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Abstract
Rate-and-state friction assumes instantaneous adaptation of state to slip velocity, but the consequences of this temporal 
assumption for earthquake nucleation remain poorly constrained. We introduce a constitutive response time tc into 
ageing-law feedback and isolate its effect in a spatially distributed fault model. Eight simulations use the same Master 
configuration and differ only in tc = 0–0.12 s. Peak velocity increases by approximately 87%, from 7.38 × 10 ³ to 1.38⁻  
× 10 ² m s ¹, while finite delays permit local crossing of 10 ² m s ¹. The response separates into a moderate-velocity⁻ ⁻ ⁻ ⁻  
footprint  that  remains  approximately  0.918  km wide  and  a  delay-sensitive  high-velocity  core  that  expands  to 
approximately 0.449 km. The response remains localized, separating constitutive amplification from subsequent 
large-scale propagation. To our knowledge, this is the first spatially distributed demonstration that explicit finite  
response time in ageing-law feedback can create a high-velocity inner core within a localized nucleation region. The 
diagnostic Πd = tc Vmax/Dc relates delay to state-evolution time. The results establish temporal state adaptation as an 
independent constitutive dimension and provide benchmarks for laboratory calibration and fully dynamic modelling.
Keywords:  rate-and-state  friction;  friction memory;  delayed state  evolution;  earthquake nucleation;  constitutive 
response time; high-velocity nucleation core

1. Introduction

1.1 Earthquake nucleation as a spatially evolving process

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

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

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

1.2 Instantaneous state adaptation as an unresolved constitutive assumption

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

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

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

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

1.3 Research gap, novelty, and objectives

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

To answer them, we introduce a delayed ageing-law feedback into a one-dimensional spatially distributed fault model. 
Eight simulations use the same documented Master configuration and differ only in tc. We evaluate the full space–
time velocity field, profiles at common times, center-point histories, peak velocity, spatial extents above 10 ³ and 10 ²⁻ ⁻  
m s ¹, an integrated moment proxy, and a localization criterion. This multi-observable design distinguishes a simple⁻  
change in peak amplitude from a reorganization of the nucleation field.

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

2. Constitutive framework and numerical methodology

2.1 Classical rate-and-state reference formulation

The reference friction coefficient follows the logarithmic rate-and-state form of Dieterich (1979) and Ruina (1983):
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f(x,t) = f0 + a(x) ln[V(x,t)/V0] + b(x) ln[θ(x,t)V0/Dc].     (1)

Here f0 is the reference coefficient at velocity V0, a and b are the direct- and state-effect parameters, θ is the state 
variable, and Dc is the characteristic slip distance. Frictional shear resistance is

τf(x,t) = σeff f(x,t),     (2)

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

dθ(x,t)/dt = 1 − V(x,t)θ(x,t)/Dc.     (3)

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

2.2 Delayed state-evolution formulation

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

dθ(x,t)/dt = 1 − V(x,t − tc)θ(x,t − tc)/Dc.     (4)

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

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

2.3 Spatially distributed fault model

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

∂u/∂t = V,     (5)

∂V/∂t = cs² ∂²u/∂x² + {τload(x) − τf(x,t) − η[V − Vinit]}/(ρH).     (6)

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

The 40 km periodic domain contains a 24 km velocity-weakening region, 0.5 km smooth transitions, and two 8 km 
velocity-strengthening margins. A smooth cosine stress perturbation with radius Rnuc = 1 km and maximum amplitude 
Δτmax = 2 MPa initiates slip at the domain center. The initial shear traction is τ0 = 6 MPa and effective normal stress is 
10 MPa. The state field is calculated from frictional consistency, τf(Vinit,θ0) = τ0, so that every simulation begins from 
the same constitutive equilibrium rather than from the approximation θ0 = Dc/V0.

