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Abstract The relative significance of various geodynamic mechanisms that drive supercontinent
breakup is unclear. A previous analysis of extensional stress during supercontinent breakup demonstrated
the importance of the plume-push force relative to the dragging force of subduction retreat. Here, we
extend the analysis to basal traction (shear stress) and cross-lithosphere integrations of both extensional
and shear stresses, aiming to understand more clearly the relevant importance of these mechanisms in
supercontinent breakup. More importantly, we evaluate the effect of preexisting orogens (mobile belts) in the
lithosphere on supercontinent breakup process. Our analysis suggests that a homogeneous supercontinent
has extensional stress of 20-50 MPa in its interior (<40° from the central point). When orogens are
introduced, the extensional stress in the continents focuses on the top 80-km of the lithosphere with an
average magnitude of ~160 MPa, whereas at the margin of the supercontinent the extensional stress is

5-50 MPa. In both homogeneous and orogeny-embedded cases, the subsupercontinent mantle upwellings act
as the controlling factor on the normal stress field in the supercontinent interior. Compared with the
extensional stress, shear stress at the bottom of the supercontinent is 1-2 order of magnitude smaller

(0-5 MPa). In our two end-member models, the breakup of a supercontinent with orogens can be achieved
after the first extensional stress surge, whereas for a hypothetical supercontinent without orogens it starts
with more diffused local thinning of the continental lithospheric before the breakup, suggesting that weak
orogens play a critical role in the dispersal of supercontinents.

1. Introduction

Supercontinent breakup is a key step of supercontinent cycles and therefore an important aspect of Earth's
dynamic evolution (Bleeker, 2003; Bradley, 2011; Collins, 2003; Li et al., 2008; Rogers & Santosh, 2003;
Yoshida & Santosh, 2011). The current configuration of the major continents on Earth's surface is a direct
result of the breakup of the supercontinent Pangea (Seton et al., 2012). Understanding what drives the
breakup of supercontinents is crucial for understanding the dynamic driving force of plate tectonics.
Major forces being considered include the push force from uprising subcontinental mantle plumes
(Buiter & Torsvik, 2014; Cande & Stegman, 2011; Gurnis, 1988; Koptev et al., 2015; Li et al., 1999, 2008;
Zhang et al., 2018), the traction force of mantle convection (Morgan, 1972; Wilson, 1973), and the drag
force from retreating subduction at the margin of the supercontinent (e.g., Bercovici & Long, 2014; Dal
Zilio et al., 2018; Lowman & Jarvis, 1995; Yoshida, 2017). Among the three mechanisms, it has been
argued that the extensional force caused by plume push is more important than that from subduction
retreat at least during the early stage of the breakup (Zhang et al., 2018). The plume-push force appears
to dominate the extensional stress at the shallow depths of the continental lithosphere at the interior of
the supercontinent, whereas extension caused by subduction retreat mainly focuses along the marginal
zone of the supercontinent (Zhang et al., 2018). However, the contribution of convection-induced basal
traction to the breakup (e.g., Yoshida, 2019) has not been fully investigated. Also, previous studies of full
stress distribution in the continental lithosphere during supercontinent breakup were mainly limited to
two-dimensional (2-D) models (e.g., Ulvrova et al., 2019). More importantly, the effects of preexisting oro-
gens (or mobile belts, e.g., Nyblade & Robinson, 1994) in the supercontinent on stress distribution and the
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timing of breakup have not been thoroughly addressed (Yoshida, 2013; Yoshida, 2014; Rolf et al., 2014;
Ulvrova et al., 2019).

Many previous studies of supercontinent dynamics explored the roles of self-consistently generated mantle
plumes under a supercontinent (Gurnis, 1988; Lowman & Jarvis, 1995; Zhong & Gurnis, 1995; Phillips &
Bunge, 2007; Zhong et al., 2007; Li & Zhong, 2009; Zhang et al., 2009; Rolf et al., 2012; Yoshida &
Santosh, 2014; Zhang et al., 2018). These studies commonly emphasized the importance of plume-push force
during the breakup of the supercontinent. Works focusing on the stress produced by subduction retreat
(Bercovici & Long, 2014; Dal Zilio et al., 2018; Holt et al., 2015; Lowman & Jarvis, 1995; Lu et al., 2015;
Yoshida, 2017), on the other hand, either omitted the plume-push force and the interaction between plumes
and subduction retreat (e.g., Dal Zilio et al., 2018), or inserted ad-hoc plumes beneath the continent (e.g., Lu
et al., 2015). The capacities of these latter studies in exploring the full force of supercontinent breakup are
therefore restricted by their inability of generating dynamically self-consistent plumes (or plume cluster)
beneath the supercontinent.

In this study, we extend our 3-D analysis (Zhang et al., 2018) to basal traction (shear stress) and integrals of
stresses by using supercontinent dynamic modeling in which a subduction girdle and corresponding return
plumes (plume cluster) are self-consistently generated, so to understand the full stress field and total force
that drive supercontinent breakup. These stresses and integrated total force are quantified and compared
to determine the contributions of different mechanisms to the breakup of supercontinents. In addition, we
evaluate the significance of preexisting orogens in supercontinent breakup. Orogens typically have thinner
lithosphere compared to cratons, and are mechanically weaker (Hyndman et al., 2005). Their impacts on
the breakup of supercontinents have previously been noted (e.g., Buiter & Torsvik, 2014; Storey, 1995).
For example, the opening of the Atlantic Ocean followed the Caledonian orogen, the Appalachian orogen,
and the West Congo-Aracuai Belt (Dietz & Holden, 1970; Holbrook et al., 1994; Tupinamba et al., 2007;
Torsvik et al., 2009; Heine et al., 2013). Although orogens are known to cause strain localization (Lenardic
et al., 2003; Yoshida, 2013), none of the previous models has quantitatively explored the orogen-induced
stress variation during the breakup of supercontinents. Hence, this study aims to investigate the roles of plas-
tic yielding in a homogeneous supercontinent and strain concentration along preexisting orogens as failure
mechanisms for the breakup of supercontinents. We also explore the different evolution processes of conti-
nental dispersal in two groups of models, although similar modelings were previously attempted in 2-D set-
tings (Gurnis, 1988; Lowman & Jarvis, 1995).

