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Abstract

Long-lived lateral variations in radiogenic heat production create persistent thermal heterogeneities
that shape continental lithosphere over geological timescales. We introduce a steady-state concept
of thermal inheritance, linking these variations to crustal-scale strain localisation and tectonic
architecture. Using numerical models, we explore both crustal- and lithospheric-scale consequences
of heterogeneous heat production. A key finding is that lateral variations in heat production leave
a distinct crustal-scale tectonic signature, controlling patterns of strain localisation. The South
China Sea serves as a proof of concept: the segmented, oblique extension observed there aligns
with zones of mechanically weaker crust, reflecting the underlying inherited thermal heterogeneity.
These results highlight that crustal-scale tectonic features can emerge from steady-state thermal
conditions, independently of transient anomalies. They provide a quantitative framework linking
inherited thermal structure to observable deformation patterns. More broadly, our study suggests
that laterally heterogeneous heat production offers a physically motivated alternative to traditional
exponential-decay models, better capturing the spatial complexity and persistence of lithospheric
thermal structure. By emphasizing the crustal imprint of thermal inheritance, we demonstrate that
radiogenic heat variations are a fundamental control on strain localisation and tectonic segmentation.
This approach opens a new perspective on how long-lived thermal heterogeneities shape continental
deformation and the architecture of lithospheric structures over hundreds of millions of years.
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1 Structural vs. Thermal Inheritance: Dis-
tinct Controls on Lithospheric Strain local-
isation

Strain localisation in layered or foliated media occurs
through shear instabilities such as necking, folding, and
buckling, operating across scales from millimetric to litho-
spheric (e.g., Schmalholz and Mancktelow, 2016; Gerbault
et al., 1999). This mechanism is sometimes referred to as
structural softening (e.g. Duretz et al., 2016). At outcrop
scales, layering reflects sedimentary processes or pre-
existing metamorphic fabrics, whereas at lithospheric scale,
mechanical layering is largely governed by vertical thermal
gradients and crustal thickness, which control the flow
capacity of the lower crust and the mechanical coupling
between the crust and mantle (Burov and Diament, 1995).

Shear instabilities require perturbations to the mechan-
ical layering; perfectly horizontal layers remain stable.
Linear stability analyses (Smith, 1977) demonstrate that the
fastest-growing instability wavelength is set by the contrast
in mechanical strength, layer thickness, and perturbation
amplitude. While idealized white-noise perturbations pre-
dict a dominant wavelength, finite-amplitude perturba-
tions arising from structural or thermal inheritance can
accelerate growth at specific wavelengths and influence the
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resulting deformation pattern.

At crustal scales, structural inheritance provides pre-
existing zones of weakness, including weak or dipping
tectonic units (Le Pourhiet et al., 2004; Jammes and Lavier,
2018; Zhou et al., 2025), discontinuous structures (Petri
et al.,, 2019), or contacts between lithologies of contrasting
rheology (Huet et al., 2011). These features are often
transient: they localize strain during rifting but may be
erased or reworked by subsequent tectonic events.

At lithospheric scales, tectonic inheritance is expressed
as lithospheric scars, i.e., weak suture zones (e.g., Heron
et al., 2016; Balazs et al., 2017, 2018; Jourdon et al., 2018;
Heron et al., 2019). These structures are generally assumed
to be long-lived, owing to factors such as preserved grain
size, water content, or compositional contrasts inherited
from past tectonic events. Beyond discrete scars, variations
in lithospheric thickness are often introduced using differ-
entinitial geotherms, commonly implemented by adjusting
the depth of the 1300 °C isotherm for different terranes. In
two-dimensional models, such variations can completely
dominate strain localisation at lithospheric scale (e.g.,
Burov et al., 2007), whereas in three dimensions they
influence the orientation and geometry of newly formed
faults or sedimentary bodies and the distribution of strain
within the lithosphere (e.g., Autin et al., 2013; Brune et al.,
2017). These thickness variations are effectively a form of
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FIGURE 1 - Plutonic belts and rift orientations in a. the European Cenozoic Rift System (geological information based on Maierovd et al.
(2016)) and b. Southeast Asia (geological information based on Pubellier and Morley (2014)). Coloured areas indicate zones of elevated
radiogenic heat production associated with post-orogenic processes or former volcanic arcs with associated suture zones in dashed
lines. Light yellow shows the location and orientation of rift structures. In both cases, inherited thermal heterogeneity is oblique to the
main extension direction, represented by thick white arrows, motivating our investigation of how lateral variations in heat production
influence rift localisation, orientation, and their interaction with propagating extension. Both base maps were produced using GeoMapApp

(www.geomapapp.org) Ryan et al. (2009).

thermal inheritance, although not always explicitly named
as such. In the literature, structural inheritance is generally
considered long-lived at all scales (Bercovici and Ricard,
2014; Manatschal et al., 2015), while thermal inheritance is
often treated as lithospheric-scale and transient, controlled
by thermal age (Vacherat et al., 2014; Manatschal et al.,
2015; Oravecz et al., 2024, 2025).

Here, we expand the concept of thermal inheritance to in-
clude a steady-state component: lateral variationsin crustal
radiogenic heat production. Unlike transient geotherms
used in most previous studies, these lateral variations
persist over plate-tectonic timescales, providing long-lived
heterogeneities that influence lithospheric rheology and
strain localisation (Gouiza and Naliboff, 2021; Perron et al.,
2021). By incorporating radiogenic heat as a steady-state
component, we bridge the gap between transient thermal
effects and structural inheritance: structural inheritance
provides geometrically fixed weaknesses, while steady-
state thermal inheritance provides long-lived rheological
variations guiding the growth of shear instabilities across
mobile belts.

