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Key Points:

» The mantle rheological flow law strongly controls the magnitude of mantle flow
traction under specific geometric and kinematic conditions.

» The mantle flow traction with power-law rheology is much lower than that with
linear rheology when other conditions are similar.

» The existence of continental lithospheric root can enhance the mantle flow traction

by increasing both the shear and normal forces.
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Abstract

The sub-plate mantle flow traction has been considered as a major driving force for
plate motion; however, the force acting on the overlying plate is difficult to be well
constrained. One reason lies in the variable rheological flow laws of mantle rocks, e.g.
linear versus power-law rheology, applied in previous studies. Here, systematic
numerical models are conducted to evaluate the mantle flow traction under variable
rheological, geometrical and kinematic conditions. The results indicate that mantle flow
traction with power-law rheology is much lower than that with linear rheology under
the same mantle/plate velocity contrast. In addition, the existence of lithospheric root
in the overlying plate enhances the mantle flow traction. In a regime with reasonable
parameters, the mantle flow traction with power-law rheology is comparable to the
ridge push on the order of 10!2 N/m, whereas that with linear rheology is comparable

to the slab pull of 103 N/m.
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Plain Language Summary

The driving force of plate motion and plate tectonics is a puzzling issue. The
subducting slab pull, mid-ocean ridge push and sub-plate mantle flow traction are
generally considered as three major forces, with the slab pull as the dominant one. The
slab pull and ridge push are dependent on density anomaly and gravity potential, which
are relatively easy for quantification. The sub-plate mantle flow traction may play
critical roles in cases without slab pull and/or with limited ridge push. The mantle
traction is mainly dependent on the mantle/plate velocity contrast and mantle rheology,
both of which are not easy to be well constrained. Variable rheological flow laws of
mantle rocks, e.g. linear versus power-law rheology, have been applied in previous
studies, which may strongly affect the mantle flow traction acting on the overlying plate.
Here, systematic numerical models have been conducted to quantify mantle flow
traction, which indicate that the traction with power-law rheology is much lower than
that with linear rheology under similar conditions. In a regime with reasonable
parameters, the traction with power-law rheology is comparable to ridge push on the
order of 10'2 N/m, whereas that with linear rheology is comparable to slab pull of 103

N/m.
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1. Introduction

The driving force of plate tectonics is a key issue in geodynamics. It mainly
includes the subducting slab pull, mid-ocean ridge (MOR) push, mantle plume forcing,
as well as the traction of large-scale mantle flow beneath overlying plate (Turcotte &
Schubert, 2002). The slab pull, generated by the negative buoyancy of cold subducting
slab, is generally considered as the major driving force of plate tectonics, with the
magnitude on the order of 10'3 N/m (Forsyth & Uyeda, 1975). The ridge push, induced
by the potential energy of elevated MOR, has the magnitude of 10'>N/m, i.e. one order
lower than slab pull (Turcotte & Schubert, 2002). The mantle plume could play a
significant role in the weakening of overlying lithosphere (Baes et al., 2020, 2021;
Gerya et al., 2015; van Hinsbergen et al., 2021; Leng & Liu, 2023); however, its
mechanical driving force may be less significant due to the point-wise character and
short-time activity.

The mantle flow traction (MFT) is relatively hard to be quantitatively evaluated,
due to the difficulties in constraining the mantle flow velocity relative to the overlying
plate, as well as the exact viscosity and rheological model of the asthenosphere.
However, the MFT may play an important role in plate tectonics, especially in the cases
with missing slab pull. For example, the Tethys system experiences multiple Wilson’s
cycles and is characterized by multiple stages of terrane accretion, slab break-off and
subduction transference (initiation), during which the slab pull is lack or absent (Li et
al., 2023). The continued moving Tethyan chains, from southern to northern
hemisphere, indicate supplementary forces are required and the MFT is a candidate (Li
et al., 2023). The effect of MFT on plate motion has been investigated previously. For
example, Alvarez (2010) and Cande & Stegman (2011) have proposed that the MFT
may be a potential driving force for the long-living collision along the Himalayan belt,
which is further defined as a “mantle conveyor belt” (Becker & Faccenna, 2011), with
the MFT as high as the typical slab pull (Li et al., 2022; Lu et al., 2015, 2021).
Meanwhile, based on the analysis of Pacific plate dynamics, Stotz et al. (2018) proposed
that the MFT may contribute to at least 50% of the total driving forces of Pacific motion.