2.4 Numerical design and response measures

The domain is discretized using N = 2048 nodes, giving Δx = 19.53125 m. The final calculations use Δt = 2.5 × 10 ⁴⁻  
s, refined from the 10 ³ s pilot value, and extend to T⁻ max = 12 s. The Courant ratio csΔt/Δx is approximately 0.044, 
well below the implemented stability gate. Periodic boundaries are sufficiently distant from the localized response 
that no boundary interaction enters the analyzed region. Table S1 in the Supplement summarizes all adopted, derived, 
and closure parameters; the same values are also printed within Figures 1–7.

93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

3

https://doi.org/10.5194/egusphere-2026-4365
Preprint. Discussion started: 24 July 2026
c© Author(s) 2026. CC BY 4.0 License.



4

The primary amplitude measure is Vmax = maxx,tV(x,t). Spatial organization is quantified by Lq, the total grid length 
for which maxt V(x,t) ≥ q, using q = 10 ³ and 10 ² m s ¹. The lower level tracks the moderate-velocity nucleation⁻ ⁻ ⁻  
footprint, while the higher level identifies the rapidly slipping core. Center-point histories and profiles at 3, 6, 9, and 
12 s resolve temporal and spatial changes that cannot be represented by a single peak value. The final moment proxy 
is the spatial integral of displacement, ∫u(x,Tmax)dx; it is used comparatively and is not converted to seismic moment 
because the reduced model does not prescribe a physical along-strike area.

A local velocity-threshold crossing is recorded when Vmax ≥ 10 ² m s ¹. Spatial propagation beyond the prescribed⁻ ⁻  
nucleation scale is evaluated separately: a case would be classified as distributed dynamic propagation only if the 
region exceeding 10 ² m s ¹ became wider than the 2 km nucleation zone. Separating these criteria avoids equating a⁻ ⁻  
local high velocity with earthquake-scale rupture propagation. Finally, the dimensionless diagnostic

Πd = tc Vmax/Dc     (7)

compares the response delay with the realized state-evolution time Dc/Vmax. Because it contains an output quantity, Πd 

is used to organize the computed responses rather than as an a priori predictor.

3. Results

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

3.1 Delayed-state amplification of localized nucleation

Figure 1 provides the first direct space–time comparison of the instantaneous reference and three representative 
delayed-state  cases.  In  every panel,  acceleration begins  at  the center  of  the imposed perturbation and remains 
symmetric about x = 0, confirming that differences between the simulations are not caused by a shift in nucleation 
position or by boundary interaction. The dashed lines at x = ±1 km delimit the initially stressed nucleation region, 
while the velocity contours distinguish moderate acceleration (V = 10 ³ m s ¹) from the faster inner response (V =⁻ ⁻  
10 ² m s ¹).⁻ ⁻
For tc = 0, the accelerated region develops gradually but remains below the higher threshold throughout the 12 s 
interval. Introducing a response time of only 0.01 s changes this behavior: a narrow high-velocity core appears near  
the end of the simulation. At tc = 0.04 s the core is more persistent and spatially wider, and at tc = 0.12 s it becomes 
the dominant feature of the central response. The systematic progression across panels demonstrates that delayed state 
evolution amplifies the same nucleation episode rather than generating a separate nucleation site.

The novelty of Figure 1 lies in its spatially resolved representation of explicit local frictional delay. Earlier delayed  
Burridge–Knopoff-type studies identified changes in temporal regimes of one- and two-block systems, but could not 
show how delay restructures velocity inside a finite nucleation zone. To our knowledge, Figure 1 is the first spatially 
distributed demonstration, within a controlled rate-and-state nucleation model, that a finite ageing-law response time 
can generate a high-velocity inner core while the broader nucleation footprint remains localized.
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Figure 1. Space–time evolution of localized slip velocity for tc = 0, 0.01, 0.04, and 0.12 s. Dashed lines mark the ±1 
km nucleation boundary; contours denote V = 10 ³ and 10 ² m s ¹. Parameter values used for the calculation are⁻ ⁻ ⁻  
printed on the figure.

