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10  Abstract

11  Rate-and-state friction assumes instantaneous adaptation of state to slip velocity, but the consequences of this temporal
12 assumption for earthquake nucleation remain poorly constrained. We introduce a constitutive response time t. into
13 ageing-law feedback and isolate its effect in a spatially distributed fault model. Eight simulations use the same Master
14  configuration and differ only in t. = 0-0.12 s. Peak velocity increases by approximately 87%, from 7.38 x 1073 to 1.38
15  x1072m s, while finite delays permit local crossing of 1072 m s™. The response separates into a moderate-velocity
16  footprint that remains approximately 0.918 km wide and a delay-sensitive high-velocity core that expands to
17  approximately 0.449 km. The response remains localized, separating constitutive amplification from subsequent
18  large-scale propagation. To our knowledge, this is the first spatially distributed demonstration that explicit finite
19  response time in ageing-law feedback can create a high-velocity inner core within a localized nucleation region. The
20  diagnostic 4 = t. Vima/De relates delay to state-evolution time. The results establish temporal state adaptation as an
21 independent constitutive dimension and provide benchmarks for laboratory calibration and fully dynamic modelling.

22 Keywords: rate-and-state friction; friction memory; delayed state evolution; earthquake nucleation; constitutive
23 response time; high-velocity nucleation core

25 1. Introduction
26 1.1 Earthquake nucleation as a spatially evolving process

27  Earthquake nucleation is the progressive localization and acceleration of slip that precedes dynamic rupture. Its
28  evolution is controlled by the competition between frictional weakening, elastic stress redistribution, loading
29 conditions, and the dimensions of velocity-weakening fault regions. Continuum rate-and-state models have shown
30  that nucleation is not adequately described by a single point or onset time: the size, shape, and internal velocity
31 distribution of the slipping region evolve before rapid rupture begins (Rice, 1993; Rubin and Ampuero, 2005;
32 Ampuero and Rubin, 2008). Accordingly, a constitutive mechanism can influence nucleation even when it does not
33  immediately produce large-scale propagation.

34  Classical rate-and-state friction provides the principal framework for describing this process. The formulation
35  introduced by Dieterich (1979) and Ruina (1983) combines a direct dependence on slip velocity with an internal state
36  variable representing the evolving condition of frictional contacts. Laboratory observations and contact-scale
37  interpretations support the importance of time-dependent healing and contact renewal (Dieterich and Kilgore, 1994;
38  Marone, 1998). When coupled to an elastic fault, the law reproduces stable sliding, accelerating nucleation, seismic
39 cycles, and spontaneous rupture episodes across a broad range of models (Lapusta et al., 2000; Kaneko et al., 2008).

40 A major focus of previous research has been the choice of state-evolution law. Rubin and Ampuero (2005) and
41 Ampuero and Rubin (2008) showed that ageing and slip laws can produce different nucleation styles and characteristic
42 lengths. Kame et al. (2015) examined a revised rate-and-state law, while Viesca (2023) demonstrated that the nonlinear
43  nucleation length depends fundamentally on how frictional state evolution is formulated. Microphysical and multi-
44  mechanism approaches have further related state-dependent friction to gouge deformation, contact processes,
45  temperature, and competing healing mechanisms (Ikari et al., 2016; van den Ende et al., 2018; Barbot, 2022). These
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46  studies establish that the constitutive description of state matters, but they generally retain an instantaneous
47  relationship between the current mechanical state and the state evolution rate.

48 1.2 Instantaneous state adaptation as an unresolved constitutive assumption

49 In the classical ageing law, the state derivative at time t is calculated from velocity and state at that same time. The
50 state variable stores the accumulated condition of the interface, but the update rule itself has no independent response
51 time. This convention implicitly assumes that contact renewal, healing, and gouge reorganization adapt immediately
52 to a velocity change. Such an approximation is convenient and often appropriate, yet it is not equivalent to
53 demonstrating that the physical processes represented by state are instantaneous.

54  Earlier phenomenological earthquake models introduced explicit delay as a representation of frictional memory.
55  Kosti¢ et al. (2013a, 2013b) showed that delay and friction strength can alter oscillatory, quasiperiodic, creeping, and
56  arrested behavior in one- and two-block Burridge—Knopoff-type systems. Vasovi¢ et al. (2016) further examined
57  interaction delays in a stochastic fault model. These studies established that temporal memory can be dynamically
58  consequential. Their low-dimensional structure, however, cannot resolve how an explicit local constitutive response
59  time changes the velocity distribution within a finite nucleation region.

60  This limitation defines the gap addressed here. Continuum rate-and-state studies resolve the spatial structure of
61 nucleation but normally use instantaneous state adaptation; delayed block models resolve temporal memory but do
62  not resolve an evolving nucleation field. Connecting these two lines of research requires a controlled spatial model in
63 which the standard friction parameters, stress state, geometry, and nucleation perturbation remain fixed while only
64  the response time of the state feedback is varied. Such a comparison can determine whether delay merely retimes
65  nucleation or changes its amplitude and internal spatial organization.

