault geometry by applying a principal component analysis to all events within 3 x 3 km wide boxes (in map view), stepping at 1 km intervals along the fault trace. For each box, we calculate strike and dip of the plane that minimizes the distance between hypocenters and fault surface during each of two interseismic periods (1984-2004 and 2005-2015) in an attempt to capture the longterm signature of the fault geometry (Fig. 2c). For simplicity, we assume, in each box, a constant dip of the calculated plane. The calculated strike and dip values are presented in Fig. 2c, while an animated view of the data and the combination of the best fitting planes is shown in Supplementary Fig. S6.

The strike measurements show that the strike along the mainshock rupture zone, which includes the stuck patch, is fairly constant, while it deviates from that trend at both ends: the strongest deviations range from N125°E to N150°E (at MM and GH), consistent with surface measurements (see black line in Fig. 2c), albeit with fluctuating amplitudes. The overall strike variations are also in good agreement with focal mechanisms derived by [START_REF] Hardebeck | Seismotectonics and fault structure of the California Central Coast[END_REF]Supplementary Fig. S7). Figure 2d shows the standard deviations of the seismicity from the best fitting planes for each interseismic periods, characterizing the normal distance of the events from the best fitting planes (see also Supplementary Furthermore, the fault dip varies steadily from northeast dipping in the north to southwest dipping in the south, indicating a twist in the fault plane along a horizontal axis (Fig. 2c; e.g. [START_REF] Kim | Seismicity and fault geometry of the San Andreas fault around Parkfield, California and their implications[END_REF]. The 3D fault geometry of the San Andreas fault at Parkfield can thus be best described as a helicoid (Supplementary Fig. S6). The change in fault dip from northwest to southeast can also be observed in the original NCSN locations, as well as the 3D grid-search absolute locations, indicating that the twist is not an artifact of the relocation procedure or the model used to locate the events (see Supplementary Fig. S8).

Because the seismicity patches are well defined and aligned, we used the principal component analysis to minimize the orthogonal hypocenter distances to a single fault plane in each box (Supplementary Fig. S4). However, we also tried to investigate the possibility of multiple fault strands or variations of the fault dip at depth below and above 7 km (i.e. the limit between the main patches of seismicity; see Supplementary Fig. S4). The resulting fault planes were poorly constrained, especially the dip values, because their fits were mostly controlled by single sub-horizontal streaks, rather than events well distributed on a plane in three-dimensional space. Estimating an orientation by fitting one single plane in each box tend to smooth local irregularities that might be due to multiple fault strands at depth. Event distributions away from the fault planes (Supplementary Fig. S5) show that the Parkfield section is mainly characterized by a clear and sharp single strand of ~100m wide. Secondary peaks, indicating possible oblique secondary strands, are observed around MM and GH-CH. Therefore, our approach cannot describe in detail the complexity of the damage zone around the fault core, but it allows us to highlight significant discontinuities with great confidence.

Numerical model of the effect of a strong stuck patch on fault geometry

The creeping section is known from studies at SAFOD to be very weak, with a friction coefficient µ~0.15 due to the presence of weak phyllosilicates in the fault zone (i.e. saponite at shallower depth, [START_REF] Carpenter | Frictional properties of the active San Andreas Fault at SAFOD: Implications for fault strength and slip behavior[END_REF][START_REF] Lockner | Low strength of deep San Andreas fault gouge from SAFOD core[END_REF], to talc below 3 km deep, Moore et al., 2016). They appear to be produced by reaction between the serpentinite of the Coast Ranges ophiolite and the silicious rocks of the Salinian block [START_REF] Moore | Chemical controls on fault behavior: Weakening of serpentinite sheared against quartz-bearing rocks and its significance for fault creep in the San Andreas system[END_REF]) -a geologic context that is only present along the creeping section [START_REF] Allen | The tectonic environments of seismically active and inactive areas along the San Andreas fault system[END_REF][START_REF] Irwin | Effects of geological structure and metamorphic fluids on seismic behavior of the San Andreas fault system in central and northern California[END_REF]. On the other hand, the stuck patch at Parkfield cannot be lined with weak phyllosilicates because they are velocity strengthening and will not facilitate seismic instability. The only possible materials that can be velocity weakening and exhibit the frictional strength of the stuck patch in this area are granite, antigorite or lizardite forms of serpentinite [START_REF] Moore | Talc-bearing serpentinite and the creeping section of the San Andreas fault[END_REF]. These all have high strength with friction coefficients between 0.5-0.75. Thus, the seismogenic stuck patch has a higher friction coefficient than the surrounding creeping segment and thus can sustain greater shear stress than the stress-drops observed in Parkfield earthquakes (on the order of ~1 MPa). Since the earthquakes do not relieve all the stresses on the stuck patch, there must be a permanent torque produced by that high-stress patch surrounded by low stress regions. As a result, over time periods longer than the seismic cycle, slow inelastic deformation will occur in response to this torque and the twist in the fault plane will develop.

