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Overall evaluation

This paper presents the second version of DynEarthSol, which becomes a 2D and 3D
geodynamic modelling framework designed to solve the dynamics of geodynamic, surface
process and earthquake cycle processes. Three technical breakthroughs justifying a sec-
ond version of this model and this paper are (i) bitwise reproducibility, (2) coupling to
surface processes, and (3) including state evolution of RSF in the existing rate-dependent
formulation. The paper is mostly well-written, although it is often unclear what is ex-
actly physically and mathematically implemented, such that several major points involve
questions about that. Hence I think that the guidelines of GMD for reproducibility based
on the text are not met. Nonetheless, remarkable technical has been done to get such a
complex model with unstructured meshes and remeshing working fast across CPU-GPU
architectures. I think this is important technical work that deserves publication in Geo-
scienti�c Method Development (GMD). However, two out of three technical challenges
do not meet the standards I expect from GMD. Bitwise reproducibility is claimed as
one of three novelties, but this is not demonstrated in the paper. RSF is claimed as
�validated�, but the veri�cation is limited to one local closed-form check of equations
that does not verify many key processes of earthquake cycle dynamics. Since your RSF
implementation is not fully physically sound in terms of an underlying assumptions on
stress being equal to strength not being met and a physical process limiting rupture
speeds that seems to be missing, it is important to either �x that and/or have a robust
reproduction or closer evaluation of the resulting earthquake loading and release and
large scale earthquake pattern. Since such robust technical proof is either absent or
too limited, I recommend major revisions. If the editor thinks that some of the main
points below on technical correctness are of high importance to GMD, more time might
be needed for the technical implementation, such that reject and encouragement for
resubmission would better allow for that time.

Response to the overall evaluation

We thank the reviewer for identifying the need to clarify the implementation and strengthen the
evidence for reproducibility and earthquake-cycle behavior. The principal revisions are as follows.

(1) RSF formulation and recalculation. DES now uses an invariant strain-rate measure and
both weakening and healing time-step limits for state evolution. All RSF benchmark, application,
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and sensitivity calculations in this study were recomputed with this formulation, including all 74
parameter-study runs.

(2) Application-scale comparison. We added a heterogeneous-fault comparison with Herrendör-
fer et al. (2018), evaluating recurrence, slip partitioning, and rupture extent.

(3) Veri�cation and sensitivity tests. The expanded evaluation includes local constitutive ver-
i�cation, zero-velocity healing, mesh resolution, and �ctitious-density sensitivity. A 2000 yr RSF
control produced bitwise-identical numerical states across the tested CPU con�gurations (Com-
ment 5). Appendix D documents �nite-speed disturbance propagation in the damped, mass-scaled
system. Extensional tests show fault growth near the Arthur reference angle in EP and both EP�
RSF cases, with stable sliding for velocity strengthening (a > b) and earthquake-like stick�slip for
velocity weakening (a < b) (Section 5.3.2).

(4) Documentation and context. Section 5.2 now states the DES threshold-plasticity formu-
lation and update sequence explicitly. Section 5.1 separates interface-based and continuum RSF
implementations, expands the continuum literature, and clari�es the relation to Tong and Lavier
(2018) and Lavier et al. (2021). Across the manuscript, rheology names were standardized, the
earlier 3D/OpenCL implementation was acknowledged through Ta et al. (2015), and unsupported
claims were removed. The responses below describe these changes point by point.

Major points

Implementation of RSF using plasticity

R2�Comment 1

Adding the state evolution to RSF and doing earthquake cycling is one of three main
novelties. However, exactly how this is implemented is not well described and seems not
in line with fundamental assumptions in RSF.

We agree that the original manuscript did not describe the constitutive update clearly enough.
DES incorporates Dieterich�Ruina rate and state dependence into the friction coe�cient used in
the Mohr�Coulomb yield criterion (Section 5.2).

At each step, DES calculates V n = 2wε̇nII from the total deviatoric strain rate, advances θn with
the aging law, evaluates µ(V n, θn+1) and the corresponding friction angle, and then performs the
yield test and return mapping. Stress may therefore remain below strength while an element is
elastic and equals strength only during yielding. The time step limits the fractional change in θ,
and all reported RSF calculations were recomputed with this limit and the invariant rate measure.
Sections 5.2.2 and 5.4.3, and our response to Comment 2, explain the consequences of the threshold
behavior.

Changes in manuscript.

Section 5.2 was rewritten to give the friction and state laws, their integration into the Mohr�Coulomb
return map, the invariant continuum rate measure, the update order, and the state-evolution time-
step limit. Appendix G gives the application settings.
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R2�Comment 2

RSF is derived under the assumption that fault slip occurs always - even at extremely
low and negligible rates down to the -20, -30 or even -40 m/s -, such that stress and
strength are always equal (e.g., Nakatani, JGR, 2001; Herrendorfer et al., JGR, 2018;
Sirorattanakul et al., Nature, 2025). In your plasticity formulation, stress and strength
are per de�nition not equal, as you use strength as a threshold. In the interseismic
period between earthquakes stress is smaller than (interface) strength, while we now
know that ample of slip occurs below seismic slip rates as well, such as during slow slip
events (hence the seismic coupling at faults is often less than half). Hence this leads to
the question if, and how, your threshold plasticity formulation meets the fundamental
assumption of RSF stating stress = strength, and how it then captures slip transients
during the inter-seismic period. Note that this is the reason that Herrendorfer and
related papers implement RSF as a highly non-linear viscous formulation, where slip
can always occur - and can be very important interseismically - and stress and strength
are always equal. In that paper interface strength de�ned by Nakatani, JGR, 2001 is
used to locally approximate plasticity's threshold at which slip rates become noticeable.

DES uses the Dieterich�Ruina rate-and-state terms to set the friction coe�cient in a Mohr�Coulomb
yield strength. The fault zone can remain partly elastic during interseismic phases: below yield,
elements deform elastically while θ continues to evolve. Plastic deformation resumes locally when
stress reaches the yield strength, allowing elastic loading between slip transients. The viscoelasto-
plastic model of Herrendörfer et al. (2018) also includes elasticity, but permits plastic �ow at very
low rates while maintaining stress equal to strength.

In the strike-slip comparison (Fig. R1), 64% of fault displacement at X = 69 km accumulates during
interseismic phases and 36% during rapid episodes. This interseismic contribution is concentrated
in short slip transients, as quanti�ed in Appendix G1.

Changes in manuscript.

Section 5.2.2 speci�es the stress�strength relation in the DES threshold formulation. Section 5.4.3
reports the interseismic slip and explains how DES and Herrendörfer et al. (2018) di�er in their
treatment of plastic deformation during interseismic phases.
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Figure R1 (revised manuscript Figure 15). Comparison with the strike-slip con�guration of Herrendör-
fer et al. (2018). (a) Fault-relative slip rate derived from paired stations on the two band faces, following
their Figure 4b; Vmax = maxi |v+x,i− v

−
x,i| is the maximum fault-relative slip rate across the station pairs. (b)

Cumulative-slip pro�les along the band in the three rate classes of their Figure 4c; the rapid class is indexed
by slip increment to compare the spatial accumulation of slip.

R2�Comment 3

Formulations in the abstract, conclusions and many other locations in the main text you
write that �this approach enables the simulation of complex fault behaviors, from stable
creep to stick-slip instabilities, � (l.8-9), �allows stable creep, stick-slip instability, and
dynamic rupture-like behavior to be represented within the same continuum framework�
*(. 39-40) and the �full qualitative spectrum from .. stable creep to self-sustaining
earthquake cycling and creep�. To me and most readers such texts and the full spectrum
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implies that also slow slip events are simulated. However, also in light of the above, I
wonder wether those are simulated correctly? Also since you never use the words to
describe or list them. Could you show one panel in Figures 12-13 with non-decaying
(similar magnitude) slow slip events? You could also plot stress and strength throughout
a few earthquake cycles or slip transients.
- Also what means dynamic rupture-like? Please reformulate in relation to comments
below

Four of the 74 calculations have intermediate-velocity responses. Two representative intermediate
cases reach peak nodal speeds of 6.1× 10−6 and 4.5× 10−7 ms−1, respectively (Figs. R2 and R3).
Their longest continuous intervals above ten times the loading rate last 67 and 89 days, respectively.
Stress reaches the yield strength during the transients and falls below it during elastic unloading.
These slow-slip-like transients recur with varying amplitudes.

