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The breakup of continents and their subsequent drifting plays a crucial role in the Earth's periodic plate aggrega-
tion and dispersal cycles. While continental aggregation is considered the result of oceanic closure during sub-
duction, what drives sustained divergence in the following stages remains poorly understood. In this study,
thermo-mechanical numerical experiments illustrate the single contribution of subduction and coupled mantle
flow to the rifting and drifting of continents. We quantify the drag exerted by subduction-induced mantle flow
along the basal surface of continental plates, comparing models of lithospheric slab stagnation above the
upper-lower mantle boundary with those where slabs penetrate into the lower mantle. When subduction is
upper-mantle confined, divergent basal tractions localise at distances comparable to the effective upper mantle
thickness (~500 km), causing the opening of a marginal basin. Instead, subduction of lithosphere in the lower
mantle reorganises the flow into a much wider cell localising extensional stresses at greater distances from the
trench (~3000 km). Sub-continental tractions are higher and more sustained over longer time periods in this
case, and progressively increase as the slab sinks deeper. Although relatively low, basal-shear stresses when in-
tegrated over large plates, generate tension forces that may exceed the strength of the continental lithosphere,
eventually leading to breakup and opening of a distal basin. The models illustrate the emergence of a similar
mechanism, which results in the formation of back-arc basins above upper-mantle confined subduction, and
scales to much larger distances for deeper subduction. Examples include the Atlantic Ocean formation and
drifting of the South and North American plates during the Mesozoic-Cenozoic Farallon plate subduction.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The mechanism of rifts and breakup in continent interiors remains
to date an open question in plate tectonics. For example, in the Meso-
zoic, large-scale rifting deformed the interior of Pangea, culminating in
its complete dismemberment when the North and South American
plates drifted away from Europe and Africa, opening the Atlantic
Ocean (Wilson, 1966). Riftingwas likely sustained for a long time before
breakup, and the overall divergence along this margin lasted until the
Cenozoic. Although this is a key stage of the aggregation-dispersal of
the tectonics cycle, why large continents rift in their interiors and even-
tually breakup remains an unsolved issue in plate tectonics theory.

Given the established relation between the present-day mantle
structure and plate tectonic evolution in the last 120 Ma (Bunge et al.,
1998), it is expected that supercontinent assembly and breakup pro-
cesses would be associated with mantle dynamics and structure. In
the last 30 years, mantle convection and its convective wavelength
).
have been extensively studied in dynamically self-consistent three-di-
mensional spherical shell mantle convection models (e.g., Tackley et
al., 1993; Yoshida, 2014; Zhong and Gurnis, 1993; Zhong et al., 2007).
Thesemodels have revealed that themost important controllingparam-
eter on convective wavelength is the mantle viscosity structure (e.g.,
Lenardic et al., 2006), Rayleigh number (Ra), solid-solid phase changes
(Tackley et al., 1993), and mantle compressibility (e.g., Zhong and Liu,
2016, and references therein). However, the temporal evolution of the
convective wavelength remains an intriguing question, particularly be-
cause it has important implications for the location of major mantle up-
wellings and the initiation of continental breakup. While the present-
day Earth's mantle structure is dominantly at spherical harmonic de-
gree-2 (Zhong et al., 2007), how mantle structure may have evolved
in the geological past is still unclear. Once Pangea was formed, the
circum-supercontinent subduction would lead to upwellings and ther-
mal insulation beneath the supercontinent, thus changing the degree-
1 mantle structure to degree-2 with two major antipodal upwellings,
similar to the present-day Earth's mantle (Zhong et al., 2007). The hot
upwellings beneath the supercontinent would cause magmatism and
eventual breakup of the supercontinent. However, Burov and Gerya
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(2014) and Koptev et al. (2015) recently showed that axi-symmetric
mantle upwellings cannot cause rifting by themselves, although they
contribute by localising the deformation from far-field extensional tec-
tonic forces that are strictly required to generate the breakup of struc-
turally homogeneous continents.

Where do these far-field extensional stresses come from? Subduc-
tion and subsequent roll-back of oceanic plates at continental margins
have been invoked to support the occurrence of large-scale, long-term
extensional stresses, thus leading to supercontinental dispersal (e.g.,
Bercovici and Long, 2014; Lowman and Jarvis, 1996).Moreover, numer-
ical models show that downgoing slabs play a central role in establish-
ing the location and formation of subcontinental mantle plumes via
mass conservation (Tan et al., 2002; Heron and Lowman, 2011; Heron
et al., 2015; Lenardic et al., 2011; Zhang et al., 2010; Zhong et al.,
2007). If this is indeed the main factor that drives heating below a su-
percontinent, this suggests that the mantle beneath Pangea would ex-
perience a significant increase in temperature, which may be
responsible for its breakup (Lenardic et al., 2011).

Several of the proposedmechanisms of large-scalemantle flow indi-
cate that the interaction between subducting slabs and supercontinents
dispersal might be of relevance, although a more systematic under-
standing of role of the subduction process in isolation, and the induced
mantle flow and breakup of large continents, remains elusive. Subduc-
tion-induced mantle flow can generate shear stresses along the base
of the lithosphere beneath continental plates (Melosh, 1977). In a sub-
duction setting, basal drag and suction forces due to slab roll-back are
commonly invoked as causes of the opening of back-arc basins, such
as the Japan Sea (Jolivet et al., 1994) and the Western Mediterranean
(Faccenna et al., 2001) (Fig. 1). These back-arc basins, also known as
marginal basins, are consistently located 250–500 km away from the
trench,where the continent has rifted and eventually drifted away leav-
ing oceanic floor in itswake. Back-arc basins also show relationships be-
tween subduction and anomalous volcanism, which seems to be related
to the subduction-related return flow. In several regions, there is evi-
dence for volcanism spatially and temporally connected to subduction
zones. Relationships between subduction and anomalous volcanism, al-
ready postulated to explain regional cases of intraplate magmatic activ-
ity (e.g., Zhao, 2004; Zhao et al., 2009), have also been investigated
Fig. 1.World topographic map and schematic cross sections of subduction zones extrapolated f
410 and 660 kmdiscontinuities are indicated as thin grey lines. The grey bodies are fast velocity
continental plates. A–B) Cross section across the South American plate (Li et al., 2008), with su
lowermantle to a depth N 1200 km. C–D)Cross section of the centralMediterranean region (Piro
over the 660 km discontinuity. A similar case can be found on the east–west cross section E–F th
zone.Note that both in the Calabria and Japan arcs, subducting plates are coupledwithmicrocon
with a large continent.
numerically (Garfunkel et al., 1986; Faccenna et al., 2010). Results
showed how the 660-km viscosity jump and trench roll-back can influ-
ence the return flow in the upper mantle. Similar characteristics of
rifting-drifting episodes and subsequent oceanization are reconstructed
in the Mesozoic dismembering of Pangea. However, rifting occurred
here at 2000–5000 km from the reconstructed Farallon subduction
trench, extended along-strike for N10.000 km, and lasted for more
than ~130Ma (Seton et al., 2012), which is indicative of a rather similar,
although larger-scale and long-lived, process.