Continental lithospheres often display lateral variations
in crustal composition and radiogenic heat production,
reflecting the presence of plutonic belts, metamorphic
units, or former volcanic arcs. Figure 1 illustrates the
distribution of plutonic belts relative to rift structures in
Southeast Asia (based on Pubellier and Morley (2014)) and
in western Europe (based on Maierovd et al. (2016)). In
both regions, inherited thermal heterogeneity, expressed as
zones of elevated radiogenic heat production, is oblique to
the direction of extension. These configurations motivated
us to test whether such long-lived thermal perturbations
influence rift localisation, orientation, and propagation,
and how they interact with other geodynamic controls such
as slab-pull-driven extension.
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The South China Sea (SCS) region, in particular, pro-
vides an exceptionally well-documented example of upper
crust intruded by numerous Triassic to Late Cretaceous
plutons (Yan et al., 2010; Huang et al., 2017; Cao et al.,
2018), concentrated primarily along the NW margin (Savva
et al., 2014), forming a belt of elevated radiogenic heat
production. In this study, we use this regional example
to motivate lateral heat-production patterns in numerical
models, where plutonic belts are represented as zones
of enhanced radiogenic heat in the upper crust, thereby
providing a steady-state component of thermal inheritance.

2 Geotherm of continent 102: from 1D to 2D
and the concept of Thermal Inheritance

2.1 1D Continental Geotherms

Classically, long-term tectonic modelling of the continental
lithosphere uses the 1D analytical solution of the heat
equation to compute temperature as a function of depth
down to the lithosphere-asthenosphere boundary (LAB),
typically taken at 1300 °C (McKenzie, 1978). Following Burov
and Diament (1995), a plate of thickness h; = 100-250 km is
considered, with thermal age A of the last thermo-tectonic
event defining a non-dimensional time:

(1)

used to compute the transient plate-cooling component:

l

0Ty = 1io:sin n— ﬂe_(m)% (2)
tt — 9 — h n )

so that the total transient geotherm is
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T - Tss + 5Ttt. (3)

Here, T, is the steady-state geotherm as in Turcotte and
Schubert (2002), assuming either a basal heat flux ¢,,, or LAB
depth zp 4, linked by

Trap — ATy — T

anfk ) (4)

ZLAB =

where Tpap is conventionally 1300°C, T is surface
temperature, k& the thermal conductivity, and ATy, the
contribution of crustal radiogenic heat production to Moho
temperature:

B f;}; pH dy

TM k )

(5)

with H the volumetric heat production, p the density,
zyr the Moho depth, and z; the surface. H(z) may be
constant (parabolic solution) or decay exponentially with
depth (exponential solution) (Turcotte and Schubert, 2002);
the integral defines the total Moho contribution. Steady-
state geotherms often assign different AT}y, values to
lithospheric blocks, effectively “stitching” independent 1D
solutions and neglecting lateral heat diffusion following
McKenzie (1978).

Figure 2 shows two 1D geotherms. Figure 2a illustrates
the transient solution, where 7}, decays with age, converg-

a: Transient solution

A Ma
5 25100
A O\ T O

Vola e
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FIGURE 2 - Illustration of 1D continental geotherms highlighting
the effect of crustal radiogenic heat production. Pink: upper
crust, blue: lower crust, green: mantle lithosphere, red bodies
visually illustrate the presence of plutons in the rock column
but models are 1D. (a) Variation of LAB depth with thermal age
A; 6Ty represents the transient deviation from the steady-state
solution drawn in blue. Geotherms are coloured by age. With
the chosen thickness of the lithosphere, the 100 Ma geotherm,
in black, is approaching steady-state solution. (b) Variation of
LAB depth with lateral heat production at steady-state, showing
the contribution of crustal radiogenic heating (AT»s) to Moho
temperature. Geotherms are coloured by AT;. The blue line is
the same as in a. The vertical double dashed lines correspond
respectively to 95% of T, ap and T 4. The depth of the LAB on
the lithospheric column is represented for 95% of 177, 4 g because
Tr ap is mantle potential temperature
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ing to steady-state after 100-150 Myr for h; ~ 100 km.
Figure 2 b shows the steady-state case: lateral variations
in radiogenic heating (AT);) modify Moho temperature
and LAB depth, producing long-lived lithospheric strength
contrasts. Our work focuses on this first-order effect of
steady-state thermalinheritance as a control on continental
rift evolution.

2.2 Effects of Lateral Heat Conduction

A fundamental feature of continental lithosphere geotherm
is the robust linear correlation observed between surface
heat flow, Q¢ and surface heat production H (Birch, 1968).
This relation,

Qo = Q, + HoD, (6)

introduces @,, the reduced heat flow also considered
as mantle heat flow, and D is a depth-scale, basically
the thickness of a layer of constant heat production Hj.
Lachenbruch (1968) proposed that this relationship could
also be explained with a 1D solution if heat production
decreases exponentially with depth:

H(z) = Hoe */"r, (7)

where h,. is the decay depth. They suggested that differ-
ential erosion exposes deeper levels with lower production,
leading to reduced surface heat flow in the Sierra Nevada
region. Their model relied on a limited dataset from four
batholith locations. More recent data (Brady et al., 2006),
however, show that radiogenic heat production initially
increases down to 5 km before declining, indicating that the
simple exponential decay assumption is inconsistent with
observations. The classical emphasis on Lachenbruch’s
model in textbooks (e.g., Turcotte and Schubert, 2002)
originally written in 1982 may therefore be overstated given
these newer findings.

As an alternative, Jaupart (1983) proposed that lateral
heat conduction—considered in models with more than one
dimension—can naturally generate a near-linear correlation
between surface heat flow and surface heat production.
Lateral conduction acts as a low-pass filter on temperature
variations, damping short-wavelength anomalies exponen-
tially with distance from the source. For a perturbation of
wavelength ), the characteristic decay length is

dc = 5= (8)

so that anomalies with size smaller than 3d. are strongly
attenuated at depth. For example, the 20 km perturbation-
size case, which results in a sinusoidal wavelength A =
40 km (Figure 3a), is drastically smoothed by diffusion,
whereas wider perturbations (50-100 km) can produce
enduring Moho temperature anomalies of 5-50°C.

