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Abstract The Wilson Cycle describes the opening and closing of oceans, generating new plate boundaries
at continental rifts, and extinguishing ancient plate boundaries with continental collisions (creating a continental
suture). However, the general view of the Wilson Cycle does not fully explain more complex tectonic scenarios.
For example, rifting can create exotic continental fragments, where a piece of continent becomes displaced from
its principal part and stranded on another tectonic plate. Despite the prevalence of stranded fragments in the
geological record, their formation processes remain poorly understood. Here, we conducted 2-D numerical rift
models to systematically test the tectonic influence of a variety of inherited geological structures that could be
generated from the closing of an old plate boundary. Through automated detection of continental breakup and
measurement of continental fragment dimensions, the models show that fragment width is directly controlled by
the geometry of the inherited structures, including the dip angle and extent of the old subduction suture, as well
as the extent of orogenic deformation. However, the initial geotherm, strain and rheological weaknesses in both
the crust and mantle lithosphere, along with the divergence rate, can influence strain localization during rifting.
Notably, a very ductile lithosphere leads to prolonged delocalized thinning and wider rifts. Overall, the models
produce continental fragments in widths ~175-350 km, aligning with many geological examples. Moreover,
our work provides key physical constraints that can be applied in future regional applications and highlights the
role of different forms of structural inheritance during rifting and continental fragment formation.

Plain Language Summary The opening of a new ocean can separate a continental fragment from its
parent plate, adding complexity to our understanding of Earth's tectonic cycle. Despite a growing catalog of
identified examples, the processes involved in their formation remain poorly understood. We use numerical
models to simulate continental extension, incorporating various deformed structures inherited from ancient
tectonic cycles to analyze their influence on fragment formation. Our models show that the width of the
continental fragment is directly linked to the geometry of inherited structures, but the fragment formation
process can also be influenced by the pre-existing temperature gradient, extension velocity, and weaknesses
throughout the lithosphere. Agreeing with a number of real-world observations, our work provides a recipe for
continental fragment formation that can be applied in future regional models.

1. Introduction

Continental fragments, also known as terranes or slivers, are small pieces of the Earth's lithosphere that have
previously separated from a larger continental plate (Vink et al., 1984). They possess similar geological signatures
to their parent continent (Myers, 1987; Tucker et al., 2001) and are often the products of successful rifting during
the breakup of supercontinents (Tetreault & Buiter, 2014).

The presence of continental fragments is an added layer of complexity to the Wilson Cycle (Schiffer et al., 2019),
which proposes a sequence where oceans open through continental extension (i.e., rifting) and later close due to
subduction and continental collision (Wilson, 1966, 1969). Traditionally, the location of ocean margins is thought
to be aligned with the remnant sutures of previous ocean closures (Dewey & Burke, 1974; Murphy et al., 2006;
Wilson, 1966). While many examples of this phenomenon exists along the ancient orogenic belts (e.g., the
Atlantic orogenies), there are instances where the breakup does not coincide with the marked location of the
preceding suture (Buiter & Torsvik, 2014; Schiffer et al., 2020; Wilson, 1966). For example, the Northeast
Atlantic Ocean, which separated Greenland and Eurasia, did not open near the suture of the previous lapetus
Ocean closure (Figure 1; Buiter & Torsvik, 2014). The continental lithosphere—particularly near its margins—is
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Figure 1. Geological examples of exotic continental fragments (blue), along with their parent continents (gray) and associated
sutures (red). Detailed tectonic history is provided in the Discussion. Bedrock topography is obtained from the ETOPO 2022
Global Relief Model (NOAA National Centers for Environmental Information, 2022). Abbreviations: TO-Torngat Orogen
(St-Onge et al., 2009; Wardle et al., 1990), NQ-Nagssugtogidian Orogen (Kolb, 2014; Park, 2022), IA-Iapetus Suture
(Buiter & Torsvik, 2014), GU-Gurupi Orogen (Klein et al., 2005; Klein & Moura, 2008), TA-Trans-Amazonian Orogen
(Aguilar et al., 2017; Alkmim, 1998), BR-Brasiliano Orogen (Pedrosa-Soares, 2001), PA—Pan-African Orogen (De Wit

et al., 2008; Fritz et al., 2013; Schofield et al., 2010), EG-Eastern Ghats Orogen (Boger et al., 2001; Collins &
Pisarevsky, 2005).

highly deformable (Willingshofer et al., 2013), and identifying the breakup location involves more than simply
tracing past sutures. Indeed, plate extension and breakup can leave behind a fragment of the parent continent, as
seen with the Lewisian Complex in northwestern Scotland (Figure 1; Bridgwater et al., 1973).

Figure 2 outlines the process by which an exotic continental fragment could be generated through Wilson Cycles
processes. During subduction, the accretion and subduction of terranes can introduce rheological heterogeneities
in the overriding continent, at times extending up to a few hundred kilometers inland from the trench (Figure 2a;
Mason & Brewer, 2004; Tetreault & Buiter, 2012). Melting above the subducting slab can introduce magmatic
intrusions that significantly rework the overriding continental lithosphere (Figure 2a; Gerya & Meilick, 2011;
Tatsumi, 1989). In addition, the overriding continental plate can produce prominent mountain ranges and
associated volcanism, such as the Andes (Figure 2a; Cembrano & Lara, 2009; Pons et al., 2023).

The closure of an ocean basin and the ensuing collision of continents are known to produce long-lasting,
lithospheric-scale deformation (Figure 2b; Schellart et al., 2019; Vauchez et al., 1997). The collision interface is
typically marked by a narrow, highly deformed suture separating the two distinct geological domains (Figure 2b),
such as the Indus Suture and the Bitlis-Zagros Suture (Dewey & Bird, 1970; Pysklywec et al., 2002). However,
deformation can extend well beyond the collision interface; complex orogenic belts can arise, with deformation
patterns shaped by pre-existing structures, lithology, and tectonic history (Figure 2b; Dewey, 1977).

The resulting suture zone may preserve extensive deformation from both types of Wilson Cycle events (Cawood
et al., 2018; Schiffer et al., 2015; Thomas, 2019). Driven by the reactivation of lithospheric structures inherited
from previous Wilson Cycle events (Figure 2c), an exotic continental fragment could be produced in subsequent
continental extension (Figure 2d).
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Figure 2. Proposed tectonic mechanism for the formation of a continental fragment. (a) At convergent boundaries, subduction
produces pervasive deformation in the overriding continent. (b) Following ocean closure, the consequent continental
collision can generate lithospheric-scale deformation preserved in both plate margins. (c) Structural inheritance from the
previous subduction and collision may be reactivated during later extension, localizing strain away from the old plate
boundary. (d) Upon successful breakup, such inheritance can isolate an exotic continental fragment stranded on the conjugate
plate.