66  The distinction is conceptually important. Constitutive modelling involves both the physical content of a friction law
67  and the temporal architecture through which that content responds to transient loading. Two laws may contain similar
68  state variables but adapt on different timescales; conversely, the same steady-state friction relation may produce
69 different transient behavior when state adaptation is delayed. Constitutive response time should therefore be tested as
70  amodelling dimension in its own right, rather than treated solely as a numerical detail.

71 1.3 Research gap, novelty, and objectives

72 The central research question is: does a finite constitutive response time modify the amplitude, temporal evolution,
73 and internal spatial organization of earthquake nucleation independently of the conventional rate-and-state
74  parameters? A related question is whether delayed state evolution can create a localized high-velocity core before the
75 surrounding fault is recruited into larger-scale propagation. These questions are narrower than asking whether delay
76  alone produces an unrestricted dynamic earthquake, but they address the constitutive stage at which such a transition
77  may be prepared.

78  To answer them, we introduce a delayed ageing-law feedback into a one-dimensional spatially distributed fault model.
79  Eight simulations use the same documented Master configuration and differ only in t.. We evaluate the full space—
80  time velocity field, profiles at common times, center-point histories, peak velocity, spatial extents above 107 and 1072
81 m s, an integrated moment proxy, and a localization criterion. This multi-observable design distinguishes a simple
82  change in peak amplitude from a reorganization of the nucleation field.

83  The anticipated scientific contribution is threefold. First, to our knowledge, the study provides the first spatially
84  distributed test of an explicit finite response time in local ageing-law feedback under otherwise identical rate-and-
85 state conditions. Second, it evaluates whether moderate- and high-velocity parts of the nucleation zone have different
86  sensitivities to constitutive memory. Third, it introduces the diagnostic Iy = t. Vuma/D. to relate the delay to the
87 characteristic state-evolution time. The aim is not to prescribe a universal natural-fault value of t., but to establish a
88  reproducible mechanistic and numerical basis for its subsequent laboratory calibration and implementation in fully
89  dynamic rupture models.

90 2. Constitutive framework and numerical methodology
91 2.1 Classical rate-and-state reference formulation

92  The reference friction coefficient follows the logarithmic rate-and-state form of Dieterich (1979) and Ruina (1983):
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93 fee,t) = fo + a(x) In[V(x,0)/V,] + b(x) In[0(x,0)V¥/D.]. (1)

94  Here f, is the reference coefficient at velocity V, a and b are the direct- and state-effect parameters, 9 is the state
95 variable, and D is the characteristic slip distance. Frictional shear resistance is

96 Tx0) = o f(x,t),  (2)

97  where oe is the effective normal stress. In the velocity-weakening region b > a, whereas the surrounding margins
98  satisfy a > b. Smooth transitions avoid discontinuities in the constitutive parameters. The instantaneous reference case
99  uses the classical ageing law

100 do(x,p/de = 1 — V(x,0)8(x,t)/D..  (3)

101 Equation (3) represents time-dependent contact ageing through the unit healing term and state consumption through
102  accumulated sliding. It is recovered exactly in the present formulation when t. = 0.

103 2.2 Delayed state-evolution formulation

104  Frictional memory is introduced by evaluating the velocity—state feedback at the retarded time t — t. while retaining
105  Eq. (1) for the current frictional resistance:

106 do(x,p)/dt = 1 - V(x,t = t)8(x,t = t)/D..  (4)

107  The new parameter t. is a constitutive response time. It does not change the prescribed steady-state friction curve, a,
108 b, D, or the direct velocity effect. Instead, it controls how rapidly the ageing-law feedback adapts during transient
109 acceleration. The tested values are t. = 0, 0.002, 0.005, 0.01, 0.02, 0.04, 0.08, and 0.12 s. This range was selected to
110  resolve the initial threshold crossing and its subsequent growth within the 12 s analysis window; it is a controlled
111  numerical range rather than a calibrated natural-fault interval.

112 Fort < t, the delayed variables are supplied by the common initial history. During integration, velocity and state
113  histories are retained in a discrete circular buffer and values at t — t. are evaluated by linear interpolation. The same
114  algorithm is used for all cases, with Eq. (3) obtained at zero lag. This implementation prevents the delay comparison
115  from being confounded by different time integrators or initial histories.

116 2.3 Spatially distributed fault model

117  The constitutive law is coupled to a one-dimensional distributed fault model with inertia, nearest-neighbour elastic
118  wave coupling, and radiation damping. Displacement u(x,t) and slip velocity V(x,t) satisfy

119 owot=YV, (5)
120 OV/0t = ¢2 02u/0x? + {Tiaa(x) — T(X,t) — N[V = Vid Y(pH).  (6)

121 Here p and c; are density and shear-wave speed, H is the effective thickness of the reduced-order representation, and
122 n =p c/2 is the radiation-damping coefficient. The choice H = Ax is an explicit numerical closure. Equation (6)
123  resolves distributed inertial and elastic interaction along the fault, but it is not a spectral boundary-integral
124  representation of an unrestricted two-dimensional rupture. Its purpose is to isolate the spatial signature of the delayed
125  constitutive term efficiently and reproducibly.

