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Abstract  15 

Transient fault slip spans time scales from tens of seconds of earthquake rupture to years of 16 

aseismic afterslip. So far, seismic and geodetic recordings of these two phenomena have 17 

primarily been studied separately and mostly with a focus on kinematic aspects, which limits 18 

our physical understanding of the interplay between seismic and aseismic slip. Here we 19 

employ a Bayesian dynamic source inversion method, based on laboratory-derived friction 20 

laws, to constrain fault stress and friction properties by joint quantitative modeling of 21 

coseismic and postseismic observations. Analysis of the well-recorded 2014 South Napa, 22 

California earthquake shows how the stressing and frictional conditions on the fault govern 23 

the spatial separation between shallow coseismic and postseismic slip, the progression of 24 

afterslip driving deep off-fault aftershocks, and the oblique ribbon-like rupture shape. Such 25 

inferences of stress and frictional rheology can advance our understanding of earthquake 26 

physics and pave the way for self-consistent cross-scale seismic hazard assessment. 27 

Teaser  28 

The first physics-based inverse modeling constraining stress and friction driving fault slip 29 
from seconds to weeks. 30 
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Introduction 31 

Seismic and aseismic slip are two primary modes of fault behavior whose spatial distribution 32 

controls the earthquake potential of a fault and may inform on its mechanical properties. 33 

Seismic and aseismic slip tend to occur on separated areas of a fault (1), as manifested in 34 

the large-scale division of faults into creeping and locked segments and in the modest 35 

spatial overlap between co-seismic slip and afterslip. Earthquakes occur in the locked 36 

portion of faults and originate in the seismogenic zone, surrounded by predominantly 37 

aseismic slip at the top and bottom. Several physical mechanisms might determine the 38 

seismic or creep behavior of a fault. For example, aseismic behavior close to the surface has 39 

been attributed to the presence of fault gouge with low confining stresses (2), and the 40 

seismogenic depth is bounded by a temperature-controlled transition to plastic sliding (3). 41 

Additionally, changes in lithology (4) or pore pressure (5, 6) can influence the preferred type 42 

of slip. 43 

A commonly observed form of transient aseismic slip is the afterslip that follows earthquakes 44 

in areas adjoining their seismic rupture (1, 7). There is a large variability in the amount of 45 

afterslip following different earthquakes (8), which indicates a complicated relationship 46 

between physical conditions on the fault and co- and postseismic slip. Postseismic slip can 47 

occur close to the surface (1), in areas that show a coseismic slip deficit (9). A well known 48 

example of a fault that generates ample seismic and postseismic slip is the Parkfield 49 

segment of the San Andreas fault, which produced a series of Mw6 earthquakes in the 19th 50 

and 20th centuries (10). The most recent event occurred in 2004, releasing twice as much 51 

moment postseismically than coseismically, and was a subject of physics-based studies of 52 

transient slip (11). 53 

Physics-based modeling, including dynamic source inversion, is one approach to advance 54 

our fundamental understanding of the partitioning between seismic and aseismic slip. Rate-55 

and-state friction laws (12, 13, 14, 15), based on laboratory experiments at relatively low slip 56 

rates, offer a framework that allows explaining both seismic and aseismic phenomena in 57 

dynamic models. A fault can be partitioned into seismic and aseismic portions by its spatially 58 

heterogeneous frictional properties (1, 13, 16). In particular, steady-state friction can be 59 

velocity-weakening (potentially unstable, seismic) or velocity-strengthening (dominantly 60 

aseismic). The framework can be extended to higher slip rates, relevant to co-seismic slip, 61 

by introducing a fast-velocity-weakening mechanism. Indeed, high-speed friction 62 

experiments (17, 18) show that a range of fault materials weaken substantially at slip rates 63 

above ~0.1 m/s (19), which has been attributed to thermally activated processes such as 64 

flash heating (20). Incorporating fast-velocity-weakening friction into the rate-and-state 65 

earthquake model (21, 22, 23) leads to qualitative changes in its behavior as dynamic 66 

strength is close to zero, and the difference between prestress and static strength increases 67 

(20). Moreover, fault areas that are velocity-strengthening at low slip rate may switch to 68 

velocity-weakening behavior at fast slip rates, as was suggested for the Tohoku earthquake 69 

(24) and observed in laboratory experiments under conditions with increasing normal stress 70 

(25). A primary goal of the dynamic source inversion proposed here is to infer the friction 71 

properties of a fault based on observations of co- and postseismic slip. 72 
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The August 24th 2014 Mw 6.0 South Napa, California earthquake has a particularly well-73 

documented abundance of coseismic and postseismic slip, making it a good target for 74 

dynamic source inversion. It ruptured one of the recently mapped branches of the West 75 

Napa fault (26). The earthquake’s right-lateral strike-slip mechanism is consistent with the 76 

orientation of this fault. The shallow part of the fault (< 3 km depth) span two lithological units 77 

(27): the northern half is positioned on the contact between Cretaceous rocks (sandstone, 78 

melange, etc.) from the Franciscan Complex and Cenozoic sediments, while the southern 79 

half of the fault goes below the Napa River and is embedded in a layer of Quaternary 80 

sediments (28, 29, 30) whose thickness increases in the southward direction from 1.5 km to 81 

more than 2 km (see Fig. 1a for the fault position with respect to the regional geology).  82 