3.2 Systematic dependence on constitutive response time

Figure 2 quantifies the trends suggested by the space–time fields. Peak velocity increases from 7.38 × 10 ³ m s ¹ in⁻ ⁻  
the instantaneous case to 1.02 × 10 ² m s ¹ already at t⁻ ⁻ c = 0.002 s. The response remains close to the threshold for tc = 0
.005–0.02 s and then strengthens more rapidly, reaching 1.08 × 10 ², 1.22 × 10 ², and 1.38 × 10 ² m s ¹ at t⁻ ⁻ ⁻ ⁻ c = 0.04, 
0.08, and 0.12 s, respectively. The end-member increase is approximately 87%. The very short delay required to cross 
the adopted velocity threshold shows that the instantaneous model is close to a constitutive transition that is not visible 
when tc is fixed at zero.

The two spatial measures behave differently. The width above 10 ³ m s ¹ remains 0.918 km for all simulations,⁻ ⁻  
whereas the width above 10 ² m s ¹ changes from zero at t⁻ ⁻ c = 0 to 0.098 km at 0.002 s and expands to 0.449 km at 
0.12 s. Its detailed variation at short delays is not strictly monotonic, but the long-delay trend is unequivocal. The 
moment proxy initially decreases slightly, from 42.54 to approximately 41.18–41.49, before rising to 42.84 and 43.91 
for the two largest response times. This non-monotonic integral behavior is important: constitutive memory first 
redistributes slip toward a faster central core and only at larger tc produces a net increase in the integrated response.

In contrast to previous delay studies that primarily classified periodic, quasiperiodic, creeping, or arrested block 
motion, Figure 2 quantifies how explicit response time partitions a spatial nucleation event into amplitude, footprint, 
high-velocity extent, and integrated-slip effects. The combined metrics provide evidence that tc is an independent 
constitutive control parameter. Its influence cannot be represented by reporting only a later onset time or a single peak 
value.
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Figure 2. Peak velocity, spatial extents above 10 ³ and 10 ² m s ¹, and moment proxy as functions of t⁻ ⁻ ⁻ c. Symbols 
correspond to the eight simulations. Master parameters are shown in the embedded annotation.
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3.3 Spatial and temporal reorganization

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

The evolution of the profile shoulders is especially informative. Their limited outward movement explains why the 
10 ³ m s ¹ footprint is nearly invariant, whereas the growing central curvature and peak explain the expansion of the⁻ ⁻  
10 ² m s ¹ core. Figure 3 thus provides the spatial mechanism behind the two-scale behavior measured in Figure 2.⁻ ⁻  
To our knowledge, this profile-level separation between a perturbation-controlled outer scale and a memory-controlled 
inner scale has not previously been reported for an explicit delayed ageing law.

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

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

Read together, Figures 5 and 6 show that frictional delay modifies both space and time. The center histories establish 
amplitude and temporal divergence, while the profiles show that this divergence is concentrated in the inner nucleation 
zone. This combined spatial–temporal evidence is stronger than the trajectory comparisons available from earlier low-
dimensional  delayed models  and is  central  to  the  present  paper’s  advance from block dynamics to  distributed 
nucleation.
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Figure 4. Slip-velocity histories at the center of the nucleation zone for all tested values of tc. Finite response time 
progressively increases and retimes the acceleration. Parameters are listed on the figure.
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3.4 Memory-strength scaling and regime identification

Figure 5 condenses each simulation into the maximum velocity attained at every position and arranges the results as  
a function of tc. The map reveals a persistent central band associated with the imposed perturbation and a brighter  
inner zone that develops as delay increases. The 10 ³ m s ¹ boundary is nearly vertical across the parameter range,⁻ ⁻  
whereas the 10 ² m s ¹ contour is absent at t⁻ ⁻ c = 0 and progressively encloses a wider region at larger delays. This 
geometry visually confirms that the outer and inner scales respond to different controls.

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

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

Figure  6  reorganizes  the  results  using  Πd =  tc Vmax/Dc,  which  compares  the  imposed  response  delay  with  the 
characteristic state-evolution time Dc/Vmax. The instantaneous case occupies Πd = 0, while increasing response time 
moves the simulations toward larger memory strength. Normalized peak velocity rises with Πd, and the high-velocity 
extent follows the same overall progression. The common trend indicates that the observed effects depend on the 
amount of characteristic slip that can occur before the delayed state feedback has adapted.