This mechanism explains why the observed linear corre-
lation is robust without invoking a specific vertical decay of
heat production. Considering 2D or 3D lateral diffusion thus
provides a more realistic description of the geotherm than
stitching together independent 1D solutions, which neglect
horizontal heat transfer, and underpins the study of lateral
heat production variations presented in this paper.
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FIGURE 3 - Effect of lateral variations in crustal radiogenic heat production on lithospheric temperature and strain in 2D models. (a)
Surface heat flow (top) and Moho temperature (bottom) for a homogeneous crust (solid black), elevated heat production (dashed black),
and perturbation size of 20, 50, 100 km. The 20 km perturbation size case illustrates strong attenuation by lateral diffusion. (b) Initial
viscosity structure overlaid by initial velocity field for Strong (mafic) and Weak (felsic) crust columns, highlighting lateral rheological
variations induced by temperature anomalies. (c,d) Strain rate after 2 Myr for Strong and Weak crust, respectively, showing that lateral
thermal anomalies control strain localisation patterns and intensity. Narrow perturbations are strongly attenuated at depth, while wider
perturbations significantly influence lithospheric rheology, demonstrating the role of lateral heat production as a steady-state component
of thermal inheritance.

2.3 Thermo-mechanical coupling: a 2D proof-of- After 2 Myr, strain rate fields and isotherms (300°C, 600°C,

concept 900°C) show that even modest lateral variations in heat
production efficiently organise strain (Figure 3c-d). In
Strong lithosphere, initial rift mode can switch from narrow
to wide, while in Weak lithosphere, wide rifts form more
rapidly and systematically within thermal highs. Larger-
scale anomalies amplify strain localisation, with fewer but
more pronounced shear bands accommodating deforma-
tion.

Toillustrate how steady-state thermal inheritance organises
strain, we perform simple 2D thermo-mechanical experi-
ments. The domain is 1000 km wide and 250 km deep, with
a 40 km homogeneous crust overlying dry olivine mantle.
Two crustal rheologies are tested: “Strong” and “Weak”;
to examine the effect of crust-mantle mechanical coupling
(Figure 3b). Flow parameters are listed in Table 1 and
methods in annex A and A.3. These results demonstrate that steady-state thermal
inheritance in the upper crust is sufficient to modulate rift
initiation and early localisation in 2D, providing a robust
proof-of-concept for more realistic 3D experiments. In the
following section, we extend these ideas to three dimen-
sions, applying steady-state lateral variations of crustal heat
production to a South China Sea-inspired geometry, where
crustal heterogeneities, oblique extension, and propagating
rifts interact to organise strain localisation and fault pat-
terns.

Lateral perturbations of radiogenic heat production are
applied in the upper 20 km of the crust (4xHj). Although
limited to the upper crust, these perturbations generate
temperature anomalies throughout the crust and litho-
sphere, modulating viscosity and organizing strain locali-
sation. The domain is extended at 4 cm/yr, and Gaussian
random noise in the plastic damage parameter provides
a mechanical seed for localisation. Perturbation sizes of
50 km and 100 km are tested; at depth, these rectangular
anomalies produce quasi-sinusoidal Moho temperature
variations of 5°C and 20°C, respectively, with wavelengths
A of 100 km and 200 km.
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FIGURE 4 — Mapiillustrating the northern South China Sea margin,
including E-W tear basins (indicated by yellow arrows) and the
distribution of Triassic to Cretaceous plutons in red from Pubellier
et al. (2017), and the limit of the volcanic arc in dashed blue line.
Xs: Xisha Trough, Pc: Paracel Basin, Pk: Phu Khanh Basin, Pe:
Penyu Basin

3 Tectono-thermal context of multi-
propagator rifting in the South China
Sea

3.1 Crustal context and pluton distribution

The South China Sea margins have been studied extensively
due to the large number of seismic lines revealing variable
crustal composition, including granitoids, metamorphic
blocks, and clear structures of crustal boudinage (Pichot
etal., 2014).

The continental margin of the South China Sea corre-
sponds to the southern part of the continental South China
Block (Holloway, 1982a; Larsen et al., 2018; Taylor, 2025).
Since the Triassic, this margin occupied the upper plate
of different subduction zones verging towards the South
China Block as marked by their sutures in Figure 1b. As
a result, the crust has been injected by rounded plutons
(van et al., 2010) from the Triassic until the Late Cretaceous
(Huang et al., 2017; Cao et al., 2018; Li et al., 2013) outlined
in red in Figure 4. In this geodynamic context, I-type
granite resulting from mantle/crystalline rocks melting are
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more common than S-type granite resulting from sediment
melting. This suggests that heat production elements are
mostly concentrated in the upper part of the crust (Sawka
and Chappell, 1986). Subsequently, a block largely devoid
of plutons, here referred to as the Luconia Block (Figure 4),
collided with the South China Block (Fyhn et al., 2010;
Pubellier and Sautter, 2022; Huang et al., 2017). From that
moment, the future SCS margins remained in the upper
plate of a subduction zone.

3.2 Rift geometry and propagators

The overall geometry of the SCS oceanic basin is rhom-
boidal, shaped by the construction of the continental shelf,
mostly on the northern margin, and by large deltas along
the NW coast of Borneo from the Early Miocene. Most of
the oceanic basin exhibits a V-shaped morphology pointing
southwest, reflecting the action of a propagator active from
24 Ma to 15.5 Ma (Sibuet et al., 2016; Chang et al., 2022).
Earlier studies indicated that spreading initiated around
33 Ma in a N-S direction, with E-W magnetic anomalies
predominantly in the Xisha Trough (Taylor and Hayes, 1980,
1983; Briais et al., 1993; Li et al., 2014; Barckhausen et al.,
2014).

Along the northern margin, the continent-ocean transi-
tion displays a series of E-W tear basins forming a sawtooth
trace, with the Xisha Trough as the largest and northern-
most feature (yellow arrows in Figure 4). These tear basins
are analogous to small basins forming at the tip of a prop-
agator during continental rifting in numerical simulations
(Le Pourhiet et al., 2018), potentially representing relics of
early westward extension visible in the continent-ocean
transition (Pubellier et al., 2017). They are, however, more
en-echelon than a simple propagator model, oblique to the
extension direction, and terminating with the E-W Penyu
Basin at the Peninsular Malaysia margin. In this sense,
they resemble en-echelon basins formed along localizing
transform boundaries between offset spreading segments
(Le Pourhiet et al.,2017; Ammann et al., 2018).

