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We investigate the evolution of horizontal stress field after implementing a supercontinent into spherical mantle model with phase transitions, the temperature- and pressure-dependent rheology, while assuming that the mantle is heated from the base and from within. Before implementation of the supercontinent, the overlithostatic horizontal stresses in the areas of mantle upwellings/downwellings are about ±25 MPa and more, whereas for the rest upper mantle horizontal stresses are in the range of ±15 MPa. The supercontinent covered one-third of the Earth`s surface and it is modeled as an undeformable, highly viscous immobile lid with respect to the ambient mantle and it is abruptly imposed on well-developed mantle convection. The area of supercontinent is limited by a spherical angle (θ ≤ 66.4◦). After implementation, the mantle flow is rearranged and a group of upwelling mantle flows is formed under the supercontinent and their hot heads increase in size due to the heat-insulating effect of the supercontinent, while quasi-linear subduction zones increase in the oceanic regions. As a result, the average temperature of the area under the supercontinent rises over time and becomes higher than the average temperature of the suboceanic area, where cold descending mantle flows intensify. Аt the depth covering the interval from 300 to 400 km under the supercontinent the temperature rises on average by 60 K. Formed under the supercontinent, upwelling mantle flows dramatically change the stress pattern in the supercontinental area producing tensional stresses in the supercontinent and overlithostatic compressive horizontal stresses in the subcontinent mantle. Tensile overlithostatic horizontal stresses inside the supercontinent change from 25 to 50 MPa in different continental areas, whereas beneath the supercontinent the overlithostatic compressive horizontal stresses in the subcontinent mantle are about 20–60 МPа. Only for the model with weak zone around the supercontinent stresses can reach 100 MPa.
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1 INTRODUCTION
Geological and palaeo-magnetic evidence suggests the formation of several supercontinents during the Earth’s history (e.g., Rogers, 1996; Meert, 2002; Zhao et al., 2004; Rogers and Santosh, 2009; Piper, 2010; Pesonen et al., 2012; Zhang et al., 2012; Nance et al., 2014; Mitchell et al., 2021). The relationship between the supercontinent cycle and various geological and tectonic events have been investigated in numerous studies, such as orogenic formations (Hoffman, 1991), sea level variations (Anderson, 1982), and flood basalt volcanism (Courtillot and Renne, 2003; Condie, 2004). The effect of a super-continent cycle on the climate was studied by Donnadieu et al. (2004), Rogers and Santosh (2004), Nance et al. (2014) and others.
The influence of supercontinents on 3D mantle convection has been investigated numerically, for instance, by Lowman and Gable (1999), Yoshida et al. (1999), Honda et al. (2000), Phillips and Bunge (2005), Phillips and Bunge (2007), Zhong et al. (2007), Li and Zhong (2009), Yoshida (2010), Heron and Lowman (2011), Yoshida (2013), Yoshida (2019), Lobkovsky and Kotelkin (2015), Zhang et al. (2018), Mao et al. (2019), Yoshida (2019), and others. These studies revealed that, due to the influence of the supercontinent, the mantle flow is rearranged and a group of mantle plumes appears under the supercontinent after some time. Nevertheless, the stress variations with depth from the lithosphere to lower mantle are still poorly understood. At the same time, tensile stresses in the supercontinent are connected with stresses in the surrounding mantle and show in what state it is at the current stage.
The studies where stresses during the supercontinent cycle were investigated are presented in Table 1. Tensional stresses in the supercontinent change in a rather wide range from 30 MPa (Yoshida, 2010) to about 100 MPa (Yoshida, 2019) or even 200 MPa (Bobrov and Baranov, 2019; Bobrov et al., 2022). For spherical models, the stresses were calculated, for example, by Yoshida (2010), Huang et al. (2019) and Yoshida (2019). The magnitude of critical stresses required for a supercontinent to disintegrate depends on the model and rheology of the mantle as well as how the supercontinent is constructed. In studies where the self-consistent supercontinent formation model is used, this leads to the inherited heterogeneities (e.g., previous orogens) allowing for the localization of deformation under tensile stresses.
TABLE 1 | Studies investigating stresses in the supercontinent.
[image: Table 1]Despite numerous studies investigated convection in the mantle and the lithosphere, the stress evolution in time and space is not yet fully understood, particularly the evolution of stresses in the supercontinent. We address this aspect here by investigating the stresses in the supercontinent and in the mantle, while adopting a 3-D spherical model with the pressure- and temperature-dependent viscosity and phase transitions. In our calculations, the immobile supercontinent is modeled as an undeformable area with a high viscosity (1,000 units in non-dimensional form, here 1 unit is taken equal to 0.5 × 1022 Pa s). The supercontinent is implemented instantaneously on a well-developed mantle convection pattern.
Below we present a brief overview of theoretical and numerical models. The results of numerical modeling are presented in Section 3 and discussed in Section 4. The study is concluded in Section 5.
2 NUMERICAL MODEL SETUP
2.1 Theoretical model and governing equations
We modeled the Earth’s mantle as the Boussinesq fluid with the infinite Prandtl number in a 3D spherical geometry. The mantle is heated from the core and from within by decay of radioactive elements (internal heating). In our model for spherical mantle convection, the dimensionless equations for conservation of mass, momentum, and energy read (e.g., McNamara and Zhong, 2004; Zhong et al., 2007; Bobrov and Baranov, 2014; Bobrov and Baranov, 2016; Bobrov and Baranov, 2018):