Similarly, the mantle flow-induced driving force has been mentioned in many global
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mantle convection models (Coltice et al., 2019; Faccenna et al., 2013; Ghosh & Holt,
2012; Mallard et al., 2016).

The question is about the quantitative magnitude of MFT. Can it be as high as, or
even higher than, the subducting slab pull? The shear force (F;) at the base of

lithosphere in a simplest model can be expressed as:

avy
Fs:O-xy'L:n'E'L (1)

where 0y, is the shear stress at the lithosphere-asthenosphere boundary (LAB), L the
horizontal domain of mantle flow,  and V, the constant viscosity and horizontal

velocity of sub-plate mantle, respectively. With some typical parameters of n = 10%°

dVvy, _ 2cm/yr

,and L =3000 km, the final F;, = 1.9 TN/m, which is even lower
dy 100 km

than the normal ridge push. In this simple calculation, large uncertainties lie in the
viscosity and velocity gradient of sub-plate mantle flow, both of which are dependent
on the mantle rheological model. Two contrasting rheological flow laws have been
applied in previous numerical models: one is the equivalent linear rheology based on
the comparison with multiple large-scale geophysical observations, e.g. GIA, geoid and
so on (Billen & Gurnis, 2001; Mitrovica & Forte, 2004; Yang & Gurnis, 2016), and the
other is the power-law rheology based on laboratory experiments (e.g., Hirth &
Kohlstedt, 2003; Karato & Wu, 1993; Ranalli, 1995). For the latter, mineral physics-
based mantle rheology, the grain size has significant effect, with grain size reduction
bringing effective rheological weakening (Bercovici & Ricard, 2012; Foley, 2018;
Mulyukova & Bercovici, 2018, 2019). These contrasting rheological models can
strongly affect the MFT on the overlying plate; however, the quantitative comparison
and evaluation are still lacking.

In this study, systematic numerical models have been conducted to calculate the
MFT with both linear and power-law rheological models. In addition, the effects of
several factors, including grain size of mantle rocks, mantle/plate velocity contrast, as
well as existence and thickness of lithospheric root, have been investigated to provide

a more quantitative understanding of the MFT and its role in driving plate motion.
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2. Numerical Method
The numerical models are conducted with the code I12VIS (Gerya, 2010), with
specific algorithms in Li et al. (2019) and modifications shown in Supporting

Information.

2.1. Mantle rheology
The rheological flow law of mantle rock is applied according to Hirth & Kohlstedt

(2003):
1 1np E+ PV
Naif fusion|dislocation = E(AH) n(é) n dnexp ( nRT
1 1 1
= +
Nauctile ndiffusion Naisiocation

) (2)

where Ay (pre-exponential factor), n (creep exponent), p (grain size exponent), £
(activation energy) and V (activation volume) are rheological parameters following
Hirth & Kohlstedt (2003) (Table S1). Two different types of mantle rheology are
compared in this study, i.e. linear (n = 1) versus power-law (n = 3.5) stress/strain rate
ratio, with variable grain size (d) of 2.5 mm, 5 mm and 10 mm, respectively (Faul &

Jackson, 2005; Hirth & Kohlstedt, 2003).

2.2. Model configuration

A 2D large-scale (8000 X 800 km?) numerical model is configured (Figure S1),
with a 10-km-thick sticky air layer, a 90-km-thick lithosphere and a 700-km-thick sub-
lithospheric mantle in the reference case (Figure S1a). In another set of model, a thicker
lithospheric root is configured in the model domain from x = 3000 to 5000 km, with the
lithospheric thickness contrast of AH = 0 ~ 200 km (Figure S1b). In both models,
permeable condition is applied on the left (influx) and right (outflux) boundaries below
the bottom of lithosphere, i.e. y > 100 km in depth. Variable sub-plate mantle flow
velocity relative to the stagnant overlying plate is prescribed with AV =1 ~ 10 cm/yr.
Contrasting effective viscosity fields are calculated under linear or power-law mantle

rheology with the grain size of 5 mm in the reference model (Figure S1), in which the
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mantle viscosity is consistent to the rheological profiles based on joint geophysical

inversions (Figure S2). All the other parameters are shown in Supporting Information.