Using both analog (e.g., Beniest et al., 2018; Brun, 1999) and numerical models (e.g., Dubinin et al., 2018;
Gueydan & Précigout, 2014; Heron et al., 2019), rifting and continental breakup have been extensively studied.
Although factors controlling the style of rifted margins have been widely debated (e.g., Brune et al., 2014; Gouiza
& Naliboff, 2021; Huismans & Beaumont, 2003), limited attention has been given to fragment formation (cf.
Heron et al., 2023). This study addresses the gap by exploring the role of various forms of structural inheritance,
implemented in previous rift studies, in controlling fragment formation. We identify and test a set of physical
parameters governing the inherited structures and rift processes to analyze their influence on the generated
fragment (see Methods). We then place the modeling work into context by comparing it with geological examples
(see Discussions).

2. Methods
2.1. Governing Equations

In this study, we use the numerical code ASPECT (version 2.4.0-pre, commit 9da28e8) to solve equations for a
highly viscous fluid driven by differences in density and temperature (Bangerth et al., 2022; Fraters et al., 2019;
Heister et al., 2017; Kronbichler et al., 2012). We assume an incompressible medium with an infinite Prandtl
number (i.e., the Boussinesq approximation). This approximation is widely used in lithospheric-scale simulations
(e.g., Brune et al., 2014) and is valid so long as density variations are small, and the modeled processes do not
induce significant shear or adiabatic heating (Gerya, 2019). With this approximation, the thermo-mechanical
system is governed by the conservation of mass (Equation 1), linear momentum (Equation 2), and energy
(Equation 3).

V-u=0 (1
—=V-(2né)+ VP = pg @)
oT

pCP<E+u-VT) —V-kVT =pH 3)

where u is the velocity, 7 the viscosity, &€ = %(Vu + (Vu)T) the deviatoric strain rate tensor, P the pressure, p the

density, g the gravitational acceleration, C, the heat capacity, T the temperature, ¢ the time, k the thermal
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conductivity, and H the rate of internal heat production per unit volume (typically due to the radioactive decay of
elements).

Compositional fields are used to track distinct material fields (e.g., upper crust, lower crust, mantle lithosphere,
and asthenosphere) and other time-dependent quantities (e.g., plastic strain and viscous strain). The compositional
fields are non-diffusive and advected with the flow, thus introducing an additional advection equation:

dac;
—+u-V¢; =g 4
L tuVe =g, )

where ¢; is the advected quantity of the compositional field, and ¢; is the reaction rate (zero for all material fields
and non-zero for accumulated strain fields).

To relate the material properties to the physical state, we employ an equation of state wherein density varies
linearly:

p=po(l —a(T = Tp)) ®)

where p is the density, p,, the reference density, a the thermal expansivity, T the temperature, and T, the reference
temperature.

2.2. Rheological Flow Laws

ASPECT can simulate strain localization and weakening processes in deforming rocks using rheological flow
laws derived from laboratory experiments (DShmann et al., 2019). All material fields are prescribed a visco-
plastic rheology with a composite set of flow laws that simultaneously account for dislocation creep and diffu-
sion creep (Glerum et al., 2018). The viscosity of rocks is calculated according to the following flow law:

1 m A=n
n= A_%d?éu” exp( (6)

o+ PV*
T2

nRT

where A is the material constant, n the stress exponent, &; = %éijéij (strictly for incompressible medium) is the
square root of the second invariant of the deviatoric strain rate, d the mineral grain size, m the grain size exponent,
Q* the reference activation energy, V* the reference activation volume, P the pressure, R the ideal gas constant,
and 7 the temperature. Moreover, the dislocation viscosity 74 1S grain size-independent (n > 1,m = 0), and the
diffusion viscosity 74 is strain rate-independent (n = 1,m # 0). These lead to Equations 7 and 8 for the
dislocation and diffusion creep viscosity, respectively:

L -1 e (insl + Pvzisl) (7)

Ndisl = EAdigl & exp “RT

®)

Qaitr + PV
RT

1 - m
Naifr = EAdi}fd exp(

The effective viscosity in the ductile regime is restricted within a pre-defined minimum (10'® Pa s) and maximum
value (10%° Pa s) and is calculated by

1 1\
R e ©)
et (ﬂdisl Naift

We introduce an additional rheological strength parameter f to Equations 7 and 8, which allows us to discretely
scale the effective viscosity of a material field:

f - (10)

1 1
_ (Adist | aitr) ™" _ (Adisl | diff)"
- 1
(Adist | air)"
|

/
Adisl | diff
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The adjusted material constant A’ can thus be expressed as

Adisl,dift
Alig it = % (1D
where A is the reference material constant for that field. When = 0.5 is applied to a material field, the effective
viscosity of that field becomes half of its unstrained value.

The total strain rate is the superposition of partial strain rates from both creep mechanisms (Gueydan & Pré-
cigout, 2014; Precigout et al., 2007):

Eioral = Edist + Eaifr (12)
where the corresponding strain rates are

g+ PV
Qd151 o7 dm)"ﬁ,disl (13)

Egist = Adisl EXP (—
Qdier + PV

RT )6 waited (14)

Eqitt = Adgitr €XP (—

where oy; is the square root of the second invariant of the deviatoric stress. The strain rates determined by both
creep mechanisms are sensitive to temperature and pressure, but the relative contribution between these creeps
differs drastically under different conditions (Karato & Wu, 1993). The mechanism contributing to a higher strain
rate becomes the dominant creep, which may exert a greater influence on deformation development. Equations 13
and 14 can also be rearranged to obtain the viscous yield stresses for both creep mechanisms at the start of the
model run:

A\ (O + PV
OlLgia = ( A, 1) exp (7d'SInRT dls') (15)
18]

’ & Quier + PViier\ m
i = = \|d 16
O11,diff < Adm> exp ( RT (16)

where &’ is the reference strain rate.

In the brittle part of the lithosphere, plasticity restricts stress through a Drucker-Prager yield criterion formulation.
This criterion defines the plastic yield stress, the minimum stress at which a rock undergoes permanent plastic
deformation. In two-dimensional (2-D) systems, the plastic yield stress is expressed by:

G{I,pl =Ccos¢+Psing a7

where P is the pressure, C the cohesion, and ¢ the angle of internal friction. When viscous stress exceeds
(on = 21 i€n) the plastic yield stress, the effective viscosity is rescaled back to the yield surface:

/
O1L,pl
neff,pl = 26.‘:; (18)

2.3. Structural Inheritance

The continental lithosphere can be altered by various types of inherited structures (Cawood et al., 2018; Gouiza &
Naliboff, 2021; Manatschal et al., 2015; Samsu et al., 2023): mechanical strain (faults, shear zones, folds), thermal
anomalies (mantle upwelling, magma chambers), and rheological heterogeneities (magmatic arcs, mantle ser-
pentinites, ophiolites, intrusions). These structures, varying in scale and depth throughout the lithosphere, may
significantly control the deformation pattern upon reactivation (Beniest et al., 2018; Fossen et al., 2017; Heron
et al., 2016a, 2016b, 2019; Petersen & Schiffer, 2016; Piqué & Laville, 1996).
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Previous numerical models have implemented inherited structures in several ways. A common method involves
prescribing a weak seed in the initial lithosphere (e.g., Huismans & Beaumont, 2003; Salazar-Mora et al., 2018).
The seed effectively controls the focal point of deformation development. However, the placement of a weak seed
does not offer insights into the role of the geometry of inherited structures.