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where v is the velocity vector; p is the dynamic pressure; τ is the deviatoric tensor of viscous stresses; T is the temperature; t is the time, [image: image] is the phase function; er is the unit vector in the radial direction, H is the internal heat production; Ra is the thermal Rayleigh number; and Raph is the phase Rayleigh number. The non-dimensional parameters are the thermal Rayleigh number [image: image], the phase Rayleigh number [image: image], and the internal heat production number H. In addition, we defined the following parameters (Table 2): the thermal expansivity α = 2 [image: image] 10–5 K−1, the density ρ = 4,600 kg m−3, the gravitational acceleration g = 9.8 ms−2, the super-adiabatic temperature drop ΔT = 2500° between the core-mantle boundary and the surface, the Earth’s radius R = 6371 km, the radius of the Earth’s core Rcore = 3471 km (dimensionless 0.5448), the reference viscosity η0 = 0.5 [image: image] 1022 Pa s, and the thermal diffusivity κ = 10–6 m2 s−1. The density contrasts [image: image] on phase borders were set up as follows: [image: image], [image: image] (Fei et al., 2004).
TABLE 2 | Parameters of a base mantle model adopted in this study.
[image: Table 2]According to the parameters summarized in the preceding paragraph, Ra = [image: image] and the phase Rayleigh numbers at the depth of 410 and 660 km are [image: image]. H in our base model (model 1) was set to be 120 to yield a 60%–70% internal heat (Leng and Zhong, 2009; Zhang et al., 2018).
The scaling factors for the variables in Equations 1–3 are: R for the length, R2/κ for the time, κ/R for the velocity, and κ [image: image]/R2 for the pressure p and τ. The free-slip, impermeable, and isothermal boundary conditions are applied at the top and bottom (core-mantle) boundaries of the mantle with values of Ttop = 0 and Tbottom = 1, respectively.
The horizontal overlithostatic stress, in particular lateral normal stresses σθθ, which are oriented along the surface, and directed along the change in latitude θ,is defined by (Schubert et al., 2001):
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where
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With the definition taken here (Equations 4, 5), the compressive stresses are negative. For both, p and τ, the dimensional unit σ is [image: image]. Hence, for example, the non-dimensional value of σ = 400,000 corresponds to the dimensional value of σ0 · σ = 50 МРа.
The non-dimensional depth (r) and temperature-dependent viscosity are defined as follows:
[image: image]
where ηz is the depth pre-factor, and E is the activation energy of olivine.
2.2 Modeling parameters and initial conditions
Our numerical model has six parameters, specifically the thermal Rayleigh number Ra, two phase Rayleigh numbers [image: image] and [image: image], the depth-dependent viscosity pre-factor ηz, the internal heat generation rate H, and the activation energy E = 9.2 (Equation 6) that gives rise to 103 viscosity variations for the temperature varying from 0 to 1 (without a supercontinent). The viscosity jump between the upper and lower mantle was set 30 in agreement with previous studies (e.g., Bunge et al., 1996; Phillips and Bunge, 2005; 2007; Zhong et al., 2007; Zhang et al., 2009). We also increased the viscosity of the oceanic lithosphere (compared to the temperature-dependent viscosity) by an additional factor of 20 in the upper layer of 70 km.
The modelled supercontinent has the shape of a spherical cap centered at the South Pole and is limited by a latitude of 66.4° (i.e., θ ≤ 66.4°). The sub-continental lithosphere, defined as a fixed highly viscous super-continental lid (HVSL), extends down to depth of 200 km, which is consistent with recent tomography and mantle models (Becker and Boschi, 2002; Gung et al., 2003). The HVSL has a non-dimensional viscosity of 1,000, whereas the viscosity within a surrounding mantle varies from 10–1.5 to 101.5. With such a viscosity pattern, the continent can be considered as a quasi-solid body (e.g., Trubitsyn et al., 2006). The ratio of the inner to the outer radii is 0.5448, which corresponds to the Earth’s core size.
In numerical modeling, we used the CitcomS spherical code with some original improvements (Zhong et al., 1998; Tan et al., 2002; Chuvaev et al., 2020). This code has been extensively used and thoroughly tested (e.g., Schmeling et al., 2008; Zhong et al., 2008). Here the momentum transfer (Stokes) equation was solved by the finite element method (FEM) in the natural velocity-pressure variables (Hughes, 1987) by using an iterative multigrid solution method. Details on the method applied are given in Moresi and Gurnis (1996) and Zhong et al. (2000). To improve the accuracy of solution, the code uses the Uzawa’s algorithm (Fortin and Fortin, 1985; Pelletier et al., 1989) which allowed us to obtain a velocity field for large viscosity variations. The parameter of artificial compressibility was assumed to be 5 × 10−6, and the accuracy of the Uzawa algorithm was 1 × 10−6. The heat transfer equation was solved by applying the Petrov-Galerkin method (Brooks and Hughes, 1982). The mesh is 33 × 33 × 59 × 12 cells multigrid (Zhong et al., 2000), corresponding to a vertical resolution of 50 km according to mantle tomography models (e.g., Becker and Boschi, 2002). The calculation was carried out on a personal computer with 18 GB of RAM and 8 cores (Intel Core i7) on a VmWare virtual machine by using virtualization technology (Chuvaev et al., 2020). The computation time of one model was approximately 1 month.
Firstly, we computed a pure thermal convection model until quasi steady-state solution was reached. This model started from a radial temperature profile with horizontal perturbations. After reaching a quasi-steady-state solution (temperature field), we added the supercontinent as a high viscous block and used temperature field as an initial condition to restart calculation. This method was used before, for instance, by Zhang et al. (2009), Honda et al. (2000), or Phillips and Bunge (2007).