The paper is arranged as follows: section 2 describes the governing equations, the key parameters, the defini-
tion of supercontinent breakup time, the setting of weak orogens in supercontinents, and the method for
stress analysis. Section 3 shows the results of normal and shear stresses as well as their integrals, and the gen-
eral stress state evolution after the breakup. Section 4 mainly discusses the dispersion of continental blocks
after supercontinent breakup in 3-D spherical domain as well as the limitations of our modeling results. This
is followed by section 5, conclusions.

2. Numerical Model Setup

2.1. Governing Equations

We build the dynamic models of mantle convection with continental blocks in a three-dimensional
spherical geometry with infinite Prandtl number and the Boussinesq approximation. The nondimensional
governing equations for thermo-chemical mantle convection are (e.g., Zhong et al., 2008; McNamara &
Zhong, 2004):

V-u=0, (1)

2
—Vp+ V:[np(Vu+ Vu')]- (RaT— Y Rac_iCi) g=0, 2

i=1
%{+u-VT:V2T+H, 3)
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Tablg 1 ) Here the variables are the velocity vector u, dynamic pressure p, viscosity
Physical Parameters and Their Values 7, temperature T, chemical composition C; (0<C;<1, 0 for the mantle, 1 for
Parameter Value® the chemical (cratons if C; = 1, orogens if C, = 1) materials), time ¢, and
g
Earth radius R 6,371 km internal heat generation rate H. Ra and Ra, ; are the Rayleigh number
Mantle thickness d 2,870 km and chemical Rayleigh numbers, respectively. They are defined as
Thermal expansivity a 3x10°/K R
Thermal diffusivity x 1x10~° m%/s Ra — apgATR (5)
. 3 =
Surface density p 3,400 kg/m_1 KDret
Surface specific heat Cp, 1,200J - kg - K
=1l Apc_i
Ra.; = Ra ; (6)
Surface gravitational acceleration g 10.0 m/s* paAT
Activation energy E 100 kJ/mol . .
Reference Temperature T, 1.600 K where «, p, g, AT, R, &, e, and Ap, ; are the thermal expansivity, density,
Temperature offset T, 900 K gravitational acceleration, temperature difference between the core-
Internal heating H 80 (7.38x10""2 mantle boundary (CMB) and the surface, radius of the Earth, thermal dif-
W/kg) fusivity, reference viscosity, and density contrast between continents
[0 for Case 2] (including orogens) and the surroundings, respectively (Table 1). Note
Surface temperature T 273 K S K . ’ . . :
Reference Viscosity 7)y.f 1x10%2 Pa s the definition of Rayleigh number is based on Earth's radius rather than
[3x10%! Pa s for the thickness of the mantle, with that based on the former being ~10 times
Case 3; of that based on the latter.
3x10%2 Pa s for . . .
Case 4] The viscosity used in our model depends on the depth, temperature, and

Temperature contrast between surface and CMB AT 3,000 K

composition as:

*For a nondimentional parameter (note we use Earth's radius to scale the
length in a unit), the true value is shown in the parentheses. If the para-
meter has multiple settings, all possible values are given in the brackets.

_ : i E
n =n,(r) il})nc(ci) exp (T T To)' 7
Here 7,(r) is the depth-dependent viscosity prefactor, 7.(C;) is the viscosity
jump for chemically distinct materials (100 for cratrons, 1 for orogens), f; is the fraction of the ith composition
in an element, E is the activation energy, and T, and T, are the reference temperature and temperature offset,
respectively (Table 1). We choose ,{r)=1/30 for the upper mantle except for the mantle lithosphere (depth <
150 km) where 7,(r)=1 (Zhong et al., 2007). For the lower mantle, ,(r) increases linearly from 7,(r) = 1 at the
660-km depth to 7,(r) = 3 at the CMB (Zhang, Zhong, et al., 2010). The term Hfzonc(ci)fi in equation (7)
manifests that the composition-related viscosity in an element is calculated by the geometric average of all
the chemical parts in it. The corresponding dimensional activation energy E is 100 kJ/mol in both the upper
(Flament et al., 2014) and lower mantle, giving a ~10° times viscosity drop in the convective mantle when T
changes from 0 to 1. This temperature-induced viscosity change is smaller than that in some other studies
(e.g., Rolf & Tackley, 2011). However, the viscosity decrease in the upper mantle (>150-km depth) due to
depth-related multiplier 5,(r) ensures the generation of a relatively high viscous lithosphere (Figure 1b).

Besides equation (7), yielding in the continental lithosphere is considered in the model as the failure
mechanism when convective stress exceeds the yield stress. It follows the form of

9y
=—, 8
™= 2% (®)

where 7, 0, and ¢ are the nondimensional yielding viscosity, yield stress, and second invariant of strain-rate
tensor, respectively. The final effective viscosity 7, is a combination of equations (7) and (8), given by

1 o1\
77e<7—7+a) . 9

This plasticity formulation is widely used in mantle convection simulations (e.g., Foley & Becker, 2009; Rolf
et al., 2012; Tackley, 2000; Yoshida, 2014).

The reference Rayleigh number used in our model is ~8 X 107 with corresponding reference viscosity of 10*
Pa - s beneath the 660-km depth. The resulting viscosity profile in our model (Figure 1b) is comparable with
the results of geophysics inversions (e.g., Mitrovica & Forte, 2004). The nondimensional internal heat gen-
eration rate of H is set to 80 (or ~7.38x10™"2 W/kg) based on the estimation of Turcotte and Schubert
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Figure 1. The initial (a) temperature and (b) nondimentional viscosity pro-
files for Case 1 (red line), Case 2 (green line), Case 3 (blue line) and Case 4

(gray line).

Non-dimensional Viscosity

(2014). The nondimensional radii for the top and bottom boundaries are 1
and 0.55, respectively. Free-slip and isothermal boundary conditions are
applied at the surface and the CMB in all calculations. Our convection
models are computed using code CitcomS (Zhong et al., 2008) in which
the tracer ratio method (McNamara & Zhong, 2004; Tackley & King,
2003) with ~8x10” tracers is used to solve the transport of chemical com-
ponents. The mantle is divided into 12 caps and each cap contains
64%x64x64 elements. The elements in the lithosphere are further refined
in the radial direction with a resolution of 20 km per element. The numer-
ical resolution this work is an improvement over that of Zhang et al. (2009,
2018).