The 2014 South Napa earthquake is well studied, including measurements of surface slip 83 

and afterslip over the whole length of the rupture (31, 32). Kinematic studies of coseismic 84 

and postseismic slip (29, 33, 34, 35) agree on the main source characteristics. The rupture 85 

nucleated at 10 km depth and propagated up-dip and northwards for 8-10 seconds along 13 86 

km distance, generating strong seismic waves amplified towards the north due to the source 87 

directivity and a sedimentary basin (34). The event produced a 12 km long surface rupture 88 

and rapid shallow afterslip (29, 36). It was also followed by approximately one thousand 89 

aftershocks that occurred mostly below the coseismic rupture (37). While most of the shallow 90 

coseismic slip was concentrated in the northern half of the rupture, an unusually large 91 

shallow afterslip occurred on the southern half, starting three hours after the earthquake and 92 

continuing over the next several months (36). This spatial difference in the release of shallow 93 

slip has been attributed to spatial variability of either the local geology (29, 36) or the 94 

coseismic stress changes (38). 95 

This paper provides a unifying dynamic model of the 2014 South Napa coseismic rupture 96 

and subsequent afterslip based on rate-and-state friction with fast-velocity-weakening effect 97 

(21) included. To this aim, we extend the Bayesian dynamic inversion method (39) to 98 

integrate seismic and geodetic data on diverse timescales from seconds to months. The 99 

inferred rupture properties reconcile and refine previous independent studies. In addition, the 100 

dynamic inversion results enable new physical interpretations of the connection between 101 

lithology and friction properties, and insights on the role of enhanced weakening in rupture 102 

propagation and on the mechanisms of coexistence of seismic and aseismic slip on a fault. 103 

We further examine the effects of heterogeneous dynamic parameters on the rupture 104 

propagation and arrest, showing that heightened prestress drove coseismic rupture at depth 105 

while velocity-strengthening was the main arresting mechanism near the surface. We also 106 

show how spatially heterogeneous frictional rheology impacts the development of both co- 107 

and postseismic slip in the shallow zone, affecting the time scale over which slip is released. 108 

Additionally, we suggest that spatially limited afterslip had a role in triggering off-fault 109 

aftershocks, which were mainly observed below the coseismic rupture. 110 

Results 111 

Our Bayesian dynamic inversion aims at constraining the friction parameters and initial fault 112 

stresses that govern the space-time evolution of both seismic and postseismic slip, and 113 

produce ground motions consistent with seismic and geodetic data. We assume a vertical 114 
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planar fault of 20 km x 15 km size that reaches the surface and has a strike of 165° (Fig. 1a), 115 

which is a simplified representation of the geometry constrained by the position of the 116 

surface rupture and relocated aftershocks (37). The set of dynamic model parameters 117 

determined by the inversion procedure are shear prestres 𝑇0, direct-effect parameter 𝑎, 118 

state-evolution parameter 𝑏, reference friction 𝑓0, and characteristic slip distance 𝐿 as 2D 119 

fields, and weakening velocity ṡ𝑤 and initial velocity ṡ𝑖𝑛𝑖 as 2D fields on the smaller (velocity-120 

strengthening) portion of the fault. The friction law, simulation techniques, data errors, model 121 

parameterization, and sampling of the posterior probability density function (pPDF) are 122 

described in section Materials and Methods. The result of the inversion is an ensemble of 123 

models with spatially varying dynamic rupture parameters, statistically representing samples 124 

of the pPDF.  125 

We model data from ten near-source strong-motion accelerometers, seven continuous GPS 126 

stations, and four alignment arrays capturing surface fault offsets (31, 40) at vineyards 127 

crossing the fault (see Fig. 1a for their position with respect to the fault). Additionally, forward 128 

modeling of a larger dataset of coseismic GPS displacements is used for verification of the 129 

inversion results. We use a 1D layered crustal velocity profile based on the GIL-7 model (42) 130 

with added low-velocity surface layers. We consider the frequency range of 0.05-0.5 Hz for 131 

the seismograms and daily-sampled GPS displacements (the original dataset from 132 

UNAVCO, URL provided in Acknowledgments section). Alignment array measurements 133 

were irregular in time, so we use all accessible data points from four sites where significant 134 

afterslip was detected (initial measurements were two to five days after the earthquake, two 135 

more in the first ten days, and two more between 10 and 30 days). Data from both GPS and 136 

alignment arrays are considered in the first 30 days after the earthquake. 137 

Figs. 1b and 1c compare the coseismic data with our best-fitting model, which has a 138 

variance reduction of 0.49 for seismograms. The figures also display the statistical variability 139 

of the simulated data due to the model uncertainty using kernel density estimates (KDE) of 140 

the posteriors, representing histograms smoothed by a Gaussian function (43). The fit is 141 

generally good; we attribute the major portion of the data misfit to unmodeled 3D Earth 142 

structure in the velocity model and non-planar non-vertical geometry of the real fault. 143 

Postseismic displacements at GPS stations and alignment arrays are displayed in Figs. 1d 144 

and 1e, respectively. We note that the displacements recorded by the GPS stations are of 145 

the order of 1 cm only due to the rather large distance of the stations from the fault and the 146 

moderate size of the earthquake. Nevertheless, the fit is still good despite postseismic 147 

displacement amplitudes being much lower than amplitudes of seismograms or alignment 148 

arrays displacements. The fit of the coseismic GPS displacements used for verification is 149 

comparable with the fit of those used for inversion (see Fig S5). The surface slip 150 

measurements provide significant constraints on afterslip. They are fitted very well due to 151 

their relatively high implicit weights in the inversion and lack of direct trade-offs with the other 152 

data. The total variance reduction of all GPS data is 0.63. 153 

Kinematic properties and stress drop 154 

Coseismic ruptures in our model ensemble nucleate at a mean depth of 10.46 ± 0.30 km and 155 

propagate upwards and to the north. They create two major patches of coseismic slip at 3 156 
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and 6 km depths (Fig. 2a), coinciding with the maximum stress drop areas, which reach 157 

locally 50 MPa (Fig. 2d). The coseismic rupture propagates for about 8 s at an average 158 

speed of ~2.4 km/s, releasing a seismic moment of (1.97 ±  0.10) × 1018 Nm. More than 159 