In addition to the base model (model 1), with the parameters summarized in Table 2, three other models were calculated: the model 2 with a thin supercontinent (100 km) with the same parameters as in model 1, the model 3, including a weak zone around the supercontinent, and the model 4, with the Rayleigh number halved (R = 6 × 107) and with the internal heat production number halved (H = 60).
3 RESULTS
The results of numerical modeling make it possible to identify some specific features for the fields that arise under the influence of the supercontinent. At first, the pure thermal convection model reaches the regime when the systematic trend of the solution disappears (Figure 1). Figure 1 shows the distribution of the average superadiabatic temperature (Figure 1a) and the logarithmic viscosity (Figure 1b) for the entire mantle. After that, we introduced the supercontinent as a highly viscous super-continental lid. Then we calculated the mantle convection over the period of ∼160 Ma. The mantle flow, temperature, viscosity, and the distribution of lateral stresses σθθ for different time stages and sections are presented on Figures 2–9 (base model). Figures 2, 4, 6 show calculated fields of the dimensionless temperature, the logarithmic viscosity, and the lateral stresses σθθ in the spherical section along the longitude of ф = 20° and 200° at three successive stages (0, 80, and 160 Ma). Figures 3, 5, 7 show the calculated fields of temperature and lateral stresses for the same epoch times at depths of 100 and 300 km in the Mollweide (Babinet) projection.
[image: Figure 1]FIGURE 1 | The mantle model for quasi-steady state without supercontinent. The depth distribution of dimensionless superadiabatic temperature (a) and viscosity (b) respectively.
[image: Figure 2]FIGURE 2 | The base mantle model, the moment of supercontinent (200 km thickness) implementation, stage t = 0 Ma. The black ring shows the boundary of the upper mantle at a depth of 660 km. From top to bottom: (a) section φ = 20° and 200° of the spatial distribution of the dimensionless temperature, the flow velocities are shown by the black arrows; (b) section φ = 20° and 200° of the spatial distribution of the dimensionless logarithm viscosity with flow velocities; and (c) section φ = 20° and 200° of the field of the dimensionless normal horizontal stress σθθ with flow velocities.
[image: Figure 3]FIGURE 3 | The base mantle model, the stage t = 0 Ma in the Mollweide (Babinet) projection. From top to bottom: (a) section on depth of 100 km, the spatial distribution of the dimensionless temperature, the flow velocities are shown by the black arrows; (b) section on depth of 100 km, the field of the dimensionless normal horizontal stress σθθ; (c) section on depth of 300 km, the spatial distribution of the dimensionless temperature, the flow velocities are shown by the black arrows; and (d) section on depth of 300 km, the field of the dimensionless normal horizontal stress σθθ.
[image: Figure 4]FIGURE 4 | The base mantle model, the continent thickness is 200 km, and the stage t = 80 Ma. The black ring shows the boundary of the upper mantle at a depth of 660 km. From top to bottom: (a) section φ = 20° and 200° the spatial distribution of the dimensionless temperature, the flow velocities are shown by the black arrows; and (b) section φ = 20° and 200° the field of the dimensionless normal horizontal stress σθθ with flow velocities.
[image: Figure 5]FIGURE 5 | The base mantle model, the continent thickness is 200 km, and the stage t = 80 Ma. See Figure 3 for the legend. From top to bottom: (a) section on depth of 100 km, the spatial distribution of the dimensionless temperature, the flow velocities are shown by the black arrows; (b) section on depth of 100 km, the field of the dimensionless normal horizontal stress σθθ; (c) section on depth of 300 km, the spatial distribution of the dimensionless temperature, the flow velocities are shown by the black arrows; and (d) section on depth of 300 km, the field of the dimensionless normal horizontal stress σθθ.
[image: Figure 6]FIGURE 6 | The base mantle model, the continent thickness is 200 km, and the stage t = 160 Ma. From top to bottom: (a) section φ = 20° and 200° the spatial distribution of the dimensionless temperature, the flow velocities are shown by the black arrows; (b) section φ = 20° and 200° the field of the dimensionless normal horizontal stress σθθ with flow velocities and (c) Section φ = 20° and 200° of the spatial distribution of the dimensionless logarithm viscosity with flow velocities.
[image: Figure 7]FIGURE 7 | The base mantle model, the continent thickness is 200 km, and the stage t = 160 Ma. See Figure 3 for the legend. (a) Section on depth of 100 km, the spatial distribution of the dimensionless temperature, the flow velocities are shown by the black arrows; (b) section on depth of 100 km, the field of the dimensionless normal horizontal stress σθθ; (c) section on depth of 300 km, the spatial distribution of the dimensionless temperature, the flow velocities are shown by the black arrows; and (d) section on depth of 300 km, the field of the dimensionless normal horizontal stress σθθ.
[image: Figure 8]FIGURE 8 | The base mantle model, the continent thickness is 200 km, and the stage t = 160 Ma. (a) Section on depth of 500 km, the field of the dimensionless temperature; (b) section on depth of 500 km, the field of the dimensionless normal horizontal stress σθθ; (c) section on depth of 1,500 km, the field of the dimensionless temperature; (d) section at depth of 1,500 km, the field of the dimensionless normal horizontal stress σθθ; (e) section on depth of 2,550 km, the field of the dimensionless temperature; (f) section at depth of 2,550 km, the field of the dimensionless normal horizontal stress σθθ.
[image: Figure 9]FIGURE 9 | The mantle model, the stage t = 160 Ma. The laterally averaged depth distribution of dimensionless temperature (a) and viscosity (b) respectively. The red line shows the average temperature curve for the subcontinental area only. The blue line shows the average temperature curve for the entire mantle.