2.2. Key Model Parameters

Similar to Zhong et al. (2007) and Zhang et al. (2009), supercontinent in
this work is simplified as a 200-km thick (e.g., Gung et al., 2003) spherical
disc. The disc occupies 30% (e.g. Zhong et al., 2007) of the Earth's surface
with corresponding great circle arc of 66.4° from the disc center to its edge.
The model supercontinent is defined as a chemically distinct material by
assigning the composition-related viscosity factor 7. and extra density
Ap,. Here 1), is set to be 100 times of the viscosity of oceanic lithosphere
(Yoshida, 2014; Zhang et al., 2009). The Ap. is set to be —50 kg/m3
(Poudjom Djomani et al., 2001; Rolf et al., 2012; Yoshida, 2013).

We also apply a 200-km-wide weak zone at the supercontinent’s boundary
to allow the surrounding oceanic lithosphere to subduct (e.g., Zhong et al.,
2007). The depth of the weak zone is 150 km, same as the thickness of the
oceanic lithosphere. Since we do not take the weak zone as of chemically
distinct materials from the oceanic lithosphere, it is tracked by the dis-
tance away from the center of the supercontinent. For example, the typical
retreating rate of the subduction zone is 1-2 cm/yr following Schellart
et al. (2008). To define the position of a trench, we firstly recompute the
position of the weak zone based on a given rate of subduction retreat,
and then reassign a new viscosity here at every time step. In this work,
the viscosity of the weak zone is either 1/30 or 1/100 of that of the oceanic
lithosphere, consistent with the range of 0.01-0.1 used by previous studies
(e.g., Holt et al., 2015; Yoshida, 2017; Zhong et al., 2007). For superconti-
nent with orogens, the weak zone is segmented where orogens meet the
edge of the supercontinent (Figure 2).

The depth-averaged differential stress (or strength) in the continental
interior based on laboratory experiments is <300 MPa (figure 9 of
Kohlstedt et al., 1995). Also, from load-induced surface deformation in
Hawaii (Zhong & Watts, 2013), the estimated maximum stress in the
deformed lithosphere is 100-200 MPa. The two studies provide the most

straightforward estimations of the lithospheric strength. In this work, we choose the 100 MPa as the default
yield strength of the continental lithosphere. The value is consistent with previous dynamic works (e.g.,
Yoshida, 2010; Mallard et al., 2016).

2.3. Initial Conditions and Defining the Supercontinent Breakup Time

Our model has an initial temperature profile obtained from the statistical steady-state thermal field of a pre-
calculation (Figure 1a). At the beginning of the model, the supercontinent disc and a surrounding weak zone
are introduced. The latter promotes the formation of circum-supercontinent subduction, that is, the subduc-
tion girdle. As the subduction slabs enter the lower mantle, hot structures beneath the supercontinent initi-
ate (Figure 3c; e.g., Zhong et al., 2007). These hot structures are self-consistently generated by the subduction
girdle. Most of the upwelling structures concentrate beneath the central region (<35°from the center) of the
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Figure 2. (a) A sketch showing the positions of two intersecting orogens (thick green lines) in a supercontinent (blue area).
The two orogens divide the supercontinent into four parts (denoted as “P1,” “P2,” “P3,” and “P4”). The supercontinent is
centered at longitude=0° and latitude=0°. BOB and DOD' (white lines) are traverses along great circles crossing the

supercontinent’s center O. The four gray belts near the supercontinent's margin represent four separated subduction zones.

supercontinent. The configuration of the subsupercontinent plumes in our model is similar to that in 2-D
modelings (e.g., Heron et al., 2015).

To analyze the relationship between changes in mantle thermal state and supercontinent breakup (Rolf
et al., 2014; Yoshida, 2013), we examine the evolution of subsupercontinent average temperature from the
bottom of the supercontinent to the CMB (red curve in Figure 3a) and more importantly, the average tem-
perature in region right below the continental lithosphere (200- to 300-km depth; green curve in Figure 3
a). We find that the average temperature of the whole subsupercontinent mantle starts to increase quickly
after about one transit time, t0 (i.e., one transit time is the time it takes for a particle to travel from the surface
to the CMB with the average surface horizontal velocity, or ~60 Ma in this study) with the first arrival of cold
slabs on the CMB (Figure 3c), similar to that in Zhong et al. (2007).

After one more transit time at time ¢I (Figure 3a), subcontinental plume heads (or plume cluster) reach the
bottom of the continental lithosphere (Figure 3d), initiating the lithospheric erosion at the bottom of the
supercontinent (see the zoom-in in Figure 3e). At this time (¢1 at 123 Myr), several important physical
variables reach their maxima: the erosion at the bottom of the continental lithosphere is the most vigorous;
the average subsupercontinent (200-300 km in depth) temperature becomes the highest (green line in
Figure 3a); and the average extensional stress in the shallow depth (0-40 km) for the homogenous supercon-
tinent (or the average extensional stress in the orogenic intersection for orogen-embedded supercontinent; see
section 3.1.2) reaches its maximum as shown by the black curve (blue curve for the orogen-embedded super-
continent) in Figure 3b. Previous studies (Gurnis, 1988; Lowman & Jarvis, 1995) also used the maximum
stress as the time indicator for a supercontinent breakup. After the time point ¢1, the stress drops rapidly,
which we take as an indication of lithospheric failure and thus the beginning of supercontinent breakup.
The time period between 10 and ¢1 in our model roughly coincides with the time between the observed emer-
gence of LIP occurrences (e.g., Pangean LIPs commonly appeared 50 Ma after its formation; Neumann et al.,
1992; Kamo et al., 1996; Courtillot et al., 1999; Veevers, 2004; Li & Zhong, 2009; Zhang, Li, et al., 2010) and the
first appearance of oceanic crust during the breaking-up of Pangea (~150 Myr after Pangea formation).

From the breakup time ¢1, we start to examine the effects of plastic yielding of the supercontinent and the
retreat of the subduction girdle. We do the stress analysis with the model stress tensor fields (Zhong et al.,
2008). Although we focus on the stress state right after 1 (<1 Myr) in section 3, we also track the stress evo-
lution for 50 Myr after ¢1 in section 4.2.