126  The 40 km periodic domain contains a 24 km velocity-weakening region, 0.5 km smooth transitions, and two 8 km
127  velocity-strengthening margins. A smooth cosine stress perturbation with radius R,,c = 1 km and maximum amplitude
128  Atue = 2 MPa initiates slip at the domain center. The initial shear traction is T, = 6 MPa and effective normal stress is
129 10 MPa. The state field is calculated from frictional consistency, T{Vini,80) = To, S0 that every simulation begins from
130  the same constitutive equilibrium rather than from the approximation 8, = D./V,.

131 2.4 Numerical design and response measures

132 The domain is discretized using N = 2048 nodes, giving Ax = 19.53125 m. The final calculations use At = 2.5 x 107
133 s, refined from the 1073 s pilot value, and extend to Trax = 12 s. The Courant ratio c;At/Ax is approximately 0.044,
134 well below the implemented stability gate. Periodic boundaries are sufficiently distant from the localized response
135  that no boundary interaction enters the analyzed region. Table S1 in the Supplement summarizes all adopted, derived,
136  and closure parameters; the same values are also printed within Figures 1-7.
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137  The primary amplitude measure is Vs = max,V(x,t). Spatial organization is quantified by L, the total grid length
138  for which max, V(x,t) > q, using ¢ = 107 and 1072 m s™.. The lower level tracks the moderate-velocity nucleation
139  footprint, while the higher level identifies the rapidly slipping core. Center-point histories and profiles at 3, 6, 9, and
140 12 sresolve temporal and spatial changes that cannot be represented by a single peak value. The final moment proxy
141 is the spatial integral of displacement, [u(x,Tmax)dx; it is used comparatively and is not converted to seismic moment
142  because the reduced model does not prescribe a physical along-strike area.

143  Alocal velocity-threshold crossing is recorded when V.x = 107 m s71. Spatial propagation beyond the prescribed
144  nucleation scale is evaluated separately: a case would be classified as distributed dynamic propagation only if the
145  region exceeding 1072 m s™! became wider than the 2 km nucleation zone. Separating these criteria avoids equating a
146  local high velocity with earthquake-scale rupture propagation. Finally, the dimensionless diagnostic

147 I = t. Vaa/De  (7)

148  compares the response delay with the realized state-evolution time D/V ... Because it contains an output quantity, IT4
149 s used to organize the computed responses rather than as an a priori predictor.

150 3. Results

151 The numerical experiments were designed as a controlled constitutive comparison. All eight simulations use the same
152 Master geometry, stress state, friction parameters, nucleation perturbation, grid, time step, and reduced-order elastic
153 closure; only the constitutive response time t. is varied. The results are therefore interpreted through seven
154  complementary visualizations. Figures 3 and 5-7 resolve the space—time structure of nucleation, Figure 2 quantifies
155  its integral measures, Figure 6 introduces a dimensionless organization, and Figure 7 separates the onset of locally
156  rapid slip from spatial recruitment beyond the nucleation zone. This sequence makes it possible to test whether delayed
157  state evolution changes only the timing of the response or changes the nucleation process itself.

158 3.1 Delayed-state amplification of localized nucleation

159  Figure 1 provides the first direct space—time comparison of the instantaneous reference and three representative
160  delayed-state cases. In every panel, acceleration begins at the center of the imposed perturbation and remains
161 symmetric about x = 0, confirming that differences between the simulations are not caused by a shift in nucleation
162  position or by boundary interaction. The dashed lines at x = +1 km delimit the initially stressed nucleation region,
163  while the velocity contours distinguish moderate acceleration (V = 107 m s™) from the faster inner response (V =

164  102ms™).

165  For t. = 0, the accelerated region develops gradually but remains below the higher threshold throughout the 12 s
166 interval. Introducing a response time of only 0.01 s changes this behavior: a narrow high-velocity core appears near
167  the end of the simulation. At t. = 0.04 s the core is more persistent and spatially wider, and at t. = 0.12 s it becomes
168  the dominant feature of the central response. The systematic progression across panels demonstrates that delayed state
169  evolution amplifies the same nucleation episode rather than generating a separate nucleation site.

170  The novelty of Figure 1 lies in its spatially resolved representation of explicit local frictional delay. Earlier delayed
171  Burridge—Knopoff-type studies identified changes in temporal regimes of one- and two-block systems, but could not
172 show how delay restructures velocity inside a finite nucleation zone. To our knowledge, Figure 1 is the first spatially
173  distributed demonstration, within a controlled rate-and-state nucleation model, that a finite ageing-law response time
174  can generate a high-velocity inner core while the broader nucleation footprint remains localized.
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Localized nucleation response for increasing constitutive response time
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Fault coordinate (km; zoom) Fault coordinate (km; zoom)
Master configuration: L= 40 km; p =2670 kg m~3; ¢; = 3.464 km s7%; 0.4 =10 MPa; 1o = 6 MPa; fo = 0.600
ayw =0.010; byy = 0.015; ays = 0.015; bys = 0.010; D¢ = 0.010 m; Vo =106 m s1; Vipe=10"12 m s1
Lyw =24 km; Wy = 0.5 km; Rpyc =1 km; ATmayx = 2 MPa; N =2048; Ax =19.53125 m; H=AX; n=pcs/2; At=2.5x107*5; Tpax=12's
175 Contours: cyan V=10"3 m s™!; green V=102 m s~}; dotted lines: Rp,c = +1 km

176  Figure 1. Space—time evolution of localized slip velocity for t. = 0, 0.01, 0.04, and 0.12 s. Dashed lines mark the +1
177  km nucleation boundary; contours denote V = 1073 and 1072 m s™. Parameter values used for the calculation are
178  printed on the figure.