The viscosity field exhibits the presence of a supercontinent (purple surface, lower part of Figure 2b), a jump at the 660-km phase boundary as well as the temperature-dependent nature of viscosity, and the increase of viscosity with depth. The presence of phase transition at depth of 660 km with real parameters (Table 2) does not cause separation of a mantle flows between the upper and lower mantle. As a result, at the phase boundary between the lower and upper mantle only slowing down of mantle flows is detected.
Due to a viscosity jump by a factor of 30 in the lower mantle, as well as due to an endothermic phase transition at a depth of 660–670 km, mantle flows are largely forced out into the upper mantle (Figures 2, 4, 6). The centers of convective mantle cells turn out to be elevated towards the surface, as it can be seen from the velocity vectors of mantle flows. As a result, extended regions of sub-horizontal relatively fast currents appear in the upper mantle. Similar features in the convection pattern appeared with the introduction of a phase boundary at a depth of 660 km in the isoviscous (e.g., Bunge et al., 1996) and temperature-dependent viscosity models (e.g., Zhong et al., 2000).
3.1 Evolution of temperature and mantle flows
After the supercontinent implementation, the thermal-blanket effect of the supercontinent begins to influence on the mantle convection pattern. Due to a high viscosity, the velocities in the supercontinent become small and convective transport in the supercontinent stops. Only conductive heat transfer in the supercontinent takes place. As a result, the supercontinent becomes a region of low temperatures compared to the convecting mantle at the same depth, as seen in Figures 5a, 7a for the depth of 100 km. At the lower boundary of the continental lithosphere at a depth of 200 km, temperatures in the subcontinental mantle and in the continental lithosphere become equal. Below the supercontinent, positive temperature anomalies are formed due to a thermal insulation. Our numerical modeling revealed that over time, hot mantle upwellings tend to concentrate under the supercontinent, as seen in Figures 5c, 7c for the depth of 300 km. In addition, their upper part increases because it cannot effectively shed heat through a lower boundary of the supercontinent. As a result, the average temperature in the area under the supercontinent rises over time and becomes higher than the average temperature of the sub-oceanic area, where cold descending mantle currents intensify. Thus, at the depth of 100 km, the temperature in the supercontinent is lower by an average of 250 K (compared to the surrounding mantle) (see Figure 7a), while at the depth from 300 to 400 km under the supercontinent, the temperature of the subcontinental mantle is higher on average by 60 K (Figure 7c).
The phenomenon of a partial concentration of mantle upwellings under the supercontinent is already clearly manifested at t = 80 Ma after the supercontinent implementation (Figure 5c), while in the oceanic region opposite to the supercontinent, descending mantle flows are more pronounced. However, mantle upwellings continue to exist in the oceanic region, participating near the surface in the formation of convection cell structures surrounded by subduction zones (Figures 5a, 7a). Further, this feature of a mantle convection pattern is preserved (Figure 7c). Annular sections of the mantle show similar features of the temperature distribution over depth in sections of φ = 20° and 200° (Figures 4a, 6a). A subduction girdle is also formed around the supercontinent. The extent of such subduction zones is approximately more than half of its continental-oceanic boundary, e.g., (Figures 5a, 7a).
3.2 Evolution of the stress field σθθ
After the implementation of a supercontinent, the σθθ stresses in the mantle areas where there are no strong current velocity gradients (the main part of the mantle) are in the range of about ±120,000 in non-dimensional form (±15 MPa in dimensional form).
Downwelling/upwelling mantle flows differ in the σθθ stress field from the surrounding mantle regions by approximately ±200,000 (±25 MPa). These areas are clearly visible in Figures 3b–d. The strongest stresses are detected in the lowermost mantle. This might be explained by a vertical temperature gradient being stronger than at the outer surface due to the difference in the areas of these surfaces in the considered spherical problem.
After the implementation of a supercontinent in our model, stress fields in the spherical segment of supercontinent begin to change. The concentration of hot mantle flows under the supercontinent that forms as described above, significantly changes the stress pattern under and within the supercontinent. The horizontal tensional (over-lithostatic) stresses σθθ are formed in the supercontinental area (t = 80 Ma, Figure 5b). Later, the superсontinental area becomes outlined in the horizontal tensional stress field σθθ more clearly (t = 160 Ma, Figure 7b). The supercontinent is characterized by horizontal over-lithostatic tensional stresses σθθ in the range from 200,000 to 400,000 (from 25 to 50 MPa, stages t = 80 Ma, Figure 5b; t = 160 Ma; Figure 7b, red and orange colors). In contrary, after the rearranging of mantle flows under the supercontinent, these mantle upwellings produce horizontal over-lithostatic compressive stresses σθθ in the range from 160,000 to 480,000 (from 20 to 60 МРа, stages t = 80 Ma, Figure 5d; stages t = 160 Ma; Figure 7d, blue colors).
As the results of the σθθ fields show, the location of the heads of ascending mantle flows under the supercontinent is quite clearly exhibited. In the lithosphere of the supercontinent, this location is also pronounced, but somewhat less; rather, there is general stretching of the supercontinent, with some variations across its regions.
