
http://orcid.org/0000-0003-2131-8723
http://orcid.org/0000-0003-2131-8723
http://orcid.org/0000-0003-2131-8723
http://orcid.org/0000-0003-2131-8723
http://orcid.org/0000-0003-2131-8723
http://orcid.org/0000-0001-9394-4104
http://orcid.org/0000-0001-9394-4104
http://orcid.org/0000-0001-9394-4104
http://orcid.org/0000-0001-9394-4104
http://orcid.org/0000-0001-9394-4104
http://orcid.org/0000-0001-5713-1173
http://orcid.org/0000-0001-5713-1173
http://orcid.org/0000-0001-5713-1173
http://orcid.org/0000-0001-5713-1173
http://orcid.org/0000-0001-5713-1173
http://orcid.org/0000-0002-7182-1864
http://orcid.org/0000-0002-7182-1864
http://orcid.org/0000-0002-7182-1864
http://orcid.org/0000-0002-7182-1864
http://orcid.org/0000-0002-7182-1864
http://orcid.org/0000-0002-5642-0894
http://orcid.org/0000-0002-5642-0894
http://orcid.org/0000-0002-5642-0894
http://orcid.org/0000-0002-5642-0894
http://orcid.org/0000-0002-5642-0894
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65824-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65824-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65824-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-65824-7&domain=pdf
mailto:fabio.capitanio@monash.edu
www.nature.com/naturecommunications


www.nature.com/naturecommunications


http://equake-rc.info/srcmod/
www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


www.nature.com/naturecommunications


three-dimensional space including mostly the upper mantle-slab
interaction beneath the Sunda margin may be sufficient to capture
the mechanisms at play. However, our modelling focuses on an aver-
age long-term behavior and does not capture the interactions leading
to stress loading and release during the seismic cycles, for which
complex rheologies, including elasticity, and megathrust non-linear
constitutive laws, including fluids, may become fundamental.

The models also adopt many simplifications of the features of this
area. The models embed what we found the most fundamental feature,
the varying depth of the mechanical slab, yet, neglect other smaller
scale features, such as the zone of low tectonic coupling on the
Sumatra megathrust, around the equator, which may be associated to
the subduction of the Investigator Fracture Zone70. Similarly, the
dataset used for the slab geometry does include tear faults, which may
contribute to the segmentation of seismicity along the southern
Sumatran segment53, however the rheological behavior of these dis-
continuities remains unconstrained, therefore we do not address their
role further, here. Additionally, we do not consider internal structures
and composition of the megathrust. These have a clear role in the
nucleation of megaearthquakes, that is, on the strength, and may
depend on seafloor roughness, sediments, seamounts, and
curvature8,64, which impact the asperities and the correlated high
seismic coupling70. We excluded the subduction zones east of Banda
assuming they only exert far-field forces, proven to have a negligible
impact on margin stresses, here, although this remains to be fully
investigated.

Finally, a note of caution regarding the use of the seismic cata-
logue in this study is in order. While these catalogues provide an
invaluable record of earthquake occurrences, they are inherently lim-
ited by the temporal and spatial coverage of instrumental and histor-
ical observations, which may lead to incompleteness and biased
assessments of long-term tectonic processes. The impact of incom-
pleteness is here minimised using published analysis of seismic
coupling22 and its compatibility of the deformation across timescales18

in this area, although cannot be excluded. Furthermore, long-term and
transient seismic strain are not easily separated, which is here miti-
gated in the geodetically-constrained strain rate dataset, in which the
proximity in time and space to major earthquakes has been removed19.
These limitations invoke a careful interpretation of seismic data and
underscore the importance of integrating datasets, as suggested here,
to improve our understanding of underlying tectonics and dynamics,
although this may remain speculative.