90% (1.9 × 1018 Nm) of the moment is released within the first five seconds. Rise time 160 

fluctuates between 0.5 and 1 s and increases above 1 s in the shallowest 2 km. The rupture 161 

reaches the surface, over a length of more than 5 km. The final ruptured area attains a 162 

ribbon-like shape of width ~5 km and length ~12 km, and its major axis shows an unusual 163 

oblique orientation. Areas of shear stress increase (Fig. 2d) concentrate around the rupture 164 

edges. 165 

Postseismic slip evolves continuously after the coseismic slip around most of the rupture 166 

area. In particular, shallow afterslip starts within 20-24 hours from the southern side of the 167 

coseismic rupture (~8 km along strike, see Fig. 2b) and expands rapidly in the first three 168 

days at ~1.5 km/day towards the south. Expansion continues over the whole modeled period 169 

of 30 days, albeit with decreasing rate. This produces a significant (~14 MPa) postseismic 170 

stress drop comparable with coseismic stress drop at the same depths. We observe also 171 

~10 cm of shallow postseismic slip even at the northern (coseismically ruptured) portion of 172 

the fault (Fig. 4c), in agreement with the shallow slip measurements (31). 173 

Smaller patches of significant afterslip (with a maximum of ~0.4 m) are located at about 7.5 174 

km depth, partially overlapping with coseismic rupture. Some of our models show additional 175 

patches of afterslip further away from the earthquake, which we consider unconstrained due 176 

to their highly variable occurrence among models and minimal impact on synthetic data. 177 

Overall, the postseismic slip increases the total seismic moment of the earthquake by ~40%, 178 

with a ~15% increase happening during the first day after the earthquake (see Fig. S4). 179 

Deep postseismic slip mostly happens in the first week after the earthquake, while shallow 180 

slip unfolds over a longer period of time (see Fig. S4). 181 

Frictional properties 182 

The rupture properties described above stem from the dynamic rupture models, whose 183 

parameters are constrained by the inversion. A parameter of particular interest is (b-a), 184 

which quantifies the relative importance between direct and evolution effects of rate-and-185 

state friction, and controls the stability of slip: positive values are associated with velocity-186 

weakening frictional behavior and unstable slip, while negative values imply velocity-187 

strengthening and stable slip. Another important dynamic parameter is initial shear stress 𝑇0. 188 

We show ensemble averages of spatial distributions of (b-a) and 𝑇0 along the fault in Figs. 189 

3a and 3b and their uncertainties in Figs. 3c and 3d, respectively. Supplementary Figures S1 190 

and S2 show all the other inverted parameters. We discuss only dynamic parameters in the 191 

slip area and closely adjoining regions of the fault, where we can consider them well 192 

constrained by data. The along-fault width of this zone of interest expands from 5-6 km at 193 

depth to 15 km near the surface, due to the presence of significant shallow afterslip. To 194 

facilitate discussion about the depth dependence of friction, we also show depth profiles of 195 

selected parameters in Fig. 3e, calculated as horizontal averages over the slip region. 196 
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Stresses in the shallow zone, above 5 km depth, decrease with decreasing depth. This is the 197 

case for both the normal stress set a priori (see section Materials and Methods for details) 198 

and the shear stress constrained by the inversion. The shallow zone hosts a combination of 199 

frictional parameters that limit rupture propagation and stabilize the fault, reducing both 200 

rupture speed and peak slip rates: velocity-strengthening rheology, increasing characteristic 201 

slip distance L up to ~ 1.5 m, weakening velocity up to 3 m/s, and values of reference friction 202 

𝑓0 above 1. We note that the large values of 𝑓0 found at shallow depth are unusual for rocks 203 

but can be attributed to cohesion (see Materials and Methods). The horizontal transition 204 

zone between coseismic and postseismic rupture areas (7-12 km along strike) is 205 

characterized by low prestress and more velocity-neutral friction (b-a close to zero), and 206 

overlaps with both a change in lithology and a geometrical feature where the mapped fault 207 

starts to bend more towards the west. The strengthening rheology of the afterslip area is 208 

more pronounced in the south with (b-a)~-0.01 as opposed to -0.005 in the northern part. 209 

The high relative standard deviation of 𝑇0 in the shallow postseismic zone is a manifestation 210 

of a strong trade-off between 𝑇0 and 𝑓0 (Fig. 4a) – we note that the two apparent clusters in 211 

Fig 4a are caused by imperfect posterior sampling. 212 

At greater depths (Fig. 3e), the main coseismic rupture area is dominated by velocity-213 

weakening friction (b-a>0), low values of the rate-and-state characteristic slip distance L ~ 214 

0.25 m and weakening velocity 0.1 m/s, while reference friction 𝑓0 is still relatively high 215 

(~0.75). The (b-a) parameter has higher uncertainty here than in other (strengthening) parts 216 

of the fault, most likely due to the dominant fast-velocity-weakening effect at high slip rates. 217 