The introduction of Πd is a second novelty of the Results. Earlier delayed block models used delay as an external  
bifurcation parameter, whereas Figure 6 relates that delay directly to the established rate-and-state length Dc and the 
realized nucleation velocity. Πd is not yet a predictive input parameter because it contains Vmax, but it supplies an 
objective post-simulation measure for comparing memory strength and provides a target for the input-based scaling 
proposed in the Conclusions.
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Figure 6. Response metrics organized by the dimensionless memory strength Πd = tc Vmax/Dc. The normalized peak 
and dynamic-threshold extent both increase as memory becomes stronger. Parameters are listed on the figure.
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Figure 7 places the two diagnostic criteria side by side. The red curve shows that the peak velocity crosses 10 ² m s ¹⁻ ⁻  
as soon as a finite response time is introduced and then rises further for the largest tc values. The shaded spatial 
measure remains confined to a fraction of the 2 km nucleation width, and the maximum outside the nucleation zone 
remains at the locked-background level. The figure therefore separates the attainment of locally rapid slip from the  
subsequent recruitment of the surrounding fault.

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

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

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

4. Discussion

The results demonstrate that constitutive response time is an independent control on earthquake nucleation, rather 
than a minor numerical correction to the classical rate-and-state formulation. When all elastic, frictional, geometrical, 
loading, and nucleation parameters are held fixed, varying only tc systematically changes the maximum slip velocity, 
the timing of acceleration, and the spatial distribution of accelerated slip. Across the investigated interval, Vmax 

increases by approximately 87%, from 7.38 × 10 ³ to 1.38 × 10 ² m s ¹. The response therefore cannot be reproduced⁻ ⁻ ⁻  
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simply by shifting the origin of time: the delayed solutions acquire a different amplitude and a different internal spatial 
structure. This is the central physical result of the study. Frictional memory changes how instability develops inside  
the nucleation zone even when the conventional rate-and-state parameters a, b, Dc, f0, and V0 are unchanged.

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

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

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

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

The most distinctive result is the emergence of two spatial response scales. The width over which V exceeds 10 ³ m⁻  
s ¹ remains close to 0.918 km throughout the parameter sweep, whereas a central region with V ≥ 10 ² m s ¹ appears⁻ ⁻ ⁻  
only when the constitutive response time is finite and expands to approximately 0.449 km. The broader footprint is  
therefore controlled mainly by the imposed stress perturbation and distributed elastic coupling, while the faster inner 
core is strongly controlled by constitutive memory. This distinction cannot be inferred from peak velocity alone. Two 
nucleation episodes with similar overall dimensions may have substantially different internal velocity distributions 
and may consequently interact differently with neighboring fault segments, geometric discontinuities, or velocity-
strengthening barriers. The spatially resolved identification of a comparatively stable outer nucleation footprint and a 
delay-sensitive inner high-velocity core is, in our view, the most important new scientific contribution of the paper.
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The increase in peak velocity can be understood as a transient mismatch between the current sliding state and the  
delayed state-evolution feedback. During acceleration, the friction law evaluates healing and state consumption using 
an earlier, slower configuration. The state variable therefore does not adjust at the rate prescribed by the instantaneous 
slip velocity, allowing a larger velocity excursion before the feedback catches up. Because stress is redistributed 
between neighboring points, this mismatch is not spatially uniform. It is strongest near the center of the imposed 
perturbation, where acceleration is largest, and it progressively modifies the shoulders of the velocity profile. The 
profiles in Figure 3 and the center-point histories in Figure 4 consequently show more than simple amplification: they 
reveal a delay-dependent change in the trajectory by which the system approaches its maximum response.