Another method is by modifying the variables used to determine the viscosity and strain rate of the material field
—notably the material constant A (e.g., Brune et al., 2014; Heron et al., 2016a, 2016b; Pysklywec et al., 2002).
This approach can simulate large-scale discrete rheological variations, such as different crustal domains or a
hydrated mantle.

Recently, an increasing number of studies have opted to prescribe a zone of white noise random initial strain to
represent a diffused zone of varying degrees of smaller-scale deformation (e.g., Gouiza & Naliboff, 2021; Richter
et al., 2021). Strain variation within the zone can be adjusted, enabling models to account for the uncertainty of
heterogeneities arising from complex tectonic settings.

In this study, we combine the last two approaches by applying the strength parameter f (Equation 10) to one or
more material fields, and by introducing a white noise pattern of initial plastic strain on both sides of the con-
tinental suture (using ASPECT's rand_seed function).

2.4. Model Setup

The 2-D models feature four layers of different rock composition (Figure 3a): a 20 km-thick upper crust composed
of wet quartzite (Gleason & Tullis, 1995), a 20 km-thick lower crust of wet anorthite (Rybacki et al., 2006), an
80 km-thick mantle lithosphere of dry olivine (Hirth & Kohlstedt, 2003), and a 480 km-thick asthenosphere of wet
olivine (Hirth & Kohlstedt, 2003). Each layer is compositionally homogeneous, and its material properties are
listed in Table 1. The 2-D models are conducted in a 600 km (x-axis) by 600 km (z-axis) cross-section. High-
resolution grids of 0.5 km are prescribed above 200 km depth, while a lower resolution of 2 km per grid is
used below for computational efficiency.

The initial continental lithosphere is designed as an idealized pre-rift configuration that reflects the complex
tectonic inheritance at the suture of two plates. We set up an upper plate and a lower plate with an angled old plate
boundary between them (Figure 3a). The suture zone has two components: First, the upper plate margin is
rheologically weakened by modifying the material constant using f (see Figure 3b). This represents discrete
inherited structures unique to the overriding plate resulting from a potential previous subduction event (e.g.,
magmatic intrusions). Second, a deformation zone creates a region weakened by the initial plastic strain with a
base value of 0.5 and a randomized range from 0.5 to 1.5 within the domain (see Figure 3c). This represents
widespread deformation across both plate margins from earlier collision and orogeny.

As rocks undergo strain, they require less applied stress to further deformation—a phenomenon known as strain
weakening (or material softening). In numerical models, this is shown by a reduction of brittle strength in faults or
effective viscosity in ductile shear zones (e.g., Gueydan et al., 2014). Under plastic strain, the internal angle of
friction and cohesion are linearly weakened from 30° to 15° and from 20 to 10 MPa, respectively, over the plastic
strain interval of 0.5-1.5. Under viscous strain, the material constant is linearly weakened to half of the unstrained
value over the viscous strain interval of 0.5-1.5.

An outward flow of v =5 mm yr~' is applied to the top 120 km of both model side boundaries (10 mm yr~" in
total), which is balanced by an area-equivalent inflow from the model's bottom boundary. The top boundary of the
model is defined by a free surface, with a small amount of surface diffusion to account for erosion and deposition
governed by:

oh 0%h
FrLer ) (19)

where h is the surface elevation, and y = 1 x 107/ m? s~!

et al., 2022).

is the surface diffusion coefficient (e.g., Ruh

We implement the initial temperature profile of the model using the one-dimensional steady-state continental
geotherm (Chapman, 1986):
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Figure 3. (a) Initial numerical setup of the rift models. The effective viscosity of the upper plate margin (shaded white) is modified by the strength parameter f. 8 is the dip
angle of the old plate boundary, [ is the width of the weakened upper plate margin, r is the extent of the deformation zone, and v is the extension velocity. (b) Yield
strength envelope of the initial continental lithosphere at various f values, obtained using Equations 15—17 and parameters from Table 1, assuming a reference strain rate
of 107'% s™! Note that when f= 0.1, the mantle lithosphere is completely ductile. (c) Yield strength envelope of the initial continental lithosphere at various plastic strain
values due to strain weakening. (d) Initial temperature profile of the reference, cold, and hot lithosphere, obtained using Equations 20-22 and parameters from Table 2.

(e) Yield strength envelope of the initial continental lithosphere at various initial geotherms.

YU ET AL.

7 of 25

8518017 SUOWILIOD 3A1Te81D 3|0 dde aup Aq peusenob afe 8ol YO SN JO Ss|nJ oy AkeiqiT8uluO 43| 1/ UO (SUORIPLIOD-PUe-SWLS) W00 A3 1M AeIq 1 eu1juo//SdNy) SUORIPUOD pue swie | 84} 88S *[5202/TT/E0] Uo Ariqi8UlUO A8 ]IM ‘Z4D Wepsiod winiuezZ-zoyweH Aq T#00E08ry202/620T OT/10p/L0d 48| imArelqjputuo'sgndnBe//sdny wouy pspeojumoq ‘0T ‘520z ‘95E669T2