In the following section, we present a numerical model that supports the above idea.

Rather than simulate the entire process of accumulating torque and inelastic deformations, we focus on showing that a high-friction patch embedded in a low-friction fault plane, representing the stuck patch situation, is able to generate deformations that are consistent with the proposed helicoidal twisting of the fault plane.

Model setup

We use PyLith, a portable, scalable finite element software for simulation of crustal deformation and earthquake faulting [START_REF] Aagaard | PyLith User Manual[END_REF][START_REF] Aagaard | A domain decomposition approach to implementing fault slip in finite-element models of quasi-static and dynamic crustal deformation[END_REF], to simulate the deformation of linear elastic crust containing a straight strike-slip fault with heterogeneous frictional strengths. The model domain, covering an area 40 × 162 km wide and 21 km-thick (Fig. 4a), is discretized into hexahedral linear elements with edge length of 1 to 1.5 km. Density of the crust is assumed to be 2500 kg/m 3 and Vs and Vp to be 3 and 5.2915 km/s. These values are equivalent to shear and bulk modulus of 22.5 and 55 GPa, respectively. Completely contained within the crust, the modeled zerothickness fault plane is 90 km long and 20 km tall, going through the center of the domain parallel to the longest edge of the domain. The creeping section is represented by a low-friction section with a uniform friction coefficient of 0.1 and a cohesion of 2 MPa ("creeping fault plane" in Fig. 4a). The stuck patch is modeled as a simplified rectangular zone of 20 × 5 km ("high friction patch" in Fig. 4; [START_REF] Harris | Detection of a Locked Zone at Depth on the Parkfield, California, Segment of the San Andreas Fault[END_REF]. It has a uniform friction coefficient of 0.6 and a cohesion of 2 MPa. The fault section that broke during the 1857 earthquake ("high-friction fault plane" in Fig. 4), is considered to have the same friction coefficient and cohesion as the stuck patch. All the fault sections are allowed to slip because we model fault behaviors for a time period corresponding to multiple earthquake cycles, over which no part of the Parkfield section would remain completely locked.

Right-lateral motion at a rate of 2 cm/yr on two fault-parallel domain boundaries (relative on-fault slip rate of 4 cm/yr) with the normal component of velocity (vx) set to be zero and the vertical component (vz) free (Fig. 4b). On the fault-perpendicular sides, a simple-shear velocity field is applied such that the strike-parallel component varies between +2 and -2 cm/yr linearly with distance across the fault. The fault perpendicular component is set to be zero and the vertical component is free on these boundaries. The bottom boundary is a free-slip surface. The top boundary is a free surface with zero traction. The effect of gravity is considered and the initial stress is set to be lithostatic.

We get fault displacements and stresses as a response to incrementally increasing amounts of boundary displacements. Although we apply velocities to generate strikeslip kinematics, the velocity boundary conditions are simply a way of increasing strikeslip motions incrementally at each time step. Our models simulate only linear elastic behaviors of rocks and does not directly show rate-dependent effects. Nonetheless, the correspondence principle (e.g., Sec. 2.5.7, LeMaitre, 2001) ensure the relevance to permanent helicoidal twisting of the Parkfield section. According to this principle, strain rate field in a linear viscoelastic model would be equivalent to elastic strain field in the corresponding linear elastic model under the same boundary conditions. So, we can view our model's strain field as a strain rate field for long term deformation.