On the other hand, the relative standard deviation of prestress (~ 0.01) is minimal in the 218 

coseismic zone, as it is well constrained by seismic waves originating from this area. 219 

Significant heterogeneity exists in dynamic parameters around the 7.5 km depth overlapping 220 

with the patch of significant deep afterslip. Friction becomes velocity-strengthening due to 221 

the increase in a, while 𝑓0 decreases to 0.55. Other dynamic parameters (L, weakening 222 

velocity) have values similar to those in the coseismic region. The fracture and radiated 223 

energies are (9.2 ± 0.8) MJ/m2 and (4.5 ± 0.7) MJ/m2, respectively. The radiation efficiency 224 

of the earthquake is thus 0.33 ± 0.11. 225 

Discussion 226 

We have conducted a Bayesian dynamic inversion of the 2014 South Napa earthquake, 227 

creating a set of ~7500 models that help explain both coseismic and postseismic data in a 228 

unified framework of the rate-and-state fast-velocity-weakening friction law. The model 229 

describes frictional behavior over a wide range of time scales, from coseismic seconds to 230 

postseismic weeks. The simulations are enabled by a combination of fully dynamic and 231 

quasidynamic modeling of the coseismic and postseismic phases, respectively. The resulting 232 

main source features are consistent with those identified by previous analyses of the 233 

coseismic and postseismic data. In particular, the inferred coseismic upward and northward 234 

rupture propagation with two main patches of slip and the position of significant shallow 235 

afterslip are consistent with published measurements (31, 32, 36) and kinematic models (29; 236 

33, 34, 38, 44). 237 
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The joint modeling of earthquake slip and afterslip allows us to constrain dynamic 238 

parameters on larger portions of the fault than only coseismic dynamic inversion would. This 239 

is enabled by the fact that inferred coseismic and postseismic slips are spatially 240 

complementary, although some afterslip takes place in the coseismic area, especially near 241 

its border. The central part of the coseismic zone is dominated by velocity-weakening (b-242 

a>0) friction. Still, the rupture also propagates through velocity-strengthening (b-a<0) areas 243 

near the free surface and above the hypocenter at about 7.5 km depth. The shallow zone is 244 

of particular interest because it hosts a transition from seismic to aseismic slip, which occurs 245 

over a short distance of 1 km, in agreement with the surface measurements. Additionally, the 246 

shallow afterslip rate is spatially heterogeneous, being faster near the coseismic zone than 247 

further away. These complexities are encoded in the dynamic parameters, in particular (b-a). 248 

The deeper strengthening zone ruptured coseismically, but also hosted significant afterslip, 249 

triggering aftershocks off the fault and below the coseismic rupture. Below we discuss and 250 

interpret those important features in detail. 251 

Coseismic rupture arrest 252 

We find evidence for different mechanisms driving rupture arrest at deep and shallow 253 

depths. At seismogenic depths, in areas between 5 and 10 km depth that are well within the 254 

rupture, slip rates exceed the weakening velocity, and thus friction drops close to the fully 255 

weakened friction coefficient 𝑓𝑤. This is not the case close to the rupture edges as we 256 

demonstrate in Fig. 4b, which shows an estimate of the dynamic stress drop assuming slip 257 

rate lower than the weakening velocity. The large negative stress drop values at the edges  258 

suggest that the arrest is primarily driven by low prestress 𝑇0 with respect to the residual 259 

strength. As the rupture approaches the low-prestress barrier, it slows down, and its peak 260 

slip rate diminishes (as expected from theoretical arguments, 45), which eventually prevents 261 

the fast-velocity-weakening effect. Closer to the surface, the strength excess decreases, and 262 

the velocity-strengthening effect gains importance as the rupture arrest mechanism by 263 

keeping the peak slip rates below the fast-velocity weakening limit. This is especially the 264 

case in the shallow southern portion of the fault. 265 

The velocity-strengthening zone at 7.5 km depth is an exception to this picture, as the 266 

difference between initial stress and reference friction is much lower there (also see the 267 

small stress drop estimate in Fig. 4b). This feature slows down the coseismic rupture, but 268 

also produces a patch of large afterslip (Fig. 2e). Low prestress is our preferred rupture 269 

arrest mechanism at large depth because the alternative, velocity-strengthening friction, 270 

would induce larger deep afterslip that would be inconsistent with the GPS data. 271 

Interplay between coseismic and postseismic rupture at shallow 272 

depths 273 

The unique feature of our modeling is to adopt a single friction law for both the coseismic 274 

and postseismic rupture, in contrast to their independent treatment in previous works (e.g., 275 

46, 47, 48). In the case of the South Napa earthquake, the shallow zone above 3 km depth 276 

hosts an abrupt horizontal change from seismic to aseismic rupture. The northern portion of 277 
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the shallow fault ruptured coseismically, switching within ~1 km to the south to primarily 278 

postseismic rupture (Fig 3b). The total shallow slip (co- and postseismic) has two local 279 

maxima, one in the coseismic zone at around 6 km along strike and one in the postseismic 280 

zone at 11 km along strike (Fig. 4c). The local minimum (~9 km along strike) coincides with 281 

the border between the coseismic and postseismic slip areas and is associated also with 282 

nearly zero total stress drop (Fig. 2f). These characteristics are well constrained by data 283 

from the alignment arrays and are in good agreement with previous models of shallow slip 284 