~I1
A""l Journal of Geophysical Research: Solid Earth 10.1029/2024JB030041
AND SPACE SCIENCES
Table 1
The Material Properties of the Four Model Layers
Material property Units Upper crust Lower crust Mantle lithosphere ~ Asthenosphere
Thickness (Az) m 20e3 20e3 80e3 480e3
Density (p) kg m™? 2,800 2,900 3,250 3,300
Thermal conductivity (k) m? s 25 25 3 3
Thermal expansivity (a) K™! 2.5e-5 2.5e—5 2.5e—5 2.5e-5
Internal heat production rate (H) W m™> le—6 4e—7 2e—8 0
Specific heat capacity (C,) Jkg ' K™ 750 750 750 750
Rheology Wet quartzite ~ Wet anorthite Dry olivine Wet olivine
Dislocation creep
Material constant (A ;) Pa"s~! 8.57e—28 7.13e—18 6.52e—16 5.33e—19
Stress exponent (r) 4 3 3.5 3.5
Activation energy (Qg;q) J mol™ 223e3 345e3 530e3 480e3
Activation volume (V) m® mol ™’ 0 0 18e—6 11e—6
Diffusion creep
Material constant (A ;) Pa~'s™! 2.37e—15 1.50e—18
Activation energy (Q ) J mol™’ 375€3 335e3
Activation volume (V) m? mol ™! 10e—6 4e—6
Grain size (d) m S5e-3 5e-3
Grain size exponent (1) 3 3
Strain weakening
Angle of internal friction (¢) ° 30-15 30-15 30-15 30-15
Cohesion (C) Pa 20e6—-10e6 20e6—10e6 20e6-10e6 20e6—-10e6
Strain weakening interval 0.5-1.5 0.5-1.5 0.5-1.5 0.5-1.5
Strain weakening factor 0.5 0.5 0.5 0.5
Note. The material constants for both dislocation and diffusion creeps are modified by the strength parameter f to scale the
effective viscosity of the upper plate margin. The rheological parameters are obtained from a combination of previous
laboratory (Gleason & Tullis, 1995; Hirth & Kohlstedt, 2003; Rybacki et al., 2006) and numerical studies with a similar setup
(Gouiza & Naliboff, 2021; Heron et al., 2023; Naliboff et al., 2017).
2
T@) =T, + %z - Z—i (20)
where T is the temperature, z the depth, 7, the temperature at the top layer surface, g the top surface heat flux, & the
thermal conductivity, and H the rate of internal heat production. For a multi-layered lithosphere, the temperature
T;,,; and heat flux g;, ; at the bottom of each layer can be determined from 7; and g; at the top surface of that layer
(Hasterok & Chapman, 2011):
qi Hi(ziy1 — Zi)2
Ty =Ti+ E(Ziﬂ -z)= T 2D
Giv1 = ¢ — Hi(zip1 — 2)) (22)
Table 2 lists of the parameters used to produce the initial geotherm, and Figures 3d and 3e show the initial
geotherm and affected yield strength, respectively. The temperature has no horizontal variations initially but is
allowed to evolve once the model run begins. Temperatures at the top and bottom model boundaries are fixed,
while the side walls have zero net heat flux.
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Table 2
Thermal Properties Used for Constructing the Initial Temperature Profile
Properties Units Upper crust Lower crust Mantle lithosphere Asthenosphere
Thickness (Az) m 20e3 20e3 80e3 480e3
Top surface temperature (T,) K 273 633 881 1,579.67
Top surface heat flow (q) W m™? 55e—-3 35e—3 27e-3 25.4e-3
Thermal conductivity (k) Wm™' K™ 2.5 25 3.0 57.15
Internal heat production rate (H) Wm? le—6 de—17 2e—8 0
Cold lithosphere
Top surface temperature (T,) K 273 583 781 1,479.67
Top surface heat flow (q) W m2 48.75e—3 28.75e-3 27e-3 37.31e-3
Hot lithosphere
Top surface temperature (T,) K 273 683 981 1,679.67
Top surface heat flow (q) W m™2 61.25¢-3 41.25¢-3 27e-3 13.49¢-3
Note. The temperatures at the top and bottom boundary for all models are 273 and 1793 K, respectively. The high value of the
asthenospheric thermal conductivity is only used for calculating the initial geotherm in order to account for the reduced rate of
temperature increase below the lithosphere-asthenosphere boundary. For all other calculations, the thermal conductivity of
the asthenosphere is 3 W m™' K™,
To minimize model instability given the large viscosity contrast (up to 10% Pa s), we apply ASPECT's harmonic
averaging scheme for all material fields (Glerum et al., 2018):
Z?:] Ci
n=ga 5 (23)
Din i
where a is the number of compositional fields in the domain, c; is the contribution of the compositional field, and y
denotes the material field property (e.g., density). To maintain sharp viscosity boundaries between material fields,
we apply ASPECT's maximum composition scheme for the effective viscosity, which determines plastic yielding
based on the dominant material composition within each cell.
2.5. Parameter Testing
From the reference model, we systematically test eight physical parameters to quantify their impact on the
fragment formation (Table 3). The geometry of the weakened upper plate margin is defined by the dip angle of the
old plate boundary € and the lateral extent of the upper plate margin /. Its theological weakness, in contrast to the
Table 3
Tested Physical Parameters and the Settings for Each
Parameter Tested settings Results
Dip angle of the old plate boundary (6) 15°, 30°, 45°, 60°, 75°, 90° Figure 5
Initial extent of the deformation zone (r) 200 km, 300 km, 400 km Figure 6
Initial extent of the upper plate margin (/) 200 km, 300 km, 400 km Figure 7
Initial geotherm (Ty;y1) Cold (781 K), typical (881 K), hot (981 K) Figure 8
Rheologically deformed layer Nothing, crust-only, mantle lithosphere-only, whole lithosphere Figure 9
Initial plastic strain of the deformation zone (821) Zero, 0.25-0.75, 0.5-1.5 Figure 10
Extension velocity per side (v) 25mmyr', 5 mm yr~', 10 mm yr' Figure 11
Strength parameter for the upper plate margin (f) 0.05,0.1,0.3,0.5,0.7,09, 1, 2, 5 Figure 12
Note. The settings for the reference model (Figure 4) are indicated in bold. The initial geotherm profiles are shown in Table 2 and Figure 3d.
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surrounding lithosphere, is quantified by the strength parameter f. The influence of ffrom 0.1 to 0.9 in increments
of 0.2 is evaluated for all the other variables. The lateral extent of the deformation zone r is used to adjust its
geometry, and its pre-existing weakness is tested by adjusting the range of the initial plastic strain 82, that imposes
strain weakening. Furthermore, the crustal and mantle lithospheric layers in which deformation is inherited, the
initial geotherm, and the extension velocity are also examined.

2.6. Automated Data Analysis

Given the large number of tested models (94; see Table 3) and model outputs (50-120 model time stamps at an
interval of 0.5 Myr), we implement an automated processing system using Python 3.9 (Rossum & Drake, 2010)
and ParaView 5.11 (Hansen & Johnson, 2005) to detect the time of continental breakup and the width of the
separated fragment. The system approaches in two parts: first identifying a successful continental breakup, where
the asthenospheric rocks are uplifted to the model surface. The following criteria are checked in each model time
stamp:

1. Identify where the asthenosphere is located for a composition threshold of ¢, > 0.001.
2. Identify where the asthenosphere location overlaps with the minimum temperature value (indicating the top
surface boundary condition).

Upon satisfying the above criteria, the system records the time stamp at the instant of continental breakup, and the
following criteria are used for detecting a continental fragment:

1. Identify where the upper crust is located for a compositional threshold of ¢,. >0.5.

2. Identify where this upper crust location overlaps with the minimum temperature value (indicating the top
surface boundary condition).

3. Identify where the surface of this upper crust is moving with a positive horizontal velocity (indicating the
motion of a composition away from the rift).

4. After selecting the surface, the system calculates the absolute difference between the minimum and maximum
points at the x-axis to determine the fragment width (e.g., Figure 3d).

The automated sequence described above provides the time of continental breakup and the width of the conti-
nental fragment by analyzing over 5,000 output files in three separate variables. This procedure allows for a
systematic and consistent analysis of fragment formation (as opposed to manual measurements) while
reducing the time of analysis by over 90% (e.g., 420 vs. 15 s for a manual and automated measurement using our
setup, respectively). This coupled ParaView and Python sequence is provided in the supplementary material
(Yu, 2025).

3. Results
3.1. Formation of a Continental Fragment

We present rift models that successfully create a continental fragment and analyze the influence of each parameter
on the width of the separated fragment and the time of the continental breakup. The continental fragment se-
lections are outlined in white, with their measured width marked above (Figures 4-12). As shown in the reference
model (Figure 4), the continental lithosphere evolves in four stages of deformation:

Stage 1 shows widespread normal faulting due to stretching (Figures 4a and 4d).