In this paper, we analyse the contribution of a single, spontaneous
subduction process on supercontinent breakup, using a similar ap-
proach to authors such as Běhounková and Čížková (2008) and Holt et
al. (2015). We focused the study on the effects of subduction dynamics
and related mantle flow on continental breakup. Our intent is to (1)
identify how slab dynamic end-members (i.e. stagnating in the mid-
mantle vs. penetrating deeper into the lower mantle) can affect the
breakupmechanism and location; (2) characterize the breakupmecha-
nism responsible for each subduction end-member, quantifying the act-
ing forces; (3) investigate how the mantle flow induced by subduction
evolves through time; (4) quantify the basal drag development beneath
a supercontinent subjected to mantle flow and (5) evaluate for which
continental strengths breakup may occur.

2. Numerical modeling method

2.1. Governing equations and method

Numerical experiments were carried out with I2VIS (Gerya and
Yuen, 2003), a numerical framework which solves the continuity, mo-
mentum and heat conservation equations for a 2D creeping flow. Con-
servation of mass is approximated by the continuity-compatibility
equation:

∂ρ
∂t

þ ∇ ρ v!
� �

¼ 0; ð1Þ

where ρ is local density and v! is the local velocity vector. In ourmodels
the material is assumed to be compressible (i.e. density of material
rom P-wave tomographic models. Solid triangles show rifted continental margins and the
anomalies, interpreted as subducting slabs, while the brownbodies at the surface represent
bduction of the Nazca plate beneath the South American plate and its penetration into the
mallo andMorelli, 2003), with the Ionian slab subducting beneath Calabria and stagnating
rough the Japan arc (Fukao et al., 2009), where the Pacific plate stagnates in the transition
tinents,while subduction along thewesternmargin of the South Americanplate is coupled
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points may change with time). Hence, the 2D continuity equation takes
the form:

∂vx
∂x

þ ∂vy
∂y

¼ −
1
ρ

Dρ
Dt

ð2Þ

whereDρ/Dt is the substantive density time derivative, vx and vy are, re-
spectively, the horizontal and vertical velocity component, x and y de-
note horizontal and vertical Cartesian coordinates. The momentum
equations are presented in the form of the Stokes flow approximation:

∂σ 0
ij

∂xj
−

∂P
∂xi

þ ρgi ¼ 0 ð3Þ

which in 2D reads:

∂σ 0
xx

∂x
þ ∂σ 0

xy

∂y
−

∂P
∂x

¼ 0 ð4:1Þ

∂σ 0
yy

∂y
þ ∂σ 0

yx

∂x
−

∂P
∂y

¼ −ρgy ð4:2Þ

where P is the pressure, σij′ are the components of the viscous deviatoric
stress tensor, ρ is the density dependent on rock composition, temper-
ature and pressure, and g! is the acceleration due to gravity. The compo-
nents of the deviatoric stress tensor (σij′) are calculated using the viscous
constitutive relationship between stress and strain rate ( _ε), as follows:

σ 0
ij ¼ 2η _ε0ij ¼ 2η _εij−1=3δij _εkk

� � ð5Þ

_εij ¼
1
2

dvi
dx j

þ dvj

dxi

� �
ð6Þ

The conservation of energy equation describes the temperature
changes in a continuum due to internal heat generation/consumption
and advective/conductive heat transport. The balance of heat in 2D is:

ρcP eff
∂T
∂t

þ v grad Tð Þ
� �

¼ −
∂qx
∂x

−
∂qy
∂y

þ Hr þ Ha þHs; ð7Þ

where qx and qy are heat flux components; k= f(P,T,C) is thermal con-
ductivity which depends on the pressure-temperature conditions and
composition. Hr ,Ha and Hs are, respectively, radioactive, adiabatic and
shear heat production. Radioactive heat production depends on the
rock type and it is assumed to be constant through time. The adiabatic
heat production/consumption is related to pressure changes (compres-
sion-decompression):

Ha ¼ Tαeff vx
∂P
∂x

þ vy
∂P
∂y

� �
: ð8Þ

The shear heat production is given by the dissipation of mechanical
energy during viscous deformation and depends on the deviatoric stress
and deviatoric strain rate:

Hs ¼ σ 0
xx
_ε0xx þ σ 0

yy
_ε0yy þ 2∙σ 0

xy _ε0xy: ð9Þ

The effect of latent heating related to the phase transformations of
the rocks is included implicitly by calculating the effective heat capacity
(cP_eff) and the effective thermal expansion (αeff) through thermody-
namic relations, as in Gerya (2010). Petrological phase changes are im-
plemented using a thermodynamic formulation for density, ρ= f(P,T),
and enthalpy, Q= f(P,T) obtained from optimization of Gibbs' free en-
ergy for a typicalmineralogical composition ofmantle and crustalmate-
rials by using PERPLE_X (Connolly, 2005).
The visco-plastic behaviour is implemented via evaluation of the ef-
fective viscosity of thematerial. The viscous properties are computed by
taking into account the contribution of different creepmechanisms such
as diffusion, dislocation and Peierls creep, as:

1
ηeff

¼ 1
ηdiff

þ 1
ηdisl

þ 1
ηpeierls

; ð10Þ

where ηdiff, ηdisl and ηpeierls are calculated from flow laws defined in
Ranalli (1995) and Katayama and Karato (2008). The strength of the
material is limited by:

ηeff ¼
σyield

2 _εII
; ð11Þ

where the yield stress is described at shallow depths by the Drucker-
Prager yield criterion:

σyield ¼ cosϕ∙C þ sinϕ∙P 1−λfluid
� �

; ð12Þ

and at larger depths by the von Mises yield criterion

σyield

�� �� ¼ const; ð13Þ

Here,ϕ is the internal friction angle, C is the cohesion, and λfluid is the
pore fluid pressure factor.

2.2. Model setup

The computational domain size is 15,000 × 3000 km and is
discretised with 751 × 342 Eulerian nodes, with N8 million randomly
distributed Lagrangian particles (Fig. 2). The model uses a regular grid
spacing of 20 km in the horizontal direction and a variable grid spacing
in the vertical direction: 2 km in the range of 0 to 40 km, 5 km from40 to
90 kmand 10 kmbelow90km. By reducing to 10 km thehorizontal grid
spacing (Fig. S6) the subduction-induced mantle flow does not vary
substantially with respect to the case with 20 km horizontal resolution
(Fig. S1), which allows us to use the coarser grid. Free slip is imposed at
the top boundary, while the left and right boundaries are periodic. No
slip is imposed at the bottom boundary in order to define a Dirichlet
boundary condition for the horizontal velocity component vx, which is
required in the finite differencemethod to invert the left-hand-sidema-
trix. As the mantle is bounded by air and the liquid outer core, pseudo-
free surface conditions at the top and bottom of the mantle are simu-
lated by adding two low-viscosity layers: a 25 km thick, low-density
air layer at the top that yields a more realistic one-sided subduction
(Gerya et al., 2008); a 200 km thick, high-density layer at the bottom
that ensures deep lowermantle flow past the outer core with negligible
loss of energy due to viscous friction. Due to the adopted resolution, the
oceanic plate is layered in a 20-km-thick crust and a 70-km-thick litho-
spheric mantle. The crust in the continental plate is instead 32-km-
thick, while the thickness of the lithospheric mantle is varied from 44
to 118 km (Table 1). A half-space cooling model defines the 70 Ma
geotherm within both plates (Fig. 2c, d, e), below which an adiabatic
gradient of 0.5 K/km is imposed. In addition, for some specific cases a
150 Ma geotherm is used, yielding a 150 km thick continental plate in
order to simulate a stiff cratonic keel. Buoyancy and strength of each
compositional phase are related to the thermal structure through, re-
spectively, a thermodynamic database of mantle densities (see below)
and the visco-plastic rheological model (Fig. 2d, e). Subduction starts
dynamically due to the negative buoyancy provided by a 200 km long
cold slab.