Results

Figure 5 presents the northeastern displacements on the fault plane when the highfriction patch and the upper 2 km of the high-friction plane started slipping after 112 m of cumulative displacement (Fig. 5a and5c). After an unspecifiable number of earthquake cycles, slip would accumulate on the high-friction patch as well. Thus, we also look at the northeastern displacements when the entire high-friction patch as well as the upper 5 km of the high-friction plane has slipped after 160 m of boundary displacement (Fig. 5b and5d). Relative to the state in Fig. 5a and5c, northeastern displacements have increased at the northern tip and more at the southern tip of the patch. A major warp of the fault plane occurs at the northern tip of the high-friction patch, corresponding to MM, with northeastern displacements > 1 m along a zone approximately 10 km long (Fig. 5a and5c). We note also that a section of the fault situated in the southern tip of the stuck patch is slightly displaced toward the southwest when most of the high-friction patch is locked (Fig. 5a and5c), accentuating the general warp of the fault plane. When the high friction patch starts to slip, the whole section is progressively shifted toward the northeast, but the general warping of the fault plane is still preserved (figure 5b and5d). An animated view of the model is available in the Supplementary material (see Supplementary Fig. S9).

Cross sections in Fig. 6 show the deformation of the San Andreas Fault plane at specific locations along the model (Fig. 6a) after the stuck patch has been fully mobilized (i.e., the stage in Fig. 5b and5d). The vertical cross-section at MM (Fig. 6b) indicates a northeastern displacement of the fault plane from its original location near the surface (hence a southwest dipping fault). Most of the deformation diffused in the crustal medium is fairly symmetrical relative to the fault plane. It seems to root at the base of the stuck patch and to widen towards the surface in a flower-like structure. The deformation is less pronounced at the southern tip of the stuck patch (i.e., GH, Fig. 6c).

Yet, we can distinguish a slight deflection of the fault plane, which is displaced toward the northeast in the shallower and deeper part of the model (i.e. the creeping zones) and less so in an area that corresponds to the stuck patch. Thus, the dip of the fault plane changes with depth (i.e. toward the southwest, northeast and southwest). Figure 6d is a horizontal cross-section situated at 7.5 km depth, crossing through the creeping zones and the stuck patch (see Fig. 6a). It highlights the variation of the fault strike (grey dotted line) compared to a referenced linear fault direction (black dotted line), in the same way as in Fig. 2d. As shown in Fig. 5, the fault plane is mostly deformed toward the northeast at MM and GH, and much less so in the southern half part of the stuck patch.

The strike variations within the stuck patch are consistent with the clockwise rotation of the stuck patch inferred from the seismic data (Fig. 2c,2d).

Figure 7 provides additional information on on-fault stress distribution at two stages: after 112m of displacement (Fig. 7a), the maximum shear stress (~100 MPa) occurs at the left (northwestern) tip and corners of the rectangular stuck patch (corresponding to MM), which begins to slip. At this point, slip along the stuck patch, which is meant to represent cumulative slip from repeated earthquakes, is about 30 cm with a stress drop of ~ 1 MPa, which is regained in ~ 30 yrs. Yet, after 160 m of cumulative displacement, stress remains at about 100 MPa throughout the seismic cycles, even after the highfriction patch has slipped (Fig. 7b). Thus, slow anelastic processes can produce permanent deformation of the same type as the elastic ones shown in Fig 5 . This result indicates that the high-friction patch can uphold a higher level of stress than the surrounding creeping section permanently, i.e., over a long time period corresponding to many earthquake cycles. In both states, accumulating slip on the creeping section generates high shear stress near the clamped bottom edge of the fault plane. Likewise, shear stress is concentrated right beneath the slipping region on the high-friction section, southeast of the patch (Fig. 7b). Profiles of shear and normal stresses (σxy and σxx, respectively) are shown in Supplementary Fig. S10. Along dip, the shear stress increases on the stuck patch relative to the surrounding creeping regions and higher stress concentrations are localized at the lower part of the stuck patch. Along strike, the variation of shear and normal stresses are consistent with compression at the left tip (MM) and extension at the right tip (GH-CH) of the stuck patch, resulting in clockwise rotation.