In Stage 2, strain is preferentially localized within the weaker upper plate margin, within which marks the locus of
rifting. Strain localization is evident through the propagation of faults in the brittle parts of the lithosphere and the
coalescence of viscous strain in the ductile parts (Figures 4b and 4f). Rift valleys and small depressions begin to
form (Figures 4b and 4f). The fault networks eventually converge to one or a few dominant pairs of low-angle
detachment faults directed to a well-defined rift locus (Figures 4b and 4f). The rift locus is controlled by
strain localization within both the brittle and viscous regimes.

In Stage 3, the lithosphere significantly thins along the rift locus (Figures 4c and 4g). A large central depression
and a small asthenospheric upwelling emerge above and below the rift locus, respectively (Figures 4c and 4g).
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Figure 4. The reference model illustrates the four distinct stages of rifting and the eventual formation of a continental
fragment (white outline). (a), (e) Initial viscosity and strain rate profile of the lithosphere in the reference model. The upper
plate margin is further weakened by f'= 0.5. (b), (f) Strain localization of brittle and ductile strain toward the weaker upper
plate margin, within which marks the rift locus. (c), (g) Localized lithospheric thinning along the rift locus, accompanied by a
distinct asthenospheric upwelling. (d), (h) Instant of continental breakup where the asthenosphere reaches the surface, clearly
separating a continental fragment.

Finally, in Stage 4, continental breakup occurs when the lithosphere completely thins. The asthenospheric up-
welling ascends along the rift locus and ruptures through the lithosphere (Figures 4d and 4h), severing a conti-
nental fragment from the initially weakened upper plate margin, which is now stranded to the lower plate margin
(Figures 4d and 4h). The reference model generates a 263.5 km-wide continental fragment—a lithospheric
domain between the old plate boundary and the ocean-continent transition of the newly formed rift margin
(Figures 4d and 4h).

3.2. Influence of Initial Weakness Geometry

From the reference model, the geometries of the upper plate margin and the deformation zone are tested for their
tectonic influence (Figures 5-7). In Figure 5, we examine the dip angle of the old plate boundary @ (Figure 5a).
Between 6 = 15° and 45°, a steeper dip angle positions the rift locus closer to the old plate boundary, resulting in a
narrower fragment upon breakup (Figures 5b—5d). The difference in fragment widths is much greater between
6 = 15° and 30° (29.9 km on average) than between 6 = 30° and 45° (7.9 km). The general trend is not consistent
between € = 45° and 90°, where more random variations in fragment widths are observed (Figure 5Se).

The strength parameter f does not significantly affect the fragment width, except with a very ductile upper plate
margin when f = 0.1. In that case, the lithosphere of the upper plate margin undergoes a prolonged period of
delocalized thinning, with multiple rift loci competing for strain localization. When f= 0.1, # is instead positively
correlated with the fragment width (Figure Se), and the breakup time for all models increases significantly
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Figure S. (a) Initial setup showing the continental suture at various dip angles of the old plate boundary 6. (b)—(d) Instant of
breakup when 6 = 15°, 30°, and 45°, with fragment selection and width measurement. (¢) Influence of 8 and f on the
separated fragment width. (f) Influence of € and f on the continental breakup time. * denotes that the model fails to fully
separate a fragment (i.e., the breakup requirement has not met).

(Figure 5f). Overall, varying 6 results in up to ~50 km of difference in fragment widths (Figure Se). Additionally,
higher 0 values linearly increase breakup time in most models, with a range difference of ~4 Myr (Figure 5f).

In Figure 6, we explore the impact of the extent of the deformation zone r, which defines the area of rock
weakened by the initial plastic strain across both plate margins (dashed in Figure 6a). While keeping the upper
plate margin the same as in the reference model, a larger r allows the rift locus to develop further from the old
plate boundary, thereby producing a wider fragment upon breakup (Figures 6b—6e). The difference in fragment
widths is more profound between » = 200 and 300 km (43.625 km on average) than between » = 300 and 400 km
(14.875 km). However, r does not significantly affect the breakup time (Figure 6f). The general trend is unclear
when f = 0.1, due to the lack of successful models (Figure 6f).

The extent of the upper plate margin / defines the area of rheologically weakened rock in the upper plate margin
via the strength parameter f (dashed in Figure 7a). While keeping the deformation zone the same as in the reference
model, a larger / produces a wider fragment (Figures 7b—7e). Similarly, the difference in fragment widths is more
pronounced between [ = 200 and 300 km (66 km on average) than between [ = 300 and 400 km (19.5 km), except
at low fvalues (0.1 and 0.3). However, / does not significantly influence the breakup time (Figure 7f).

3.3. Influence of Initial Geotherm

In Figure 8, we explore the effects of the initial temperature profile, with particular focus on the Moho tem-
perature. The depth of the brittle-ductile transition is modified by the initial geotherm throughout the lithosphere,
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Figure 6. (a) Initial setup showing the continental suture at various extents of the deformation zone r. (b)—(d) Instant of
breakup when r = 200, 300, and 400 km (reference). (¢) Influence of fand r on fragment width. (f) Influence of f and r on
breakup time. * denotes that the model fails to fully separate a fragment.
and further by the strength parameter fin the upper plate margin. This changes the mechanical coupling between
the brittle and ductile regimes in the lithosphere (Figure 3e).
The models show that a colder, more brittle lithosphere swiftly localizes the strain toward a singular rifting locus,
thereby resulting in a narrower rift (Figures 8a and 8b). In contrast, a hotter, more ductile lithosphere promotes
distributed faulting with multiple rift loci, leading to a wider rift (Figures 8c and 8d). In addition, higher initial
geotherms lead to an increased breakup time (Figures 8e and 8f).
3.4. Influence of Crustal or Mantle Lithospheric Inheritance
In Figure 9, we investigate the role of inheritance in the crust and mantle lithosphere by applying the strength
parameter fto one or more layers, while keeping the deformation zone the same (Figure 9a). The reference model,
with the whole lithosphere deformed, produces a fragment width that falls between those of the crust-only and
mantle lithosphere-only models (Figures 9b-9d).
When no rheological inheritance is applied (i.e., only the initial plastic strain acts as an inherited structure, f= 1), a
pair of competing rifts emerge at the lateral boundaries of the deformation zone, eventually creating a fragment
from the upper plate margin after a significantly longer time frame (Figure 9e).
Here, the fragment widths in crust-only models across different f values show larger variation (64.5 km) than
mantle lithosphere-only (21.5 km) and the whole lithosphere models (44.5 km; Figure 9f). Except when f = 0.1,
YU ET AL. 13 of 25

85UB017 SUOWWIOD SAIERID 3(gedl|dde 8Ly Ag pauienob aJe Ssolie VO ‘88N JO S9N 10} AIgIT 8UIIUO AB|IA UO (SUORPUOD-PUR-SLLIBY WD A8 | 1M ARe.q1|Bul JUo//SdNL) SUORIPUOD PUe SWis | 83U} 89S *[GZ02/TT/E0] U0 A%iqiTaulluO A8|IM ‘Z49 Uepsiod wniuez-zhoyweH Aq Tv00809ry202/620T 0T/I0p/wod A3 |1m Ariqijeuljuosqndnfe;/sdny woiy pepeojumoq ‘0T ‘SZ0Z ‘9566912