In order to obtain realistic slab sinking scenarios, we have set the
upper mantle viscosity to a reference value of 3 · 1020 Pa s (e.g.,
Čížková et al., 2012; Mitrovica and Forte, 2004), and progressively in-
creased that of the lowermantle to generate different viscosity contrasts
between upper and lower mantle (γ = ηLM / ηUM). Additionally, we



Fig. 2.Numerical setup of the referencemodel. (a) Numerical model setup characterized by the incipient subduction of an oceanic plate beneath a large continental plate. Panel (b) shows
in detail the initial geometry around the oceanic trench. (c) Initial temperature distribution. Yield envelope profiles of the continental plate subjected to extensional deformation (_ε=10–
14 s−1) in (d) the reference model Test 118 (76 km thick and 70 Ma old lithosphere), and (e) the model with a cratonic root Test 168 (150 km thick, and 150 old lithosphere). See also
Tables 1 and 2. Red curves are the initial geotherms calculatedwith the half-space coolingmodel. The initial and/or final integrated tensile strength (B) of the continental plates is given by
the area of the regions in grey.
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have tested a range of different viscosity profiles to test the role of a low-
viscosity channel (3 · 1017−3 · 1019 Pa s, Doglioni et al., 2011) in the
90–200 kmdepth range to simulate aweaker asthenosphere, non-New-
tonian stress-dependent upper mantle (e.g., Gerya and Meilick, 2011),
and temperature- and pressure-dependent profiles (e.g., Christensen,
1996) (Fig. 3).

We completed a broad spectrum of numerical experiments and sys-
tematically varied model parameters, such as upper-lower mantle vis-
cosity contrast, mantle viscosity profiles, age of the subducting plate,
and thickness and strength of the continental plate. Using different rhe-
ological parameters, listed in Tables 1 and 2, different regimes of sub-
duction were reproduced in order to induce slab stagnation above the
660 km discontinuity or penetration into the lower mantle depending
on (i) the upper–lower mantle viscosity contrast (γ) (e.g.,
Christensen, 1996; Garel et al., 2014), and (ii) the oceanic slab age
(e.g., King et al., 2015), in agreement with these authors. Using all
these models which reproduce the range of published results, we mea-
sure the magnitude and time-evolution of mantle tractions by
integrating shear stresses at the base of the overriding plate. These
shear stresses are proportional to the upper mantle viscosity and to
the velocity gradient along the vertical direction:

σxy ≈ η
∂vx
∂y

ð14Þ

Hence, a fast and viscous upper mantle flowing beneath a relatively
stable plate produces high tractions. Trench-ward (FTD) and continent-
ward (FCD) mantle drag were quantified by integrating the shear stress
along the base of the continental plate as:

FCD ¼ ∫BAσxy∂x; ð15:1Þ

FTD ¼ ∫CBσxy∂x; ð15:2Þ

where A–B and B\\C delimit the plate segments in which FTD or FCD act
(Fig. S1). In our models, FTD is due to the subduction-induced mantle



Table 1
Thermomechanical parameters used in these experiments. Set of parameters used for the model units, as follow: lithospheric thickness, constant density (ρ0), pore fluid pressure factor
(λ), von Mises yield criterion (σyield), age of the plates, radiogenic heat production (Hr), activation energy (E), stress exponent (n), activation volume (V), pre-exponential factor (Ad), co-
hesion (C), initial and final friction coefficient (μ0,μ1) and the corresponding strain values (ε0,ε1) within which μ linearly decreases due to strainweakening, and finally the reference flow
law for dislocation creep taken from (Ranalli, 1995). A constant viscosity Adwas setwhen no rheological parameters are indicated. A dry olivineflow lawwas used for the uppermantle in
Test 061.

Material Thickness
[km]

ρ0
[kg/m3]

λfluid,– σyield [MPa] age
[Myr]

Hr

[Wm−3]
E
[kJ/mol]

n,
–

V
[J/(bar)]

AD [Pa s] C
[MPa]

μ0 ,μ1 ε0 ,ε1 Flow
law

Air 25 1 1.0 · 1018

Water 5 1000 1.0 · 1018

Background
crust

30 0 2.5
· 10−7

154 2.3 1.2 1.97 · 1017 1 0.2, 0.1 0.0, 0.5 Wet-Qtz

Cont. plate 70
- Crust 32 2750 0 (50; 2

· 103)
– 1.0

· 10−6
154 2.3 0.8 1.97 · 1017 1–10 0.6, 0.1 0.0,

0.05
Wet-Qtz

- Mantle 44–118 0 – 2.2
· 10−8

532 3.5 1.2 3.98 · 1016 1–10 0.6, 0.1 0.0,
0.05

Dry-Ol

Oceanic plate 70
- Crust 20 (0.7;

0.8)
– 2.5

· 10−7
154 2.3 1.2 1.97 · 1017 1 0.1;

0.05
0.0, 0.5 Wet-Qtz

- Mantle 70 0 – 2.2
· 10−8

532 3.5 1.2 3.98 · 1016 1 0.6; 0.4 0.5, 1.5 Dry-Ol

Upper mantle (584; 570) 0 2.2
· 10−8

3 · 1020

Lower mantle 2340 0 2.2
· 10−8

3 · 1020; 3 ·
1023

Outer core 200 10,000 1 · 1016
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drag and favours continental drift toward the trench. FTD is counteracted
by FCD opposite in direction due to the subduction-inducedmantle drag
and the viscous resistance to trenchward plate drifting. The net mantle
drag, ΔFMD = FTD − FCD, when positive, pulls the continental plate
against the subducting oceanic plate and determines the amount of
Fig. 3. Family of viscosity profiles used in this study. Test 118 and Test 21 assume a
viscosity contrast from the upper to lower mantle of 50 and 1000, respectively, as
proposed from joint inversion of the geoid and postglacial rebound data (e.g., Čížková et
al., 2012; Mitrovica and Forte, 2004). Test 46 assumes a low viscosity channel at the
asthenosphere-lithosphere boundary, as proposed by from Doglioni et al. (2011). Test
194 follows the viscosity profile suggested from Christensen (1996) and Test 196
assumes a viscosity jump in the mid-mantle as applied from Rudolph et al. (2015). Also,
but not showed, a non-Newtonian upper mantle has been tested (Test 61; see Fig. 7a).
For further details see Table 2.
force dissipated around the trench by (i) upper plate deformation or
(ii) viscous mantle creep accommodating trench retreat. The continen-
tal strength during extensional deformation (i.e. integrated tensile
strength, B) is computed as follows:

B ¼ ∫YL
0 σd∂y; ð16Þ

where YL is the thickness of the lithosphere and σd is the maximum dif-
ferential stress at each depth interval. Introducing the continental
strength allows discussing the models and their comparison to nature
in amore generalway,which remains less dependent on the rheological
parameters chosen.