Discussion

Progressive deformation of the San Andreas fault over the long-term.

Shear stress and friction contrast at the origin of the twist

Our observational results show that the San Andreas fault plane within the rupture region of the recent ~M6 events has been deformed into a helicoidal surface that extends from the compressional bend at MM in the north to the extensional jog near GH in the south (Fig. 2c and Supplementary Fig. S6). It connects the northern part of the fault to the Cholame section in the south through a ~ 2 km wide step. By incorporating changes in fault-slip behavior at depth, our numerical model (Fig. 6) reproduces this twist and thus the variation of the fault strike (Fig. 2d,6d) and fault dip (Fig. 2d,6b,6c) deduced from the seismicity analysis. The stuck patch is stronger than the surrounding creeping areas by a factor of ~4 (see section 3). The contrasting high right-lateral shear stresses on the patch will induce a torque that will bend the stuck section of the fault clockwise, as shown in Fig. 8a (map view). Because the shear stresses increase with depth, another torque increases the clockwise bending with depth (Fig. 8b). In our numerical model, the increase in shear stress from the surface to 10 km depth is about 30 MPa in the creeping section away from the stuck patch (Fig. 7a,b). However, a much stronger torque is resulted, about 120 MPa over the same vertical distance, through the stuck patch (Fig. 7b). This result shows how the assumed contrast in frictional strength can be responsible for the torques localized around the stuck patch. The two mechanisms in Fig. 8a and Fig. 8b would produce the helicoidal fault geometry that we observe (Fig. 8c). This deformed section acts like a hinge and gate, with the hinge in the north marked by the compressional bend at its onset (MM in pink, fig. 8c), and the open end of the gate to the south, where it is accommodated by the extensional jog (GH-CH in blue, fig. 8c). This suggests that the geometrical complexities at the ends of the stuck patch result from the contrast of strength of the stuck patch with the surrounding creeping section of the fault.

Formation and evolution of geometrical complexities and secondary structures.