2.4. Orogens in Supercontinent

In our model with arbitrary orogens (mobile belts), we prescribe two intersecting orogens in the superconti-
nent. Each orogen is modeled as a 400-km-wide (e.g., Rivers, 2015) arc along a great circle (thick green lines
in Figure 2) with same thickness (and density) of the continental lithosphere (200 km), but much lower

HUANG ET AL.
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Figure 3. (a) Case 1 with red and green lines showing the time-dependent (from the beginning of model to ~170 Myr after
it) subsupercontinent mantle (from the supercontinent bottom to the CMB) mean temperature and the average tem-
perature within 100 km right beneath (200-300 km in depth) the supercontinent, respectively. (b) Black and blue curves
showing the stress variations after t0 (67 Myr) for Cases 1i and 1j, respectively. The stresses are averaged at 0-40 km
depth in either the inner 40° of the supercontinent (Case 1i) or the region that two orogens intersect (Case 1j). (c) and (d)
Thermal structures for Case 1 at t0 and ¢1 (123 Myr in (a)), respectively. The thermal structures are plotted as contours of
residual nondimentional temperature with values respectively at 0.1 (yellow for hot mantle) and —0.1 (blue for cold
mantle). The semitransparent gray caps in (c) and (d) show the position of supercontinent. (e¢) Nondimensional residual
temperature and velocity fields on cross section AOA’ in (d). The black and purple lines in the zoom-in of the rectangle box
represent the bottom of the continental lithosphere at 67 Myr (t0) and 123 Myr (¢1), respectively. (f) and (g) give the
resolved hot structures beneath the supercontinent (region surrounded by black dashed line in (e) and (f)) and cold
structures at the periphery of subduction zone, respectively.

viscosity (thus significantly weaker). These two great circle arcs do not pass through the center of the
supercontinent but intersect at a point at 30° away from the supercontinent center, with each great circle
arc defining a plane 60° away from the equatorial plane. The orogens consist of chemically distinct
materials (C, = 1) with the same viscosity as the oceanic lithosphere. The topography of the orogens is not
considered due to the limitation of the free-slip boundary condition. The influence of topography on stress
state will be discussed in section 4.3.

2.5. Analysis on Stresses and Integrated Forces

The velocity field of the homogeneous supercontinent at breakup time shows a divergent pattern from super-
continent center to the edge (section 4.1; Zhang et al., 2018), which inspires us to focus on the normal and
shear stresses along this direction. To achieve a representative stress state, we calculate the average stresses
in 12 evenly spaced lithospheric transects crossing the supercontinent center (e.g., OA in Figure 4, where O is
the supercontinent center). For element E in the transects (Figure 4), local normal stress and shear stress are

HUANG ET AL.
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a)

S

Figure 4. (a) A sketch showing an arbitrary element E (green box) in the supercontinent (region surrounded by thick red
line) in a 3-D view. A more clear presentation of normal and shear stresses for this element on 2-D cross section OA in (a) is
given in (b). Dashed lines hh’ and v’ in (b) show the integrating ranges for integrals F}, and F,, respectively.

obtained by Cauchy stress transformation (Reddy, 2013; also see Figure 3 and equation (10) in Zhang et al.,
2018). We will show the distribution of the normal stress ogg in the whole lithospheric transect and shear
stress o0, at the bottom of the supercontinental in section 3.

The integral forces of ogp along the vertical axis (i.e., integral of along v’ in Figure 4b) and o, along the azi-
muth direction (i.e., integral of o,¢ along hh’ in Figure 4b) are calculated through equations

r=Sv+200 km
Fo=10_g Teedr (10)

and

Fp = fgz§6'4a,9r(n/180)de, (11)

respectively, where F, and Fj, are functions of r and 6, respectively. Both F, and F}, represent horizontal forces
acting on the supercontinent. These two integrals provide assessments for the extensional force and basal
traction per unit length in direction ¢ (Figure 4a). The “force” used here is similar to the ridge push force
from Turcotte and Schubert (2014).

For the supercontinent with orogens, the divergent center of the supercontinent coincides with the intersec-
tion of the orogens (see section 4.1 for discussion). Therefore, instead of the average stress on the 12 evenly
spaced slices, stress state along two manually selected arcs (BOB' and DOD' in Figure 2) is computed. For the
same reason, stress integral in azimuth direction, that is, Fy, is ignored.

3. Results

We present our calculated stresses in a supercontinent in two groups of models: with and without orogens.
We focus on the stress distribution and integrated forces at the time of supercontinent breakup.

3.1. Stresses and Forces in A Homogenous Supercontinent without Orogens

3.1.1. The Average Stresses in 2-D Cross Sections

We first present the stress state of the reference case (Case 1) in which the yield stress, the relative viscosity of
the subduction weak zone, and the rate of subduction retreat are set at 100 MPa, 1/30 and 2 cm/year, respec-
tively. As shown in Figure 5a, the extensional stress in supercontinent interior (from supercontinent's center
to 40° away), especially the topmost 80 km of the lithosphere, is positive (20-50 MPa). The stress concentra-
tion in the upper part (<80 km) of the continental lithosphere reflects the higher viscosity there than the
lower part. In regions closer to the supercontinent edge, the normal stress changes to negative, while subduc-
tion retreat causes the stress in the marginal weak zone to be extensional (Figure 5a). This stress variation is
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Figure 5. Normal stress states (positive values correspond to extension, while negative to compression) in supercontinent
and its periphery (i.e., from supercontinent's center to 75° surrounding it) for (a) Case 1, (b) Case 1a, and (c) Case 1b at
the breakup time. Their corresponding ogg vs. depth profiles at the center (black dashed lines) and edge (black solid lines)
of the supercontinent are shown in the right panel of (a)-(c). The area surrounded by dashed lines, the black arrow and the
purple dot line in the left panel of (a) represent the region of weak zone, the direction of subduction retreat, and the
bottom of continental lithosphere, respectively. The corresponding F,, vs. distance profiles for the three cases are given in
(d). (e)-(g) show the shear stress states at 180-220 km depth of the supercontinent for Case 1, Case 1a, and Case 1b,
respectively. The right panel of (e)-(g) give their corresponding Fj, vs. depth profiles.

caused by the plume push toward a slowly expanding continental margin. The continental margin expands
slower than our assigned rate of subduction retreat in this test case and thus becomes disconnected from the
subduction girdle (see section 4.1 for discussion). A faster expanding continental margin that is attached to
the subduction girdle would better compensate the effects of plume push, thus reducing the compressional
force along the edge of the supercontinent.