We also traced changes in the σθθ field depending on depth, for depths of 500, 1,500, and 2,550 km (Figures 8a–c). The result shows that at depth of 500 km, the difference between the sub-supercontinental region (which is generally in a state of compression, blue tones) and the suboceanic region is pronounced, but significantly less than at depth of 300 km, as discussed earlier. At depth of 1,500 km, the difference between the sub-supercontinental and suboceanic regions is manifested in the fact that all downwelling flows are located in the suboceanic region. At this depth, lateral linear structures tend to disappear, and the most intense mantle flows are subvertical and have relatively small diameter. Accordingly, the stress fields also change. As seen in Figure 8b, the stress values almost everywhere at depths of 500 and 1,500 km are much smaller than in the mantle boundary layers. Moreover, stresses also drop in submerging linear structures. At depth of 2,550 km, when the currents interact with the lower boundary of the mantle, the stresses increase substantially (Figure 8c). The appearance of quasi-linear structures is again observed, however, now these are not cold descending, but hot ascending mantle flows. At this depth, both in the temperature field and in the stress field, the influence of the supercontinent is not obvious.
Figure 9 shows the vertical distribution of the dimensionless temperature averaged laterally (that is, at a fixed value of the radius) over the entire computational area (black line), the stage t = 160 Ma after the supercontinent implementation. The horizontal bars display the temperature deviation range in the nodes from the mean value. A similar averaged temperature curve is also shown for the subcontinental area only (red line). The temperature increase below a supercontinent is clearly seen within the upper mantle. The temperature difference, however, also takes place (to a lesser extent) throughout the lower mantle, as well as in the boundary layers. In the lower boundary layer, the differences in average temperatures are pronounced. Under the supercontinent, the temperature increases up to 120 K. Thus, the effect of supercontinent is pronounced also near the lower boundary of the lower mantle. We conclude that the reason for this is the concentration of roots of ascending plumes under the continental region.
We also calculated other numerical models, for testing and comparison purposes for the same time steps. For the second model, we halved the thickness of the supercontinent to 100 km with the same other parameters. In this case extensional stresses in the supercontinent at a depth of 50 km may be 20–50 MPa whereas under the supercontinent overlithostatic compressive horizontal stresses are less than 50 MPa (Figure 10).
[image: Figure 10]FIGURE 10 | The second mantle model, the continent thickness is 100 km, and the stage t = 160 Ma. (a) Section φ = 20° and 200° the field of the dimensionless normal horizontal stress σθθ with flow velocities. The black ring shows the boundary of the upper mantle at a depth of 660 km. (b) The field of the dimensionless normal horizontal stress σθθ (depth 50 km).
Another model (model 3) was considered with a weak zone of viscosity reduced by a factor of 100 along the border of the supercontinent with the same other parameters as in the base model. For this model with a weak zone, a supercontinent becomes mainly surrounded by subduction zones, while in our basic model the subduction covered only about half of the perimeter. Calculations show a trend towards an increase in tensile stresses in the supercontinent up to 100 MPa due to an increase in the extent of subduction zones at its edges (Figure 11). As in previous models, we find the concentration of hot mantle flows under the supercontinent.
[image: Figure 11]FIGURE 11 | The third mantle model, the continent thickness is 200 km, and the stage t = 160 Ma. (a) The field of the dimensionless normal horizontal stress σθθ (depth 100 km). (b) Section φ = 20° and 200°, the field of the dimensionless normal horizontal stress σθθ with flow velocities. (c) Section φ = 20o and 200o of the spatial distribution of the dimensionless logarithm viscosity with flow velocities. The black ring shows the boundary of the upper mantle at a depth of 660 km.
Additionally, we consider model 4 with Ra = 6 [image: image] 107 and H = 60 without a weak zone and 200 km thickness of the supercontinent which mainly provides the same quality features of stress fields and mantle flows pattern as a base model (model 1). However, here the stress values are approximately two times smaller than in the base model.
4 DISCUSSION
In this study we modelled the supercontinent as an immobile highly viscous lid without its breakup. Such approximation was made before, for example, by Yoshida et al. (1999) and Yoshida (2010). As shown by numerical calculations for spherical and Cartesian models (e.g., Yoshida, 2019; Bobrov et al., 2022) the velocities of a supercontinent after its formation and before its breakup are relatively small. Thus, an immobile supercontinent gives a fairly acceptable approximation for this stage of the supercontinent cycle.
We demonstrated that after implementing the supercontinent in the model, the mantle flows reorganize and a group of mantle upwellings under the supercontinent is formed whereas subduction under the supercontinent stops. Also, subduction zones (so-called subduction girdle) are formed around the supercontinent. Presence of a subduction girdle around the supercontinents has been verified for reconstructed Pangea (e.g., Collins, 2003), Rodinia (e.g., Li et al., 2008), and partly for Nuna (e.g., Pisarevsky et al., 2014).