One hypothesis would consider that the geometrical complexities are inherited structures formed before the presence of the stuck patch in the geologic evolution of the San Andreas fault. They would correspond to ancient relay zones between fault segments, where many WNW-ESE long-term secondary structures (Fig. 1c) would be connected to the main San Andreas Fault. As such they could play an important role in the fault structure and the rupture development of ~M6 Parkfield earthquakes. They would contribute to control the extent of the rupture, acting as structural barriers (e.g., [START_REF] Biasi | Bends and Ends of Surface Ruptures[END_REF][START_REF] Manighetti | Earthquake scaling, fault segmentation, and structural maturity[END_REF][START_REF] Stirling | Fault trace complexity, cumulative slip, and the shape of the magnitude-frequency distribution for strike-slip faults: a global survey[END_REF] and places where stress concentrations might also favor rupture initiation (e.g., [START_REF] Aki | Characterization of barriers on an earthquake fault[END_REF][START_REF] Barka | Strike-slip fault geometry in Turkey[END_REF][START_REF] Manighetti | Generic along-strike segmentation of Afar normal faults, East Africa: Implications on fault growth and stress heterogeneity on seismogenic fault planes[END_REF][START_REF] Shaw | Initiation propagation and termination of elastodynamic ruptures associated with segmentation of faults and shaking hazard[END_REF]. The secondary structures are possibly oblique thrusts and folds formed in a transpressive regime during the southern propagation of the San Andreas Fault (e.g. [START_REF] Perrin | Off-fault tip splay networks: A genetic and generic property of faults indicative of their long-term propagation[END_REF]Titus et al., 2011 and references therein). Their obliquity varies depending on the distance from the main San Andreas Fault [START_REF] Titus | Geologic versus geodetic deformation adjacent to the San Andreas fault, central California[END_REF] and some of them could be still potentially active (ex: the 1983, Mw 6.2 Coalinga thrust earthquake, [START_REF] Stein | Seismic potential revealed by surface folding: 1983 Coalinga, California, earthquake[END_REF][START_REF] Das | An elliptical asperity in shear: fracture process and seismic radiation[END_REF], Mw 6.1 Kettleman Hills thrust earthquake, Ekström et al., 1992). The diffuse seismicity around Middle Mountain (Fig. 1, 2, S1, S4 and S5) might be explained by the presence of these secondary faults in the crustal medium surrounding the main San Andreas Fault. Yet, it seems unlikely that the presence of the stuck patch randomly coincides or results from the presence of the structural complexities. The San Andreas fault is a large cumulative slip fault with a very smooth (i.e., linear) surface fault trace along the central section (Wesnousky, 1988), except at the tips of the Parkfield section. Thus, it is necessary to find another mechanism responsible for the local twist of the fault plane. We propose a second, more likely, hypothesis: the local structural complexities were lately formed by the torque of the fault plane due to the presence of a locked fault patch surrounded by creeping zones at depth. Thus, secondary geological fault traces at MM and GH-CH should be considered in the common view of the active fault traces in California. They reflect the stress concentrations at the tip of the stuck patch at depth but can also enhance them. The geometrical complexities are marked by a wider distribution of the seismicity (Fig. 2d and Supplementary Fig. S4 andS5), associated with a deflection of the San Andreas fault plane (Fig. 8 and Supplementary Fig. S6). Finally, the flower structure shape highlighted in our model (Fig. 6b) is in good agreement with the development of secondary structures at depth that widen towards the surface (Fig. 1d and Supplementary Fig. S6). [START_REF] Simpson | San Andreas fault geometry in the Parkfield, California, region[END_REF], using geological and geodetical observations in addition to the 2004 aftershock locations of [START_REF] Thurber | Three-Dimensional Compressional Wavespeed Model, Earthquake Relocations, and Focal Mechanisms for the Parkfield, California, Region[END_REF], interpreted a deflection of the active San Andreas fault near GH-CH along the vertical axis in the upper ~6 km from its surface expression as the result of non-elastic behavior of upper crustal rock units. Our observation of a systematic change in fault dip along the entire Parkfield section from MM to GH-CH suggests an additional torque along the horizontal axis that causes the helicoidal nature of the three-dimensional fault plane, as shown in our model (Fig. 6). This shape is not predicted by the 2D numerical model in [START_REF] Simpson | San Andreas fault geometry in the Parkfield, California, region[END_REF], which considers a constant, near-vertical dip at depth to obtain a warp in the fault plane with a major deflection at GH-CH, but not at MM. They suggest that the warp is due to slip in the creeping zone (including the Parkfield stuck patch), which results in inelastic deformation that is not released further to the south by large events similar to the 1857 earthquake. Our model of the helicoidal twist is based on the long-term difference in strength between persistent structures that represent stuck and creeping areas, and hence does not require inelasticity with such a short time constant.

Interpretations and numerical modeling of the twist at Parkfield: strengths and limitations

The high friction patch (µ ~0.6) is velocity weakening and so exhibits an earthquake cycle. It is embedded in a region of low friction (µ ~0.2) which continuously slides in a stable manner. This strength contrast will place a clockwise torque on the system which by slow inelastic deformation over geologic time has twisted the fault. In this regard, our numerical models serve only two purposes: i) to demonstrate that the clockwise torque can arise from the assumed contrast in frictional strength along the Parkfield section and ii) to show that the clockwise torque can be sustained over many earthquake cycles on the high-friction patch.