The local crossing of 10 ² m s ¹ is also physically informative. It shows that the constitutive delay can move a⁻ ⁻  
nucleation process from sub-threshold acceleration to locally dynamic slip speeds without changing the imposed 
stress perturbation. Figure 7 further shows that velocity-threshold crossing and spatial  propagation are separate 
diagnostics. In the investigated Master configuration, the higher velocities remain confined to the nucleation-scale 
region. This outcome is useful rather than incidental, because it isolates a pre-propagation stage at which constitutive 
memory already has a strong measurable effect. It suggests that the onset of locally rapid slip and the subsequent  
recruitment of the surrounding fault should be treated as related but distinct transitions. A fully dynamic model can 
subsequently test whether the larger and wider high-velocity core produced by finite tc changes the conditions required 
for that second transition.

The dimensionless quantity Πd = tc Vmax/Dc provides a compact way to express the strength of the observed memory 
effect. It compares the imposed response time with the characteristic state-evolution time Dc/Vmax. The monotonic 
increase of normalized peak velocity and high-velocity extent with Πd indicates that the influence of delay becomes 
significant when the fault can slip through an appreciable fraction of Dc before the state feedback has fully adapted. 
This interpretation links the new parameter tc to the established rate-and-state length Dc and makes comparisons 
between simulations with different characteristic distances more transparent. Because Vmax is an output, Πd is presently 
a diagnostic rather than a fully predictive control parameter. A broader parameter study should examine whether Vmax 

can be replaced by an initial, reference, or onset velocity to obtain an input-based scaling law.

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

From a modelling perspective,  the novelty is  therefore threefold.  First,  an explicit  local  delayed ageing law is  
embedded in a spatially distributed earthquake-nucleation model, bridging earlier low-dimensional delay systems and 
continuum  rate-and-state  nucleation  studies.  Second,  the  study  quantifies  the  effect  of  tc using  mutually 
complementary temporal and spatial observables—peak velocity, center-point histories, velocity profiles, threshold 
extents, and a moment proxy—rather than classifying the response only by a single time series. Third, it identifies Πd 

and the two-scale spatial response as practical diagnostics for subsequent model comparison. Taken together, these 
elements show that temporal organization is a constitutive modelling dimension in its own right. The significant effect 
is not merely that the delayed model evolves later, but that it follows a different nucleation path and produces a 
different spatially organized state at the same physical time.

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

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

5. Conclusions

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

Increasing tc from 0 to 0.12 s raises the maximum slip velocity from 7.38 × 10 ³ to 1.38 × 10 ² m s ¹, corresponding⁻ ⁻ ⁻  
to an increase of approximately 87%. The effect is not restricted to peak amplitude. Delayed state evolution changes 
the timing of acceleration, sharpens the central velocity maximum, modifies the profile shoulders, and permits local 
crossing of the adopted dynamic-velocity threshold of 10 ² m s ¹. The results therefore show that frictional memory⁻ ⁻  
changes the path by which nucleation develops, rather than simply shifting an otherwise identical response in time.

The principal scientific contribution is the identification of two spatial scales with different sensitivities to constitutive 
memory. The broader region exceeding 10 ³ m s ¹ remains approximately 0.918 km wide throughout the tested range⁻ ⁻  
and is primarily associated with the prescribed nucleation perturbation and distributed elastic coupling. In contrast,  
the inner region exceeding 10 ² m s ¹ emerges only for finite response times and expands to approximately 0.449 km.⁻ ⁻  
A stable outer nucleation footprint can therefore coexist with a strongly delay-sensitive high-velocity core. This spatial 
signature extends earlier delayed one- and two-block earthquake models by demonstrating how frictional memory is 
expressed within a distributed nucleation zone. It also complements classical continuum rate-and-state studies, which 
have primarily investigated the choice of state law under the assumption of instantaneous constitutive response.

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

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

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

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

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

Code and data availability

The model code, configuration files, processed metrics, and figure-generation scripts are provided as a review asset  
accompanying  this  submission.  Before  final  publication,  the  complete  reproducibility  package  and  underlying 
simulation outputs will be deposited in Zenodo under a CC BY 4.0 or compatible open licence, and the resulting DOI 
will replace this provisional statement.
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