Speed and displacement describe monitoring-node motion; fault-relative slip is calculated from
paired nodes on the two band faces (Fig. R1). The earlier �full spectrum� and �dynamic rupture-
like� claims have been removed.

Changes in manuscript.

Abstract, Section 5.1, Section 5.4, and Conclusions: the full-spectrum and �dynamic rupture-like�
claims were removed. Section 5.4 and Figs. 13 and 14 describe the response types and their stress�
strength histories, distinguishing nodal quantities from fault-relative slip. Appendix G gives the
parameter-map classi�cation.
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Figure R2 (revised manuscript Figure 13). Responses at �xed Dc = 2.5× 10−3 m, with a/b increasing
from left to right. The third column contains intermediate-velocity transients reaching 6.1 × 10−6 ms−1.
The �fth row compares the Mohr-circle radius R with the threshold Ry at which Eq. (5.5) gives fs = 0; the
two meet while the element yields and separate on unloading.
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Figure R3 (revised manuscript Figure 14). Responses at �xed a/b = 0.6, with Dc increasing from left
to right; panels and quantities follow Figure R2. Peak speed decreases across the four cases, and the second
column has the intermediate-velocity response.

R2�Comment 4

You explain and justify your slip rate calculation in 5.3.2. You argue that principal
stresses axes remain close to fault parallel and fault normal throughout the cycle. This
might be a allowable approximation when the fault is de�ned as a planar structure, but
this does not hold during fault growth. Preuss et al., JGR, 2019, shows the evolution of
fault stress and friction during fault growth with an invariant RSF formulation, which
are signi�cant and can explain fault orientation mismatches in nature.
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- To evaluate your slip rate calculation you could evaluate wether you can reproduce the
Arthur angle as well.
- Note that Preuss 2019 uses the invariant formulation of van Dinther 2013 and Herren-
dorfer 2018 (V_slip = plastic strain rate * 2 * dx , where dx is grid size or fault width),
which does not su�er from the same limitation in approximation V_slip as you suggest
in l. 578.
- Ideally, check your implementation against the Arthur angle, but at least discuss your
limitation more adequately and be aware when removing the de�nition of fault plane
latter on.
- This computation is also computationally e�cient and allows for the mesh-objectivity
under plasticity, as discussed latter on. Hence one could consider adopting this one.
- Alternatively, this implementation could for a prede�ned planar fault be evaluated in
a large-scale benchmark, but this will be discussed in the next point.

All earthquake-cycle calculations use the invariant, direction-independent rate measure (Sec-
tion 5.2.3)

V = 2w ε̇II , ε̇II =
√

1
2 ε̇

′
ij ε̇

′
ij ,

with w the element minimum altitude (w = 2A/lmax in two dimensions, w = 3Ω/Amax in three).
This de�nition removes the previous stress-derived shear direction and is unchanged by rigid-body
motion.

The extensional tests compare EP with velocity-strengthening (a/b = 1.2) and velocity-weakening
(a/b = 0.2) EP�RSF using the invariant rate measure, with ϕ0 = 30◦ and ψ = 0◦ (Section 5.3.2,
Fig. 11). At 12 kyr, shear bands extend across multiple elements and dip at 52.4◦, 54.5◦, and
51.2◦, respectively, measured over depths 2�8 km. All three dips are close to the Arthur reference
angle of 52.5◦, evaluated at the initial friction angle because RSF friction evolves. The velocity-
weakening (a < b) case shows stepwise displacement and repeated stress drops; the EP and velocity-
strengthening (a > b) cases accumulate displacement more smoothly. Thus, adding RSF preserves
fault growth near the Arthur reference angle under both stable sliding and earthquake-like stick�slip.

The invariant formulations cited by the reviewer scale plastic or viscoplastic strain rates. In DES,
a plastic-only rate vanishes below yield, leaving the velocity �oor to determine the direct-e�ect
term during elastic loading. Using the total deviatoric strain rate lets V follow both elastic loading
and plastic yielding. This V describes element-level deformation; fault-relative slip is evaluated
separately.

The invariant de�nition removes orientation dependence but does not by itself make the local
plasticity mesh objective: w is an element length, and V consequently scales with element size.
Section 5.4.2 and Appendix G quantify this sensitivity.
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Figure R4 (revised manuscript Figure 11). Spontaneous localization in EP and EP�RSF models
with ϕ0 = 30◦ and ψ = 0◦. (a) Geometry, boundary conditions, mesh detail, and seed monitored in
(e,f). (b�d) Accumulated plastic strain at 12 kyr minus its initial value, on a common linear scale, for EP,
velocity-strengthening EP�RSF (a/b = 1.2), and velocity-weakening EP�RSF (a/b = 0.2). Dashed lines
and angles show �ts over depths 2�8 km. The Arthur, Coulomb, and Roscoe values use the initial angles.
(e) Magnitude of seed-node displacement from its initial position. (f) Second invariant of deviatoric stress,
τII , in the monitored seed element. Histories show 5�10 kyr; the legend in (e) applies to both panels.

Changes in manuscript.

Section 5.2.3 de�nes the invariant rate measure in Eq. (5.6), distinguishes it from the plastic-rate
measures of van Dinther et al. (2013), Herrendörfer et al. (2018), and Preuss et al. (2019), and
states its interpretation and mesh dependence. All reported earthquake-cycle calculations were
recomputed with this measure; Section 5.4.2 and Appendix G quantify its resolution sensitivity.
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Section 5.3.2 presents the spontaneous-localization comparison in Fig. 11; Appendix F gives the
model con�guration.

Noise and reproducibility

R2�Comment 5

One of the main technical points in the abstract, and one of three technical break-
throughs presented, is the bit-wise reproducibility. However, this is not demonstrated in
the paper. Since your �gures 12 and 13 suggest the presence of numerical noise I doubt
that at least the earthquake cycle simulations are truly bitwise reproducible. Please
repeat identical simulations across multiple runs and relevant parallel execution con�g-
urations and compare the complete numerical state using e.g., binary comparison. If
reproducibility is not demonstrated or only partially for repeated runs using one �xed
hardware and execution con�guration, please narrow the claim accordingly.
- Could you also clarify which operation was previously nondeterministic and how the
two-stage update removes this nondeterminism?

The previously nondeterministic operation was the element-to-node accumulation during force as-
sembly. Direct parallel accumulation allows several elements to update the same nodal force, so
both write con�icts and the order of �oating-point addition can vary. In DES v1.x the elements were
partitioned into 2T contiguous index bands, where T is the OpenMP thread count, and the even-
and odd-numbered bands were traversed in two successive parallel loops so that concurrently active
bands would not share nodes. Because the band boundaries are a function of T , the accumulation
order at a given node changed with the thread count and di�ered again under serial execution.
The required node-disjointness was moreover only veri�ed by a node-index-range test that issued a
warning rather than an error, so at coarse resolution or high thread count the assembly could still
incur a genuine race, making results not merely irreproducible but potentially incorrect.

The two-stage update �rst writes every element�node contribution to a separate array location.
A node-based loop then gathers the contributions in ascending element-number order, �xing the
summation sequence.

We added a system-level reproducibility test using an RSF earthquake-cycle control spanning
2000 yr. The same calculation was run on three hosts using AMD EPYC 9654 and 9474F pro-
cessors and 24 OpenMP threads. The complete monitor records and two checkpoint states were
byte-identical. For all 18 saved states, every numerical payload was also byte-identical; the raw save
containers di�ered only in the recorded wall-clock time. Thus the earthquake-cycle calculation was
bitwise reproducible across the tested CPU hosts and processor models.