(e.g., 31). 285 

The distribution of frictional properties in our results (Figs. 3b and 4b) shows that the whole 286 

shallow part of the fault is velocity-strengthening, including the coseismic portion. This 287 

feature of rate-and-state dynamic models is implied by physical mechanisms (low normal 288 

stresses, temperature, unconsolidated gouge) described in the Introduction. Further 289 

modelling investigations (49) suggest that this shallow layer significantly reduces the 290 

potential for large coseismic surface rupture and accompanying large seismic wave radiation 291 

(unusual for natural earthquakes) in comparison with purely velocity-weakening models. 292 

The along-strike distribution of (b-a) (Fig. 4d) shows a clear difference between the 293 

coseismic (~-0.005) and postseismic (~-0.01) areas. This change in (b-a) coincides with the 294 

transition between Cretaceous rocks to the north and younger Quaternary sediments in the 295 

south (Figs. 1a and 4a). As the unusual properties of the 2014 South Napa earthquake 296 

(shallow afterslip, position of the coseismic slip) are at least partially governed by this 297 

change in frictional rheology, the rupture propagation was clearly affected by the transition 298 

between the two lithological units. This division between cretaceous rocks and quaternary 299 

sediments happens only in the near surface region, while the rest of coseismic slip occurred 300 

at larger depths where the lithology is composed of Cretaceous rocks (27). After the 301 

coseismic rupture propagates through this deeper area and arrives at the shallow layer, it 302 

continues only in the rock (northern) part of the fault, being impeded in the (southern) 303 

sedimentary part of the fault where a complementary afterslip develops subsequently. We 304 

suggest this mechanism to be responsible for the ribbon-like shape of the coseismic rupture. 305 

Variability in the shallow postseismic slip 306 

The evolution of shallow postseismic slip is spatially heterogeneous. Fig. 4d shows the 307 

afterslip at three nearby points located from 10 to 15 km along strike. The temporal behavior 308 

varies both in amplitude and characteristic decay time. This is well constrained by the 309 

surface data and was also identified in kinematic inversions of afterslip (29). In our dynamic 310 

model, the difference is facilitated by along-strike variations of (b-a), see Fig. 4d. The value 311 

of (b-a) affects the time scales over which afterslip develops, as can be seen from a simple 312 

spring slider model (1, 50, 51), for which afterslip 𝑠(𝑡) develops logarithmically with time 𝑡: 313 

𝑠(𝑡) = 𝜎𝑛
𝑎−𝑏

𝑘
log(

𝑣𝑖𝑡

𝜎𝑛
𝑎−𝑏

𝑘

+ 1).   (1) 314 

In addition to (b-a), the temporal evolution of afterslip depends on effective normal stress 𝜎𝑛, 315 

stiffness 𝑘 (that scales with shear modulus 𝜇 and the inverse of patch size) and initial 316 
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velocity 𝑣𝑖. The normal stress and stiffness can be assumed constant in the horizontal 317 

direction (with the potential exception of lateral variations in fluid pressure that are beyond 318 

the scope of this paper), while the initial velocity is higher at the northern part, where the slip 319 

initiated during the coseismic phase.  320 

We show the development of shallow afterslip in Fig. 4d, as calculated at three points near 321 

the surface (at 200 m depth) located from 10 to 15 km along strike. The positions were 322 

chosen to show the impact of different values of (b-a) changing from ~0 to -0.01 over 2 km. 323 

Afterslip starts much quicker close to the coseismic rupture where (b-a) is close to zero. The 324 

characteristic decay time of afterslip then clearly increases further to the south as (b-a) 325 

approaches -0.01. The afterslip develops under non-steady-state conditions in 3D models, 326 

and therefore does not entirely conform to the simplified logarithmic formula derived for a 1D 327 

spring-slider, but its basic properties do hold. This short-distance variability in afterslip is a 328 

further example of the strong impact of fault lithology on rupture development. Whether it is 329 

driven by small-scale changes in mineral composition or pore pressure along the boundary 330 

between rocks and sediments remains an open issue. 331 

Interplay between coseismic and postseismic rupture in the 332 

deep velocity-strengthening zone 333 

The velocity-strengthening zone at 7.5 km depth (Fig. 3b) is a major finding of our modeling. 334 

The zone manages to rupture coseismically due to the lowered friction 𝑓0. Coseismic slip 335 

(and stress drop) is significantly lower here than in other (velocity-weakening) parts, which is 336 

consistent with coseismic kinematic inversions (33, 34). Upward propagating coseismic 337 

rupture was followed by significant deep afterslip (up to 0.4 m, see Fig. 2b) that also 338 

expanded out of the coseismic area. It is still concentrated to a relatively small patch, making 339 

its signature in the postseismic data relatively weak. Indeed, removing this afterslip patch 340 

from the model results in only a minimal change of the misfit (1-2%). Based on this, we 341 

suggest that the appearance of this velocity-strengthening zone is constrained by the 342 

dynamics of the coseismic rupture, whereas its afterslip is rather a by-product. 343 

The deep afterslip can be indirectly corroborated by the appearance of off-fault aftershocks 344 

(37) that appear below the coseismic rupture with significant concentration around the area 345 

(Fig. 2b). Fig. 4e shows the time development of the aftershock rate obtained by counting 346 

the aftershocks in the area outlined in Fig. 4b. The temporal decay of aftershock rate follows 347 