Stress generated by subduction dynamics is a primary driver of
tectonics and destructive earthquakes along convergent margins,
however the link between the seismotectonics of margins and the deep
subducting lithosphere has continued to elude. We address the case of
the Sunda margin, southeastern Asia, where the location of the highest
seismic energy and intense tectonics deformation, in the northern
Sumatra-Andaman, is at odd with the inferred weak tectonic forces of
the shortest slab in the region. Using a high-performance computa-
tional approach, we reproduce the subduction of the Indo-Australian
plate and the whole mantle underneath to explore the role subduction
dynamics have on the seismotectonics of the highly-seismic Sunda
margin. Our models reproduce the oblique plate convergence, the
advancing trench motions and interseismic contraction in Sumatra,
and reconcile with the trench-perpendicular compressional axes along
the margin, aligned with the inferred earthquakes’ P-axes. The Suma-
tran modelled features are due to an excess tectonic coupling, i.e.,
stress across the margin, as the result of the slab step beneath Sumatra,
where the slab becomes abruptly shorter. The slab step result in excess
forcing of the Java slab onto the northern margin and additional
trench-ward tractions due to the fast mantle flow around the deep-
subducting Java slab. The remarkable match between the simulations
and the observed plate motions, tectonics and interseismic strain rates
validates the models’ force balance, providing insight into the stresses,

that is, the actual long-term strength of the Sunda megathrust. Models’

deviatoric stress magnitude and direction agree with published values
of megathrust stress components and friction, constrained by
observed stress drops during large earthquakes, and are in the same
order of the inferred net static pressure on megathrusts. We show that
large normal stresses in the south and larger strength in the north are
compatible with the clustering of highest seismic energy released
along the Sumatra-Andaman megathrust and the geodetically-
constrained barriers in the southern segment. Although megathrust
characteristics and their time-dependence are simplified, we show that
the stress field of the whole Sunda margin is influenced by the lateral
distribution of slab mass. The abrupt shortening of the slab beneath
Sumatra generates excess forcing of the deep Java slab onto the
neighbouring segments, where intense tectonics activity above a
short, young slab may otherwise remain unexplained. In turn, this
affects the long-term strength of megathrusts and sets conditions
favourable for rupture and earthquake nucleation at the regional scale.

Methods
We model subduction in a regional spherical space as the Stokes flow
of an incompressible fluid with infinite Prandtl number. Under these
assumptions, the equations of conservation of mass and momentum
reduce to:

∇ � u = 0 ð1Þ

�∇p + η∇2u + ρg = 0 ð2Þ

where u is the velocity vector, p the pressure, η the viscosity, and ρg is
the force owing to density variations and (downward) gravity accel-
eration, respectively. In the Supplementary Information we provide a
derivation of the equation of momentum from the force balance of
subduction. We neglect the energy conservation equation, as we solve
for the instantaneous flow, which inhibits the effect of thermal diffu-
sion. The continuity equations describing the Stokes flow in their non-
dimensional form are solved using the particle-in-cell finite element
code Underworld71.

The stress tensor σ is defined as the sum of the isotropic and
deviatoric components:

σ = � pI + σ 0 ð3Þ

where I and σ 0 are the identity tensor and the deviatoric stress,
respectively.

The constitutive law relating the stresses and strain rates is given
by the Newtonian creep of the form:

σ 0 = 2η _ε = η ∇u + ∇uð ÞT
h i

ð4Þ

where _ε is the strain rate tensor.
The viscosity η is defined by constitutive law that embeds the

creep and plastic flow. The creep law considers the effect of both
diffusion and dislocation creep, that is, Newtonian and non-Newtonian
creep:

ηcreep = η0

_εII
_εT

 !1�n
n

ð5Þ

where η0 is the reference (Newtonian) viscosity, _εII is the (square
root of the) second invariant of the strain rate tensor, n is the power-
law exponent and _εT is the transition strain rate, i.e., the value at which
the dominant deformation mechanism switches from linear to non-
linear creep, i.e., diffusion to dislocation creep. We have tested various
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