That test held the thread count �xed. We have since veri�ed thread-count invariance separately,
on the 3.9× 104-element benchmark con�guration, where repeated CPU runs at di�ering OpenMP
thread counts are bitwise identical to one another and repeated GPU runs are likewise bitwise
identical to one another. CPU and GPU results are not bitwise identical to each other, which is
expected: the two-stage update �xes the order of summation and only that, whereas the two paths
are compiled separately and may contract multiply�add pairs or hold intermediate expressions at
di�ering precision, altering the rounding of individual terms. We have therefore narrowed the
manuscript claim to the tested CPU con�gurations and to invariance under repetition and thread
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count, and we make no claim of bitwise identity across compilers, contraction settings, or accelerator
platforms.

These tests establish deterministic repetition, but do not establish that every repeated �uctuation is
physical; the origin and resolution sensitivity of the �uctuations are addressed in the next response.

Changes in manuscript.

Abstract, Introduction, and Section 3.1: the general claims of bitwise reproducibility across hard-
ware and accelerator platforms were narrowed to the tested CPU con�gurations. Section 3.1 now
identi�es the previously nondeterministic element-to-node operation and describes the DES v1.x
thread-count-dependent band colouring that was its speci�c origin. It notes that band disjointness
was checked by warning rather than enforced and explains how ascending element traversal of the
support list �xes the gather order. The section reports both the complete-state comparison for the
2000 yr RSF control and the separate thread-count comparison on the 3.9×104-element benchmark.
It also explains why CPU and GPU results are not bitwise identical to each other.

R2�Comment 6

Your �gures 12 and 13 with earthquake cycle results show considerable noise, whose
amplitudes can very from 0.5-3 orders of magnitude. A large part of this may well be
numerical in nature.
- A part of this in the left and right �cree� panels may be physical as well, hence please
show the left and right panels for much short times/displacements, such that about 10
cycles are seen.
- Other parts in the central panel are likely numerical still, as oscillations are prominent
in the inteseismic and at the end of coseismic as well. Such oscillations are not present in
e.g., the comparable work of Herrendorfer et al., JGR, 2018, which - like many boundary
element earthquake cycle simulations (Rice et al. JGR 1993) - show very clean sequences
with fully periodic recurrence of characteristic earthquakes, after the �rst or �rst few
(spin-up) earthquakes.
- Additionally, the small variability in recurrence rate and slip you note, also suggests
that there might be something that is not fully appropriately solved.
- Often reducing the grid size can help to achieve a smooth, noiseless evolution. Does
that, or anything else, help you to reduce the noise in your simulations?
- Also, is this noise bitwise reproducible?

A 2000 yr earthquake-cycle control reproduced its checkpoint and saved numerical states bitwise
across the tested CPU con�gurations, ruling out run-to-run parallel nondeterminism for that test.

Figs. R2 and R3 now pair each full time history with detailed views of selected intervals, including
speed, displacement, friction, state and stress relative to strength, allowing the small oscillations to
be examined directly.

The �ne, reference and coarse meshes place about nine, four to �ve and two elements across the
fault zone. All three produce rapid episodes. The �rst-episode time changes by less than 1%, and
mean recurrence changes by −9.6 to +2.7%. Recurrence intervals remain variable after re�nement,
with coe�cients of variation of 0.06 on the �nest mesh and 0.02 on the other two. No remeshing
occurs in these calculations. In the density-�oor test (Comment 9), removing the residual �oor
reduces the coe�cient of variation of recurrence intervals from 0.16 to 0.05 and changes event-scale
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properties. Together, these tests support the response class and �rst-episode timing while showing
that �ner-scale variability remains sensitive to numerical settings.

Changes in manuscript.

Figs. 13 and 14 pair full time histories with detailed views of selected intervals. Appendix G reports
the three-resolution comparison over the simulated intervals, including mean recurrence and its
variability, and states that no remeshing occurred.

R2�Comment 7

Reproducibility of plasticity is also a�ected by mesh-objectivity, which is only discussed
in one sentence in relation to another paper with a di�erent implementation and a focus
only at rate-dependent plasticity (Goudarzi et al., 2023). However, mesh-objectivity
for your long-term geodynamic simulation coupled to surface processes would not be
helped by that rate-dependence, yet the fault locations and intensity and maybe even
surface expressions could be a�ected. In various geodynamic codes this is dealt with
by adding Kelvin viscoelasticity to regularise the fault width (Duretz et al., GGG,
2019). ASPECT includes a similar type of regularisation, such that this di�erence could
explain a distinct part of the di�erence between your and ASEPCT's simulation, which
is distinctly smoother and has less faults.
- It is not clear wether you model is reproducible for di�erent grid sizes. Could you clarify
what spatial or temporal regularization controls shear-zone width, and demonstrate mesh
convergence or discuss the limitations for your surface processes and earthquake-cycle
simulations?
- Since you write here and there, e.g., in L. 551, that your �shear zones are explicitly
resolved� I would expect to see that demonstrated following the previous question, or
such formulations implying �resolvedness� need to be updated.

On the shear zone width in DES

Our plasticity implementation does not include an explicit regularization of the kind formulated
by Duretz et al. (2019). The width of the shear bands is therefore controlled by the element size.
We note that the regularization of Duretz et al. (2019) introduces a length scale through a Kelvin
viscoplastic element. We are pursuing a comparable regularization and have expanded the plan for
future improvement in the Conclusions section.

On the mesh convergence in DES

We have tested the resolution dependence of the DES model with three series of simulations: three-
dimensional models with adaptive re�nement at hmin = 1.0, 0.5 and 0.25 km; three-dimensional
models with uniform resolution at h = 2.0, 1.0 and 0.5 km; and two-dimensional models with
uniform resolution at h = 1.0, 0.5 and 0.25 km (Fig. R5). As expected for an implementation
without an internal length scale, the shear band width scales with the element size, and the peak
plastic strain within the bands scales inversely, since a comparable fault o�set is accommodated
across a mesh-set band width. The faulting pattern itself is reproduced at h = 1.0 km and �ner:
The location, dip and surface expression of the four faults (primary, footwall-snapping, and the
two in the hangingwall) are unchanged across this range. At h = 2.0 km, a di�erent faulting mode
appears and strain localization is much less intense. We further note that the uniform and adaptively
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re�ned three-dimensional models agree at matched resolution (0.5 and 1.0 km), indicating that the
faulting pattern is controlled by the resolution rather than by the re�nement strategy.

Figure R5. Resolution tests of the DES model. Plastic strain at 0.48 My for three series of simulations.
Left: two-dimensional models with uniform resolution at h = 1.0, 0.5 and 0.25 km. Center: three-dimensional
models with uniform resolution at h = 2.0, 1.0 and 0.5 km. Right: three-dimensional models with adaptive
mesh re�nement at hmin = 1.0, 0.5 and 0.25 km. Three-dimensional results are shown on a cross section at
1 km from the front face of the domain. All panels share the color scale shown.

The two-dimensional models with a uniform resolution reproduce the primary fault and the footwall-
snapping secondary fault over the same range of resolutions, but do not develop the fault that cuts
o� the hangingwall block, even at h = 0.25 km (Fig. R5). We therefore interpret that the formation
of rider block is promoted in the three-dimensional models given the rheological parameters.

The resolution test results are now a new section in Appendices.

Implications for tectonic-surface process coupling

Neither the DES nor the ASPECT model presented here carries a regularization length scale of the
kind discussed by Duretz et al. (2019), by construction in DES and by choice in ASPECT, and yet
both produced the same primary fault, consistent with Lavier et al. (2000), at comparable minimum
element sizes. Also, within DES, the full faulting pattern is stable across meshing strategy (i.e.,
adaptive or uniform) and across a factor of four in resolution.