3. Results

3.1. Upper mantle confined vs. lower mantle subduction

When the subducted oceanic lithosphere is deflected above the
upper-lower mantle boundary, subduction and the induced flow re-
main confined to the uppermantle (Fig. 4a). From the slab-tip, theman-
tle moves upwards, diverging beneath the upper plate and propagating
in opposite directions along the base of the lithosphere. As a result,
trench-ward (FTD) and continent-ward (FCD) basal drag is generated.
FTD affects only a narrow portion of the continental plate not exceeding
600 km in length (Fig. 4b). This distance reflects themantle flow cell as-
pect ratio of ~1, showing that the characteristic length of this process is
the thickness of the convecting uppermantleH, between the base of the
lithosphere and the mantle transition at 660 km.

The traction-induced tension beneath the continent grows over
time, as the slab sinks, inducing rifting and breakup in the back-arc.
FTD is complemented by trench suction (FTS) due to slab roll-back,
pulling the continent toward the trench, and is opposed by FCD due to
subduction-induced mantle flow and basal viscous resistance to plate
drifting acting at distances N600 km from the trench. These opposite
forces generate a tension (T), which is equal to the minimum of the
forces between continent-ward and trench-ward plus trench suction
forces: T = min(|FCD |, |FTD + FTS |). Tension within the continent that
grows along with the sinking and roll-back of the oceanic slab. When
T equals the tensile strength of the continent B, breakup within the
upper plate occurs. In both upper-mantle confined models, the conti-
nental plate is subjected to an extensional regime, which localises at a



Table 2
Suite of themost important numerical models. The table recaps, for themost important tests, parameters such as: trenchward (FTD) and continentward (FCD)mantle drags, fromwhichwe
defined the effective tension T = min (|FTD|, |FCD|) ignoring FTS which is difficult to estimate; initial (B0) and final (B1) integrated tensile strength of the continental plate; eventual von
Mises (i.e. cut-off) yield criterion aswell as the age and input rheological parameters of the continental plate. The lower to upper mantle viscosity contrast (γ) (i) is not calculated for Test
061 as it changes continuously during the run due to the non-Newtonian viscosity of the upper mantle, and (ii) is set to 1 for models with a stagnant slab as no viscosity contrast exists
within the convecting upper mantle.

Test Subduction
style

γ Thickness
[km]

Age
[Myr]

μ0;
μ1

Cohesion
[MPa]

Von
Mises
[MPa]

Init-strength
(B0) [TN/m]

Final-strength
(B1) [TN/m]

Continentward
drag (FCD) [TN/m]

Trenchward drag
(FTD) [TN/m]

Tension
(T) [TN/m]

Break-up

021a UMC 1 76 70 0.2;
0.1

1 80 4.1 3.7 0.4 0.6 0.4 Yes

044 LMS 50 76 70 0.2;
0.1

1 300 8.8 5.3 7.5 11.7 7.5 Yes

046b LMS 50 76 70 0.2;
0.1

1 300 8.8 5.3 5.1 9.5 5.1 Yes

047 LMS 150 76 70 0.2;
0.1

1 160 6.5 5.2 5.5 11.7 5.5 Yes

061c LMS / 76 70 0.2;
0.1

1 300 8.8 5.3 5.1 7.8 5.1 Yes

063 LMS 50 76 70 0.2;
0.1

1 10 0.7 0.7 3.3 1 1 Yes

086 LMS 50 150 150 0.6;
0.4

10 / 53.6 39.5 15 30.3 15.0 No

109 UMC 1 76 70 0.2;
0.1

1 10 0.7 0.7 1.5 1.1 1.1 Yes

118a LMS 50 76 70 0.6;
0.6

10 / 19.9 19.9 14.6 35.3 14.6 Yes

119 LMS 50 150 150 0.2;
0.1

1 / 22.9 13.6 36.2 17.9 17.9 Yes

120 LMS 50 150 150 0.6;
0.4

1 / 53.0 38.9 35.8 23.5 23.5 No

168 LMS 50 150 150 0.6;
0.1

1 200 17.8 13.0 37.4 25.1 25.1 Yes

194 LMS 50 76 70 0.6;
0.6

10 / 19.9 19.9 15.2 34.2 15.2 Yes

196 LMS 50 76 70 0.6;
0.6

10 / 19.9 19.9 14.1 35.9 14.1 Yes

UMC: upper mantle-confined.
LMS: lower mantle subduction.

a Upper mantle-confined and whole mantle reference models.
b Model with a weak asthenospheric layer.
c Model with non-Newtonian upper mantle.
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distance D ~ 500 km from the trench (Fig. 4a and Fig. 5a). However,
since basal shearing is relatively low, breakup conditions are found
only when B ≤ 4 · 1012 N/m (Fig. 5b and Table 2 – Test 021), whereas
for greater strength the upper plate experiences diffused stretching.
The duration of this process is b14 Ma and corresponds to the time
taken for the slab to sink down to the transition zone. In particular,
these models show that trench suction due to slab roll-back provides
the breakup boundary force (estimated to be about 3–4 · 1012 N/m
from the difference between upper plate strength and tension gener-
ated by basal drag when breakup occurs; Test 021), while the distribu-
tion of the basal shear stress gradient (∂σxy/∂x) defines the location of
breakup event (Fig. 4c).

When the slab penetrates deeper into the lower mantle, subduction
establishes a long-term, non-steady-state evolution, with a much
broader induced mantle flow (Fig. 4d). After the first stage of slab flat-
tening above the 660 km discontinuity, deeper penetration of the oce-
anic lithosphere into the lower mantle may occur rapidly leading to
whole mantle convection. The subduction-induced convective cell
width in this case is 2900 km and has aspect ratio of ~1. This aspect
ratio is a consequence of the phase transitions occurring in the pyroxene
component of the pyrolitic mantle which are often ignored in mantle
convection simulations, yielding much wider planforms. At high tem-
peratures typical of upwelling mantle (N1700–1800 °C), Ringwoodite
decomposes to Majorite and ferropericlase and the formation of
Bridgmanite is relatedmostly to theMajorite⇔ Bridgmanite transition
with a positive Clapeyron slope and a large density difference (Hirose,
2002; Faccenda and Dal Zilio, 2017). This reaction occurs in the 600–
750 km depth interval, generating strong positive buoyancy that fa-
vours plume penetration in the transition zone. On the other hand,
within the cold slab the post-spinel and post-ilmenite reactions charac-
terized by a negative Clapeyron slope can temporarily induce impedi-
ment to penetration. Therefore, once lower mantle subduction is
attained, the combined effects of (i) downgoing slab and (ii) upwelling
of hot material via subduction-induced poloidal mantle flow enhances
vertical flow rather than horizontal flowwith convective patterns char-
acterized by reduced wavelengths.