In addition, the models exhibited a partial cooling of the supercontinent area. The temperature at the depth of 100 km in the continental lithosphere is lower by approximately 250 K compared to the surrounding mantle. The heat-insulating effect of the supercontinent leads to the concentration of mantle upwellings and an increase in temperature under a supercontinent. This leads to a slight rise in temperature within the subcontinental mantle. For example, at the depth of 300 km, positive temperature anomalies in the vast mantle area below a supercontinent range to 60–70 K (Figures 5c, 7c). The effect of thermal insulation was described in detail by Lowman and Gable (1999), Yoshida et al. (1999), Li and Zhong (2009), Heron and Lowman (2011), Yoshida (2013), Mao et al. (2019), and others (Table 1). For example, Yoshida (2013) and Heron and Lowman (2011) have calculated that a temperature increase under the supercontinent is about only 50 K. Our results show (cf. Figures 2a,b; Figures 4a,b; Figures 6a,b) that hot temperature anomalies are concentrated in the narrow jets while the stress anomalies are more diffuse and cover substantially larger areas. The reason is the viscous involvement of the surrounding mantle material into the upwellings. Thus, hot mantle upwellings (despite their reduced viscosity and, consequently, reduced coupling with surrounding mantle material) are nevertheless able to induce the mantle flows and the stresses in significant surrounding areas.
We also studied stress fields at large depths in the mantle and their response to the presence of a supercontinent. The effect of the implemented supercontinent on stress fields decreases with depth for all our models. At the core, the stress field is determined by the inhomogeneous structure of the mantle flows at the bottom of the mantle.
In addition to the main model, we investigated other scenarios. In the second model the thickness of supercontinent was reduced to a half (100 km), whereas other parameters were kept the same (Figure 10). It could be assumed that for the case of a thinner supercontinent plate, the forces acting in it per unit cross section (i.e., stresses) would be large. The results showed, however, that simultaneously, the integral tensile forces themselves, acting at the base of supercontinent, changed (decreased) as a result of the diminution of the difference between the sub-supercontinental and the suboceanic region. As a result, the influence of the supercontinent thickness on tensile stresses turned out to be insignificant; the difference was rather in a more non-uniform distribution of stresses in the supercontinent compared to a main model. Thus, both models demonstrate the maximum value of σθθ around 50 MPa, which is consistent with the results of Huang et al. (2019) for the case of the absence of a weak zone along the perimeter of the supercontinent.
Another model (model 3) with a weak zone around the supercontinent provides the subduction girdle around the supercontinent (Figure 11). Similar to the results obtained in the other studies (e.g., Huang et al., 2019), the model showed the emergence of a robust annular subduction zone around the supercontinent, while in our basic model the subduction covered about half of the perimeter. The presence of this extensive circumferential subduction leads to an increase in tensile stresses in the supercontinent. Here extensional stresses in the supercontinent reach 100 MPa. Since the compressive stresses below the supercontinent are also increased, we conclude that this phenomenon is related to increased volume of downwelling hence increased upwelling leading to higher stresses.
We also considered the model 4 with halving the Rayleigh number and with halving the heat generation from our base model 1. Here, the stresses in and under the supercontinent turn out to be about half as much as for our basic model, which is not enough for the breakup of the supercontinent. We, therefore, concluded that the real values of Rayleigh number and heat-flow generation should be higher than in this model.
Unlike previous studies, we also investigated the stress fields in the meridional annular section of the mantle, which makes it possible to analyze the stresses at all its depths. Calculated horizontal stresses (σθθ) revealed sharp change in the sign of σθθ with depth at the transition from the supercontinent to the underlying mantle (e.g., sharp change of red to blue colors in the lower part of Figure 6b). Well defined horizontal tensional over-lithostatic stresses (red and orange colors in Figures 5b, 7b) developed in the supercontinent above mantle upwellings. The figures of meridional annular sections e.g., Figure 6b show some blurring of the change in the sign of σθθ with depth. Nevertheless, we state that according to the calculation results, the lowest calculation nodes, lying in the supercontinent, almost all show tensile stresses while the next row of grid nodes, lying already in the subcontinental mantle, almost everywhere show compression stresses.
At the stage of t = 160 Ma (see Figure 7b), they reached up to 400,000 dimensionless units (50 MPa in dimensional form). These values closely agree with the results presented by Zhang et al. (2018) for depths of 75 km and 220 km. This relatively low value may also be caused by the spherical effect (e.g., Butler and Jarvis, 2004). It may not be sufficient for a supercontinent breakup. However, for the model 3 with a weak zone around the supercontinent the tensional stresses are more reliable (Figure 11). In contrary, in vast areas of the subcontinental mantle corresponding to the heads of mantle upwellings, we find a pronounced horizontal compressive stress (blue and purple colors in Figures 5d, 7d). For example, in Figure 7d in the subcontinental mantle the overlithostatic compressive stresses range from 200,000 to 400,000 in the dimensionless form (from 25 MPa to 50 MPa). The boundary of a sharp change in the values of σθθ, which appears in these areas, outlines the position of effective viscosity jump, meaning that this interface marks the base of the HVSL.
The reason for this difference in stresses in the supercontinent and the underlying mantle is the strong difference in viscosities of the continent and the underlying mantle material. The supercontinent material, due to its high viscosity, cannot move in the same way as the underlying mantle. This effect in the area under the supercontinent is clearly visible in Figures 5b,d as well as in Figures 7b,d.