3.3 Therole of plutons and lithospheric strength

A striking observation is that all N-S extensional notches
vanish when they encounter a large band of Triassic to
Cretaceous plutons (Savva et al., 2014). Some studies
suggest these plutons are mechanically strong and can halt
continental breakup propagation (Ding and Li, 2016; Qing
etal., 2024), while others demonstrate that the lithosphere
must remain weak to achieve distributed deformation along
a rift segment (Gouiza and Naliboff, 2021). Both 3D mod-
elling and simulations of continental rifting at propagator
tips support this requirement for lithospheric weakness
(Le Pourhiet et al., 2018; Jourdon et al., 2020).

Although structural inheritance may locally influence
strain (Zhou et al., 2025; Li et al., 2024), in this work we
focus on how lateral variations in crustal heat production
associated with plutons might control continental rifting at
both crustal and lithospheric scales.
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Param.  Units Eq. Weakcrust Strongcrust Mantle

A MPa".st (17) 6.7x10°% 0.063 2400

Q klmol* (17) 156 275 540

n (17) 24 3 3.5

\% m3mol? (17) 0 3.8x107° 8x107°
bo ° (16) 30 30 30

) ° (16) 5 5 5

Co MPa (16) 20 20 20

Ch MPa (16) 5 5 5

00 kg.m? (12) 2850 2850 3300

« K! (12) 3x107° 3x107° 3x107°
B Pa (12) 10~ 1071 107
Hy pW.m3  (13)  0.365 0.365 0

K m?.s? (13) 1076 107° 107°

€0 (2D) (16) 0 0 0

€1 (2D) (16) 0.5 0.5 0.5

€0 (3D) (16)  0.02 0.02 0.02

€1 (3D) (16) 0.1 0.1 0.1
h(3D) st (15) 10°% 1071° 10°1°

TABLE 1 - Parameters used in 2D and 3D numerical models, Mantle is dry olivine (Brace and Kohlstedt, 1980) , Strong crust is diorite (Tsenn
and Carter, 1987) Weak crust is based on Quartz (Gleason and Tullis, 1995)

3.4 3D South China Sea setup: thermal and mechani-
cal configuration

The 3D simulations are designed to capture the effect of
lateral variations in heat production on rift localisation
along the South China Sea margins. The model domain
inherits the thermal concept from Section 2, extended to
three dimensions. The geotherm is imposed as a thermal
ribbon embedded within a lithosphere of variable crustal
composition, representing the distribution of plutons and
continental lithosphere (Figure 5a). Although the SCS also
experienced high heat flow and several transient thermal
events (e.g. Burton-Johnson and Cullen, 2023; Chang et al.,
2024), these anomalies mainly superimpose from the base
of the lithosphere, probably at a larger scale and do not
affect the lateral variations associated with upper-crustal
plutons. Nevertheless, their presence motivated us to
prescribe the LAB at 90 km when computing the initial
steady-state temperature field.

The simulations are based on the setup of Le Pourhiet
et al. (2018). The Dirichlet boundary conditions impose
lateral extension and a small amount of compression
designed to slow down the propagation of rifts, while a
two-dimensional Gaussian plastic seed is located on the
opposite side of the modelling box (Figure 5b). White
noise in the initial plastic damage parameter is imposed
everywhere and in all simulations.

As in the 2D scenarios, we test a Strong and a Weak crust
scenario, but we also extend to two other scenarios. The
Stratified scenario, based on Duretz et al. (2016), alternates
horizontal layers of strong and weak crustal rheology and
favors structural softening. The Post-Orogenic Lower Crust
scenario (POLC) corresponds to an inverted rheological
profile due to underthrusting of upper crustal material
beneath an ophiolite or lower crustal units (Huet et al.,
2011). Figure 5c presents the initial viscosity structure
along a vertical cross section yz located at x = 400 km.
Combining the thermal profile with four different crustal
organisations highlights how the thermal ribbon imposes
lateral variations in lithospheric strength. It shows clearly

25 | https://doi.org/10.5070/F3.50821

that the thermal ribbon affects the viscosity at different
wavelengths: very short in the upper crust, intermediate
in the lower crust, and large in the mantle lithosphere. It
is clear that different crustal compositions will probably be
more or less sensitive to the different wavelengths. The
POLC crust, in particular, seems to be quite insensitive to
the short wavelength in the upper crust.

This configuration allows us to explore how steady-state
thermal inheritance interacts with rift propagation, oblique
extension, and crustal rheology to control strain localisation
and could lead to the development of wide rift and en-
echelon rift structures at time scales ranging from 2 to 8 Myr.

4 Results of 3D South China Sea Simulations
4.1 Effect of seeding

In 3D, just as in 2D, we need to seed the system to
obtain strain localisation. Here, we explore three seeding
possibilities. The first one, homogeneous isotropic seeding,
consists of white noise in the plastic damage parameter.
This does not impose any wavelength or anisotropy in the
mechanical properties and is imposed in all simulations.
The second is a two-dimensional Gaussian seed located
on one side of the modelling box. It allows us to study
the propagation of localisation across the lithosphere in
the direction perpendicular to extension (Allken et al., 2012,
Le Pourhiet et al., 2018; Jourdon et al., 2020). The third
is a strip of random Gaussian-shaped anomalies of heat
production that we refer to as the thermal ribbon. This
ribbon is oriented at an angle to the extension direction
in order to introduce obliquity. Figure 6 displays the
distribution of heat production in map view with shades
of strain rate highlighting the deformation pattern after 4
Myr for these three scenarios and an additional scenario
which combines the thermal ribbon with the propagator. All
simulations are shown for the Weak lithosphere scenario.
For the first two types of seeding, left column in Figure 6a,c,
heat production is set to 4 H, the highest value used in 2D,
corresponding to wide continental rifting according to the
1D classification of Buck (1991).
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FIGURE 5 - 3D South China Sea simulation setup. (a) Maps of
the 300°C 600°C and 900°C isotherm depth with isocontours of
upper crustal radiogenic heat production (thermal ribbon) that
illustrate the 3D structure of the geotherm and its relationship
with heat production. (b) Map view illustrating Dirichlet boundary
conditions (arrows) and the location of propagator seeds (white
outlines). (c) Vertically exaggerated cross section of initial viscosity
for four lithospheric columns (Weak, Strong, Stratified, and
Post-Orogenic Lower Crust scenario (POLC)), including the yield
strength envelope (taken outside the thermal ribbon). Dark red
line indicates the location of the thermal ribbon.