Omori’s law and is very similar to the evolution of stress rate obtained from the middle of the 348 

strengthening area, pointing to their possible driving by the deeper afterslip. While we use 349 

the aftershock rate to only confirm a stress trend in the strengthening zone, the addition of 350 

aftershock rate in the inversion directly as a measure of stress rate can be an additional 351 

piece of data to further constrain the postseismic model (52). 352 
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Materials and Methods 353 

Friction law 354 

In our model, coseismic and postseismic slip are governed by rate-and-state friction with 355 

fast-velocity-weakening (21): 356 

𝑆 = 𝜎𝑛𝑎 arcsinh [
ṡ

2ṡ0
exp(

𝛹

𝑎
)]    (2) 357 

𝑑𝛹

𝑑𝑡
= −

ṡ

𝐿
(𝛹 − 𝛹𝑆𝑆)       (3) 358 

𝛹𝑆𝑆 = 𝑎 𝑙𝑜𝑔 [
2ṡ0

ṡ
sinh(

𝑓𝑆𝑆

𝑎
)]      (4) 359 

𝑓𝑆𝑆 = 𝑓𝑤 +
𝑓𝐿𝑉−𝑓𝑤

(1+(ṡ/ṡ𝑤)8)1/8      (5) 360 

𝑓𝐿𝑉 = 𝑓0 − (𝑏 − 𝑎)log(
ṡ

ṡ0
)     (6) 361 

Eq. (2) gives a value of friction 𝑆 for given slip rate ṡ and frictional state variable 𝛹. It is in the 362 

regularized form to avoid divergence at zero slip rate (53, 54), with only minor difference 363 

from the classical formulation for ṡ>0 (13). The evolution equation (Eq. 3) for the state-364 

variable 𝛹 is the slip law, in which the time derivative of the state variable is proportional to 365 

its distance to a steady-state value 𝛹𝑆𝑆 and ratio of ṡ and characteristic slip 𝐿. The steady-366 

state value is calculated in Eq. 4) from steady-state friction 𝑓𝑆𝑆 as an inverse function of Eq. 367 

(2). The steady-state friction is defined by Eq. (5), where it decreases from low-velocity 368 

friction 𝑓𝐿𝑉 to fully weakened friction 𝑓𝑤 with growing slip rate ṡ, as ~1/ṡ for ṡ > ṡ𝑤 due to the 369 

fast-velocity-weakening effect, following the flash-heating model (20). The low-velocity 370 

steady-state friction coefficient 𝑓𝐿𝑉 defined by Eq. (6) increases or decreases with slip rate ṡ 371 

following the sign of the difference between the state evolution (b) and direct effect (a) 372 

coefficients. The difference (b-a) in Eq. (6) thus distinguishes the velocity weakening (b-a>0) 373 

and strengthening (b-a<0) modes of friction (3). 374 

Forward problem 375 

We simulate the coseismic rupture with the code FD3D_TSN (55). It employs a 4th order 376 

finite difference method to solve the 3D elastodynamic equation. The fault boundary 377 

condition (friction) is applied on a vertical fault with the traction-at-split-nodes method (56). 378 

Free surface conditions are applied using a stress imaging technique (57). We use Perfectly 379 

Matched Layers (58) as absorbing boundary conditions. All computationally expensive 380 

routines are GPU accelerated using OpenACC directives, yielding a speedup by a factor of 381 

ten when comparing single GPU and single CPU runs. Accuracy of the code was tested (55) 382 

by using community SCEC/USGS benchmarks for both slip-weakening and fast-velocity-383 

weakening friction laws (23). Earthquake nucleation is induced by a second-long gradual 384 

increase of prestress in a circular zone. We use a spatial grid size of 100 m, providing a 385 

sufficient resolution of the cohesive zone, and a time step 0.003 s satisfying the CFL stability 386 

criterion. The computational domain on one side of the fault is 10 km thick. Synthetic 387 
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seismograms are obtained by convolving the resulting slip rates with Green’s functions pre-388 

calculated using the Axitra code (59). 389 

Postseismic slip is simulated in a quasi-dynamic approximation, replacing the inertial term of 390 

the elastodynamic equation by a radiation damping on the fault (60). We use a boundary-391 

element approach with a pre-calculated velocity-stress interaction kernel between fault 392 

nodes, assuming a vertical fault in a homogeneous medium (61). This reduces the problem 393 

to a set of ordinary differential equations for displacements and state variables (62, 63, 64). 394 

We solve it by a Runge-Kutta method of 5th order with variable time steps on an 395 

undersampled grid with a 400 m spatial step. This quasi-dynamic postseismic modeling is 396 

used after the maximum slip rate in the finite-difference coseismic simulation falls below 1 397 

mm/s. We tested the viability of the transition by postponing it by 10 s to 1 min, yielding only 398 

a negligible (below 1%) difference in the simulated long-term slip. Both predicted coseismic 399 

and postseismic GPS displacements are obtained by convolving the slip with pre-calculated 400 