To distinguish the relevant contributions of plume push and subduction retreat to the stress state, simi-
lar to Zhang et al. (2018), we carried out two more Stokes solutions using either (1) only the subconti-
nental hot structures (Figure 3f; Case la in Table 2) or (2) only the cold subduction slabs (Figure 3g;
Case 1b in Table 2). The hot and cold structures were extracted separately from the temperature field
of Case 1 (Figures 3d and 3e). We choose the division between hot structures and cold slabs following
a 55° radius from the supercontinent center (black dashed lines in Figures 3e and 3f). The sum of these
two Stokes solutions (Figures 5b and 5c¢) is broadly similar to the results of the reference case (Zhang
et al., 2018). With only the hot plumes beneath the supercontinent, extension of the continental litho-
sphere occurs only in the interior 40° of the supercontinent (Figure 5b, and green line in Figure 5d).
On the other hand, in the case with only the cold subduction retreat, negative stresses are shown at
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Table 2
Test cases
Viscosity of weak zone

Temperature Nref (relative to the oceanic Retreating rate
Case no. structure® H (Pa s) Ne (CZ)b Yield Stress® lithosphere) (cm/year)
1 F 80 1x10% - 100 (4.06X10°) 1/30 2
1a H 80 1x10%2 - 100 (4.06x10°) 1/30 2
1b C 80 1x10%2 - 100 (4.06x10°) 1/30 2
1c F 80 1x10%2 - 50 (2.03x10°) 1/30 2
1d F 80 1x10%2 - 100 (4.06X10°) 1/30 1
le F 80 1x10%2 - 100 (4.06x10°) 1/100 2
1f F 80 1x10%* 1/100 = 1/30 2
1g H 80 1x10% 1/100 - 1/30 2
1h C 80 1x10%* 1/100 = 1/30 2
1 F 80 1x10% - 100 (4.06x10°) 1/30 0
1j F 80 1x10* 1/100 = 1/30 0
2 F 0 1x10%2 - 100 (4.06X10°) 1/30 2
3 F 80 3x10%! = 100 (1.35x10°%) 1/30 2
4 F 80 3x10% - 100 (1.35x10°) 1/30 2

If the thermal structure of a model is intact, it is F. H or C means the model contains only the resolved subcontinental hot plumes or the cold subduction slabs.

If the weaker orogens is omitted in the model, it is

«

Otherwise, it is a value showing the viscosity of orogens relative to that of continental lithosphere. ~ “If the

viscous yielding is omitted in the continents, it is “~.” Otherwise, it is a number showing the yield stress (in MPa) in continents. The value in parentheses gives the

yield stress in nondimensional form.

the supercontinent edge but with almost zero stress in the interior of the supercontinent (Figure 5c). The
comparison of ogg in the three cases suggests that the plume-push force dominates lithospheric extension
in the interior of a homogeneous supercontinent.

The shear stress at the bottom of the supercontinent is generally positive above the plume heads, with a max-
imum value of ~5 MPa (Figure 5e) which is about one order of magnitude smaller than the plume-push
induced normal stress in the center of the supercontinent (Figure 5b). The shear stress increases rapidly in
the outer 10° of the supercontinent (right panel of Figure 5e), due to the significant velocity increase in
the wedge corner flow induced by the subducted slab. The shear stress can also be decomposed into two inde-
pendent Stokes solutions, which are shown in Figure 5f and 5g: that due to the subcontinental hot upwellings
within 45° from the centre of the supercontinent (Figure 5f) and that due to the cold subducted slabs at the
boundary of supercontinent (Figure 5g).

3.1.2. Integrated Total Forces

The dominance of plume-push effects in the extension of the supercontinent interior can be seen more
clearly from the stress integrals of the three Stokes solutions: with only subcontinental hot upwelling
structures, the integrated horizontal normal force F, in the central region of supercontinent is ~1.8
TN/m (Figure 5d green line), comparable with F, = ~2 TN/m (Figure 5d red line) in Case 1 where both
the hot and cold structures are considered; the corresponding F, is much lower if only cold subducted
slabs are considered (~0.2 TN/m; Figure 5d blue line). The total extensional force contributed by cold
subducted slabs focuses on the vicinity of the mantle wedge (Figure 5d blue line) but is negligible in
the supercontinent interior.

On the other hand, the integrated horizontal shear force F, at the base of supercontinent for these three
Stokes calculations are ~8, ~3, and ~5 TN/m (Figures 5e-5g, right panel), respectively, suggesting the subcon-
tinental plumes and the subduction girdle have similar contribution to the traction force at the bottom of
the supercontinent.

3.1.3. Parameter Sensitivities

Based on the temperature field of the reference case at the breakup time, the sensitivities of normal and shear
stresses to model parameters such as continental yield strength, trench retreat rate, and weak zone viscosity
(Cases 1c-1e; Table 2) are examined. The stress states change a little compared with the reference case when
these parameters are varied within the range considered here (Table 2). As an example, we show the ggg and
o, for the case using half of the reference continental yield stress (o,= 50 MPa, Case 1c) in Figure 6. The
results show that extension concentrates in the inner 40° of the supercontinent (Figure 6a) and shear

HUANG ET AL.



\&J . .
100 Geochemistry, Geophysics, Geosystems 10.1029/2019GC008538
Center Edge
a) 01 b3 ]
] H 1
100 7 i MPa
T A xS .l 100
200 S —— b e
by € 07 ;
'E L 50
< 100 By
: g
<5 2 e it i
Q 200 1 : : 50
c) 0 o ! -
100 [Ilq | -100
200_ """""""" """"" == """""""" T 'I‘u' -
d) 4
E o
E | — case 1c
\'; —— case 2
w4 — case 3
T T T T T T T T T T T T T
0 25 50 66.4 75
Distance (degree)
F,, (TN m-")
) 0 9 MPa
e 180 5
200 - i" 1 }
= 220 —— —
f) < 180 —
200 —
B 220 L LB ) 0
Q) A 180 -
200 - I i
220 S S —— ! }
0 25 50 66.4 -5

Distance (degree)

Figure 6. Normal stress states in supercontinent and its periphery for (a) Case 1c, (b) Case 2, and (c) Case 3. Their corre-
sponding F,, vs. distance profiles are shown in (d). Panel (e)-(g) give the shear stress states at 180- to 220-km depth

of the supercontinent for the three cases, respectively. The right panel of (e)-(g) show their corresponding Fj, vs. depth
profiles.

stress is almost always positive along the bottom of the supercontinent with values no larger than 5 MPa
(Figure 6e). Both of them show patterns similar to Case 1 (Figure 5).