179 3.2 Systematic dependence on constitutive response time

180  Figure 2 quantifies the trends suggested by the space—time fields. Peak velocity increases from 7.38 x 103 m s in
181 the instantaneous case to 1.02 x 1072 m s™* already at t. = 0.002 s. The response remains close to the threshold for t. = 0
182  .005-0.02 s and then strengthens more rapidly, reaching 1.08 x 1072, 1.22 x 1072, and 1.38 x 102 m s at t. = 0.04,
183  0.08, and 0.12 s, respectively. The end-member increase is approximately 87%. The very short delay required to cross
184  the adopted velocity threshold shows that the instantaneous model is close to a constitutive transition that is not visible
185  whent. is fixed at zero.

186  The two spatial measures behave differently. The width above 107 m s remains 0.918 km for all simulations,
187  whereas the width above 1072 m s changes from zero at t. = 0 to 0.098 km at 0.002 s and expands to 0.449 km at
188  0.12 s. Its detailed variation at short delays is not strictly monotonic, but the long-delay trend is unequivocal. The
189  moment proxy initially decreases slightly, from 42.54 to approximately 41.18-41.49, before rising to 42.84 and 43.91
190  for the two largest response times. This non-monotonic integral behavior is important: constitutive memory first
191 redistributes slip toward a faster central core and only at larger t. produces a net increase in the integrated response.

192  1In contrast to previous delay studies that primarily classified periodic, quasiperiodic, creeping, or arrested block
193  motion, Figure 2 quantifies how explicit response time partitions a spatial nucleation event into amplitude, footprint,
194  high-velocity extent, and integrated-slip effects. The combined metrics provide evidence that t. is an independent
195 constitutive control parameter. Its influence cannot be represented by reporting only a later onset time or a single peak

196  value.
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Localized response metrics versus constitutive response time
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197
198  Figure 2. Peak velocity, spatial extents above 1073 and 1072 m s7!, and moment proxy as functions of t.. Symbols
199 correspond to the eight simulations. Master parameters are shown in the embedded annotation.

200
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201 3.3 Spatial and temporal reorganization

202  Figure 3 compares full velocity profiles at 3, 6, 9, and 12 s. At 3 s the profiles are nearly coincident, indicating that
203  the imposed perturbation and early elastic response dominate before sufficient delayed feedback has accumulated.
204  Differences become visible at 6 s and strengthen at 9 s. By 12 s, the delayed cases display a progressively higher and
205 sharper maximum at x = 0, while velocities outside the central kilometre remain close to the instantaneous solution.
206  The response-time effect is therefore spatially selective rather than a uniform multiplicative scaling of the entire
207  velocity field.

208  The evolution of the profile shoulders is especially informative. Their limited outward movement explains why the
209 1073 m s7! footprint is nearly invariant, whereas the growing central curvature and peak explain the expansion of the
210 1072 m s™ core. Figure 3 thus provides the spatial mechanism behind the two-scale behavior measured in Figure 2.
211  To our knowledge, this profile-level separation between a perturbation-controlled outer scale and a memory-controlled
212 inner scale has not previously been reported for an explicit delayed ageing law.

Evolution of the localized slip-velocity profile
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214  Figure 3. Slip-velocity profiles at 3, 6, 9, and 12 s for representative constitutive response times. The comparison
215  isolates the delay-induced spatial reorganization within the nucleation region. Parameters are listed on the figure.

216  Figure 4 isolates the center point, where the constitutive memory effect is strongest. All curves begin from the same
217  initial condition and follow a common early trajectory, after which they separate progressively. The separation is
218  ordered most clearly for the longer delays: t. = 0.08 and 0.12 s produce the strongest late-time acceleration, whereas
219  the instantaneous solution remains the lowest. The absence of an abrupt imposed change in loading confirms that the
220  divergence is generated internally by the delayed state feedback.

221  Read together, Figures 5 and 6 show that frictional delay modifies both space and time. The center histories establish
222 amplitude and temporal divergence, while the profiles show that this divergence is concentrated in the inner nucleation
223 zone. This combined spatial-temporal evidence is stronger than the trajectory comparisons available from earlier low-
224 dimensional delayed models and is central to the present paper’s advance from block dynamics to distributed
225  nucleation.
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Nucleation-centre response
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226

227  Figure 4. Slip-velocity histories at the center of the nucleation zone for all tested values of t.. Finite response time
228  progressively increases and retimes the acceleration. Parameters are listed on the figure.

229
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230 3.4 Memory-strength scaling and regime identification

231  Figure 5 condenses each simulation into the maximum velocity attained at every position and arranges the results as
232 a function of t.. The map reveals a persistent central band associated with the imposed perturbation and a brighter
233 inner zone that develops as delay increases. The 107 m s™! boundary is nearly vertical across the parameter range,
234  whereas the 1072 m s™! contour is absent at t. = 0 and progressively encloses a wider region at larger delays. This
235  geometry visually confirms that the outer and inner scales respond to different controls.