The deformation patterns obtained under these seeding
strategies are shown in Figure 6. Figure 6a illustrates the
reference case with initial homogeneous random plastic
damage: deformation is distributed across numerous small
grabens that develop orthogonal to the extension direction
that form bands of high strain rates. In Figure 6c, the
addition of a single propagator focuses deformation at
the propagator front, producing a few localised normal
faults, while in the surrounding areas strain rate remains
relatively diffuse (grey-ish tone). In Figure 6b, the presence
of the thermal ribbon leads to a contrasting strain pattern:
deformation outside the ribbon localises into localised
grabens (two on the left, one on the right), whereas
inside the ribbon strain remains distributed, with multiple
small shear zones arranged both orthogonal and oblique
to the extension direction. Such oblique and en-echelon
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FIGURE 6 — Maps of strain rate in grey scale overlapping the
heat production after 4 Myr for Weak crust. Columns correspond
to different distribution of heat production, lines to different
distribution of initial plastic strain to seed the localisation. Black
colour for strain rate can be interpreted as faults/ localised shear
bands, grey-ish tones correspond to zones that deform rather in
a ductile manner, non-shaded areas deform at rates that would
not be detectable by GPS. Dashed red curve is the contour of the
propagator’s seed location. The thermal ribbon is highlighted by
the distribution of high heat production. The shear bands oriented
normal to stretching direction are normal faults, the one that are
oblique are mostly strike-slip structures. White arrows indicate the
conjugated strike slip strain corridors directions. The red arrows
indicate the azimuth of large lithospheric scale grabens.

structures are consistent with the type of fault linkage
and obliquity described in the South China Sea by Savva
et al. (2014). Finally, in Figure 6d, the combined effect
of a propagator and the thermal ribbon results in two
competing conjugated strike slip strain corridors emerging
from the tip of the propagator. One diffuse towards the top
and the other one, contained within the ribbon, dominated
by en-echelon faults cross-cut by a single strike slip fault.
Outside theribbon, deformation localisesin two large offset
grabens.

Taken together, these four cases highlight the com-
petition between kinematically imposed localisation and
thermal inheritance. Kinematic forcing by a propagator
tends to confine localisation to its tips, whereas in the
absence of such forcing deformation remains distributed.
In contrast, the presence of a thermal ribbon produces a
bimodal strain pattern, with wide en-echelon distributed
rifting inside the ribbon and narrow, strongly localised rifts
outside. When both are combined, the propagator controls
the initiation of deformation, but the ribbon provides an
asymmetry that was not visible in the model with only a
propagator.

DYNAMICA | volume 1.1 | 2026


https://doi.org/10.5070/F3.50821

DYNAMICA | RESEARCH ARTICLE | Le Pourhiet et al., Thermal inheritance

a 1 Myr b

2 Myr

c 4 Myr d

stretching Strain rate s

direction |
10-17

10-14

10-15

10-16

X5 X7

Heat production H 200 km

|
x 10

FIGURE 7 — Temporal evolution of localisation in map view for the Weak crust with a thermal ribbon and no propagator. Strain rate
(grey scale) is overlain on the lithology with projected heat production. The thermal ribbon is highlighted by the distribution of high heat
production. The shear bands oriented normal to stretching direction are normal faults, while the ones that are oblique are mostly strike-
slip structures. White circle indicate the center of the rotating block. Red arrows indicate the azimuth of narrow rift structures. Blue arrows

indicate spreading centers.

4.2 Time evolution of a model without propagator

The narrow rift structures visible outside the ribbon at 4 Myr
in Figure 6¢c and d are not random. To understand their
origin, it is instructive to examine the temporal evolution
of the Weak crust model with a thermal ribbon but no
propagator (Figure 7).

At 1 Myr (Figure 7a), deformation inside the ribbon is
distributed across numerous small faults, while outside the
ribbon two narrow rifts form near the edges of the model
domain. These are located where the ribbon comes closest
to the free-slip sidewalls. Their orientation perpendicular
to the boundary reflects the stress conditions imposed by
the absence of shear stress on the free-slip walls: in effect,
the ribbon corners act as secondary propagators into the
stronger lithosphere outside the ribbon.

By 2 Myr (Figure 7b), a new rift develops further outside
the ribbon, along the zn, boundary. Its position does
not correspond to the geometric centre of the model but
rather to a location where the 300°C and 600°C isotherms
are strongly perturbed (see Figure 5a). This new rift begins
to interact with the earlier rift on the opposite side of the
ribbon. As a result, the first-generation rift zones lose
activity, as is evident by 4 Myr in Figure 7c.

At 8 Myr (Figure 7d), the two active lithospheric necks
have turned into a spreading center but they do not connect
by a transform fault, unlike in the models of Le Pourhiet et al.
(2017) for similar distances of rift interaction. Instead, they
delimit a rotating micro-block of continental lithosphere,
comparable to the scenario described by Neuharth et al.
(2021). However, their block is smaller than in our study,
likely due to the overall weaker lithosphere used here.

Although the last stage of this scenario does not directly
apply to the South China Sea, it provides two important
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insights. First, in the absence of a propagator, deformation
localises within the ribbon and then propagates into the
surrounding stronger lithosphere, leading to a gradient
from distributed to highly localised deformation. This tran-
sition is similar to the rheological inheritance described by
Gouiza and Naliboff (2021). Second, free-slip boundaries,
parallel to stretching direction, act as strong attractors for
localised structures within the ribbon, influencing where
rifts nucleate and propagate. Note that making the models
wider in x-direction to include lithosphere without thermal
ribbon would not affect the results because strain would still
localise in the ribbon.