The three-dimensional faulting pattern is reproduced at resolutions of 0.25�1.0 km. We speculate
that the remaining di�erence between DES and ASPECT in secondary faulting is more likely at-
tributable to element type and mesh structure: irregular linear tetrahedra in DES versus locally
structured, higher-order (Q2�Q1) elements in ASPECT.

Implications for earthquake cycle modeling

As detailed under Comment 6 and in Appendix G3 Décollement mesh-resolution sensitivity, the
three-resolution earthquake-cycle comparison shows that the response class and �rst-episode time
are much less sensitive to resolution than the element-scale rate measure. The fault-zone width
remains 100 m in all three runs, whereas the width of localized deformation within it remains
mesh dependent. The interseismic rate measure V spans a factor of 4.8, as Eq. (5.6) implies, but
the interseismic friction coe�cient changes by only about 0.01. These runs quantify resolution
sensitivity rather than establish convergence.

Shear-band orientation provides a separate test of the plasticity formulation (Kaus, 2010; Choi
and Petersen, 2015). In the extensional tests, EP and both velocity-strengthening and velocity-
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weakening EP�RSF develop shear bands across multiple elements at dips of 51.2◦�54.5◦, close to
the 52.5◦ Arthur reference evaluated at the initial friction angle (Section 5.3.2; Comment 4). This
agreement holds under both stable sliding and earthquake-like stick�slip. These tests use a single
mesh resolution and do not establish mesh convergence.

On the expression, �shear zones are explicitly resolved�

We have revised the statement at L. 551 and similar expressions elsewhere. "Explicitly resolved"
overstated what our discretization supports; we now describe the shear zones as represented at the
element scale, with a width set by the local element size rather than by an internal length scale of
the constitutive model.

Changes in manuscript.

In Sect. 2.2 Rheology framework,

�The Mohr�Coulomb return mapping with strain weakening is local and carries no internal length

scale, so the width of localized deformation is set by the local element size.�

In Sec. 4.3 Test case: Gaussian fault evoluion

�The initial mesh is re�ned in the central region such that the element size is about 1.2 km there
and about 2.5 km outside (Fig.5b). During the simulation, adaptive re�nement further reduced the

element size to a minimum (hmin) of about 0.5 km within the developing shear bands.�

�This suggests that in this particular test case our coupled surface processes were not signi�cant
enough to fundamentally alter the crustal deformation due to limited surface deposition (i.e., surface
load redistribution).

The faulting pattern described above is reproduced across a factor of four in element size and under

both uniform and adaptive meshing, although the shear band width scales with the element size (see

Appendix C).�

At the end of Sec. 4.3 Test case: Gaussian fault evoluion

�Neither model carries a regularization that sets an internal length scale: the plastic damper available

in ASPECT (Bangerth et al., 2024) was not enabled in the calculation shown here, and DES has

no equivalent. The di�erence in secondary faulting is therefore unlikely to re�ect regularization in

one code and not the other. We speculate instead that it is attributable to the element type and

mesh structure: i.e., irregular linear tetrahedra in DES against the locally structured, higher-order

(Q2�Q1) elements in ASPECT, which represent localized shear deformation as a smoother band.�

In Sections 5.2 and 5.4

Sections 5.2 and 5.4 state the absence of intrinsic length regularization and report the resolution
sensitivity, citing Duretz et al. (2019). The phrase �explicitly resolved� is removed where it implied
mesh objectivity.

In Conclusions

�Because the plasticity model in DES carries no internal length scale, the width of localized de-

formation remains set by the local element size. Incorporating an internal length scale through

regularization is a priority for future development.�

A new section in Appendices
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�Appendix C: Mesh-resolution sensitivity of the Gaussian fault evolution�

Physical implementation: issues and lack of clarity

R2�Comment 8

Your description of the physical equations is not clear everywhere, such that the reader
can not understand what you did or what is implemented. This is evident from my
questions above, but also for inertia:

We rewrote Sections 2.1 and 5.2.2�5.2.5 to state the physical momentum equation, Mohr�Coulomb
yield function and stress�strength relation, invariant rate measure, mass scaling and damping, state
integration, and time-step rule. Detailed responses are given under Comments 1, 2, 4, 9 and 10;
Appendix G provides the application settings and sensitivity tests.

Changes in manuscript.

Sections 2.1 and 5.2.2�5.2.5 revised; see the changes listed under Comments 1, 2, 4, 9 and 10.

Inertia: description and implementation issues with unboundedness at large slip rates

R2�Comment 9

It is not clear if, and how, inertia in a physical form is implemented. Some formulations
suggest so �Navier-Stokes equations (l. 57)� or �propagation of elastic waves � (l. 675).
However, others do not.
- Equation 2.1 uses a �ctitious mass-scaled density, and the method was originally
designed to damp inertial forces and recover quasi-static equilibrium. Please clarify
whether rho_f=rho during coseismic events, whether dynamic relaxation remains active
and how this is tuned in relation to adaptive time stepping, and whether the resulting
P- and S-wave speeds are physical. If not, the terms �dynamic,� �dynamic rupture,� and
�elastic-wave propagation� should be accurately reformulated. The present formulation
may be better described as a dynamically relaxed or mass-scaled explicit approximation.
- Also if you had inertia, you would not need an additional bound as a novel criteria in
your adaptive time stepping, which you do in form of a local shear wave speed maximum
(l. 586). You explain that you do need that to ensure that the �ctitious density remains
bounded when slip velocities approach shear wave speeds. However, physically, slip rate
remains bounded due to inertia. Hence it is not clear why you need this.
- Without it is not fully dynamic, hence you should not claim earthquake-cycle dynam-
ics is solved (e.g. in the title). And you would also need another energy sink to limit
unbounded slip rate growth, which is in the absence of inertia typically done using a
quasi-dynamic approximation (Rice et al., JGR, 1993). However, I do not see anywhere
you implement that?
- I suspect that you cuto� maximum slip rates with your additional shear wave speed
bound in your time stepping, rather than implementing a physical mechanism to limit
rupture growth. This numerical trick may well impact your solution, may also contribute
to the noise you observe towards the end of the event, and inhibits a proper veri�cation
and benchmarking of your solution.
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- Since lines 675 and others discuss the simulation of waves and claim issues due to a
linear approximation of waves, I wonder what your waves look like. And how you could
simulate them without physical inertia. Could you show plots of the (underresolved)
wave �eld in the supplements? And clarify how you simulate those?

DES retains the second-order acceleration term throughout the earthquake cycle. Equation (2.1)
gives the momentum balance with material density; mass scaling enters through the discrete nodal
mass, following Choi et al. (2013) and Tong and Lavier (2018). Componentwise FLAC damping
remains active with a coe�cient of 0.8 and modi�es the assembled nodal force without removing
acceleration. It di�ers from the radiation-damping approximation used in quasi-dynamic models
(Rice, 1993).

Mass scaling permits longer explicit time steps during slow loading. The décollement and strike-slip
models use scaling coe�cients c = 105 and 106, respectively. Their minimum �ctitious density is
1.67ρ, including during rapid episodes, so the scaled compressional and shear wave speeds reach at
most

√
G/K = 0.775 of their material-density values. The shear-speed ceiling sets this density �oor;

it does not cap nodal velocity, the constitutive rate measure V , or slip rate. The separate time-step
rule in Eq. (5.9) combines the elastic and state-evolution limits, with other active processes able to
impose a tighter global limit.

To isolate the e�ect of the density �oor, we changed the apparent-speed ceiling so that ρfict returns
to ρ wherever the ceiling applies. The mesh and all other parameters are unchanged in this 2000 yr
comparison (Appendix G).

reference
ρfict ≥ ρK/G

modi�ed
ρfict → ρ ratio

First episode (yr) 745.2 745.2 1.00
Peak nodal speed, median (m s−1) 0.199 0.372 1.87
Peak nodal speed, maximum (m s−1) 0.491 0.564 1.15
Episode duration, median (s) 15.0 19.6 1.30
Stress drop ∆R, median (MPa) 4.87 6.53 1.34
Recurrence (yr) 47.8± 7.8 50.4± 2.6 1.05

The �rst episode remains at 745.2 yr and mean recurrence changes by 5%, whereas peak speed,
duration, stress drop, and recurrence variability remain sensitive to the density �oor.