236  The map also demonstrates continuity rather than a collection of unrelated numerical cases. No secondary high-
237  velocity patches appear, and the maximum always remains at x = 0. The response evolves from an instantaneous-state
238  nucleation profile toward a delay-amplified profile through a coherent deformation of the same spatial structure.
239  Figure 5 is therefore a regime map of constitutive memory within the nucleation zone. Compared with earlier work
240 on instantaneous state evolution, the new axis is not a conventional friction coefficient or patch dimension but the
241  finite time required for state feedback to adapt.

Spatial confinement of the maximum response
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242

243 Figure 5. Maximum slip velocity attained at each position as a function of t.. The map shows amplification and
244  widening of the high-velocity nucleation core. Parameters are listed on the figure.

245  Figure 6 reorganizes the results using ITq = t. Vmu/D,, which compares the imposed response delay with the
246  characteristic state-evolution time D./V .. The instantaneous case occupies Il; = 0, while increasing response time
247  moves the simulations toward larger memory strength. Normalized peak velocity rises with Iy, and the high-velocity
248  extent follows the same overall progression. The common trend indicates that the observed effects depend on the
249 amount of characteristic slip that can occur before the delayed state feedback has adapted.

250  The introduction of Il, is a second novelty of the Results. Earlier delayed block models used delay as an external
251 bifurcation parameter, whereas Figure 6 relates that delay directly to the established rate-and-state length D. and the
252 realized nucleation velocity. I, is not yet a predictive input parameter because it contains Vma, but it supplies an
253  objective post-simulation measure for comparing memory strength and provides a target for the input-based scaling
254 proposed in the Conclusions.
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Dimensionless response remains spatially subcritical

1.4 @ Vmax/Vayn
- Ldyn/Lnuc
1.2 5
o 1.0
0
c
o
(o}
§ 0.8
e
()
£ 0.6 1
©
£
2 0.4 1
" r‘/.—,./k
0.0 +
0.000 0.025 0.050 0.075 0.100 0.125 0.150

My = tcVmax/Dc

Master configuration: Lg= 40 km; p=2670 kg m~3; cs = 3.464 km s71; 0= 10 MPa; 7o = 6 MPa; f; = 0.600
ayw = 0.010; byy = 0.015; ays = 0.015; bys =0.010; D, =0.010 m; Vo =10"%m s7%; Vjpe=10"12 m s~
Lyw = 24 km; Wy, = 0.5 km; Rpye = 1 km; ATpax = 2 MPa; N =2048; Ax =19.53125 m; H = Ax; N = pcs/2; At=2.5x 107 s; Tppaxy =12's

255

256  Figure 6. Response metrics organized by the dimensionless memory strength IT4 = t. Vima/De. The normalized peak
257  and dynamic-threshold extent both increase as memory becomes stronger. Parameters are listed on the figure.

258
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259  Figure 7 places the two diagnostic criteria side by side. The red curve shows that the peak velocity crosses 102 m s
260  as soon as a finite response time is introduced and then rises further for the largest t. values. The shaded spatial
261 measure remains confined to a fraction of the 2 km nucleation width, and the maximum outside the nucleation zone
262  remains at the locked-background level. The figure therefore separates the attainment of locally rapid slip from the
263  subsequent recruitment of the surrounding fault.

264  This distinction strengthens the interpretation of the preceding figures. A classification based only on V m., would
265  identify a transition to locally dynamic velocity, whereas a classification based only on propagation would overlook
266  the substantial constitutive amplification occurring before outward growth. The results establish an intermediate,
267  spatially localized high-velocity nucleation regime controlled by t.. To our knowledge, this regime has not previously
268  been isolated using an explicit local delayed ageing law in a spatially distributed fault model.

269  Relative to the earlier delayed block studies, the advance is the ability to distinguish amplitude transition from spatial
270  propagation. Relative to classical continuum RSF nucleation studies, the advance is the demonstration that finite
271  constitutive adaptation—without changing a, b, D,, stress, or patch geometry—can move the system across a velocity
272  threshold and create a wider high-velocity core. Figures 1-7 collectively support the paper’s principal novelty claim:
273  temporal organization of state evolution is an independent and spatially observable dimension of earthquake
274  nucleation.

Null test: threshold crossing without propagating rupture

1.4 4 No case satisfies both velocity and spatial-propagation criteria

c
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Master configuration: L= 40 km; p=2670 kg m~3; ¢; = 3.464 km s™%; ger = 10 MPa; 7o = 6 MPa; fy = 0.600
ayw = 0.010; byy = 0.015; ays = 0.015; bys =0.010; Dc=0.010 m; Vo =106 m s7%; Vjp=10"2 m 51
Lyw = 24 km; Wy = 0.5 km; Rpye = 1 kKM; ATpax = 2 MPa; N = 2048; Ax =19.53125 m; H = Ax; N = pCs/2; At =2.5 X 1074 5; Tpax =12 s

275
276  Figure 7. Classification of the delayed-state response using the adopted velocity threshold and spatial localization
277  criterion. Constitutive delay produces locally dynamic slip speeds while retaining a nucleation-scale footprint.
278  Parameters and threshold definitions are printed on the figure.