This aspect ratio is similar to the upper-mantle confined subduction
models, but it scales up as a consequence of deeper subduction. As the
descending lithosphere lengthens, the size of the convective cell does
not change, yet the slab-integrated buoyancy leads to more vigorous
convection and the progressive increase of the sinking velocity VS (Fig.
5b). Accordingly, the sub-continental stress profiles indicate that the
basal shear stresses are much larger during lower mantle-penetrating
subduction (Fig. 4e), and increase in magnitude as the slab descends.
However, the planform of the mantle flow does not vary. Stress in-
creases in two opposite directions and is equal to zero at ~3500 km
from the trench for γ = 50, corresponding to the area where mantle
flow is diverging. Trench-ward shear stresses increase through time
proportionally to VS, the slab sinking velocity, reaching an absolute
shear stress peak of 17 MPa after 39 Ma. In contrast to upper-mantle
confinedmodels, the continental plate is subjected to compressional de-
formation around the trench as a result of the positive net mantle drag
(i.e., ΔFMD = FTD − FCD N 0), which pulls the upper plate against the
oceanic plate. Within the plate interior, where trench suction is negligi-
ble, the basal tractions acting in opposite directions generate a force T
= min (|FCD |, |FTD |) = 1.46 · 1013 N/m, which is high enough to
break up the continental plate. For each model, breakup happens ac-
cording to the maximum value of the basal shear stress gradient (Fig.



Fig. 4. Subduction-related opening of marginal and distal basins. Panels (a) and (b) show
the composition field for upper-mantle confined and whole mantle reference models
respectively, Table 2 - Test 021 and Test 118, with superimposed stream function at key
stages of mantle-lithosphere interaction. The reference of x-axis is the trench and solid
triangles delimitate the breakup region. In the top panel (a), breakup at ~500 km from
the trench is the result of mantle flow induced by upper-mantle confined subduction.
The breakup point shifts toward the continental interior (i.e. ranging −2850 to
−3600 km from trench for a homogeneous plate depending on γ) when the slab
penetrates into the lower mantle (c). Coloured curves in panels (b) and (e) show the
profiles of the basal shear stress for different stages of the model in, respectively, (a) and
(c). Basal shear stresses grow with time along with the slab sinking. Coloured curves in
panels (b) and (f) show the profiles of the basal shear stress gradient for different stages
of the model in, respectively, (a) and (c). Continental breakup localises at the peak of
the shear stress gradient.

Fig. 5. (a) Distance trench-breakupD formodelswith constant viscosity of both upper and
lower mantle and (b) Tractions T (squares) and sinking velocity VS (crosses) vs. upper-
lower mantle viscosity contrast γ.
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4f), where extensional stresses are maximised. Following breakup, the
continent coupled with the oceanic plate drifts toward the retreating
trench dragged by FTD, while motions of the distal continent rapidly di-
minish over time. At the same time, as trench-ward tractions are no
longer opposed by continent-ward tractions (i.e., FCD = 0 and ΔFMD

= FTD), lithospheric thickening within the drifting plate increases sig-
nificantly at the trench. For the various upper-lower mantle viscosity
contrasts tested,we find that the trench–breakupdistance (D) isweakly
dependent of the viscosity contrast, varying between ~2950 and
~3600 km for a 150–fold viscosity increase. Subducting slab penetration
in the lower mantle is a longer-term process. This mantle flow configu-
ration and the ensuing rifting regimes over ~40 Ma induce hot mantle
upwelling and subsequent weakening of the upper plate. At this point
in our models the continent breaks up.

A striking result of these experiments is that as we imposed a
thicker and colder continent (Fig. S3), the model develops higher
basal drags. As a comparison, the cratonic keel adopted in Test 168
(Table 1) develops an internal tension of ~25 TN/m in contrast to
the 7.5–15 TN/m measured in experiments with a thinner upper
plate. We interpret this result as an effect of the return flow that
tends to be channelized within the weak upper mantle. When im-
posing a thicker continental plate, the upper mantle section gets
thinner. As a result, upper mantle flow velocity increase raising the
magnitude of mantle basal drags.

3.2. The role of continental plate heterogeneities

The presence of weak zones related to inherited structures or fo-
cused hot plumes (e.g., Gurnis, 1988; Heron et al., 2015) may favour
rifting, hence constraining the breakup location. In a suite of additional
models (Table 2 and Supplementary material), we have introduced a
weak zone in the continental upper plate to test how this can shift the
position of the rifting and the formation of distal basins (Fig. 6a). In
these models, the tensile strength of the continent is B = 2.19
· 1013 N/m, whereas in the 40 km wide weak zone the strength is re-
duced to B = 3.1 · 1012 N/m. The location of this weak zone has been
systematically tested at 2000 km, 4000 km and 5500 km from the
trench. During the evolution of subduction in the model, relevant
stresses are propagated to the weak zone through the mantle tractions.
In the model where the weak zone is at a distance of 2000 km from the
trench (Fig. 6b), mantle tractions remain negligible during the upper-
mantle confined sinking of the slab. Tractions become relevant when
the slab penetrates deeper into the lower mantle. However, since the
weak zone is located above an area under compressional stresses, the
strain regime is neutral and the weak zone does not deform



Fig. 6.Wholemantle subductionmodelswith a continental platewith pre-existingweak zone. (a) Initial setup. The tensile strength of the continent isB=2.19 · 1013 N/m. Theweak zone
(B=3.1 · 1012 N/m) is 40 kmwide, and is initially placed at−2000 km (b) and−5500 km (c) from the trench. Breakup occurs only when the weak zone is beyond the point where the
mantle is diverging. The velocity field and the stream function are superimposed on the compositional maps.
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substantially. Hence, rifting does not occur at theweak zone, but instead
begins at distance D≈ H, as in the homogenous continent illustrated in
the previous section. On the other hand, in the models where the weak
zone is located at 4000 or at 5500 km from the trench, their position is
located above (4000 km) or further than the divergingmantle tractions
(5500 km) when the slab has sunk in the lower mantle (Fig. 6c). In this
last case theweak zone shifts the breakup location to ~2000 kmwith re-
spect to the reference model with homogeneous lithosphere. In these
models breakup occurs because the weak zone is located above an
area where gradients in continent-ward tractions are large (Fig. 4f).
Such large gradients are found at distances ±D / 2 (half the width of
the poloidal cell), implying that weak zones can shift the breakup loca-
tion of 1500–2000 km. This argument is further supported by similar
models of upper-mantle confined subduction, where the same process
occurs and shifts in the back-arc spreading varies by ~250 km, ~D / 2
(Fig. S5). In the instance of homogeneous continental lithosphere,
breakup localises at a distance D ~ 500 km from the trench (Fig. 4a),
which seems to be slightly larger than what we observe in back-arc ba-
sinsworldwide (Currie andHyndman, 2006). However, rheological het-
erogeneities may reduce the breakup distance down to ~250 km from
the trench (Fig. S5). For a progressively deepening slab and propagating
tractions, the heterogeneity close to the trench localises earlier, thus
reducing both the minimum breakup distance to the trench and the
time of rifting initiation.