Appendix D diagnoses compressional and shear disturbances using velocity divergence and curl
(Fig. R6). A rapid episode produces a four-lobed compressional pattern, an expanding shear front,
and progressive arrival along a transect. The fraction of the squared signal envelope ahead of
a cone falls to approximately 10−3 at the mass-scaled compressional speed. These �nite-speed
arrivals demonstrate inertial propagation. The title retains �Earthquake-Cycle Dynamics� because
the second-order equation governs the entire cycle.

Changes in manuscript.

Equation (2.1) now uses material density, with �ctitious density introduced only in the discrete
nodal mass. Sections 2.1 and 5.2.4 describe the retained acceleration, FLAC damping, mass scaling,
and characteristic speeds; Section 5.2.5 gives the state update and time-step rule. Section 5.4 and
Appendix G report the density-�oor sensitivity. The terms �dynamic rupture�, �dynamic rupture-
like�, and �elastic-wave propagation� were removed. New Appendix D and Fig. D1 demonstrate
�nite-speed propagation in the mass-scaled system.
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Figure R6 (revised manuscript Figure D1). Propagation of the disturbance radiated by one rapid
episode of the model in Sect. 5.4, at 950.91 yr, using the compressional-sensitive diagnostic ∇·v and the
shear-sensitive diagnostic ∇×v, the out-of-plane component in this 2D section; both are signed. (a�d)
Snapshots 2.0 s apart during the rapid episode. Each �eld uses one color scale across the two times, set
from the bulk, so values inside the 100 m fault zone are clipped, and the vertical exaggeration is 2.4. (e)
The |∇×v| envelope along a line 2.5 km above the fault, taken as the analytic-signal magnitude after a
2 s running mean is removed, normalized by its global maximum. Dashed lines are cones drawn from the
nucleation patch at the mass-scaled speeds cappp = 4472 and capps = 2582 m s−1. (f) Fraction of the squared
envelope of each �eld arriving ahead of a cone moving at the speed on the horizontal axis. Dashed lines
mark the mass-scaled speeds; dotted lines mark the material-density cs = 3333 and cp = 5774 m s−1.

R2�Comment 10

The rheological model description varies throughout the paper. Sometimes correctly, but
also sometimes less completely. For example, in the abstract you write about RSF being
implemented in a MC elastoplastic structure, but latter I also see visco-elasto-plastic or
elasto-visco-plastic and full implementations. Could you check all your rheology model
statements and try to clarify what you do where?

DES supports EP, EVP, EP�RSF, and EVP�RSF. The performance benchmark uses EVP and the
surface-process application uses strain-weakening EP. The constitutive tests in Section 5.3.1 and
the localization comparison in Section 5.3.2 use EP and EP�RSF, whereas the décollement and
strike-slip applications use EP�RSF. EVP�RSF is available but is not used in this study.

Changes in manuscript.

Section 2.2 and the work�ow �gure list the supported rheologies consistently. The performance-
benchmark table now identi�es EVP, Section 4 identi�es strain-weakening EP, and the opening of
Section 5 identi�es the EP and EP�RSF cases used in the RSF tests and applications.
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Benchmarking

R2�Comment 11

The above issues illustrate the importance of benchmarking your solution also in an
earthquake cycle setup.

Quickly reading your text that references to SCEC (State-wide California Earthquake
Center) benchmarks of Sequences of Aseismic and Seismic Slip (SEAS) across several
pieces of text makes the not careful reader think that you executed them, but you have
not. First, could you not refer to those benchmarks if you did not execute them?

We agree. We did not run the SCEC/SEAS benchmarks and have therefore removed all references
to that benchmark suite from the manuscript.

Changes in manuscript.

References to the SCEC/SEAS benchmark suite were removed from Sections 5.1, 5.3, and 5.4 and
from the Conclusions.

R2�Comment 12

Instead you compared wether you would get nucleation, if friction increases and de-
creases, what maximum slip rates are, that you get recurrence and conclude that �cycle
statistics are broadly in line with quasi-dynamic RSF sequence result (Lapusta.2000;
Erickson.2020)�. I have seen quite some simulations that reproduce these very gen-
eral features, but in those there still could be many smaller and larger issues. Hence
quanti�cation and closer examination matters here.

At the start of your benchmarking section 5.4 you indeed describe that you �must re-
produce physically reasonable nucleation, rupture and healing behaviour� (L. 593/4).
However, you do not verify of any of the properties wether these are physically reason-
able.

I understand that reproducing SCEC benchmark designed for non-volume-based codes
using a volume-based code is an endeavour you would not like to start on, and is it not
realistic to demand in this paper. However, several aspects can be tested independently
and analytically. This involves inter seismic healing and post seismic relaxation, such as
addressed in Figure 10 of Herrendorfer et al., (2018).

The zero-velocity test veri�es the aging-law healing limit examined by Herrendörfer et al. (2018)
in their Fig. 10b. With all nodal velocities held at zero, θ grows almost linearly from θ0, and an
independent iteration of Eq. (5.8) reproduces the DES state evolution over 12.70 yr.

In the décollement calculations, µ recovers to within 1% of its interseismic value after 33 yr at
a/b = 0.2 and 4.4 yr at a/b = 0.5. Both recovery times are shorter than the corresponding median
recurrence intervals of 225 and 50 yr (Section 5.4.2).

Postseismic relaxation is not independently veri�ed here. Comment 13 presents the comparison
with their Figs. 4b and 4c.
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Changes in manuscript.

Section 5.3.1 reports the zero-velocity healing veri�cation, and Section 5.4.2 quanti�es frictional
recovery between rapid episodes. The general claims about �physically reasonable� nucleation,
rupture, and healing were replaced by speci�c comparisons.

R2�Comment 13

In addition, your recurrence pattern can be compared to Herrendorfer et al., (2018)'s
Figure 4c. Since your setup is very similar to that one, such a comparison should be
rather straightforward and very meaningful. Other more detailed evaluations for the
nucleation and propagation are available in there as well, which would be useful for
evaluating those processes, but that can be regarded as beyond the scope of this study.

Several authors of volume-based codes have been discussing to setup a separate, new
benchmark that is designed such that it can be robustly simulated and de�ned for
volume-based codes. The idea is to start from a setup similar to Herrendorfer et al.,
(2018) and yours. I think it would be useful for your model to join this endeavour.
However, until then and in any case, the large-scale cycle pattern of Herrendorfer et al.,
(2018) can be reproduced independently of the progress on that front.

In the comparison with Figs. 4b and 4c of Herrendörfer et al. (2018), DES produces a median re-
currence interval of 12.1 yr, close to the reference 12.7 yr (Fig. R1). DES cycles are more variable,
with intervals of 5.3�22.8 yr (CV = 0.33). Rapid slip remains mainly within the velocity-weakening
patch, whereas rupture in the reference model enters the velocity-strengthening regions. Rapid
episodes account for about 36% of fault displacement at X = 69 km, with the remainder accumu-
lating during interseismic phases; the reference model releases nearly all accumulated slip de�cit
during rupture.

DES divides the reference fault-zone width among three elements and assigns Dc = L/3 = 3.33 mm
from the reference one-cell distance L = 0.01 m (Section 5.4.1; Fig. R7). The element-level Dc is
not directly interchangeable across band discretizations (Section 5.4.3). Because band discretization
and Dc di�er between the models, this comparison cannot isolate the e�ect of the constitutive
formulation. We agree that a benchmark designed for volume-based codes would be valuable and
would be glad to participate.

Changes in manuscript.