The influence of varying internal heating rate and reference viscosity/Rayleigh number (Cases 2-4, Table 2)
on stress states is also tested here, although their initial temperature fields need to be recalculated before-
hand (green, blue, and gray lines in Figure 1a). The results for the models with either no internal heating
(Case 2) or ~3 times of Rayleigh number (Case 3) are shown in Figure 6. The magnitudes of both the exten-
sional (Figures 6b and 6c¢) and shear stresses (Figures 6f and 6g) are comparable with that in the reference
case (Figure 5). Differences only appear in the detailed distributions.

This insensitivity of the stress state to the controlling parameters can also be seen from the integrals F, and
Fy,: the former fall in the range of 2-3 TN’m in the supercontinent interior (green and blue curves in Figure 6
d) and the latter ranges between 4 to 8 TN/m (Figures 6f and 6g, right panel) with changes in the parameters.
Both are comparable with the reference case.

Although the correlation between the stress magnitudes and the Rayleigh number is weak in this work, they
are suggested to be anti-correlated by previous studies (e.g., Lowman & Jarvis, 1995; Zhang et al., 2012).
The weak dependence of stress on Rayleigh number here is probably caused by the hardly retreat slab
wall (section 4.1) which limits the free deformation of continental blocks. In our test cases, a stable
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Figure 7. (a) 3-D presentation of the thermal structures (see caption of Figure 3 for details) for Case 1f at t1. The areas sur-
rounding by purple lines in (a) denote the orogens. (b) The nondimensional residual temperature and velocity fields on
the slice pass through DOD' in Figure 2. Note that the areas surrounded by black lines are continental blocks, and arrows
point to orogen-induced plume offsets. The nondimensional second invariant of strain-rate at surface for Case 1fis given in
(c). Here (a) and (c) share a same view-angle.

magnitude of stress is found in models with either 1/3 (Case 3) or 3 times (Case 4) of the reference viscosity
profile (Figure 1b) following the viscosity range obtained by Mitrovica and Forte (2004). It suggests that in
dynamic models with viscosity structures similar to the current mantle, and if plastic yielding occurs only
in the continents, the extensional stress in the supercontinent at its breakup time is always around tens
of MPa.

3.2. Stresses and Forces for a Supercontinent with Orogens

The stresses, especially ogg, may change significantly when orogens are introduced to the model superconti-
nent. For example, Case 1f shares similar conditions with Case 1 (i.e., the reference case in section 2.3) except
that weak orogens are added to the supercontinent at time 0. Stresses of g along two cross sections BOB’
and DOD’ (Figure 2) at time 1 (Figures 7a and 7b) are given in Figure 8. On each cross section, the exten-
sional stress concentrates on the top 80 km of the continental lithosphere, with a large average value of
~160 MPa (Figures 8a and 8e), ~5 times of the stress values in the reference case. Such a stress magnitude
is comparable with the results of Yoshida (2019). Particularly, in the orogens, the extensional stress reaches
as large as 180 MPa, mostly focused onto the top 40 km of the lithosphere. This is because that once the week
orogens start to stretch during the supercontinent breakup, they become thinner and underplated by the hot
asthenospheric mantle (Figures 7a and 7b). Heat from the hot asthenospheric underplating dramatically
decreases the viscosity of, and thus weakens, the orogens below 40 km depth (Figure 8). Such a high stress
concentration in continents can also be seen from integrated horizontal force F,, which is 2-8 TN/m, 1-4
times of the values when orogens are absent. However, F, decreases to only 0-1.2 TN/m along orogens
(Figures 8d and 8f). This indicates that the depth-averaged stress in orogens is less than that in continents,
although the strain-rate concentrates in orogens (Figure 7c). Unlike Case 1, stress at the continental margin
is extensional (5-50 MPa) in this situation, because the subducted slabs retreat more quickly than that in
Case 1 (see section 4.1 for discussion). Although the weak orogens affect ogg greatly, they do not show such
effects on the basal shear stress (not shown).

Similar to section 3.1.1, two additional cases (Case 1g with only subcontinental hot structures and Case 1h
with only cold subductions) based on Case 1f are tested, aiming to examine the relative importance of plume
push vs. subduction retreat in the breakup of a orogens-embedded supercontinent. For the model with only
subsupercontinent hot plumes, the resultant large extensional stress appears only in the inner 35-40° of the
supercontinent (Figure 8b, and compare red and green lines in Figure 8d). On the other hand, the exten-
sional force inside the supercontinent is neutral and only becomes large along the supercontinent margin
when considering the subduction slabs only (Figures 8c and 8d, blue line). Our modeling of supercontinent
breakup with orogens therefore suggests that plume push is still dominant in the breakup process.

3.3. Rapid Stress Decrease After the Breakup Time

In section 2.3, we used the maximum average extensional stress in shallow depths (0-40 km) of the continen-
tal lithosphere as a criterion to determine the breakup time of a supercontinent. To evaluate the longevity of
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Figure 8. Normal stress states for (a) Case 1f, (b) Case 1g, and (c) Case 1h on cross section pass through arc BOB' (Figure 2)
during the breakup time. (d) Their corresponding F,, vs. distance profiles. (e and f) The normal stress states and F,, vs.
distance profile for Case 1f on section cross arc DOD' in Figure 2. Black triangles in (a) and (e) denote the positions of
orogens.

stresses induced by the plumes, we conduct a calculation similar to Case 1 but with a fixed subduction girdle
(Case 1i). The recorded stress (black line in Figure 3b) first increases from ~29 MPa at t0 to ~44 MPa at tI,
then decreases quickly in the next 40 Myr. For supercontinent with orogens (Case 1j), the analysis is
restricted to a small region where two orogens intersect because the breakup first occurs here and its
velocity field is divergent. The stress variation vs. time (blue line in Figure 3b) shows a pattern similar to
that of Case 1i, i.e., the stress increases first then decreases after it reaches its peak at around ¢1, although
the magnitude of the stress in Case 1j is ~3 times of that in Case 1i (Figure 3b). In both cases, ca. 40 Myr
after the breakup time (¢1), the stress drops to a level lower than that at t0. A drop of stress during initial
supercontinent breakup was also observed in 2-D modeling by Ulvrova et al. (2019).