I Vedl
M\ Journal of Geophysical Research: Solid Earth 10.1029/2024JB030041
AND SPACE SCIENCES

Viscosity (Pa s)
1e+18 1e+19 1e+20 1e+21 1e+22 1e+23 1e+24 1e+25 1e+26 e
2135 275.5 294.5 350
09{ @ )
Width (km)
0 100 200 300 400 500 600
i 4 > 189.0 261.5 276.0
E ; Y E 0.7 O ‘ . SOOE
8 ] 18 =
| Upper platelmargin__ 1~ 2090 2635 2505 ]
wo05{ © ") @ 250 3
c
Initial setup g
202.0 266.0 319.5 g
031 O @ 200"
243.0 231.0 *
o1 . . 150
200 300 400
I (km)
f 21.0 19.5 19.5 35
091 @O O o
17.5 17.5 18.5
07{ O o ¢} -
>
c £
Reference model 175 175 195 g
1=300km, f=0.5, {=17.5 Myr “ 0.5 ] (@) (@) 25 i
2
3
175 19.0 200 o
031 O @) @) 20
240 28.5 *
o1l @ ® 15
I1=400 km, F=0.5 {=19.5 Myr 200 300 400
I (km)
Figure 7. (a) Initial setup showing the continental suture at various widths of the upper plate margin /. (b)—(d) Instant of
breakup at / = 200, 300 (reference), and 400 km. (e) Influence of fand / on fragment width. (f) Influence of f and / on breakup
time. * denotes that the model fails to fully separate a fragment.
the whole lithosphere models align more closely with the mantle lithosphere-only models for both the fragment
width and breakup time (Figures 9f and 9g). In addition, the crust-only models have slightly longer breakup times
than the others (Figure 9g).
3.5. Influence of Initial Plastic Strain
In Figure 10, we assess the influence of the initial plastic strain 82, in the deformation zone by adjusting its base
value and the range of random variation. Without any initial strain, the lithosphere in the upper plate margin is
consistently thinned away from the old plate boundary (Figure 10a). The fragment widths across different f values
are more consistent within the initial strain interval 0.5-1.5 (showing a variation of 44.5 km, with the most notable
difference at f = 0.1) compared to the other intervals (Figure 10d). Furthermore, the initial plastic strain shortens
both the fragment width and breakup time (Figures 10d and 10e).
3.6. Influence of Extension Velocity
In Figure 11, we adjust the extension velocity v at the lateral boundaries. In general, v has minimal effect on the
fragment width (Figures 11a—11d). The variation in fragment widths due to f is the lowest at v = 10 mm yr™'
(10 km), compared to v = 2.5 (34 km) and 5 mm yr~' (44.5 km). Furthermore, v is negatively correlated with the
breakup time (Figure 1le), with the time difference being much greater between v = 2.5 and 5 mm yr~'
(~27.8 Myr) than between v = 5 and 10 mm yr_1 (5.4 Myr).
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Figure 8. (a—d) Strain localization between a cold (7., = 781 K) and hot lithosphere (981 K) and their instant of breakup.
Note that the hot lithosphere is further thinned due to delocalized thinning. (¢) Influence of f and the initial geotherm on
fragment width. (f) Influence of f and the initial geotherm on breakup time.
3.7. Influence of Strength Parameter
As shown in Figures 511, the strength parameter falone, between values of 0.3 and 0.9, does not exert significant
control over the fragment width or breakup time. When f = 0.1, the mantle lithosphere is entirely ductile, leading
to along period of distributed strain and delocalized thinning during strain localization. In this case, no clear trend
is observed between the initial weakness geometry and the resulting fragment width. When f = 0.05, the model
fails to fully separate a fragment due to the rift migrating to the left model boundary. Finally, when /> 1 (i.e., the
upper plate margin is stronger than the lower plate margin), strain localizes within the relatively weaker lower
plate, and the fragment forms in the lower plate margin instead (Figures 12b and 12c¢).
4. Discussion
4.1. Key Controlling Parameters
The models produce continental fragments ranging in widths of ~175-350 km, formed from predominantly the
upper plate, over a period of ~15-35 Myr (Figure 13). They show that fragment formation occurs due to localized
strain weakening at an offset away from the old plate boundary. The locus of rifting is determined by the interplay
between the brittle and ductile weakening processes, guided by pre-existing plastic and viscous inheritances
related to earlier closure.
Most importantly, the geometry of the inherited structures, in the form of the dip angle of the old plate boundary &,
the extent of the rheologically weakened upper plate margin /, as well as the extent of the plastic strain-weakened
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Figure 9. (a) Initial setup showing the continental suture where fis applied to crust only, mantle-lithosphere only, whole
lithosphere, or nothing. (b)—(e) Instant of breakup with various setups of crustal and/or mantle lithospheric inheritance.
(f) Influence of f and applied layers on fragment width. (g) Influence of f and applied layers on breakup time.
deformation zone r, determines where rifting occurs and, consequently, the width of the resulting fragment
(Figures 5-7).
The magnitude of plastic and viscous inheritance, represented by 62, and f, activate strain localization. Both
parameters can significantly speed up the fragment formation process but neither directly controls the width of the
resulting fragment except at extreme values (Figures 10 and 12). Notably, a stronger upper plate margin when
f> 1 produces a fragment in the lower plate margin instead (Figure 12c).
However, a ductile lithosphere, due to either highly imposed rheological weakening or an elevated geotherm,
results in a shallower depth of brittle-ductile transition for all crustal and mantle lithospheric layers. Such con-
dition prolongs strain localization, creating distributed strain and a wider rift (Figure 8). Consequently, no clear
trend is observed between the initial weakness geometry and fragment width due to the non-linearity of ductile
deformation. In some cases, models with a very ductile upper plate margin can even fail, as the rift locus migrates
toward the left model boundary, preventing further separation of the upper plate fragment.
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Figure 10. (a—c) Instant of breakup with the initial plastic strain 821 in various intervals of zero, 0.25-0.5, and 0.5-1.5
(reference) in the deformation zone (see Figure 3a). (d) Influence of fand 52, on fragment width. (e) Influence of fand 521 on
breakup time. * denotes that the model fails to fully separate a fragment.
Both crustal and mantle lithospheric inheritance exert influence on the rift locus, but the mantle lithosphere exerts
a stronger control due to its greater yield strength (Figure 9). The greater variability in fragment widths observed
when only the crust is weakened can be attributed to the geometry of the upper plate margin and to the stronger
influence of randomized initial plastic strain on strain localization (Figure 9).
Extension velocity controls the rate of strain buildup and consequently the timing of breakup, but it does not
strongly influence the rift locus and fragment width (Figure 11). The overall influence of the fragment width is
more related to the geometry and extent of the inherited deformation within the lithosphere, rather than the
external impact of extension velocity.
4.2. Comparison to Geological Examples
Figure 1 provides the geological context for exotic continental fragments, and Figure 13a compares their widths
with our modeled results. Specifically, the breakup of Pangea and the opening of the South Atlantic, North
Atlantic, and Indian Oceans left behind several fragments: the Sdo Francisco Craton in eastern South America
(Aguilar et al., 2017), the Sdo Luis Craton in northern Brazil (Klein & Moura, 2008), the Nain Province in eastern
Canada (Bridgwater et al., 1973), the Lewisian Complex in northwestern Scotland (Park, 2022), Madagascar
(Agrawal et al., 1992), and the Napier Complex in eastern Antarctica (Mohanty, 2011; Figure 1). These frag-
ments are composed primarily of Archean-to-Paleoproterozoic nuclei, juxtaposed by younger orogenic belts and
sedimentary basins (Agrawal et al., 1992; Bridgwater et al., 1973; Klein & Moura, 2008; Mohanty, 2011; Teixeira
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Figure 11. (a—c) Instant of breakup with the extension velocity v set to 2.5, 5 (reference), and 10 mm yr_l. (d) Influence of v
and f on fragment width. ) Influence of v and f on breakup time. * denotes that the model fails to fully separate a fragment.
et al., 2017; Wheeler et al., 2010). As discussed below, they also exhibit a common history of subduction,
collision, and intraplate deformation in previous Wilson Cycles.
The South Atlantic Rift (~160 Ma) followed old sutures that define South America and Africa but separated the
Sao Francisco and later the Sdo Luis fragment from western Africa (Figure 1; Brune et al., 2018; Buiter &
Torsvik, 2014; Klein et al., 2005; Klein & Moura, 2008). Before their separation, the surrounding lithosphere of
these fragments had endured deformation from at least two Wilson Cycles: the Paleoproterozoic Trans-
Amazonian Orogeny (~2.1-1.9 Ga; Hurley et al., 1967; Klein & Moura, 2008; Teixeira et al., 2017) and the
Neoproterozoic Pan-African/Brasiliano Orogeny (~600—400 Ma; Pedrosa-Soares, 2001).
The Trans-Amazonian Orogeny established a Paleoproterozoic connection—often described as a cratonic bridge
—between eastern Sdo Francisco and western Congo (Figure 1; Aguilar et al., 2017; Alkmim, 1998). The region
then underwent prolonged extension without fully separating, followed by convergence and the Pan-African/
Brasiliano Orogeny that formed the West Gondwana supercontinent (Figure 1; Konopések et al., 2020; Teixeira
et al., 2017). However, the South Atlantic Ocean opened subparallel to the north-south ancient sutures from both
orogenies but did not continue further into northwestern Africa (Figure 1), instead proceeding almost orthogo-
nally, in an east-west direction toward Sao Luis (De Wit et al., 2008; Heine & Brune, 2014). The rather large
width of the Sdo Francisco fragment (~300-800 km) is outside of the modeled range (Figure 13a), suggesting that
its formation may involve processes not captured by our models. However, the reactivation of subparallel Bra-
siliano sutures to its south likely played a major role in its fragmentation (Figure 1; Pedrosa-Soares, 2001).
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Figure 12. (a—c) Instant of breakup with the strength parameter fset to 0.1, 0.5 (reference), and 2. (d) Influence of f on both
fragment width and breakup time. With a stronger upper plate margin (shaded beige), the fragment forms in the lower plate
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The Sdo Luis Craton was involved in an accretionary setting during the Trans-Amazonian Orogeny (Klein
et al., 2005). Along its southern margin, the Gurupi Orogen (Figure 1; ~750-550 Ma) records the suture site of
both Trans-Amazonian and Brasiliano Orogenies (Klein & Moura, 2008). However, despite the presence of
complex crustal deformation in the Gurupi Orogen, the South Atlantic Rift developed north of Sdo Luis. The Sao
Luis fragment has a width of ~150-200 km, consistent with the model-predicted range (Figure 13a).