Section 5.4.3 (�Strike-slip: comparison with Herrendörfer et al. (2018)�) and Fig. 15 compare the
slip-rate history, cumulative-slip pro�les, interseismic slip, and the resolution dependence of the
element-level Dc. Section 5.4.1 gives the comparison setup, with the geometry in Fig. 12b.
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Figure R7 (revised manuscript Figure 12b). (b) The DES comparison model based on Herrendörfer
et al. (2018). Unlike the décollement parameter-study model, this is a map view of a strike-slip fault, so
gravity is zero, the con�ning stress is the uniform traction PB on the two sides, and X and Z are horizontal
coordinates. The 250 m band is discretized with three elements across its thickness and 250 m along strike,
in a mesh that coarsens outward to 8 km at the domain boundaries. The band is drawn with an exaggerated
thickness; the magni�ed stretch at right gives its true proportions, with the monitor stations on its two faces.

R2�Comment 14

Another way to evaluate wether you capture essential earthquake-cycle physics and re-
produce its nucleation is via comparing / demonstrating that your simulations nucleate
a �dynamic� rupture once the nucleation size is reached. How do your nucleation size
and the theoretical nucleation size mentioned in L. 643 compare?
- L. 641-644 describes that you resolve the nucleation size because you use 4-5 elements
across the fault width of 100m. However, in all other smaller width fault zone applica-
tions, nucleation size ALONG the fault is measured, such that ruptures from then on
can propagate ALONG the fault. -> also holds? Update text
- Note also that if it were the across fault width that mattered, I would not term your
simulation as �well resolved� as it is only just or not even resolved.

The relevant resolution comparison is along the fault. For a/b = 0.2, the low-a/b interface solution
of Rubin and Ampuero (2005) gives �xed nucleation half lengths of about 103 and 51 m for Dc =
5 × 10−3 and 2.5 × 10−3 m, respectively, under the same G-based modulus convention used in
Appendix G2. These reference lengths span about four to �ve and two to three local element
lengths along the fault (Fig. R8). The internal nucleation structure remains unresolved on this
mesh.

Across the parameter study, L∞ gives the clearest overall separation of rapid and non-rapid re-
sponses, correctly classifying 61 of 69 runs (Appendix G2; Fig. R9). Both constant-L∞ contours
cross from rapid to non-rapid behavior as a/b increases, showing that a/b also a�ects the response
at �xed L∞.

Changes in manuscript.

Section 5.4.1 compares the reference nucleation half length with the along-fault element length and
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states that the internal nucleation structure remains unresolved. Appendix G2 and Fig. G1 report
the response classi�cation and the constant-L∞ comparisons.
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Figure R8 (revised manuscript Figure 12a). (a) Domain, materials, mesh, and boundary conditions
for the décollement parameter study: a vertical cross section with gravity. Four to �ve elements with local
lengths of about 20�25 m span the 100 m fault-zone width.
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Figure R9 (revised manuscript Figure G1). Response classi�cation in the friction-parameter study. (a)
The a/b�Dc parameter grid and the 14 calculations along L∞ = 325 and 450 m. Marker colors distinguish
rapid, intermediate-velocity, recurrent low-velocity, and near-loading-rate responses. (b) Peak nodal speed
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against L∞ for all runs with �nite L∞. Horizontal dotted lines mark the peak-speed class boundaries, and
the dashed line marks the loading rate. The asymptotic nucleation interpretation of L∞ applies at larger
a/b.
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R2�Comment 15

I appreciate the new `shear-box' benchmark of a single element that you introduce,
which can be used by others as well. However, the aspects discussed above are not
tested in there. Also you impose the velocity �eld, which makes the element-level slip
rate projection known in advance. This prede�nes the slip rate, but you argue in l.
621-622 that you test and validate the nodal-to-element velocity interpolation and the
projection onto the maximum-shear-stress direction, i.e., the way in which you calculate
the slip rate. I do not think you can verify your slip rate equation in this prede�ned slip
rate benchmark with �xed stress orientation. You test one simple case where key things
to test are de�ned.

The simple-shear benchmark veri�es the local constitutive response at a known rate (Section 5.3.1).
The simple-shear velocity �eld gives both elements the same ε̇II , w, and V (Fig. R10). Equation (5.6)
uses this invariant measure without a stress-derived slip direction.

Evolving fault kinematics are examined in the extensional tests, where shear bands develop from a
localized weak seed in EP and both EP�RSF cases (Section 5.3.2; Comment 4).

Changes in manuscript.

Section 5.3.1: the claim that the benchmark validates the interpolation and projection was removed;
the scope was restated as local constitutive veri�cation under known kinematics. Fig. 10a was
redrawn to mark the element length scale w used by Eq. (5.6).
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Figure R10 (revised manuscript Figure 10). Simple-shear constitutive veri�cation. (a) Two-element
geometry and minimum element altitude w in V = 2wε̇II . (b�d) Shear stress and relative error for elasto-
plastic, steady-state RSF, and aging-law RSF cases. Lines denote reference solutions and symbols DES
results; the inset compares state evolution.

R2�Comment 16

Also I do not think based on this benchmark you can claim that �All three bench-
mark problems show excellent agreement between numerical and analytical results (Fig.
10b-d), validating the RSF implementation.� (L. 620). I agree that this benchmark
veri�es the local RSF constitutive update for prescribed constant-velocity simple shear.
However, �validating the RSF implementation� seems too broad. The test does not ver-
ify the coupled system-level behaviour under evolving slip rates, including spontaneous
nucleation, rupture propagation, arrest, healing, or earthquake recurrence. I suggest
replacing �validating� with �verifying the local constitutive implementation� and clearly
distinguishing this test from validation of the full earthquake-cycle model.
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We revised the statement to identify what the benchmark veri�es: the elastoplastic return mapping
and RSF stress and state updates under simple shear (Section 5.3.1). Sections 5.3.2 and 5.4 sepa-
rately evaluate coupled fault growth and earthquake-cycle behavior, including the comparison with
Herrendörfer et al. (2018).

Changes in manuscript.

Section 5.3.1 describes the benchmark as veri�cation of the elastoplastic return mapping and RSF
stress and state updates under simple shear. Sections 5.3.2 and 5.4 present the localization tests
and earthquake-cycle applications separately.

R2�Comment 17

You study four models with RSF parameters to generate di�erent types of sequences.
All your cases have the fault being one property; either velocity-weakening (VW) or
velocity-strengthening (VS). However, you do not have the transition between VW and
VS then. It is at that transition where in nature nucleation if preferred, so if you want
to study and claim reasonable nucleation you need that. Additionally, that transition is
numerically harder to simulate, so you need to show you can do that well with one case.
This is also done in all SCEC benchmarks.

If not a full SCEC or a targeted benchmark, then expect at least to verify di�erent
aspects as mentioned above. The state-of-the-art in method developments has reached
that stage several years ago. Also since you in your abstract write that you build a
robust platform, I think robustness should be demonstrated.

The strike-slip model contains the requested weakening�strengthening transitions (Section 5.4.3,
Fig. 15). Following Herrendörfer et al. (2018), the model contains a velocity-weakening patch
over X = 32�108 km, with a = 0.011 and b = 0.017, �anked by velocity-strengthening regions
with b = 0.001 across 4 km transitions. The calculation produces spontaneous rapid episodes,
and the cumulative-slip pro�les show rapid slip concentrated mainly within the weakening patch
and decreasing across the transitions. Comment 13 compares its recurrence, slip partitioning, and
rupture extent with the reference model.

The décollement study isolates the e�ects of uniform a/b and Dc, while Section 5.3.2 compares fault
growth under uniform velocity-strengthening and velocity-weakening RSF. The abstract no longer
claims a robust platform.

Changes in manuscript.

New Section 5.4.3 and Fig. 15 add a heterogeneous fault with velocity-weakening to velocity-
strengthening transitions and compare its recurrence, slip partitioning, and rupture extent with
Herrendörfer et al. (2018). Section 5.4.1 distinguishes this case from the uniform décollement pa-
rameter study.
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Medium points

R2�Comment 18

The abstract and many places throughout the manuscript write about �validation�, but
you are not checking that the model reproduces the physical system adequately. You do
not compare to any laboratory or natural observations or discuss in that direction. You
are doing �veri�cation�, i.e., wether your equations are implemented and solved correctly.