2.3. Calculation of mantle flow traction
The MFT acting on the overlying plate is mainly composed of two parts: shear
force at the LAB and normal force at the vertical walls of lithospheric root. Thus, the

MFT (Fp,5¢) can be simply calculated with neglecting other minor parts:

Fnfe = faxy ~dL + f Oy ' dH 3)
where oy, is the shear stress at LAB, L the length of domain for shear traction, gy,

the normal stress at the vertical walls of lithospheric root, and H the depth along

lithospheric root. Further on, oy, and oy, can be expressed as:

B . (9% 0V,
Oy =271 &y =1" W-I_W (4)
_ . v,
Gxx—z'U'Exx—Z'Tl'a (5)

where 7 is the effective viscosity, €, the shear strain rate, &, the normal strain
rate, V, and V, the horizontal and vertical velocities of the mantle relative to overlying

plate, respectively.

3. Model Result
3.1. Simple model with flat LAB

Firstly, a simple model is applied with a geometrically homogeneous overlying
lithosphere (Figure 1a). Thus, the MFT is dominated by the horizontal shear force at

the LAB which is represented roughly by the yellow line in Figure la. Dynamically,

the LAB is defined as the depth where % is maximum as indicated in Figures S3a

and S3c for the models with linear and power-law rheology, respectively.

In the model with linear mantle rheology, the horizontal velocity gradient along y-

axis (Z—Zﬁ‘) at the LAB increases slightly with higher AV (Figure 1b), whereas the vertical

velocity gradient along x-axis (aa%) at the LAB is nearly zero (Figure S4a). Meanwhile,
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the effective viscosity (1) at the LAB remains constant, if neglecting the lateral
boundaries of model domain (Figure Ic). Finally, the shear stress (oy,) acting on the
LAB in the central model domain increases from 0.5 MPa to around 2.5 MPa with AV
=1 to 5 cm/yr (Figure 1d), indicating a roughly linear correlation between shear stress

and mantle/plate velocity contrast.

X

In the model with power-law mantle rheology, aaly at the LAB increases greatly

with higher AV (Figure 1e), whereas the effective viscosity decreases due to the strain-
rate-dependent rheology (Figure 1f). Finally, the shear stress (o, ) acting on the LAB
remains a low value from 0.25 MPa to 0.65 MPa, which is much lower than that with
linear rheology (c.f. Figures 1g and 1d). It indicates that the MFT on the overlying plate
is limited in the regime with power-law rheology and it cannot be increased

significantly by increasing the mantle/plate velocity contrast.
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Figure 1. (a) Model configuration. (b-d) The calculated V, gradient along y-axis (%),

effective viscosity (1) and shear stress (o, ) at the LAB with linear rheology, and (e-g)
with power-law rheology. Different colors represent different mantle/plate velocity

contrasts (AV) with colorbar shown at the bottom.

3.2. Model with a lithospheric root
Since the LAB is not always flat, a lithospheric root is applied in this set of models
(Figures 2-3). The MFT is composed of both shear force acting on the LAB and normal

force acting on the vertical walls of lithospheric root. Dynamically, the vertical walls
of lithospheric root are defined as the positions with peak % values (Figure S3b, d).