It is important to note that the same phenomenon of a sharp contrast and reversal of σθθ stress sign is also presented in oceanic areas on the lithosphere-asthenosphere boundary. For example, in Figure 6b, an upwelling mantle flow (in the upper left of the figure) creates tensile stresses in a relatively thin oceanic lithosphere and compressive stresses immediately below it. In contrast, the descending mantle flow (left side of the same figure, equatorial region) creates compressive stresses in the oceanic lithosphere and tensile stresses immediately below it. The over-lithostatic tensile stresses arise in a relatively thin oceanic lithosphere above the layer with upward-moving flows where the horizontal stresses are compressive (Figure 6b, left side). Our results revealed that the difference in viscosities of two orders is already sufficient for the appearance of this phenomenon.
Our model cannot provide the plate behavior due to small laterally viscosity variations. By this reason slabs and mantle plumes in our model are absent. However our results are in a good agreement with other spherical models where stresses were studied (e.g., Huang et al., 2019; Yoshida, 2019; 2010). Numerical modeling was performed with a realistic Rayleigh number, phase transitions and p, T dependent viscosity. Despite a rather rough resolution grid, it was enough to resolve small-scale mantle plumes under the supercontinent. Used rheology generates the long-wavelength convective structures; however, it is not able to produce strong plates for oceanic regions.
Compared to other studies we focused on stresses not only in the supercontinent. For example, Yoshida (2010) considered stresses at the depths of 43, 129 and 215 km, that is, in the supercontinent and at its base. Huang et al. (2019) considered stresses only for depths of 220 km, and in the form of one-dimensional profiles averaged over both angular coordinates (not in the form of a map). We argue that it is essential to study the stresses not only within the supercontinent, but essentially throughout the whole mantle down to the core-mantle boundary in order to better understand supercontinent cycle. Moreover, the analysis of only averaged values does not provide the whole picture. Instead, the analysis should involve also the ranges of their lateral variations and the peculiarities of separate typical regions (upper mantle, lower mantle, its lowermost part, areas of the ascending and descending mantle flows).
Unlike mantle models from Huang et al. (2019) and Zhang et al. (2018) who considered a supercontinent breakup, our models do not incorporate continental breakup process yet. This requires adding active tracers that will be implemented in our forthcoming study. It is also important to note that some other essential factors, such as plates-like behavior, should be incorporated into the model. However, in contrast to these studies, we considered and analyzed the stress fields throughout the mantle, and not only at shallow depths.
The compressive stresses in the subcontinental mantle with a strongly tensional stress directly in the supercontinent were previously shown for 2-D Cartesian mantle models with floating continents by Bobrov et al. (2022). It should also be noted that for a 2-D model with non-Newtonian stress-dependent rheology (Bobrov et al., 2022), the maximum stress values in the supercontinent (about 200 MPa) were higher than in the underlying mantle (50–100 MPa), while in our models (model 1, 2, 4), the compressive stresses under supercontinent are approximately the same by absolute value as tensional stresses in the supercontinent (values in the interval from 25 to 50 MPa).
5 SUMMARY AND CONCLUDING REMARKS
Using the spherical mantle convection model with the pressure- and temperature-dependent rheology, we computed the normal horizontal stresses σθθ and their temporal changes within the supercontinent and the underlying mantle. For the spherical mantle models, a successive concentration of head parts of upwellings under the supercontinent and their increasing in size, together with the intensification of slabs in the oceanic hemisphere, was shown. At the same time, the average temperature under the supercontinent rises on average by 60 K, whereas under the base of the lithosphere increase in temperature can reach up to 120 K. In the D`` layer temperature under the supercontinent is also increased up to 120 K due to mantle upwellings roots.
After the implementation of the immobile supercontinent, the area of supercontinent is limited by a spherical angle (θ ≤ 66.4°) of the spherical polar grid, change of the sign in horizontal stresses when moving from the region of the supercontinent to the underlying mantle is formed. The same effect is shown for the oceanic lithosphere on the lithosphere-asthenosphere boundary. Our calculations show that the overlithostatic horizontal stresses in the upper mantle are in the range of about ±15 MPa, while along the ascending and descending mantle flows these stresses are about ±25 MPa and more. The lowermost part of the lower mantle as an area of high viscosity in the presence of a significant vertical temperature gradient, exhibits the maximum stresses (up to 70 MPa).
In the supercontinent, the horizontal stresses are more moderate. For a given p, T dependent rheology in our models, the tensile stresses reach a maximum value of about 20–50 MPa. Only for model with weak zone around the supercontinent tensile stresses can reach 100 MPa due to powerful subduction girdle at its edges. A tensional regime prevailing in the supercontinent may provide the penetration of mantle upwellings into the supercontinent, followed by a decrease in the strength of this area and the supercontinent breakup. In the subcontinent mantle the overlithostatic compressive horizontal stresses are the same in the absolute value (25–50 МРа) except the model with weak zone where stresses are approximately twice higher.
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viscous tracers