The North Atlantic realm contains two major rift branches: the Labrador Sea—Baffin Bay Rift system (also known
as the Northwest Atlantic Rift) and the Northeast Atlantic Rift (Figure 1). The Northwest Atlantic Rift opened the
Labrador Sea (~79-60 Ma), which separated North America (and the Nain Province) from western Greenland
(Bridgwater et al., 1973; Heron et al., 2023). This rift branch was active for ~20 Myr until the Northeast Atlantic
opening in the Early Eocene (~56 Ma), which gained supremacy and separated Eurasia (and the Lewisian
Complex) from eastern Greenland (Abdelmalak et al., 2019; Brune et al., 2016; Wheeler et al., 2010).

The Nain Province records a Neoarchean collision (~2.5 Ga) between two continental blocks that formed part of
the North Atlantic Craton (Connelly & Ryan, 1996). To its west, a subsequent Paleoproterozoic (~1.9 Ga)
subduction occurred, with the Nain Province as the upper plate (Figure 1; St-Onge et al., 2009; Wardle
et al., 2002). The consequent collision created the Torngat and New Québec Orogens (~1.9-1.8 Ga), representing
a two-sided collision involving the Nain Province to the east, the Churchill Province in between, and the Superior
Province to the west (Scott & Machado, 1995; Wardle et al., 1990, 2002). The Labrador Sea did not open along
either orogen but instead parallel east of Nain, creating a fragment ~100-150 km wide that falls below the
modeled range (Figure 13a). However, a previous modeling study created a tailored tectonic environment by
applying a distinct mantle lithosphere scar to produce a fragment within the Nain range (Heron et al., 2023).

The Lewisian Complex, initially part of the North Atlantic Craton, likely experienced an Archean subduction
(~3.0-2.7 Ga), as evidenced by widespread dyke intrusions and an accretionary complex (Mason &
Brewer, 2004; Sutton & Watson, 1950; Wheeler et al., 2010). The consequent collision, which likely occurred
concurrently with the Torngat Orogeny (Peace et al., 2018), formed the Nagssugtogidian Orogen (Figure 1;
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o Collins & Pisarevsky, 2005; Li et al., 2008). Madagascar represents another
large fragment with a width of ~200-700 km (Figure 13), as a result of multi-
phase extension and the reactivation of multiple surrounding Pan-African
sutures (Figure 1; Collins & Windley, 2002; Fritz et al., 2013; Reeves &
De Wit, 2000; Schofield et al., 2010). The ~150-200 km-wide Napier
Complex aligns with modeled fragments (Figure 13a), having been separated
by rifting along the Eastern Ghats (Figure 1; Boger et al., 2001; Collins &

Pisarevsky, 2005; Reeves & De Wit, 2000).

4.3. Comparison to Previous Setups

The complexity of suture zone evolution and deformation is well recognized
[ ] | == (Bleeker, 2003; Dewey, 1977), making it challenging to model accurately in

Figure 13. (a) Distribution of fragment widths generated from all models,
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Heron et al. (2023) suggested that a reactivated sutured scar from an ocean

overlain with the widths of geological examples indicated by red lines. closure during the Torngat orogeny could have controlled the locus of the

Colors represent upper plate fragments (blue), lower plate fragments
(orange), and failed models (gray). (b) Distribution of breakup times
generated from all models, with successful fragmentation (blue) and failed

models (gray).