279 4. Discussion

280  The results demonstrate that constitutive response time is an independent control on earthquake nucleation, rather
281 than a minor numerical correction to the classical rate-and-state formulation. When all elastic, frictional, geometrical,
282  loading, and nucleation parameters are held fixed, varying only t. systematically changes the maximum slip velocity,
283  the timing of acceleration, and the spatial distribution of accelerated slip. Across the investigated interval, V ma
284  increases by approximately 87%, from 7.38 x 1073 to 1.38 x 1072 m s*. The response therefore cannot be reproduced
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285  simply by shifting the origin of time: the delayed solutions acquire a different amplitude and a different internal spatial
286  structure. This is the central physical result of the study. Frictional memory changes how instability develops inside
287  the nucleation zone even when the conventional rate-and-state parameters a, b, D, f,, and V, are unchanged.

288  This finding extends the classical rate-and-state framework established by Dieterich (1979) and Ruina (1983). In that
289  framework, the state variable represents the evolving maturity and real contact population of the slipping interface,
290  consistent with the contact-scale interpretation developed by Dieterich and Kilgore (1994) and reviewed by Marone
291 (1998). The ageing law assumes that the state derivative responds to the instantaneous values of velocity and state.
292  Consequently, memory is present through the value of 8 itself, but the constitutive update has no additional finite
293  response time. Our formulation retains the familiar logarithmic rate-and-state friction coefficient and changes only
294 the temporal organization of state evolution by evaluating the ageing feedback at t — t.. The comparison with t. = 0 is
295  therefore unusually controlled: it does not compare different friction laws or different parameter calibrations, but
296  isolates the effect of a finite adaptation time within the same constitutive structure.

297  Previous continuum studies have shown that earthquake nucleation is highly sensitive to the selected state-evolution
298  law. Rubin and Ampuero (2005) derived nucleation behavior for ageing rate-and-state faults, while Ampuero and
299  Rubin (2008) demonstrated important differences between ageing and slip laws in two-dimensional quasi-static
300  nucleation. Kame et al. (2015) and Viesca (2023) further showed that revisions to state evolution can alter the
301 characteristic nucleation process and even the theoretical status of a unique nucleation length. These studies establish
302  that the mathematical form of state evolution matters. The present work addresses a different and complementary
303 question: what changes when the form and calibrated parameters are retained, but the state response is no longer
304  instantaneous? Figures 1-7 show that this temporal change alone is sufficient to produce a measurable and systematic
305 modification of nucleation. Thus, the relevant constitutive choice is not limited to which state law is used; it also
306  includes how rapidly that law is allowed to respond to an evolving slip rate.

307  The study also differs from fully dynamic rate-and-state simulations such as those of Lapusta et al. (2000) and Kaneko
308 et al. (2008). Those models resolve spontaneous earthquake sequences or dynamic rupture with instantaneous state
309 evolution and have clarified the roles of elastic interactions, velocity-strengthening regions, and wave-mediated stress
310  transfer. They provide the appropriate benchmark for future large-scale implementation of the delayed law. The
311 purpose of the present reduced-order distributed model is more specific: to separate the local constitutive memory
312 effect from the many mechanisms that control unrestricted rupture propagation. This separation makes the causal
313  interpretation of Figures 1-7 stronger. Because the Master configuration, perturbation, discretization, and elastic
314 closure are identical in all simulations, the observed amplification and spatial reorganization can be attributed directly
315  tot. At the same time, the localized response should not be interpreted as a substitute for a fully dynamic boundary-
316  integral or finite-element calculation of earthquake-scale rupture length and speed.

317  The closest conceptual predecessors are the delayed earthquake models of Kosti¢ et al. (2013a, 2013b). Those studies
318  introduced explicit time delay into low-dimensional Burridge—Knopoff-type systems and showed that delay and
319 friction strength can generate transitions among oscillatory, quasiperiodic, creeping, and arrested regimes. They
320  established the broader proposition that fault friction may retain a finite memory of its sliding history. However, one-
321 and two-block systems cannot determine how this memory is expressed spatially inside a nucleation zone. They do
322 not resolve the width of the accelerated region, the coexistence of moderate- and high-velocity slip domains, or the
323  way in which a local velocity threshold is reached at different positions. The present study advances that earlier idea
324  from temporal regime changes in a few degrees of freedom to spatially distributed nucleation. This step is
325 scientifically important because earthquake initiation is not defined only by the motion of a representative block; it is
326  an evolving localization process governed by the interaction between constitutive weakening and elastic coupling.