Spherical model with
non-Newtonian rheology, Ra =
8 x 107, Supercontinent is
modelled by compositionally
buoyant and highly viscous
tracers with pre-existing weak
continental margins and
orogens

2-D (1:10) model with
non-Newtonian rheology, Ra =
2.5 x 10, phase transitions,
oceanic crust and deformable
continents modelled by the
active markers with increased
viscosity and low density

Bavs. Tia s e ihiermal Basialah mammiber: o jressers, 1 tomperabans.

‘The tensile yield stress was set
at 50-70 MPa, the variation in
the horizontal stresses

10-100 MPa

‘The tensile yield stress was set
at48 MPa

‘The tensile yield stress was set
at80 MPa

‘The tensile yield stress was set
at80 MPa

Tensional stresses in the
supercontinent are 30-70 MPa

‘Tensional deviatoric stresses in
the supercontinent are
30-90 MPa

Tensional stresses in the
continent reach 4 MPa,
compressive stresses in the
continent can reach 35 MPa

Extensional stresses in the
supercontinent reach 40 MPa
at the central area of the
supercontinent and 15 MPa at
its edge

Before the breakup maximum
shear stress generated in the
supercontinent can reach

200 MPa.

‘Tensional and compressional
stress acting under the moving
continents reach 100 MPa.

Case of homogeneous
supercontinent

20-50 MPa extensional stress
in its interior (<40° from the
center)

Supercontinent with orogens:
the extensional stress focuses
on the top 80-km of the
continental lithosphere, the
average magnitude ~160 MPa.
At the margin of the
supercontinent the extensional
stress is about 5-50 MPa.

Maximum tensional stress in
the supercontinents can reach
200-250 MPa.

Full cycle, two continents

Incomplete cycle, two
continents

Incomplete cycle, two
continents

Incomplete cycle, two
continents before collision and
three after supercontinent
breakup

Incomplete cycle, one
immobile supercontinent

Incomplete cycle, stage of
immobile supercontinent

Incomplete cycle, one mobile
continent

Incomplete cycle, the breakup
of supercontinent.

Incomplete cycle, five
continents, the breakup of
supercontinent

Incomplete cycle, formation of
anew supercontinent

Incomplete cycle, the breakup
of supercontinent.

Full irregular cycle, five
continents
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