Labrador Sea rift. In their models, strain localized along the weakened scar at
the old plate boundary between two margins, with the position of the scar
controlling the resulting fragment width. In contrast, our models did not
include any discrete scar-like rheological weakening along the old plate
boundary. Although their suture setup produced a fragment comparable to the Nain Province, the modeled
fragment widths were limited to ~100-150 km, constrained by the depth to which the suture penetrates through
the lithosphere. This may explain the formation of narrower fragments, but the origin of larger ones remains
unresolved.

Petersen and Schiffer (2016) incorporated an eclogite slab and a serpentinized mantle wedge to represent
inherited orogenic weaknesses. Although the geometry of the eclogite slab was similar to the scar in the models of
Heron et al. (2023), it had a similar rheology to the host mantle lithosphere and therefore did not play a dominant
role in localizing strain. Instead, this was controlled by the weaker serpentinized mantle wedge—analogous to the
weakened upper plate margin in our model setup. Their models showed that wider fragments (up to 200 km) could
form in scenarios with thicker crusts that cause the rift to migrate inland. However, their models only considered
deformation in the upper plate, neglecting potential weaknesses that could develop in the lower plate due to
collision and orogeny.

Salazar-Mora et al. (2018) imposed prior compression to simulate orogeny before extending the model. Their
model, driven by a weak seed, produced widespread crustal shear zones in both plate margins during compression,
with the most pronounced development in the lower plate. Upon extension, rifting developed away from the
orogenic suture but instead in the lower plate. This is different from our observation in which the fragment
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developed in the weakened upper plate margin. The amount of compression affects the width of the reactivated
crustal segment, its distance from the suture, and thereby the width of the separated fragment. However, their
setup did not incorporate any subduction-related deformation.

Gouiza and Naliboff (2021) examined the role of large-scale rheological inheritance in the Labrador Sea rift.
Though they used a zone of initial strain to initiate rifting, the lithospheric strength was modified through the
initial geotherm and rheology of the crust and mantle lithosphere. Their models showed that a colder, more brittle
lithosphere with a strong lower crust produces a narrower and symmetric rift, whereas a hotter, more ductile
lithosphere results in prolonged crustal thinning, asymmetric rifting, and a wider fragmented crust. This aligns
with our findings when adjusting the initial geotherm.

To expand the modeling work on fragment formation, we integrate elements from both Petersen and
Schiffer (2016) and Gouiza and Naliboff (2021). The geometry and yield strength of the upper plate margin and
deformation zone are quantified to account for uncertainties related to subduction and collision in previous
Wilson cycles. As a result, this study provides a more comprehensive analysis of the suture zone complexity for
fragment formation.

4.4. Model Limitations and Future Work

The modeling work offers a first analysis into a wide range of physical parameters that may influence fragment
formation during rifting. However, a more tailored approach to specific geological examples may gain further
regional insights (e.g., Glerum et al., 2020; Gouiza & Naliboff, 2021; Neuharth et al., 2021). Future studies could
focus on adding local geological constraints and data, such as the deformation extent, duration and velocity of
rifting, and testing specific regional settings in three-dimensional (3-D) models.

The extension velocity is applied horizontally, whereas rifting is often oblique in nature (Brune et al., 2018).
Therefore, 3-D models can better capture the complexity of inherited structures and deformation patterns caused
by plate motions throughout the rift (e.g., Van Wijk, 2005; Xue et al., 2024). In addition, more complex plate
motions can be modeled, such as convergence followed by extension (e.g., Salazar-Mora et al., 2018) or multi-
phase extensions with a long hiatus in between (e.g., Naliboff & Buiter, 2015). A notable case to model is the
separation of the S@o Francisco Craton, characterized by the multi-phase, multi-directional rifts between South
America and Africa (e.g., Brune et al., 2016).

The fragment width is used as a first-order geological constraint here. However, some of the models show that
crustal fragments can undergo significant stretching and thinning under extension, especially with a hotter, more
ductile lithosphere. Thus, improvements can be made in fragment width measurement by calculating the stretch
factor (e.g., Giin et al., 2024; McKenzie, 1978). Furthermore, associating the modeled crustal expression with
geological domains along the rifted margins can offer improved surficial constraints (e.g., Gouiza &
Naliboff, 2021).

Though we simulate inherited weaknesses that account for deformation processes through both strain and
rheological modifications, it is crucial to acknowledge the limitations regarding modeling syn-rift processes such
as melt generation and magma intrusion. Future models could simulate magma intrusion using two-phase flow,
though such implementation is computationally expensive and requires further constraints. In addition, an area of
future work should focus on timing between deformation and subsequent reactivation of an inherited structure (e.
g., Salazar-Mora & Sacek, 2023). For example, implementing a temperature-dependent strain healing mechanism
(e.g., Fuchs & Becker, 2019) may offer further insights in the preservation of deformation within the lithosphere
in low strain rate settings.

Furthermore, though surface erosion and deposition are applied through a diffusive equation (Equation 19) at the
model's top boundary, a more realistic sedimentary loading system can be implemented in future studies using a
stream-power law that accounts for fluvial erosion and deposition, hillslope diffusion, and basin infilling (e.g.,
Neuharth et al., 2022).

Finally, there is ongoing debate regarding whether a mantle plume can initiate a rift, given the almost simulta-
neous emplacement of large igneous provinces during rifting (Buiter & Torsvik, 2014). Notably, the fragmen-
tation of the Lewisian Complex coincided with the formation of the North Atlantic Igneous Province (Peace
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et al., 2020; Vink, 1984). Through active models, future work could investigate the potential role of mantle
plumes in fragment formation.

5. Conclusions

To investigate the influence of structural inheritance on continental fragment formation, we conducted a total of
94 numerical 2-D rift models using ASPECT, featuring a rheologically weakened upper plate margin (repre-
senting inheritance from previous subduction) within a lithospheric-scale deformation zone of initial plastic strain
(representing inheritance from previous collision and orogeny; Figure 3).

We systematically tested eight key parameters, varying the geometry and weakness of the upper plate margin and
the deformation zone, the initial geotherm, as well as the extension velocity. To ensure efficient and consistent
model analysis, we implemented an automated system that detects the instant of continental breakup and mea-
sures the separated fragment width. The models demonstrate that localized strain weakening away from the
previous plate boundary can be a primary driver of fragment formation (Figure 4). Most importantly, the ge-
ometry of the inherited structures determines the width of the separated continental fragment (Figures 5-7).
However, a very ductile lithosphere can prolong the fragment formation process through delocalized thinning,
thus introducing significant nonlinearity in resulting fragment widths (Figure 8).

Our models produce continental fragments ranging in widths from ~175 to 350 km (Figure 13), consistent with
geological examples that exhibit one or multiple stages of subduction, collision, and intraplate deformation before
rifting (Figure 1). These include the Lewisian Complex, Sdo Luis Craton, part of Madagascar, and Napier
Complex. However, the modeled dimensions do not fit well with the Nain Province and the Sdo Francisco Craton.
By identifying key first-order factors controlling fragment formation, the work here provides a tectonic recipe for
future 3-D regional models with more robust geological constraints.
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