3.3. The role of mantle rheology

A suite of numerical models with different rheological laws and
mantle viscosity profiles demonstrate that the mechanism of breakup
and drifting proposed is independent of mantle rheology. On the other
hand, these different rheological properties control the breakup-trench
distance (D), which result in a wide range spanning from 2950 to 3650
for models with constant viscosity of both upper and lowermantle (Fig.
5a), and up to 4000 km for models with non-linear rheology (Fig. 7a).
Note that, in the case of upper-mantle confined subduction, the viscos-
ity contrast (γ) is assumed equal to 1 (Fig. 5a), since the slab does not
penetrate into the lower mantle and the upper mantle is therefore the
only layer of the mantle involved. We first present a non-Newtonian
uppermantlemodel (Fig. 7a, Table 2 – Test 061) to illustrate that similar
dynamics occur for a deep sinking slab dipping gently and a wider con-
vective cell with aspect ratio of 1.37. Thus, mantle flow diverges at a
greater distance from the trench and breakup occurs at D ~ 4000 km
from the trench (Fig. 7a). The viscosity within the non-Newtonian
upper mantle is lower than in other models, which result in slightly



Fig. 7. Suite of three different models showing the viscosity with superimposed the
velocity field (black vectors). Panel a shows the whole mantle subduction model with a
non-Newtonian upper mantle (Test 61). With respect to the reference model (i.e., Test
118), the slab is more gently dipping, which induces a wider convective cell with aspect
ratio of ~1.3. Thus, mantle flow diverges at a greater distance from the trench and
breakup occurs at N4000 km from the trench. Corresponding data of this model are
reported on Table 2 – Test 061. Panel b displays the key stage of breakup assuming a
depth dependent mantle viscosity (Christensen, 1996), which results in a trench-
breakup distance of ~2860 km (Test 194). Panel c shows the snapshot assuming a mid-
mantle viscosity jump (e.g., Rudolph et al., 2015), which results in larger flow and thus
triggering a breakup ~ 3990 km from the trench (Test 196).
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lower tractions yielding a tension of 5.1 · 1012 N/m. Then models with
depth-dependent viscosity profiles are implemented by enforcing pres-
sure and temperature in non-linear dependencies (Table 2) according
Christensen (1996). These models result in depth-dependent increases
in viscosity or, alternatively, assume a viscosity jump in themid-mantle,
as proposed by Rudolph et al. (2015) (Fig. 3). In all these models sub-
duction displays similar characteristics, with varying degrees of
Fig. 8. Panel a shows the linear relation between γ and the trench-rifted margin distance
(D) scaled by the thickness of the convective cell (H), while panel b compares γ and the
scaled tension TS = T / (VS · ηUM).
interaction with the lower mantle (Fig. 7b, c). Convective cell ratios
vary from 0.98–1.37 and rifting formation at large distance varies from
D = 2860 km in the Test 194 (Fig. 7b) to D = 3990 km in the Test
196 (Fig. 7c).

Although we tested several different rheological profiles—which
have shown to affect the shear basal drag due to a viscosity dependence
on stress/strain rate—our results indicate that the planform of theman-
tle flow does not depend on the rheology. Despite the variations in con-
vective cell aspect ratio, the breakup mechanism and its characteristic
length are independent of the mantle rheology chosen.

3.4. Similarities between back-arc and distal margin formation

In this section we illustrate the characteristics of the flow patterns
arising fromoceanic plate subduction, showing the scaling relationships
of the breakup-trench distance (D) and the basal tractions (T). In the
case of lower mantle subduction, the width to depth ratio (D/H) of the
poloidal mantle flow is comparable to the upper-mantle confined sub-
duction, since a D/H value close to 1 has been found for all models. Spe-
cifically, for the different viscosity contrasts tested, this varies between
1.01 and 1.23 for increasing viscosity contrast γ between 5 and 150
(Fig. 8a). This illustrates that 1) the process remains similar, 2) it scales
with the depth of convection H, and 3) it is weakly dependent of γ. Ad-
ditionally, we illustrate that the first-order process of breakup and
drifting induced by subduction is independent of mantle viscosity, al-
though it does impact the transmitted tractions. To elucidate this last
point we scale the tension as TS = T / (VS · ηUM) (Fig. 8b) to demon-
strate how and to what extent the lower mantle viscosity affects the
magnitude of transmitted stresses at the base of the continental plate.
By estimating the slab sinking velocity and upper/lower mantle viscos-
ities, the development of Ts within the continent can be evaluated. It is
worth noting that, as the magnitude of T increases proportionally with
VS, the tension force induced by basal shearing is higher when slabs ar-
rive at mid-mantle depths (Fig. 5b). The models illustrate that upper-
mantle confined andwholemantle subduction provide the same condi-
tions for breakup and drifting mechanisms, but display different
lengths, durations andmagnitudes. The upper-mantle confined subduc-
tion induces tractions of ~2 MPa and localises extension at distances
comparable to the upper mantle thickness (~500 km). This may be
shifted by 250 km due to heterogeneities, maximised at ~10 Ma from
the onset of subduction. As subduction reaches the lowermantle, exten-
sion localization switches rapidly to ~3000–4000 km from the trench.
This can increase to ~5000 km in the presence of continental heteroge-
neities. The long-term sinking of slabs in the lower mantle allows for
stationary localised divergent tractions for ~40Ma, while traction mag-
nitude increases progressively with slab sinking up to ~18 MPa. Inte-
grated basal shear leads to tectonic rifting forces that increase by up to
~3 times when lower mantle subduction occurs.

4. Discussion

These results shed light on the correlation between large-scale man-
tle flow pattern – developed during lithospheric subduction – and dy-
namics of continental breakup, and lead to several interesting
implications. We first discuss the differences and the physical mecha-
nism responsible for the control of subduction-induced mantle flow
on the opening of both marginal and distal basins, evaluating for
which continental strengths breakup may occur. Subsequently, we
make a comparison between the natural cases and our numerical exper-
iments. Finally, we discuss involved modeling limitations.