4.3 Fault pattern and rheological stratification on time
evolution of models with propagators

At 4 Myr, three of the four simulations with propagators
— Strong (Figure 8c), Stratified (Figure 8f), and Weak crust
(Figure 8i) — have abandoned theinitial lithospheric neck at
the centre of the cross-section and evolved into large-offset
proto-transform systems, while the POLC model shows a
distinct outcome. To understand these differences, we
now turn to the early stages (1-2 Myr) and examine the 3D
blocks of strain localisation at the propagator tip (Figure 9).
These snapshots illustrate how rheology controls the depth
of necking, the geometry of faulting, and the influence of
plutons on localisation.

In the Strong crust case (Figure 9a,b), the first structures
visible at 1 Myr are already lithospheric in scale. Faulting
roots in wide X-shaped mantle necks, producing normal
faults that cut plutons from the outside rather than through
their cores. By 4 Myr, the system develops into a transten-
sional corridor bounded by two oblique normal faults, with
bookshelf-style strike-slip faults accommodating shearing
inside the corridor(Figure 8c).
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FIGURE 8 - Localisation as a function of time and rheology of the crust in map view. Rendering of strain rate overlapping the type of rocks
with a projection of the heat production. The thermal ribbon is highlighted by the distribution of high heat production. The shear bands
oriented normal to stretching direction are normal faults, the ones that are oblique are mostly strike-slip structures. Red arrows indicate
the azimuth of narrow rift structures. Blue arrows indicate spreading centers. The magenta arrow indicate the bookshelf-style strike-slip
faults zone. The white arrow indicates the strike slip fault that accommodates strain partitioning.

The Stratified crust (Figure 9c,d) also shows deep X- more complex surface fault network. Strike-slip localisation
rooted mantle necks, but additional décollement levels simplifies to one dominant fault after 2 Myr (Figure 8e),
within the crust generate antithetic normal faults and a contrasting with the distributed bookshelf faulting in the
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Strong case(Figure 8b,c).

In the Weak crust case, plutons dominate the initial re-
sponse. Grabens nucleate inside the high-heat production
domains (inred) and propagate laterally as they accumulate
displacement (Figure 9e). By 2 Myr, these crustal faults
link downwards to mantle necks (Figure 9f). At 4 Myr,
the system reorganises onto a single oblique strike-slip
fault that cuts across the earlier pluton-centred grabens
(Figure 8i), marking the late recoupling of crust and mantle.

The POLC crust behaves differently from the other cases.
Localisation at 1-2 Myr is governed by the strong brittle
upper crust, which produces evenly spaced grabens. The
weak green lower crust flows in the footwall of the main
detachment, forming metamorphic core complexes (Fig-
ure 9g,h). At 4 Myr, plutons exert little influence, and
deformation is partitioned into a rift and a strike-slip fault
only loosely related to the thermal ribbon(Figure 8l).

Taken together, Figs. 8 and 9 highlight a systematic
control of crustal rheology on propagator dynamics. Strong
and Stratified crusts are mantle-driven, with localisation
rooted at lithospheric depth, while Weak and POLC crusts
are crust-driven, with localisation imposed from above and
only later recoupling to the mantle.

5 Discussion

In this Discussion, we organise our analysis around three
complementary themes. First, we compare our results
with previous numerical models, then we evaluate how the
thermal ribbon specifically modifies strain localisation, and
finally we discuss implications for the South China Sea and
for the broader concept of thermal inheritance.

5.1 Comparison with previous models

We first evaluate how the behaviour introduced by the
thermal ribbon compares with previous modelling studies
that did not include this feature. An important first
remark is the distinct signature of the POLC model, which
bypasses the influence of lateral heat production entirely,
demonstrating that the effect of a thermal ribbon may
be annihilated by a specific, though not very common,
inverted rheological profile. It should be noted that the
model used here included 25 km of strong crust, originally
described as an ophiolite in Huet et al. (2011). Applying a
thermal ribbon to an ophiolite-type rheology is therefore
not geologically very relevant.

The simulations reported by Le Pourhiet et al. (2018)
and Jourdon et al. (2020), with respective extension rates
of 2 cm/yr and 1 cm/yr, showed that the application of
a small shortening rate could delay the propagation of
continental break-up for up to 10 Myr. By contrast, at an
extension rate of 4 cm/yr, we find that it is not possible
to distribute the stretching long enough to form a wide
continental rift at the tip of a propagator, even in Weak
crust (Figure 6), due to the rapid lithospheric necking
beneath the notch. The thermal ribbon allows strain to
be distributed for 4 to 5 Myr in the best cases, thanks to
the formation of en-echelon oceanic basins that share the
extension. However, the ribbon systematically introduces
a second lithospheric-scale propagator on the other side of
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the domain, degenerating the problem into the well studied
case of interacting propagators at proto-transform passive
margin (e.g. Allken et al., 2012; Le Pourhiet et al., 2017,
Ammann et al., 2018; Neuharth et al., 2021).

These comparisons show that the thermal ribbon pri-
marily affects how strain is partitioned during the early
rifting stages, by either delaying localisation or generating
multiple competing rifts depending on the underlying
rheology.

In the absence of a seeded propagator, deformation
reorganises into a rotating micro-continent (Figure 7) as
the rift that develops within the ribbon propagates toward
the free-slip boundary. This type of dynamics was also
obtained in the simulations of Neuharth et al. (2021). Their
models used two seeds propagating synchronously, and
they found a “sweet spot” in lithospheric strength versus
seed spacing that produced a similar outcome. Here,
localized rift segments emerge from the hot thermal ribbon
at approximately the same time, just as in Gouiza and
Naliboff (2021), but because the weak and warm zone is
oblique, the segments are offset, likely causing the rotation
of therift. Further investigation is needed to distinguish the
relative influence of the applied shortening from that of the
ribbon’s obliquity, but such questions are beyond the scope
of this study, which focuses on the crustal and lithospheric
tectonic signatures of the thermal ribbon.