Green’s functions. We note that the positions of the alignment arrays NLAR, NWIT, NHNR, 401 

and NLOD that measure the surface slip directly above the fault would not fit with our 402 

simplified planar geometry. Therefore, we artificially moved their positions to coincide with 403 

the position of the surface rupture on our planar fault, preserving their distance from the 404 

epicenter. We model the arrays as if they were GPS stations located at 50 m distance from 405 

the fault with displacement equal to half of the measured slip. 406 

Parameterization 407 

The fast-velocity-weakening rate-and-state friction law involves a challenging number of 408 

potentially free parameters in the dynamic inversion, increasing the dimension of the model 409 

parameter space and increasing computational requirements. These include parameters of 410 

the rate-and-state friction 𝑎, 𝑏, 𝑓0, ṡ0, and 𝐿, additional parameters governing the fast-411 

velocity-weakening effect 𝑓𝑤 and ṡ𝑤, stressing conditions at the fault 𝜎𝑛 and 𝑇0, and initial 412 

values ṡ𝑖𝑛𝑖 and 𝛹𝑖𝑛𝑖. We assume a purely strike-slip fault, so that 𝑇0 and ṡ𝑖𝑛𝑖 are non zero 413 

only in the horizontal direction. All parameters are thus spatially heterogeneous 2D scalar 414 

fields across the fault.  415 

We employ several relations and assumptions to limit the actual number of model 416 

parameters in the inversion and keep the inversion computationally tractable. Normal stress 417 

𝜎𝑛 is set to be depth-dependent, rising from 1 MPa at the surface to 100 MPa at 5 km depth 418 

and held constant at greater depth, where further depth-increases in pore pressure and 419 

hydrostatic pressure are assumed to balance out (60). Non-zero normal stress at the surface 420 

substitutes the cohesion we did not include directly in the modeling. Models with friction 421 

coefficient 𝑓 are equivalent to models with cohesion 𝑐 and friction coefficient 𝑓′ such that 𝑓 =422 

𝑓′ + 𝑐/𝜎𝑛, provided cohesion weakens in the same way as friction. At shallow depth (low 𝜎𝑛), 423 

𝑓0>1 can be thus accommodated with reasonable values of c (~ 1 MPa) and f’<1. 424 

The fully weakened friction coefficient 𝑓𝑤 is set to 0.2, as observed in laboratory experiments 425 

(65). Any other value of 𝑓𝑤 can be accommodated a posteriori by a straightforward 426 

modification of the results, the new initial stress 𝑇0 would, in that case, be calculated by 427 
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addition of the factor 𝜎𝑛(𝑓𝑤(𝑛𝑒𝑤) − 0.2) to the initial shear stresses constrained by our 428 

inversion. 429 

The reference slip velocity ṡ0 is associated with a steady-state friction coefficient equal to 𝑓0. 430 

Since it is an arbitrary reference, we set it to 10−6 m/s as in other rate-and-state dynamic 431 

models (e.g. 21, 22, 66). The initial value of the state variable 𝛹𝑖𝑛𝑖 is related to 𝑇0 and ṡ𝑖𝑛𝑖 432 

through Eq. (2). We calculate 𝛹𝑖𝑛𝑖 at the beginning from Eq. (1), following the approach in 433 

the SCEC/USGS benchmark TPV104 (23). We fixed ṡ𝑤 = 0.1 m/s and ṡ𝑖𝑛𝑖 = 10−12 m/s in 434 

velocity-weakening (b-a>0) areas of the fault. The former is supported by experiments and 435 

the latter stems from the assumption that the coseismic region is locked before the onset of 436 

the earthquake. In contrast, in the velocity-strengthening areas, where the fault is supposed 437 

to creep at higher slip rates before the start of the earthquake (at least at ~10−10 m/s, 67), 438 

we let 𝑣𝑖𝑛𝑖 free. Similarly, we let ṡ𝑤 free in the strengthening zone to allow the rupture to 439 

stop. 440 

In the end, the reduced set of dynamic model parameters to be determined by the inversion 441 

procedure are 𝑇0, 𝑎, 𝑏, 𝑓0, and 𝐿 as 2D fields, and ṡ𝑤 and ṡ𝑖𝑛𝑖 as 2D fields on the smaller 442 

(velocity-strengthening) portion of the fault. For the purposes of the inversion, we 443 

parametrize the spatial distribution on an equidistant grid of 12 x 9 control points, from which 444 

the parameters are bi-linearly interpolated onto the grids for the dynamic and quasi-dynamic 445 

simulations. The 2D fields are supplemented by four more free parameters describing our 446 

nucleation procedure realized by a 1 s long gradual increase of prestress in a circular zone - 447 

the position of its center, its radius, and the added stress. 448 

Inverse problem 449 

We formulate the inverse problem in the Bayesian framework (39, 68, 69). We assume 450 

uniform prior probability density functions (PDFs) for the model parameters in wide intervals 451 

of permissible values (Table 1). The data are considered to have Gaussian distributions of 452 

errors with standard deviations of 5 cm and 2.5 mm for seismograms and GPS, respectively. 453 

We sample the posterior probabilities using the Markov Chain Monte Carlo parallel 454 

tempering algorithm (70), accepting proposed models according to the Metropolis-Hastings 455 

rule. We used a modified version of the inversion code fd3d_tsn_pt. This code has been 456 

previously validated for slip-weakening friction law and only seismic data, using synthetic 457 

tests (39) and applied to the 2016 Amatrice (71) and 2020 Elazığ earthquakes (68). The 458 

present application required implementing the new forward model and parameters.  459 

We accelerated the inversion progress by starting from a reasonable model that was 460 

relatively homogenous with velocity-weakening friction at the central square-shaped portion 461 

of the fault and velocity-strengthening on all edges. From there, we allowed the parallel 462 

tempering MCMC approach to explore the model space. We manually intervened several 463 

times by optimizing the prestress, nucleation, and frictional parameters to find a model with 464 

positive variance reduction. After that, we explored the model space by running the MCMC 465 

sampling on an IT4I cluster with 4 Nvidia Tesla V100 GPUs and in-house computers with 3 466 