4.1. Comparing opening of marginal vs. distal basins

With the support of numerical models, we have illustrated the sim-
ilarities between rifting mechanisms that act within continental upper
plates above subduction. The modeling suggests that marginal back-



Fig. 9. Synoptic view of the subduction-induced mantle flow and continental breakup. Panel (a) and (b) are for the upper-mantle confined and whole mantle subduction models,
respectively. Thicker black arrows indicate more vigorous mantle flow and basal tractions. Trench suction forces (yellow arrow) act within the upper plate in proximity of the trench
and are stronger in upper-mantle confined subduction models. In whole mantle subduction models the continental plate is subjected to compressional deformation and lithospheric
thickening near the trench. Distances of (a) marginal and of (b) distal basins from the trench are those found in models with a homogeneous continent.
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arc basins and distal basins respond to the same mechanism: trench-
ward tractions generated by return flow associated with subduction.
The localised rifting within continental plates is correspondingly con-
trolled by the depth of convection (Fig. 9). Whereas in upper-mantle
confined subduction the characteristic distance is comparable to the
upper mantle thickness (Fig. 9a), for lower mantle subduction the dis-
tance becomes comparable to the whole mantle (Fig. 9b). With large-
scale return flow beneath the supercontinent, extensional stresses lo-
calise thousands of kilometres from the trench, but compression re-
mains localised near the trench. This feature is well defined in lower
mantle subduction down to a depth of N1000 km, and similar results
have recently been obtained by Yang et al. (2016) and Faccenna et al.
(2017) with application to South-East Asia and the Andes, respectively.
Further sinking of subducting slabs in the deepmantle, while maintain-
ing the same planform of the mantle flow, increases the velocity of
poloidal flow and, in turn, the shear stresses transmitted at the base of
the continent. Because subduction and mantle convection flow cells
comprise only two possible modalities, a bimodal distribution of
Fig. 10. Comparisons of D and B of models exhibiting continental breakup with
observations on Earth. The range of natural B (Burov, 2010) and D for marginal and
distal basins (see Supplementary Table S1) define two regions highlighted in grey,
within which most numerical results fall. Plotted results are for models with:
homogenous continent and upper mantle with constant viscosity (squares),
homogenous continent and non-Newtonian upper mantle (square with cross), and
heterogeneous continent with aweak zone at various distances from the trench (crosses).
basin-trench distances is predicted. This bimodal distribution is
depicted in Fig. 10, which shows the comparison between trench-
break distance (D) and the tensile strength (B) of continents from
models exhibiting continental breakup. Note that the two regions
highlighted in grey, ranging from 1012 to 1014 N/m, define the spectrum
of natural continental strengths based on a global compilation frame-
work (Burov, 2010). Plotted results are from the suite of models with
homogenous and heterogeneous continents, as well as from numerical
experiments with a non-Newtonian upper mantle rheology. It can be
observed that themodel predictions are in good agreementwith the ob-
served distribution of trench-to-rifted margin distances (Fig. 10). Avail-
able back-arc distancemeasurements (e.g., Currie and Hyndman, 2006)
show that the minimum distance of trench-back arc rifting on Earth
varies between ~250 to ~400 km. These values are compatible with
the rifting distance in our model, given pristine continent and pre-
existing heterogeneities.

4.2. Possible applications to natural examples

The two continental breakup end-members can potentially be ap-
plied to many natural examples where geological and geophysical
data support our numerical experiments. For instance, the mechanism
for marginal basin formation is in agreement with the reconstructed
Mediterranean evolution (Jolivet and Faccenna, 2000), Cenozoic Pacific
subduction and evolution of the Sea of Japan (Miller and Kennett, 2006),
as well as other published modeling results (e.g., Capitanio et al., 2010;
Gerya andMeilick, 2011; Gurnis et al., 2004). In theWesternMediterra-
nean, the Liguro-Provençal back-arc basin opened at a distance of
~400 km from the migrating convergent margin (Carminati et al.,
2012), while the Ligurian lithosphere was subducted down to the tran-
sition zone (Faccenna et al., 2001; Piromallo and Morelli, 2003). Our
upper-mantle confined models indicate that the upper plate yields
only under specific conditions dictated by the continental strength
(see Table 2). When this latter is too strong, the continental plate
could undergo long-term stretching without breakup. This might be
the case of the Eastern Mediterranean, where the incipient Aegean
back-arc basin, located further north of the Rhodope massive, by 65–



322 L. Dal Zilio et al. / Tectonophysics 746 (2018) 312–324
50 Ma (Jolivet and Brun, 2010), is placed ~400–450 km from the con-
vergent margin, and is followed by the progressive migration of
amagmatic exhumation events of metamorphic core complexes (e.g.,
Jolivet et al., 2013) and no break-up, in agreement with an initially
thickened lithosphere. The extensional centres have constantly mi-
grated along with the convergent margin, keeping a similar distance
of ~400 km. In the case of Japan Sea, instead, the continental breakup
occurred at smaller distance, likely 270–350 km from the trench, and
was followed by themigration of the narrow Japan arc through an initial
amagmatic event (Jolivet et al., 1994). The evolution of the Sea of Japan
is compatible with reconstructions of the down-going Pacific litho-
sphere (e.g., Fukao et al., 2009), which indicate slab subduction, retreat
and stagnation over the transition zone. Although the distance is here
smaller, it is still compatible with the effect of pre-existing weaknesses,
reducing the break-up location to similar distance. Besides inherited
weak structures, other processes not taken into account in our models
such as lithospheric mantle metasomatization via slab dehydration
and arc-magmatism could weaken lithospheric portions much closer
(100–250 km) to the trench than predicted by our homogeneous
upper plate models.

Following the same line of reasoning, we propose that a similar
mechanism assisted the rifting and breakup of Western Pangea, and
the opening of the Atlantic Ocean. We have measured the range of
trench-to-rift distances (Supplementary Fig. S7 and Table S1) between
the current American trenches and the Atlantic Ocean continental mar-
gin, which vary between 2000 and 5000 km. These distances can be ex-
plained by our simplified 2D models, when heterogeneities in the
lithosphere are accounted for. According to the mechanism illustrated
here, the localisation of long-term extensional regimes at large dis-
tances from the trench is compatible with deep lithosphere subduction
and induced large-scale mantle flow. Taking into account the seismic
structure of the mantle and plate motions, the inverse mantle convec-
tion model proposed in (Liu et al., 2008) shows the evolution of deep
Farallon subduction is characterized by a large-scale, vigorous, and
long-lasting mantle flow pattern. This regime is in accordance with
the model proposed here. Therefore, large-scale flow due to deep sub-
duction may have led to a long-lived extensional regime during the
rifting of Western Pangea and subsequent opening of the Atlantic. The
range of trench to rifted margin distances (2000–5000 km) can be ex-
plained by either inherited weak structures (e.g., Buiter and Torsvik,
2014) or thermal weakening due to impinging plumes. These plumes
may have affected the position of continental breakup, although they
are not necessarily required for our models. While the location of the
rifting is only mildly affected by heterogeneities in the continent, the
exact timing of the rifting depends on this and the deeper subduction.
Although the overall strength of the Pangea continent cannot be
constrained, our modeling illustrates that relevant basal tensile forces
might have overcome its strength only when the subducting slab
reached the deep lower mantle. Reconstructed deep mantle slab sub-
duction suggests this occurred prior to 100 Ma (Lithgow-Bertelloni
and Richards, 1998), corresponding to the initial opening of the Atlantic
Ocean (~130 Ma; Seton et al., 2012). Large-scale flow due to deep sub-
duction and related basal drag has also been invoked by Husson et al.
(2012) to explain the westward drift of South America, although the
break-up event has been related only to active upwellings beneath Af-
rica rather than to sustained basal tractions.