In our model, the shear stress magnitude is significant (~100 MPa) and the correspondend principle between the linear elastic and the linear viscoelastic strain implies, over the long term, that our model's strain field could induce the development of permanent inelastic deformation in the upper part of the crust. This deformation might correspond to the secondary faults and fractures observed at surface and at depth at the tips of the stuck patch. More sophisticated fault and material models would be needed to investigate a causal relationship between the helicoidal twist of the stuck patch and the formation of secondary structures.

Our model indicates lateral deformation of the San Andreas fault of 1.5 m to 2 m at MM and 1.3 m to 2.5 m at GH (at surface and at depth, respectively) after 160 m of cumulative slip. Considering the current total cumulative slip around Parkfield since the fault initiation (i.e. ~315 km; [START_REF] Crowell | The San Andreas fault system through time[END_REF]Revenaugh and Reasoner, 1997 and references therein), it would imply a total northeastern fault deformation of ~3 to ~4 km and ~2.5 to ~5 km at MM and GH, respectively. While this deformation is comparable observations at GH (~2 km wide step-over at the surface), it is not the case at MM. However, we note that our model has exaggerated contrast in friction strength between the patch and the creeping section. Increasing the friction coefficient of the creeping section to 0.2, compared to 0.1 used here, would possibly subdue the amount of the northeastern fault deformation. In addition, our model does not include the development of new secondary faults and fractures, which may have been created in the surrounding medium to accommodate the deflection of the San Andreas fault, just like the ~5 km wide zone of deformation identified at MM (see Fig. 1 and Thayer, 2006).

Additional minor faults might be also present but they have been possibly eroded or hidden under sedimentary deposits.

Finally, we remind that our model is a simplified view that cannot exactly reproduce the deformation pattern of the San Andreas fault at Parkfield. The results are sensitive to the initial conditions (i.e. relative location of the stuck patch at depth and connection with the locked section in the south). For instance, we assume a vertical initial fault dip and the model does not reproduce the NE dip of the fault in the creeping section (Fig. 2c). On the other hand, we are not sure that this dip is related to the torque of the fault plane due to the presence of the stuck patch or rather to the initial fault dip of the San Andreas fault. All these parameters were not explored in this study and need to be tested in future models. Our model is used here to show that the right lateral motion and the change in fault sip behavior due to the presence of the stuck patch are in good agreement with the torque highlighted in our observations. The resulting stress and displacement values should be used with caution.

Impact of fault structures on the seismicity behavior and the earthquake cycle

Our results confirm that major structural discontinuities, such as secondary reverse and normal faults, are present at the surface near the transitions between the Parkfield and creeping sections at MM, and the Parkfield and Cholame sections near GH-CH (Fig. 1).

Fine-scale analysis of the seismicity indicates that these structural complexities extend at depth and correlate with the vertices of the elliptical stuck patch that ruptures in M6 events (Fig. 2 and3). It is recognized that aftershocks occur mostly at the edges of regions experiencing high coseismic slip or in areas of low coseismic slip (e.g., [START_REF] Mendoza | Aftershock patterns and main shock faulting[END_REF], regardless of initial stress conditions. Along the Parkfield section, earthquake locations in both the post-seismic and interseismic periods over one and a half seismic cycles delineate the margins of the stuck patch (i.e. transition between locked and creeping areas on the fault; Fig. 2 and3). Especially, figure 3d updates the common view of the "stationary" seismicity around the stuck patch, going through a new interseismic period, during the decade following the 2004 earthquake. Therefore, our observations indicate that the stress concentrations that surround the stuck patch and therefore the stuck patch itself are long-term permanent features controlling the rupture process.

Based on the results from our model (Fig. 7), we schematize in Fig. 9 the state of stress and seismicity distribution on the fault plane. The seismicity distribution reflects significant stress concentrations between creeping regions, which are velocity strengthening and hence frictionally stable, and the locked region (i.e. stuck patch), which is velocity weakening and hence unstable. During interseismic periods (stage 1 in Fig. 9), the stress increases on the stuck patch relative to the surrounding creeping regions and higher stress concentrations are localized at the edge of the stuck patch. The resulting stress concentrations lead to higher seismic activity at the transition between locked and creeping regions. Coseismic slip produces surrounding stress concentrations during the postseismic period (stage 2 in Fig. 9) which also induces enhanced seismicity in that area. Then, the stress accumulates again along the locked section during the following interseismic period (stage 3 in Fig. 9), producing a similar behavior as in stage 1.