4. Discussions
4.1. Continental Dispersal: the Importance of Orogens

We define the time of supercontinent breakup as the time when the stress in the supercontinent reaches its
maximum. Geological definition of continental breakup is generally the appearance of ocean floor between
the breakapart continents, which should be slightly later than the maximum stress time. The evolution from
the maximal extensional stress to the appearance of ocean floors corresponds to the transition from a slow
continental extension to fast rifting (the rift-drift transition; e.g., Brune et al., 2016).

Although the spatial distribution of continental blocks after the breakup is not fully evaluated here, we none-
theless run Cases 1 and 1f for 50 Myr after the stress maximum is reached (i.e., after time t1) with a persistent
rate of subduction retreat. In Case 1 we only allow a segment of the subduction boundary to retreat. This was
because that we observe in our 3-D spherical geometry models that with a full slab wall (like Figure 3d)
retreating at the same rate we are unable to produce boundary extension (Figure 9) as observed in the
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Figure 9. Normal stress state in supercontinent and its periphery at {1 + 50  (white segment in Figure 10a; Schellart et al., 2007).

Myr for Case 1 with a subduction girdle.

Case 1 at 50 Myr after t1 shows extension at the continental boundary

bounded by the 2000-km retreating subduction zone. A strain concentra-
tion beyond the original continental margin near the 2000-km-long trench (white dashed line in Figure 10
b) can also be seen. However, we observe no Earth-like dispersal in Case 1, but broad zones of thinning at
the bottom of the supercontinent's interior regions (Figure 10b). By contrast, the dispersal of continent blocks
in Case 1f shows behaviors more consistent with observed continental drift (Figures 10d and 10e). The dif-
ferent deformation behaviors (Figures 10b vs. 10e) during breakup suggest that supercontinents with week
zones (orogens) promote more plate-like continental drift (Lenardic et al., 2003; Yoshida, 2013).

4.2. Stress Evolution After Supercontinent Breakup

Besides the dispersal of continental blocks, the normal stress ogg for the above two models after a persistent
~50 Myr subduction retreat are also examined (Figures 10c and 10f). Both the homogeneous and orogen-
embedded supercontinent models show an extensional state (~20 MPa for the former, and 5-50 MPa for
the latter) at the continental margin near the subduction zone, which is consistent with the extensional con-
tinental margin observed in the present-day circum-Pacific subduction zones (except for the Andes) and pre-
dicted by previous models of subduction retreat (e.g., Dal Zillo et al., 2018; Yoshida, 2017). We also observe a
significant decrease in the magnitude of ogg in the interiors of supercontinent approximately 50 Myr after the
supercontinent breakup time (tI) and with subduction retreat: 20-50 MPa in model with homogeneous
supercontinent (comparing Figures 5a and 10c) and 40-100 MPa in model with orogens (comparing
Figure 10f's top and bottom panels). This suggests that once supercontinent breakup is initiated, the subse-
quent sea-floor spreading may operate at much smaller stress environment.

After the breakup point, the stress in the continents drops to 30-90 MPa (Figure 10f's bottom panel) which is
below the continental strength (100 MPa in this work). Such a stress drop prevents large deformation in the
continental interior, and thus ensures the stability of continent blocks during continental drift. Since the hot
upwellings continue to contribute to the convection cells beneath the continents even after the breakup
(Morgan, 1972; Wilson, 1973), the traction force generated by the convection cells likely acts as the primary
driving force for the continental drifts (Yoshida & Hamano, 2015; Yoshida & Santosh, 2018).

4.3. Doming by Plume Cluster and Gravitational Collapse Force During the Breakup

Our free-slip boundary model does not consider the surface high topography induced by the mantle plume
cluster (superplume, or superupwelling). A surface doming can lead to a gravitational collapse, which can
contribute to the supercontinent breakup (Bercovici & Long, 2014; Li, 2014). Although our model cannot
explicitly compute the collapse of such a continental mass, modeling of such forces due to dynamic topogra-
phy has previously been attempted (Zhang et al., 2012; Zhong & Zuber, 2000). Moreover, the continent mass
collapse force is relatively small compared to the force by the slab rollback (Bercovici & Long, 2014).

4.4. Influences of Simplified Lithospheric Strength

This study did not use layered (e.g., upper crust, lower crust, and lithospheric mantle) continental litho-
sphere. Although having a layered continental lithosphere is important for regional modeling (e.g., Brune
et al., 2016), our study focuses on the stress magnitudes and their integrals on a global scale. The effect of
such simplification on strength profile needs further examination in future studies. However, we believe that
our main results on the global-scale processes are robust.

4.5. Length of Subduction Zone and the Speed of Continuous Subduction Retreat During
the Breakup

Our global model prefers a discontinuous slab wall with gaps, to allow for mass balance between the two
sides of the subduction girdle. Hence, we modeled the retreating of a ~2000-km wide subduction zone in
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Figure 10. Composition (red for continental lithosphere, blue for sub-lithospheric mantle) and velocity fields for Case 1 at 160-km depth (a) at t1 and (b) 50 Myr
after the inception of subduction retreat. The gray area in (a) is the ~2,000-km wide retreating slab mentioned in section 4.1. The green dot line in (b) denotes
the supercontinent boundary at t1, and the area surrounded by white dash lines is the region where strain concentrates due to the subduction retreat. (c) The
normal stress state in supercontinent along arc OE in (a) for Case 1 at {1 + 50 Myr, in which the purple dot line shows the bottom of the continental lithosphere.
(d and e) The composition (red for continental lithosphere, blue for sub-lithospheric mantle under orogens) and velocity fields for Case 1f at 160-km depth at
time 1 and ¢1 4+ 50 Myr, respectively. (f) The extensional stresses for Case 1f at ¢1 (top panel) and t1 + 50 Myr (bottom panel) on cross-section passing through FF’ in

(d) and (e). The black triangles in (f) denote the positions of orogens.
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Table A1

Test Cases for the Hot Patterns Below Supercontinent

Case 1 because the retreating of sealed subduction girdle is unrealistic.

Future modeling of such processes may introduce stringy subduction slabs
Plume annular wall®  instead of a continuous and sealed subducting slab.