5.2 Comparison with the SCS

We now assess how the thermal ribbon influences strain
localisation in the 3D SCS context. All model scenar-
ios, except POLC, develop secondary narrow rift in the
southwest corner of the domain. This outcome is not
completely incompatible with the existence and location of
the Penyu Basin (Pe, Figure 4), south of the Indochinese
Peninsula just outside the thermal ribbon. However, under
our boundary conditions the models produce excessive
lithospheric thinning in Indochina compared to natural
observations. As we pointed out, this limitation arises from
(1) the free-slip boundary condition on the Vietnam side,
which allows the southwest basin to act as a secondary
spreading center, and (2) an excess of extension applied
to the simulation. For this reason, the models are best
compared with the early rifting stage of the SCS, before
this propagator dominates the dynamics. A more realistic
setup would involve transferring extension along a strike-
slip boundary located, depending on the chosen tectonic
hypothesis, either to the south along the proto-SCS fault
system (Taylor and Hayes, 1983; Holloway, 1982b) or to
the north along the Red River Fault (Briais et al., 1993).
Another alternative would be to consider a much smaller
rate of extension than the one deduced from magnetic
anomalies in the East Basin (Briais et al., 1993) that is
spreading while rifting is still ongoing in the western part,
where the thermal ribbon is located (longer discussion on
the topic is available in Zhou et al. (2025)). This would
not change the steady-state effect of thermal inheritance,
but the shortening applied perpendicular to stretching
direction would be more efficient and would slow down the
propagator as in Le Pourhiet et al. (2018) and Jourdon et al.
(2020).
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FIGURE 9 - Zooms on 3D blocks highlighting the mode of strain localisation as a function of crustal rheology. Each row corresponds to one
rheological profile introduced inFigure 5¢c (Weak, Strong, Stratified, and POLC), and the two columns show snapshots at 1 Myr and 2 Myr.
The coloured stripes in the crust are just for visualisation. Strain rate is shown in grey scale with transparency: black tones correspond to
faults or localised shear bands, whitish tones to more distributed ductile deformation, and non-shaded zones to deformation rates too low
to be detected by GPS. The blocks also display the type of rocks using the colour code given at the bottom of the figure. Heat production
is projected in map view at the surface but only where it exceeds 5Hy, thus highlighting plutons. Orange arrows indicate the additional

decollement level, yellow ones the metamorphic core complex.

In these models, the presence of a thermal ribbon in
the Weak crust scenario systematically organises early rift
development. Within the ribbon, deformation is distributed
across numerous small en-echelon grabens, with succes-
sive basins developing along the ribbon’s axis. Outside
the ribbon, strain localizes into narrower rifts with higher
subsidence rates. This bimodal behavior reproduces the
observed north-to-south evolution of rifting in the SCS,
where early large basins formed to the north and en-
echelon basins appeared further south in the plutonic
domain, particularly highlighted by the contour of the COT
(Savva et al., 2014; Pubellier et al., 2017). These include
the Xisha Trough, the Paracel, and the Phu Khanh basins,
highlighted by arrows in Figure 4. Based on reconstructions,
Chang et al. (2022) proposed that they were en-echelon
pull-apart basins that later coalesced during the second
stage of SCS opening. Here, we interpret them instead
as distributed proto-transform margins circumscribed to
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the thermal ribbon. The two interpretations are not in-
consistent, and only simulations with alternative boundary
conditions could provide more conclusive insights.

As previously stated, the en-echelon basins form system-
atically within the ribbon, but they are longer lived—i.e.,
better developed—in the Weak Crust simulation (Figure 8).
Strong or Stratified crust models are more sensitive to
lithospheric-scale effects and, as a result, strain localizes
very early into oblique, strike-slip-dominated structures.
Although these oblique features align geometrically with
the later oblique rifting (secondary rifting) phase of the
SCS, they open unrealistically as pure wrench zones rather
than transtensional basins. Nevertheless, the plutons of
the SCS appear in the bathymetry as rounded entities with
blurred seismic signals, considered as the pre-rift basement
(Franke et al., 2014). This suggests that these bodies
were only weakly dissected by rifting—a characteristic
best reproduced by the Strong and Stratified experiments,
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though still present to a lesser extent in the Weak Crust case
(Figure 9, a,b). Because the wrenching is in part controlled
by the artificial secondary propagator, which does not exist
in nature, we conclude that our modelling does not provide
a strong argument for a weak crust. Models with more
appropriate boundary conditions that suppress this artifact
are needed to properly test crustal rheology. This behaviour
illustrates that the thermal ribbon consistently imprints
a distinctive strain-localisation pattern, regardless of the
broader boundary conditions.

5.3 Thermalinheritance

Here, we finally place the specific effects of the thermal
ribbon into the wider framework of lithospheric inheri-
tance. The debate on inheritance in the geoscientific
community indeed arises from the difference between
surface observations and subsurface physical parameters.
Geologists observe upper crustal deformation imprinted in
rocks, whereas geophysical data reveal deeper lithospheric
properties that are inaccessible to direct observation. At
former convergent plate boundaries, orogens record a
history of subduction and magmatism before, during,
and after collision. Belts of arc-related magmatism, syn-
orogenic melting, and post-collisional magmatic flare-ups
related to lithospheric delamination are systematic features
of orogenies.

Subsequent extension may be influenced by the thermo-
tectonic age of the lithosphere, especially during orogenic
collapse. However, lateral variations in radiogenic heat
production, represented in our experiments as thermal
ribbons, cannot be neglected because they decay on
much longer timescales than tectonic thermal anomalies.
Moreover, even in a warm lithospheric environment like
the South China Sea, our models demonstrate that these
variations can significantly influence tectonics at the crustal
scale.

The next steps are therefore: (1) to better quantify how
these anomalies interact with mantle convection, rather
than assuming a constant mantle heat flow as we did in
the introduction, and (2) to ensure that more precise 3D
geomodels of crustal heat-production anomalies become
available to the community.