Subduction-induced basal tractions could have similarly contributed
to the dismembering of the Eastern Pangea continent during the Late Ju-
rassic-Cretaceous period Mesozoic, when the Phoenix plate subducted
beneath Antarctica and East Gondwana at distances from the rifting
continental margin which are consistent with the 2000–5000 km
found in our experiments (Seton et al., 2012).

Intra-continental breakup in response to deep subductionwould not
be effective when basal tractions are unable to overcome the upper
plate lithospheric strength. This would explain why Eurasia did not
break-up during the Mesozoic-Early Cenozoic deep subduction of the
Tethyan slab below its southern margin (Seton et al., 2012). Indeed,
seismic tomography models indicate that large portions of Eurasia
have characteristic thick cratonic roots, except toward the continent
eastern margins (Schaeffer and Lebedev, 2013; Chang et al., 2015)
where lithospheric thinning likely occurred during Mesozoic-Cenozoic
tectonic processes (Griffin et al., 1998).

4.3. Modeling limitations

The main limitation of our simulations is represented by their two-
dimensional nature, which does not allow analysing the role of
transtensional/transpressional deformation, lateral extrusion nor toroi-
dal mantle flow. Furthermore, in a 3D convective mantle characterized
by several subducting slabs and upwelling plumes, themantle flow pat-
terns are likely different when those generated in our 2D models by a
single subducting plate. However, two- and three-dimensional convec-
tion models and several pieces of geological data indicate that, consis-
tent with our results, mantle upwellings primarily occur in response
to subduction and at distances from the trench comparable to the
whole mantle thickness (e.g., Heron et al., 2015). Furthermore, despite
the absence of toroidal flow, which has been shown to be relevant in
3D models of subduction (e.g., Stegman et al., 2010), basal tractions
due to poloidal mantle return flow are large enough to generate signif-
icant extensional stresses in our 2D models, and find accordance with
previous works (e.g., Holt et al., 2015). It follows that, although simpli-
fied, the present analysis is applicable to real subduction-breakup sys-
tems, providing a first-order estimate of the subduction-related
tensional forces generated within the continent.

It is also important to stress that continent breakup solely due to the
impingement of actively upwelling plumes has only been observed in
two-dimensional numerical models (e.g., Gurnis, 1988). This is because
a 2D plume generates a divergingmantle flow similar to that induced by
subducting slabs, which is equivalent to assuming that vertical walls of
upwelling buoyant material are present within the Earth's mantle.
However, in a real 3D environment low-viscositymantle plumes are co-
lumnar features (e.g., French and Romanowicz, 2015; van Keken, 1997)
and induce axi-symmetric mantle flow and ridge-push forces that do
not trigger continental breakup, but help in localising the far-field ten-
sional stresses (Burov and Gerya, 2014). Axi-symmetric mantle flow
could potentially trigger rifting or breakup without far-field tensional
stresses when the continent displays mechanical anisotropy or is free
to deform only along certain directions, but it is unclear whether full
oceanization of themargin could be achieved and 3D numerical studies
are envisaged in order to test this hypothesis. On the other hand, sub-
duction-induced poloidal mantle flow can be considered two-dimen-
sional for sufficiently large plates, striking along the trench for
hundreds or thousands of km and, as shown by numerical results, gen-
erating the required far-field tensional forces able to breakup a large
continental plate. The geological and geophysical data suggest that
Pangea has been mostly bounded by long-term and deep subduction
zones, which support our idea that the sustained basal tractions likely
played a fundamental role for the dismembering of the supercontinent.

5. Conclusions

Numerical modeling is used to investigate the independent role of
subduction and induced mantle flow in the rifting and breakup of con-
tinental upper plates. We illustrate that, as subducting slabs sink in
the upper mantle, the counter flow of the mantle localises diverging
tractions at the base of the upper plate, which may undergo rifting in
the back-arc, forming marginal basins. The process is similar when the
slabs sink deeper in the lower mantle. Here, however, the perturbation
of the lower mantle upon subduction reorganises the flow in much
larger convective cells. In this case, extensional tractions are propagated
for much greater distances within continent interiors. Because size,
wavelength and shape of convective cells in the mantle do not vary
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with depth of subduction, the location of the diverging flow is a stable
feature, only mildly affected by the rheological regime of the mantle
(non-Newtonian, temperature-pressure dependent, upper to lower
mantle viscosity contrast). Although the convective cell reorganises rap-
idly upon lower mantle penetration, tractions increase progressively
with depth of subduction as a consequence of larger slabmass, subduc-
tion velocity, and flow velocity.

In quantifying the basal forces exerted by subduction-induced man-
tle flow beneath continental plates, tractions in the order of ~0.5–1.5
· 1012 N/m are propagated to upper plates when subduction is confined
to the upper mantle. These increase by N10 times when the slabs are in
the lowermantle. The consequence of such tractions is that upper plates
rift and eventually breakup. This occurs in the same location as the un-
derlying diverging flow, which is ~500 km above upper-mantle con-
fined subductions and where marginal basins form. In the latter case,
rifting is aided by trench-suction forces that are effective near the trench
and complement basal drag. While pre-existing weaknesses can shift
the rifting location, they are effective only when located directly above
areas characterized by strong gradients in basal tractions (~250 km
for marginal basins and ~2000 km for distal basins).

These processes have distinct durations: while breakup occurs
within b10Mawhen subduction is confined in the upper mantle, a ten-
sile regime can be sustained for ~40 Ma before breakup when subduc-
tion penetrates deeper. Subduction through the lower mantle could be
hampered by compositional variations acting to reduce the slab nega-
tive buoyancy and thus its sinking velocity (e.g., Ballmer et al., 2015).
In this case, the sustained tensile regimewould act for longer time inter-
vals albeit with lower traction magnitudes. Additionally, the duration
may be altered by pre-existing weaknesses and diverse lithospheric
strength, although any quantification is speculative. By inference, the
timing of breakup is probably more relevant during lower mantle pen-
etration, which is required to produce tractional forces comparable to
the strength of strong cratons.

When compared to observations, ourmodels reproduce the range of
both marginal and distal basins. While the mechanisms for the forma-
tion of marginal basins are known, our results support the idea that
the samemechanism, although scaled up, is at work beneath large con-
tinents. Although other mechanisms play relevant roles, deep subduc-
tion is clearly a major factor in the deformation of plate interiors and
the ensuing breakup of supercontinents. Hence, the breakup and dis-
persal of continents operates through the same broad dynamic as that
driving their aggregation.
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