327  The most distinctive result is the emergence of two spatial response scales. The width over which V exceeds 103 m
328  s7!remains close to 0.918 km throughout the parameter sweep, whereas a central region with V > 1072 m s appears
329 only when the constitutive response time is finite and expands to approximately 0.449 km. The broader footprint is
330 therefore controlled mainly by the imposed stress perturbation and distributed elastic coupling, while the faster inner
331  core is strongly controlled by constitutive memory. This distinction cannot be inferred from peak velocity alone. Two
332 nucleation episodes with similar overall dimensions may have substantially different internal velocity distributions
333  and may consequently interact differently with neighboring fault segments, geometric discontinuities, or velocity-
334  strengthening barriers. The spatially resolved identification of a comparatively stable outer nucleation footprint and a
335  delay-sensitive inner high-velocity core is, in our view, the most important new scientific contribution of the paper.
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336  The increase in peak velocity can be understood as a transient mismatch between the current sliding state and the
337  delayed state-evolution feedback. During acceleration, the friction law evaluates healing and state consumption using
338  an earlier, slower configuration. The state variable therefore does not adjust at the rate prescribed by the instantaneous
339  slip velocity, allowing a larger velocity excursion before the feedback catches up. Because stress is redistributed
340  between neighboring points, this mismatch is not spatially uniform. It is strongest near the center of the imposed
341  perturbation, where acceleration is largest, and it progressively modifies the shoulders of the velocity profile. The
342  profiles in Figure 3 and the center-point histories in Figure 4 consequently show more than simple amplification: they
343  reveal a delay-dependent change in the trajectory by which the system approaches its maximum response.

344  The local crossing of 1072 m s7! is also physically informative. It shows that the constitutive delay can move a
345  nucleation process from sub-threshold acceleration to locally dynamic slip speeds without changing the imposed
346  stress perturbation. Figure 7 further shows that velocity-threshold crossing and spatial propagation are separate
347  diagnostics. In the investigated Master configuration, the higher velocities remain confined to the nucleation-scale
348  region. This outcome is useful rather than incidental, because it isolates a pre-propagation stage at which constitutive
349  memory already has a strong measurable effect. It suggests that the onset of locally rapid slip and the subsequent
350  recruitment of the surrounding fault should be treated as related but distinct transitions. A fully dynamic model can
351 subsequently test whether the larger and wider high-velocity core produced by finite t. changes the conditions required
352 for that second transition.

353  The dimensionless quantity ITq = t. Vima/D. provides a compact way to express the strength of the observed memory
354 effect. It compares the imposed response time with the characteristic state-evolution time D./Vim.. The monotonic
355  increase of normalized peak velocity and high-velocity extent with IT, indicates that the influence of delay becomes
356  significant when the fault can slip through an appreciable fraction of D. before the state feedback has fully adapted.
357  This interpretation links the new parameter t. to the established rate-and-state length D. and makes comparisons
358  between simulations with different characteristic distances more transparent. Because Vi is an output, Iy is presently
359  adiagnostic rather than a fully predictive control parameter. A broader parameter study should examine whether Vi,
360  can be replaced by an initial, reference, or onset velocity to obtain an input-based scaling law.

361 The results also complement microphysical and multi-mechanism friction models. Ikari et al. (2016) and van den
362  Ende et al. (2018) related rate-and-state behavior to gouge-scale deformation and contact processes, while Barbot
363 (2022) considered competing healing mechanisms with rate, state, and temperature dependence. Such formulations
364  enrich the physical content of friction but generally do so by adding mechanisms or state dependencies. The approach
365  used here is deliberately minimal: it asks whether a finite response time, without introducing a new weakening
366  mechanism or recalibrating the steady-state friction curve, can change nucleation. The affirmative result indicates that
367  constitutive timescale should be treated alongside constitutive strength. This provides a parsimonious route for
368  representing unresolved contact reorganization, gouge rearrangement, or delayed healing, while leaving the precise
369  microphysical origin of t. to laboratory calibration.

370  From a modelling perspective, the novelty is therefore threefold. First, an explicit local delayed ageing law is
371 embedded in a spatially distributed earthquake-nucleation model, bridging earlier low-dimensional delay systems and
372  continuum rate-and-state nucleation studies. Second, the study quantifies the effect of t. using mutually
373 complementary temporal and spatial observables—peak velocity, center-point histories, velocity profiles, threshold
374  extents, and a moment proxy—rather than classifying the response only by a single time series. Third, it identifies IT4
375  and the two-scale spatial response as practical diagnostics for subsequent model comparison. Taken together, these
376  elements show that temporal organization is a constitutive modelling dimension in its own right. The significant effect
377 s not merely that the delayed model evolves later, but that it follows a different nucleation path and produces a
378  different spatially organized state at the same physical time.

379  Several limitations define the scope of this contribution. The calculations use one Master parameter configuration, a
380  reduced-order one-dimensional elastic closure, periodic boundaries, and a prescribed nucleation perturbation. The
381  values of H and n are model closures rather than independently measured fault properties, and the explored interval
382  of t. has not yet been calibrated against laboratory velocity-step or slide-hold—slide experiments. It is therefore
383  premature to assign a universal value of t. to natural faults or to infer earthquake-scale source properties from the
384  present simulations. The next tests should vary D,, effective normal stress, the velocity-weakening patch size,
385  transition width, and perturbation amplitude; perform grid and closure sensitivity analyses; and implement the same
386  delayed law in a fully dynamic continuum solver. Experimental work should determine whether transient friction data
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387  support a resolvable lag between velocity change and state adjustment and whether that lag remains constant or
388  depends on slip history, temperature, gouge thickness, or effective stress.