6 Conclusions

This study expands the concept of thermal inheritance
beyond transient geotherms to include a steady-state
component: lateral variations in crustal radiogenic heat
production. Whereas previous models of lithospheric
evolution largely relied on thermal age, we show that lateral
thermal heterogeneity, rooted in plutonic belts and arc-
related magmatism, provides a long-lived control on rift
initiation and early strain localisation.

Our 2D proof-of-concept demonstrates that even mod-
est lateral variations in crustal heat production efficiently
organise strain: within thermal highs, rifts develop as
distributed and wide systems, while outside they remain
narrow and strongly localized. Extending this framework
to 3D models inspired by the South China Sea highlights
how steady-state thermal inheritance interacts with rhe-
ology and obliquity to produce contrasting fault patterns,
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including the systematic development of en-echelon basins
within plutonic domains. These results support the in-
terpretation that plutonic belts, through their elevated
radiogenic heat, influence the geometry and distribution of
rift structures at both crustal and lithospheric scales.

Our 3D numerical experiments provide new insights
into how lateral variations in crustal radiogenic heat pro-
duction—steady-state thermal inheritance—interact with
crustal rheology and initial heterogeneities to control the
initiation and localisation of continental rifts, with the
South China Sea as a natural test case.

Overall, our experiments underline the importance of
considering lateral variations in crustal heat production
when modelling continental rifting. Thermal inheritance
acts as a persistent control on lithospheric rheology, guid-
ing strain localisation across crustal and lithospheric scales.
When combined with realistic rheological assumptions and
structuralinheritance, it provides a predictive framework to
explain the distribution of early rifts and the development
of en-echelon basins in regions such as the SCS, where the
extension established on top of a former orogenic mobile
belt.

Together, these findings suggest that steady-state ther-
mal inheritance is a fundamental ingredient of early con-
tinental rifting, not only in stable cratonic lithosphere
but also in mobile belts where plutonic bodies thin the
lithosphere and leave behind a crustal radiogenic signature.
Recognizing this long-lived thermal control provides a
framework for linking crustal composition to rift architec-
ture and complements the more transient effects of thermal
age and structuralinheritance in governing how continental
lithosphere deforms.
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A Numerical modelling method
A.1 Governing equations

We simulate the long-term deformation of the lithosphere by solving the conservation of momentum, mass, and thermal
energy for an incompressible, temperature-dependent, visco-plastic medium. The governing equations are:

V- (z(u,p,T) - pI) + p(p,T)g =0, (9)
V-u=0, (10)

where uis velocity, p is pressure, T'is temperature, p is density, and g is gravitational acceleration. The stress tensor g has
been decomposed into deviatoric and isotropic components, o = = — pI, with I the identity tensor. The deviatoric stress is
related to the strain-rate tensor through a temperature- and pressure-dependent viscosity,

T=22¢ £€:=1%(Vu+Vu'). (11)

Density variations are described using the Boussinesq approximation,

p(»,T) = po (1 —a(T —Tp) + B(p — po)) , (12)

with pg the reference density, a the thermal expansion coefficient, and /5 the compressibility.

Thermal evolution is governed by the energy equation,

poCyp (861; +u- VT> — V- (kVT) = Hy+ H,, (13)

where (), is the heat capacity, k the thermal conductivity, Hy internal heating (e.g., radiogenic), and H, = 1 : € the shear
heating term.

The initial geotherm is obtained by solving the steady-state heat equation with internal heating,

V- (kVT) = Hy,
and adjusting the asthenospheric conductivity (k = 70 W.m™.K!) to position the 1300°C isotherm at 105 km depth.

A.2 Rheological model

Lithosphere and asthenosphere deformation is described by a visco-plastic rheology. Plastic (brittle) failure is captured using
a Drucker-Prager yield criterion,

oy(p) = Ccos ¢+ psin ¢,
where C' is cohesion and ¢ the friction angle. The corresponding effective plastic viscosity is

Ty = 9y 11
P eIl

(SIS
[
lio.
_
K]

To allow for fault weakening, we define a damage-like variable 6 such that
0=¢,—h, (15)

where i is a constant healing rate. The friction angle evolves as

(25(9) = max <¢0 - Z:EEOO (¢0 - ¢1)> ¢0) ) (16)

with ¢ and ¢; the initial and final friction angles, and £¢, €1 the onset and completion of weakening. Cohesion C follows
an equivalent softening law.

Viscous deformation is represented by a dislocation creep law of Arrhenius type,
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1
1 -1
Ny = A nell? exp(%) , (17)

where A is the pre-exponential factor, n the stress exponent, @ the activation energy, V' the activation volume, and R the
gas constant.

Finally, the effective viscosity is taken as the minimum of the plastic and viscous contributions,

1 = min(np, o).

A.3 Numerical discretisation and solver

All simulations are performed using the finite-element code pTatin (May et al., 2015, 2014) in 2D (https://bitbucket.org/pt
atin/ptatin2d/src/bath2-sepide/) and 3D (https://github.com/laetitialp/ptatin-gene) , which discretizes the governing
equations on unstructured quadrilateral (2D) or hexahedral (3D) meshes. The weak form of the momentum-mass system
is implemented via mixed finite elements (Q2/P1), with second-order interpolation for velocity and linear interpolation for
pressure and temperature to ensure stability. Nonlinearities from visco-plastic rheology and thermal coupling are solved
using quasi-Newton iterations, while the thermal and damage equations are integrated in time using an implicit (backward
Euler) scheme. The energy equation is solved with finite elements in 2D and finite volumes in 3D. Linear algebra and solver
operations rely on PETSc (Balay et al., 1997, 2015; Balay and et al., 2024), with scalable multigrid preconditioners ensuring
efficient convergence in high-resolution 3D models. The 2D simulations are 256x64 and the 3D simulations are run with 1024
X 64 x 512 Q2 elements. In both cases the mesh is refined in y direction and may be visualised using the paraview statefiles
provided together with the results of the simulation in the zenodo repository.
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