Case no. Single plume®

Al 0-17° (150 K)

A2 -

A3 0-22° (20 K) 22-24° (150 K)

= Also, the subduction retreat observed in the present-day Earth shows an
22-28° (150 K) anti-correlation between the average retreating rate and the length of a

24-55° (10K) subduction slab (Schellart et al., 2007). It is obvious that a shorter subduc-

If the plume/plume-wall is omitted in the model, it is

tion zones can lead to a faster retreating rate, and therefore a more clear
extension at continental margins. In this study, the manually specified
subduction retreat rate may cause trench-continent disconnections at cer-
tain segments of subduction zones, because the continental boundary may not always follow the retreating
trenches. Although long-term drifting of continental plates after supercontinent breakup is beyond of our
current model, it has been investigated in other studies (Rolf et al., 2018; Yoshida & Santosh, 2014).

“«

5. Conclusions

We have formulated 3-D spherical mantle convection models with a supercontinent of different mechanical
properties (i.e., homogeneous or with weak orogens). Using the models, we investigate generation and
growth of subsupercontinent hot upwelling plumes in response to circum-supercontinent subduction, the
effects of these hot plumes and cold slabs on stress state in the supercontinent, and their impact on supercon-
tinent breakup. Our modeling results are summarized as follows.

1. In our models, during the breakup of a homogenous supercontinent (i.e., without orogens or weak
zones), the inner region of the supercontinent is subjected to extensional stress of 20-50 MPa resulting
in defused zones of lithospheric thinning and plastic yielding.

2. We modeling suggests that with the existence of weak orogens, the plume push stresses can reach average
values of ~160 and ~180 MPa in the top 80 km of the cratonic blocks and the top 40 km of the orogens,
respectively. The integrated horizontal force for continents is 2-8 TN/m whereas it is only 0-1.2 TN/m
in the weak orogens prior to the breakup along the orogens.

3. The subsupercontinent hot upwellings are the dominant driving mechanism for extension in the super-
continent interiors, whereas the stress at the supercontinental margin is more influenced by the retreat of
the subduction system.

4. Only supercontinent with orogens can generate plate-like continental breakup and dispersion.

Appendix: Pattern of Subsupercontinent Hot Structures A

The configuration of plume structures (i.e., thermal state) during the supercontinent breakup is widely
debated. Regularly, the plume cluster during supercontinent breakup is regarded to be beneath the super-
continent center. However, the reconstruction of large igneous provinces (LIPs; Burke et al., 2008) shows
that the present-day plume heads are in fact circling around the two LLSVPs. Obviously, different spatial dis-
tribution of plumes under a supercontinent can lead to different stress distribution and thus different geome-
try of supercontinental breaking-up. The generation of self-consistent subsupercontinent hot structures in
this study is in the first order consistent with that of Burke et al. (2008), and it therefore allows us to more
realistically evaluate the stress distribution during supercontinent dispersal.

To examine the difference in terms of stress states and breakup locations, we set up three hypothetical plume
structures (Table A1 and Figure Al) here. These plume structures are based on the average subsuperconti-
nent thermal state of the reference case, which is ~15 K higher than that in the mantle outside the supercon-
tinent. The hypothetical hot structures are used to replace the self-consistently generated hot structure of our
model (i.e., comparable in stress states). Each of hypothetical plume structures represents different charac-
teristics of hot structures.

The first hot structure is a single “plume” right below the supercontinent central region. Its excess tempera-
ture is 150 K based on the evaluated plume temperature beneath Hawaii (Agius et al., 2017), which can be
taken as the lower limit of plume excess temperature. Converting the average subsupercontinent hot anom-
aly of 15 K to a “plume” with excess temperature 150 K, we obtain a “plume” with 17° radius (Case Al,
Figure Ala). In this case, intensive extensional stress occurs in inner ~17° of supercontinent with maximal
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Figure Al. Nondimensional residual temperature and velocity fields for (a) Case Al, (b) Case A2, and (c) Case A3 in cross
section pass through arc AOA’ in Figure 3d.

exceeding 100 MPa (Figure A2a); outside the ~17°, the continent blocks are in compression (Figure A2a). The
maximal F, in central supercontinent and Fj, in lithospheric bottom are -6 and 35 TN/m ( Figure A2d red
curve and Figure A2e), respectively, far larger than those of the reference case. The second hot structure
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Figure A2. Normal stress states in supercontinent and its periphery for (a) Case Al, (b) Case A2, and (c) Case A3 with (d)
their corresponding F,, vs. distance profiles. (e-g) The shear stress states in supercontinent bottom as well as the integration
Fj, vs. depth profiles for the three cases, respectively.
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we tested (Case A2, Figure Alb) is a plume-cluster-like annular wall. Now, we convert the total heat budget
beneath the supercontinent to an annular wall with an excess temperature of 150 K, which gives rise to a 6°
wide annular wall. We choose the inner and outer radii of this wall at 22° (the average distance of recon-
structed LIPs around the LLSVP beneath Africa) and 28° away from the supercontinent center. Stress state
in this case shows extension in the inner 35° of continent blocks, but reaches as large as 100 MPa at ~25°
where F, is ~6 TN/m (Figure A2b and the green curve in Figure A2d) and about two times of the magnitude
of Case 1, also showing obvious discrepancy with the reference case.

The above two tests suggest that in order to match the stress states predicted by the self-consistent supercon-
tinent model (Case 1), the subsupercontinent hot structure can neither be a single “plume” only nor a plume
annulus only. They both cause too big stress magnitude and cannot lead to an extensional stress enough out-
side the annulus, although the resultant stress in the plume annulus case is similar to that in Case 1. The pos-
sible structure needs to induce more extensional stress outside the annular wall and low the magnitude
down. After tuning the temperatures inside and outside of the annulus, we found our preferred model
(Case A3). In this model, the hot structure contains a plume annulus of 2° width, which is the regular size
of present-day plume heads (Campbell & Griffiths, 1990; Courtillot et al., 1999). Inside the annulus, there
is a plume of 22° width with extra average temperature of 20 K; beyond the outside boundary of annulus
at 24°, the extra average temperature is 10 K (Figure Alc). Stress state in this model is much similar to the
reference case in both stress distribution and integrals F, and Fj, (Figure A2c; blue curve in Figures A2d
and A2g) despite the rapid shear stress change at the boundaries of plume annulus (i.e., quick decrease
and increase on the thermal gradients of annulus; Figure A2g) caused by the temperature jumps in there.
These results suggest that substantial portion of heat energy is scattered in the mantle rather than just con-
centrates in plumes (or plume cluster).
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