We use �veri�cation� for the local constitutive comparisons with analytical and semi-analytical solu-
tions under known kinematics (Section 5.3.1). The earthquake-cycle applications evaluate coupled
behavior at model scale; they do not provide validation against laboratory or natural observations.

Outside the RSF section, bitwise reproducibility is described as a requirement for debugging and
checking numerical consistency, the DES�goSPL coupling is described as tested, and the correspon-
dence between the goSPL river network and the DES incision pattern is described as qualitative
support.

Changes in manuscript.

Manuscript-wide: �validation� and its variants were removed. Section 5.3 now distinguishes local
constitutive veri�cation from the model-scale applications of Section 5.4. Sections 3.1 and 4.3 and
the Conclusions now use evidence-speci�c terms such as �bitwise reproducibility�, �tested�, and
�qualitative support�.

R2�Comment 19

Your abstract states �across temporal and spatial scales� and your introduction �to bridge
the gap between long-term tectonic deformation and earthquake-cycle dynamics�. How-
ever, your simulations are done at �xed time frames; geodynamics OR earthquake cycle,
so they do not bridge them by simulating both in the same framework. Could you update
your formulations throughout and clarify the link with the latest paper as well? Koelzer
et al., (2026) is under review like yours (https://doi.org/10.22541/essoar.15007647/v1),
and there geodynamic and earthquake-cycle time scales are bridged and the functioning
of earthquake-cycles under in a model that also in the same application shows tectonic
deformation is clear.

We thank the reviewer for bringing the study by Koelzer et al. (2026) to our attention. We extended
the Arthur-angle tests from EP to EP�RSF, including both velocity-strengthening and velocity-
weakening cases. These simple extensional models reproduce fault growth near the Arthur reference
angle, accompanied by stable sliding or repeated earthquake-like stick�slip. The results support
using DES to model fault growth together with earthquake-cycle behavior. We revised the Abstract
and Introduction to describe these fault-growth and slip-cycle results and to distinguish the separate
tectonic�surface-process and earthquake-cycle applications. Applying this approach to subduction
zones and more complex tectonic settings, as explored by Koelzer et al. (2026), is a promising
direction that we plan to investigate in future work, beyond the scope of the present study.
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Changes in manuscript.

Abstract and Section 1: the �across temporal and spatial scales� and �bridge the gap� formulations
were removed, and the main applications are identi�ed as separate. Section 5.3.2 adds the coupled
fault-growth and slip-cycle calculation.

R2�Comment 20

You do not describe the change from 2D to 3D as one of the main novelties (you only
note it brie�y at line 54). However, I think this is an important novelty, which was
facilitated by your technical HPC work. Why was that not added as a key novelty?

We appreciate this point. The omission of Ta et al. (2015) made the development history unclear:
DES was already a three-dimensional unstructured solver, so the 2D-to-3D extension is not a novelty
of DES v2.0. We added the missing reference and corrected the Abstract, Introduction, Methods,
and Conclusions.

The advance in DES v2.0 is instead the modernization of the existing 3D solver through a single-
source OpenACC CPU�GPU implementation, deterministic two-stage updates, and GPU-resident
time integration and remapping. The earlier study used OpenCL for selected kernels on tightly
coupled CPU�GPU hardware and excluded remeshing from its performance analysis.

Changes in manuscript.

Abstract, Sections 1, 2, and 3.2, and Conclusions: the 2D-to-3D extension is no longer presented
as new to DES v2.0. Ta et al. (2015) is now cited for the earlier 3D and OpenCL implementa-
tion, and the DES v2.0 contribution is framed around its single-source OpenACC implementation,
deterministic updates, and GPU-resident remapping.

R2�Comment 21

Since your o�-fault behaviour would always weaken (or strengthen) with slip rate
changes, can you still simulate static o�-fault plasticity as is studied in dynamic rupture
studies?

Yes. RSF and plastic-strain weakening are assigned independently by material. The fault can use
RSF while the host rock uses rate-independent plasticity, with cohesion and friction angle either
�xed or evolving with plastic strain. The décollement and strike-slip applications use C = 1050 Pa
to suppress host-rock yielding (Appendix G1). With �nite cohesion and plastic-strain weakening,
the EP, velocity-strengthening EP�RSF, and velocity-weakening EP�RSF tests develop shear bands
from a localized weak seed (Section 5.3.2, Fig. 11; Comments 4 and 19). Thus, the assigned rheology
and strength parameters determine whether the surrounding material remains elastic or undergoes
plastic deformation and localization.

Changes in manuscript.

Appendix G1 speci�es the wall-rock cohesion used to suppress o�-fault yielding in the earthquake-
cycle applications. Section 5.3.2 presents the �nite-strength localization tests.
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R2�Comment 22

Since you have a complex work�ow with certain parts of it operating on CPU's and
others on GPU's, are your timings and performance a�ected by availability of either
resource? Does that mean that your code performs better on certain nodes that have an
optimal balance between CPU and GPU architectures, such as available on the Grace
Hopper?

Yes, the timings depend on both resources. The time-integration kernels run on the GPU, whereas
mesh-topology generation and output remain CPU-bound, so as GPU execution becomes faster
these CPU stages take a larger share of the total wall time. Section 3.2.5 now quanti�es this: on
the H100 con�guration the GPU-resident kernel step falls from 94.3% of wall time at the smallest
problem size to 69.5% at the largest, while the CPU-side share rises to between 6.0% and 27.5%.
The reported H100 and A100 results are therefore system-level measurements for the H100�Grace
and A100�EPYC 7763 node con�gurations rather than isolated GPU comparisons, and Section 3.4
now says so.

A well-balanced system should bene�t this hybrid work�ow, and we note that the H100 con�guration
is in fact a Grace�Hopper node, which is the balance the reviewer asks about. We are nonetheless
careful not to overclaim. The two con�gurations di�er in host CPU, host core count, and GPU
generation simultaneously, so they do not isolate the e�ect of CPU�GPU balance and we cannot
identify an optimal ratio from them. Establishing one requires varying the host thread count against
a �xed device, which we plan as a separate scaling test.

Changes in manuscript.

Section 3.4 now names the host CPU and core count of each con�guration, identi�es the cluster
each was run on, and states that because remeshing and I/O retain CPU-bound stages the host
CPU contributes to their measured performance, so comparisons of the hybrid stages between the
H100 and A100 con�gurations re�ect node-level rather than GPU-level di�erences. Section 3.2.5
quanti�es the shift in the CPU-side share of wall time with problem size.

R2�Comment 23

Your adaptive time stepping claims to resolve te state variable's evaluation (l. 585),
but you only have a time step criteria on the slip rate. Herrendorfer et al., JGR, 2018
suggests that also two criteria for are needed to resolve state weakening and healing.

We implemented both state-evolution criteria and reran all earthquake-cycle and sensitivity cal-
culations. For the forward-Euler update, DES limits the fractional change in θ through ∆t ≤
∆θmaxDc/V for slip-induced state decay and ∆t ≤ ∆θmaxθ for healing, adapted from Herrendörfer
et al. (2018). These limits are evaluated over all elements and combined with the elastic and other
active time-step limits.

All 74 parameter-study runs and the resolution and density-�oor tests use ∆θmax = 0.2.

Changes in manuscript.

Section 5.2.5 now presents the forward-Euler state update and both state-evolution time-step limits
in Eqs. (5.8)�(5.9). All earthquake-cycle and sensitivity calculations were rerun with these limits.
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R2�Comment 24

Your references and state-of-the-art description are missing another geodynamic earth-
quake cycle model; Sobolev et al., GGG, 2017. They also use a �nite element model
with plasticity (albeit Drucker-Prager), where only the friction coe�cient is extended
with RSF and a state evolution to simulate elastoviscoplastic earthquake cycles. Since
this is the most similar model to yours (also see points below), could you clarify the
novelty w.r.t. that model/paper?