389  within these limits, the principal contribution is clear: the paper demonstrates, in a controlled spatial model, that
390 finite-time state adaptation can amplify nucleation and reorganize its internal spatial structure independently of the
391 conventional rate-and-state parameters. Existing RSF nucleation studies establish the importance of state-law choice,
392  and earlier delayed block models establish the possibility of frictional memory; the present work connects these two
393  lines of research. By showing that a stable outer nucleation footprint can coexist with a delay-sensitive high-velocity
394  core, it introduces a spatial signature of friction memory that can be sought in more complete simulations and,
395 eventually, in laboratory or geophysical observations. This spatially resolved constitutive signature—not a claim of
396  unrestricted rupture propagation—is the strongest scientific advance supported by Figures 1-7.

397 5. Conclusions

398  This study examined how a finite constitutive response time modifies earthquake nucleation in a spatially distributed
399  fault model governed by rate-and-state friction. The delayed formulation preserves the conventional friction
400  parameters and steady-state structure of the ageing law, but allows state evolution to respond to velocity after a finite
401  interval t. This controlled construction makes it possible to distinguish the influence of temporal constitutive
402 organization from the effects of elastic properties, fault geometry, initial stress, nucleation perturbation, and the
403  standard rate-and-state parameters. For the common Master configuration used in Figures 1-7, constitutive delay
404  produces a systematic and physically coherent amplification of the nucleation response.

405 Increasing t. from 0 to 0.12 s raises the maximum slip velocity from 7.38 x 1073 to 1.38 x 1072 m s71, corresponding
406  to an increase of approximately 87%. The effect is not restricted to peak amplitude. Delayed state evolution changes
407  the timing of acceleration, sharpens the central velocity maximum, modifies the profile shoulders, and permits local
408  crossing of the adopted dynamic-velocity threshold of 1072 m s™. The results therefore show that frictional memory
409 changes the path by which nucleation develops, rather than simply shifting an otherwise identical response in time.

410  The principal scientific contribution is the identification of two spatial scales with different sensitivities to constitutive
411 memory. The broader region exceeding 1072 m s™* remains approximately 0.918 km wide throughout the tested range
412 and is primarily associated with the prescribed nucleation perturbation and distributed elastic coupling. In contrast,
413  the inner region exceeding 1072 m s™* emerges only for finite response times and expands to approximately 0.449 km.
414 A stable outer nucleation footprint can therefore coexist with a strongly delay-sensitive high-velocity core. This spatial
415 signature extends earlier delayed one- and two-block earthquake models by demonstrating how frictional memory is
416  expressed within a distributed nucleation zone. It also complements classical continuum rate-and-state studies, which
417  have primarily investigated the choice of state law under the assumption of instantaneous constitutive response.

418  The dimensionless diagnostic Ty = t. Vima/D. provides a concise measure of the relative importance of delayed
419  adaptation. Its relationship with normalized peak velocity and high-velocity extent indicates that memory becomes
420 influential when appreciable slip can accumulate relative to D, before the state feedback has adjusted. Although I, is
421  presently an output-based diagnostic, it offers a useful basis for comparing simulations with different values of t. and
422  D.and for developing a more general scaling description of delayed-state nucleation.

423  The next stage of research should first establish the robustness of these findings across a multidimensional parameter
424  space. Systematic simulations should vary t. together with D, effective normal stress, the velocity-weakening contrast
425 b — a, nucleation-zone size, transition width, initial stress, and perturbation amplitude. This analysis should determine
426  whether the two-scale spatial response persists, identify the combinations that control the onset and width of the high-
427  velocity core, and test whether II; can be reformulated using an input velocity so that it becomes predictive rather
428  than diagnostic. Grid-refinement tests and sensitivity analyses for the reduced-order closure parameters H and n
429  should accompany this sweep.

430 A second priority is implementation of the same delayed-state law in a fully dynamic continuum framework, such as
431 a validated spectral boundary-integral, finite-element, or discontinuous-Galerkin solver. That extension should retain
432  the Master configuration and compare instantaneous and delayed cases using rupture length, rupture-front speed,
433  stress drop, radiated energy, seismic moment, and arrest position. The key question for that stage is whether the larger
434  delay-sensitive high-velocity core identified here changes the transition from localized nucleation to self-sustained
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435  dynamic propagation when wave-mediated stress transfer is resolved explicitly. The present results provide both the
436  constitutive formulation and the quantitative benchmarks required for such verification.

437  Finally, laboratory calibration is required to connect t. with measurable fault-zone processes. Velocity-step and slide
438  —hold-slide experiments should be analysed for a resolvable lag between an imposed velocity change and the
439 corresponding state or friction adjustment. Tests conducted over different effective normal stresses, gouge thicknesses,
440  temperatures, and accumulated slips could determine whether t. is approximately constant or evolves with fault
441 condition and loading history. Combining these experiments with the proposed dynamic simulations would allow
442 frictional memory to progress from a phenomenological delay parameter to a physically calibrated constitutive
443  timescale.

444  Within the scope of the present model, the central conclusion is that finite-time state adaptation is a consequential
445  component of earthquake nucleation. It modifies both the intensity and spatial organization of accelerated slip
446  independently of the conventional rate-and-state parameters. By linking explicit frictional delay to a spatially resolved
447  nucleation signature, this study provides a reproducible starting point for testing how constitutive memory may
448  influence the subsequent transition to dynamic earthquake rupture.
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