Our model shows that the long-term deformation of the fault plane is prominent at the along-strike extremities of the stuck patch (Fig. 5 and6), leading to a concentration of stress and strain that can affect the seismic cycle. These zones also correspond to the nucleation locations of the 1934[START_REF] Mcevilly | The Parkfield, California, earthquakes of[END_REF][START_REF] Waldhauser | Streaks, multiplets, and holes: High-resolution spatio-temporal behavior of Parkfield seismicity[END_REF]earthquakes (Bakun et al., 2005;;[START_REF] Bakun | Earthquakes near Parkfield, California: Comparing the 1934 and 1966 Sequences[END_REF]. This behavior is also expected from results of dynamic modeling [START_REF] Das | An elliptical asperity in shear: fracture process and seismic radiation[END_REF] of rupture of an elliptical asperity, where the stress concentrations reach a maximum at the vertices of the semi-major axes of the ellipse.

The rupture terminates shortly after it impinges on the velocity-strengthening region.

This constitutes a stability barrier, as demonstrated by [START_REF] Kaneko | Towards inferring earthquake patterns from geodetic observations of interseismic coupling[END_REF]. However, recent studies [START_REF] Noda | Stable creeping fault segments can become destructive as a result of dynamic weakening[END_REF] show that some earthquake ruptures might also propagate through creeping areas that were considered to be barriers. The similarity of slip distribution of Parkfield earthquakes seems to suggest that the creeping zones stop rupture propagation at least for M6 and smaller earthquakes. The observation of logarithmically decaying afterslip sequences in the creeping section above the stuck patch following both the 1966 and 2004 earthquakes (e.g. [START_REF] Barbot | Postseismic deformation due to the Mw 6.0 2004 Parkfield earthquake: Stress-driven creep on a fault with spatially variable rateand-state friction parameters[END_REF][START_REF] Langbein | Coseismic and initial postseismic deformation from the 2004 Parkfield, California, earthquake, observed by global positioning system, electronic distance meter, creepmeters, and borehole strainmeters[END_REF][START_REF] Murray | Slip on the San Andreas fault at Parkfield, California, over two earthquake cycles, and the implications for seismic hazard[END_REF][START_REF] Scholz | Seismic and aseismic slip on the San Andreas Fault[END_REF] is consistent with the model of [START_REF] Marone | On the mechanics of earthquake afterslip[END_REF], in which a velocity strengthening region overlies a velocity weakening one.

Conclusions

We present a model based on geological surface observations and seismological observations at depth in which the three-dimensional structural complexities near MM and GH of the San Andreas Fault originate from the presence of a stuck patch surrounded by a creeping zone at Parkfield. The progressive helicoidal twist of the fault plane is due to a torque arising from the contrast in frictional strength between the stuck patch and the surrounding weak creeping area. The complex structures at each end of the helicoid result from the stress concentrations at these locations. They are characterized by complex reverse and normal faulting at the surface and diffuse seismicity at depth. These structural complexities are permanent features, playing an important role in stress concentrations and occurrence of M6 earthquakes at Parkfield. Faults are laterally segmented along their traces. In the early stages of their evolution, the fault segments are separated by geometrical discontinuities possibly formed by small secondary faults and fractures As the fault grows and lengthens through time, fault segments tend to become more and more connected and the lateral discontinuities in between smoothed out (e.g. Manighetti et al., 2015 and references therein). The main strand of the San Andreas fault at Parkfield is extraordinarily smooth, as a result of its large cumulative slip (Wesnousky, 1988); the 2-km fault offset at GH-CH being a notable exception. We find that this offset is a constructive edifice resulting in the strength contrast in the fault at this locality. This example of fault roughening with slip is in contrast to the generally assumed smoothing of fully locked faults at they become more mature.
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