We thank the reviewer for highlighting Sobolev and Muldashev (2017). Their model couples RSF
to Drucker�Prager plasticity and estimates slip velocity from plastic shear strain rate and element
size. DES uses a Mohr�Coulomb return mapping and a rate measure based on the total deviatoric
strain-rate invariant and local element length.

DES integrates momentum explicitly on unstructured Lagrangian meshes with remeshing capability,
using scaled nodal masses and FLAC damping. Our rapid-slip calculations demonstrate propagating
compressional and shear disturbances with �nite-speed arrivals. The calculations of Sobolev and
Muldashev (2017) focus on event onset and cumulative coseismic slip without resolving detailed
rupture propagation. Our extensional tests further show fault growth across elements near the
Arthur angle, without a prede�ned fault path, together with stable sliding for a > b and repeated
earthquake-like stick�slip for a < b. These results demonstrate coupled fault growth and earthquake-
cycle behavior within the explicit DES framework.

Changes in manuscript.

Section 5.1.2 now includes Sobolev and Muldashev (2017) among the prior continuum RSF models
and states the constitutive and rate-measure di�erences from DES.

Minor points

R2�Comment 25

At various locations you write about state-dependent restrengthening (e.g. l.72), but
state evolution also weakens during earthquakes. -> clarify

We agree. State evolution contributes to both weakening and restrengthening: decreasing θ lowers
the state-dependent contribution to friction, whereas increasing θ raises it.

Changes in manuscript.

Sections 2.2 and 5.2.1 now describe both weakening and restrengthening produced by state evolution.

R2�Comment 26

Why do you compare the Grace CPU and EPYC CPU in Figure 3, whereas the A100
and H100 performed better in Figure 2? -> Add justi�cation

Figures 2 and 3 address di�erent questions. Figure 2 compares CPU and GPU performance as
model size increases. Figure 3 examines scaling with CPU core count, measuring speedup against a
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single-core baseline on each platform. This comparison has no directly equivalent GPU core-count
baseline. It identi�es where parallel e�ciency is lost within a compute node, including the poor
scaling of remeshing.

The hardware con�gurations re�ect the resources available through our TACC allocations. The
Grace CPU and H100 benchmarks were run on Vista, and the EPYC 7763 and A100 benchmarks
on Lonestar6. The CPU�GPU pairings follow the compute-node hardware con�gurations.

Changes in manuscript.

A paragraph was added at the start of Section 3.4.4 stating that the subsection examines scaling
with respect to CPU core count against a single-core baseline, that this independent variable has no
direct GPU analogue so the analysis is restricted to the two CPU platforms, and that its purpose is
to locate lost parallel e�ciency rather than to rank hardware. Section 3.4 also now names the two
clusters on which each con�guration was run.

R2�Comment 27

L. 474: The references cited here do not all quantify o�-fault plastic work in �nite-
thickness fault-zone models. Several instead concern fault-interface slip or �eld-scale
hydromechanical evolution. Limit to those actually using �nite-thickness fault zones or
�plastic work� only if energy dissipation is explicitly calculated. Petrini et al., Tectono-
physics, 2020 is worthwhile in this �nite thickness - o�-fault plasticity - earthquake
context.

We did not quantify energy dissipation in this study and have therefore removed the term �plastic
work�. Section 5.1 now describes plastic deformation and shear localization in DES, and cites Petrini
et al. (2020) for a �nite-thickness continuum model that couples deformation with pore-pressure
evolution, compaction, and strength recovery.

Changes in manuscript.

Section 5.1 describes plastic deformation and shear localization in DES and cites Petrini et al. (2020)
for coupled hydromechanical evolution. The term �plastic work� was removed.

R2�Comment 28

L. 476: In this introduction 5.1, is it fair to here only cite your own work?

We agree that the discussion needed broader coverage of previous work. Section 5.1 now places DES
within the literature on interface-based and continuum earthquake-cycle models, including the con-
tinuum formulations of van Dinther et al. (2013), Sobolev and Muldashev (2017), and Herrendörfer
et al. (2018). Tong and Lavier (2018) and Lavier et al. (2021) are identi�ed as the direct precursors
within DES.

Changes in manuscript.

Section 5.1 was reorganized into Sections 5.1.1 and 5.1.2 on interface-based and continuum RSF
implementations, respectively, and the continuum RSF literature was expanded.
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R2�Comment 29

L. 477: Here, but also at other locations, the novelty of the current RSF implementation
w.r.t. Tong and Lavier, 2018 and Lavier et al., 2021 is not always clear. -> add a few
words on adding state evolution here and maybe elsewhere

We agree. Tong and Lavier (2018) and Lavier et al. (2021) are the direct precursors within DES.
Both studies use the steady-state form of RSF, with plastic strain history serving as a proxy for
frictional state through plastic hysteresis. DES v2.0 adds a separate state variable θ that evolves
independently of accumulated plastic strain and represents time-dependent interseismic healing.
The zero-velocity test veri�es this local healing update (Section 5.3.1).

Changes in manuscript.

Section 5.1 distinguishes the earlier steady-state RSF formulation from the independent state evo-
lution in DES v2.0. Section 5.2.1 gives its evolution law.

R2�Comment 30

L. 492: You may want to discuss �nite and heterogeneous fault zone in subduction zones
(e.g. in relation to your old work) and wether fault geometries are well-known at depth
here.

Fault-zone geometry and internal structure at seismogenic depths are poorly constrained in active
subduction zones. The observations from exhumed faults cited in Section 5.1 document heteroge-
neous fault cores and surrounding fractured rock; they motivate representing deformation across a
fault zone.

Changes in manuscript.

Section 5.1 describes the heterogeneous structure of exhumed faults and its representation in con-
tinuum models.

R2�Comment 31

L. 517: van Dinther et al., (2013)'s model is also elastic, not only viscoplastic; how else
can earthquakes stick and slip?

We agree. Our earlier description was too narrow. van Dinther et al. (2013) use a viscoelasto-
plastic seismo-thermo-mechanical model that includes elastic, viscous, and plastic deformation.
Section 5.1.2 now uses that description.

Changes in manuscript.

Section 5.1.2: the description of van Dinther et al. (2013) was corrected from �viscoplastic� to
�viscoelastoplastic.�
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R2�Comment 32

L. 518-522: Actually, Herrendorfer (2018)'s formulation is also a highly non-linear vis-
cous one, because that allows it to match fundamental RSF assumptions with stress =
strength. This is apparent in its supplements, but it is better explained in Koelzer et
al., (2026).

We agree. Our earlier description did not make this constitutive distinction clear. In Herrendörfer
et al. (2018), a nonlinear viscoplastic viscosity enforces τII = σyield, so plastic deformation remains
active even at very low rates. Sections 5.1.2 and 5.2.2 now distinguish this formulation from the DES
threshold-plasticity update, in which stress can remain below strength without plastic deformation.

Changes in manuscript.

Sections 5.1.2 and 5.2.2 now describe the nonlinear viscoplastic formulation of Herrendörfer et al.
(2018) and contrast its continuous stress�strength relation with the threshold-plasticity update used
in DES.

R2�Comment 33

L. 549: Goudarzi et al. (2023) does not use only a single-cell-wide zone, but also has
multiple cell shear zones, where the paper argues under which conditions these are
resolved and how di�erent implementations thereof compare.

We agree. Our earlier statement incorrectly characterized Goudarzi et al. (2023) as using only a
single-cell-wide fault zone. Section 5.1.2 now describes their comparison of plasticity-based, Kelvin-
viscoplastic, and phase-�eld representations, including �xed-thickness fault zones spanning multiple
cells, and their evaluation of mesh independence.

Changes in manuscript.

Section 5.1.2: the description of Goudarzi et al. (2023) was corrected to include their multiple-cell
fault zones and comparison of continuum fault representations.
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