GPUs (Nvidia 2080Ti), with each forward simulation taking about 40 seconds in both cases. 467 

The total number of visited models was high (~500 000). The final set consists of ~7500 468 
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accepted models with a posterior probability density value larger than 5% of the posterior 469 

PDF maximum. 470 

471 
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Figures and Tables 707 

 708 

Fig 1: Maps and fits of coseismic and postseismic data. (a) Position of the fault with 709 

respect to the local geologic conditions (white – Quaternary sediments, green - Cretaceous 710 

rocks, purple – Cenozoic volcanic rocks, based on (27, 41) and seismic (black circles) and 711 

GPS (blue squares) stations. (b) Comparison between observed seismograms (black) and 712 

our best-fitting model seismograms (red). Kernel density estimates of the posteriors (KDEs) 713 

are displayed in blue. Station names and maximum displacements are indicated on the left 714 

and right, respectively. (c) Fit between observed coseismic GPS displacements (black 715 

arrows) and synthetic data (red arrows), KDEs are displayed in blue. Positions of the 716 

stations with their names are shown on the map (black circles) with respect to the fault 717 

(white rectangle) with total slip color-coded in white-to-red. Star denotes the epicenter. (d) 718 

Comparison between observed postseismic surface displacement (black) and our best-fitting 719 

model GPS (red). KDEs are displayed in blue, while errors of real data are shown as error 720 

bars. Station names are indicated on the left and maximum displacements in cm on the right. 721 

(e) Comparison between observed postseismic GPS displacements (black) and our best-722 

fitting model synthetics (red). KDEs are displayed in blue, while errors of real data are shown 723 
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as error bars. Station names and maximum displacements are indicated on the left and right, 724 

respectively.  725 

 726 

Fig 2: Kinematic rupture parameters and their statistics. Ensemble averages of (a) 727 

coseismic slip, (b) afterslip, and (c) total slip on the fault. Blue lines in the Coseismic slip and 728 

afterslip map indicate the rupture front and the tip of the shallow afterslip in 1-day increments 729 

after the coseismic rupture, respectively. Ensemble averages of (d) coseismic, (e) 730 

postseismic, and (f) total stress drop. Contours (threshold of 0.3 m) of slip (red) and afterslip 731 

(black) with thinner lines denoting standard deviation are displayed in all six panels. Gray 732 

dots represent aftershocks (NCEDC) with fault-perpendicular distance <5 km. 733 
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734 
Fig 3: Selected dynamic parameters and their statistical properties. (a) Ensemble 735 

average of (b-a). Gray dots denote the aftershocks as in Fig. 2. Red and black lines indicate 736 

contours of slip and afterslip, respectively. (b) Standard deviation of (b-a). (c) Same as a) 737 

but for prestress 𝑇0. (d) Same as b) but for relative standard deviation of 𝑇0. (e) Horizontal 738 

averages of (b-a), 𝑇0, characteristic slip L, a, reference friction f0, and weakening velocity ṡ0 739 

on the ruptured part of the fault. Black dots denote averages of individual ensemble models, 740 

while the red line with error bars show ensemble mean and standard deviation, respectively. 741 

Vertical black line denotes (b-a)=0. For the remaining parameters see Electronic 742 

supplement.  743 
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 744 

Fig. 4: Plots documenting various modeling features for discussion. (a) Scatter plot of 745 

local dependence between 𝑇0 and 𝑓0 at a position located 11.5 km along strike and at 1.5 km 746 

depth. (b) A priori estimate of dynamic stress drop calculated as prestress 𝑇0 minus steady-747 

state friction with 𝑓𝑆𝑆 at 𝑠 ̇= 0.1 m/s as friction coefficient. (c) Along-strike distribution of 748 

coseismic slip (red), afterslip (black), and total slip (blue) at 200 m depth. Error bars denote 749 

the ensemble mean and standard deviation. (d) Ensemble mean and standard deviation of 750 

(b-a) at 200 m depth. Circles denote the along-strike position of three points, for which the 751 

inset shows the afterslip development. (e) Development of stress rate (error bars showing 752 

ensemble mean and standard deviation), and the number of aftershocks per day (black 753 

points) in the deep postseismically slipping area denoted by the green rectangle in panel b.   754 
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Quantity Label Min. Value Max. Value 

Shear prestress (horizontal) 𝑇0 103 Pa 109 Pa 

Direct-effect parameter 𝑎 0.001 0.1 

State-evolution parameter 𝑏 0.001 0.1 

Reference friction at velocity 

ṡ =  ṡ0 = 10−6 m/s 

𝑓0 0.1 2 

Characteristic slip distance 𝐿 0.1 m 2 m 

Weakening velocity ṡ𝑤 0.1 m/s 3 m/s 

Initial velocity (horizontal) ṡ𝑖𝑛𝑖 10−13 m/s 10−7 m/s 

Along-strike position of the 
nucleation 

ℎ𝑥 14.5 km 16.5 km 

Depth of the nucleation ℎ𝑦 10 km 14 km 

Radius of the nucleation 
patch 

𝑟𝑛𝑢𝑐𝑙 400 m 1000 m 

Stress increase in the  
nucleation patch 

𝜎𝑛𝑢𝑐𝑙 1 % 20 % 

Table 1: Minimum and maximum values of prior uniform distributions of inverted 755 

parameters. Note that ṡ𝑤 and ṡ𝑖𝑛𝑖 have uniform prior distribution in the velocity-756 

strengthening regions only, being constant in the velocity-weakening areas. 757 