Figure 2 shows the calculation of shear stress, which is more complex than that
with flat LAB (c.f. Figures 2 and 1), especially in the domain of lithospheric root.
However, the general trends are similar. In the models with linear rheology, the shear
stress increases greatly (from 0.75 MPa to 3.5 MPa) with increasing AV from 1 to 5
cm/yr. In contrast, the power-law rheology results in lower shear stress (from 0.45 MPa
to 1 MPa) with the same range of AV. Furthermore, the shear stress in the domain of

lithospheric root is relatively higher, due to channel-flow-like larger velocity gradient
(aal;‘). Again, the component of % has negligible effect on the shear stress (Figure

Sdc-d).
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Figure 2. Shear stress calculation in the model with a lithospheric root of AH = 100 km
(a) Model configuration. (b-d) The calculated V, gradient along y-axis (%‘), effective

viscosity (1) and shear stress (oy,) at the LAB with linear rheology, and (e-g) with
power-law rheology. Different colors represent different mantle/plate velocity contrasts

(AV) with colorbar shown at the bottom.

The normal stress at the vertical walls of lithospheric root is shown in Figure 3a-c.
The normal stress at the left wall is negative, indicating compression, whereas it is
positive at the right wall for extension. Thus, both of them contribute to the MFT along
the positive x direction. Similar to shear stress, the normal stress with linear rheology
is also higher than that with power-law rheology (c.f. Figures 3b and 3c). The detailed

calculation routines of normal stress are shown in Figure S5.
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Figure 3. (a-c) Normal stress calculation at the vertical walls of lithospheric root,
indicated by the yellow solid lines in (a), with either linear (b) or power-law (c)
rheology. The solid and dashed lines represent the normal stress at the left and right
walls, respectively. (d-e) Comparison between the integrated shear force (solid red line)
over variable domain of MFT (i.e. L in the horizontal axis) and normal force (dashed

red line) over a maximum thickness (AH = 200 km) of lithospheric root.

The comparison of shear and normal stress indicates that they have similar

magnitude in the same model (c.f. Figures 2 and 3); however, the acting domain of them
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could be quite different. The normal stress acts on the vertical walls of lithosphere root
with a maximum AH of about 200 km, whereas the shear stress acts on the horizontal
LAB which could be thousands of kilometers. As a direct comparison, the shear force
with linear rheology ranges from 7.83 to 18.36 TN/m integrating over the length of
LAB from 2000 to 5000 km, whereas the normal force is only 0.74 TN/m even with a
maximum lithospheric root of AH =200 km. Similarly, the shear force with power-law
rheology is also much higher than the normal force. Thus, the normal stress acting on

the lithospheric root could be negligible for the large-scale MFT.

3.3. Regime diagrams of mantle flow traction

The above results indicate that the MFT on overlying plate is dependent on multiple
factors, including the mantle/plate velocity contrast, thickness of lithospheric root,
action domain of mantle flow, as well as the mantle rheology (Figures 1-3). In order to
give a systematic evaluation, two regime diagrams with the mantle flow acting domain
of 3300 km (i.e. the present-day distance between northern Indian MOR and the
Himalaya front) are constructed, with either linear (Figure 4b) or power-law rheology
(Figure 4c). Meanwhile, the grain size, as a controlling factor for mantle viscosity, is
varied between 2.5 and 10 mm (Hirth & Kohlstedt, 2003; Karato & Wu, 1995), with d
=5 mm as the reference value, because it produces viscosity profiles more consistent
with geophysical inversions (Figure S2).

The model results indicate that the MFT with linear rheology varies from 0.22 to
62.93 TN/m in the full parameter range of AV = 1~10 cm/yr, AH = 0~200 km and d =
2.5~10 mm (Figure 4b). In the reference diagram with d = 5 mm, the traction ranges
from 1.63 to0 29.23 TN/m. In contrast, much lower values are predicted with power-law
rheology, i.e. 0.89~5.50 TN/m, in the same range of parameters and d = 5 mm (Figure
4c). Further on, the data in the diagonal of each 2D diagram are plotted in Figure 4d. It
shows clearly that the MFT increases with AV and AH; however, the value with linear
rheology could be much higher than the corresponding power-law case. Thus, it is
worth noting that when evaluating the MFT, it is better to identify the rheological model

first.
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Figure 4. (a) Domain for MFT calculation. (b-c) Phase diagram of MFT with linear
and power-law rheology, respectively. The colors represent the value of MFT with the
colorbar shown below. (d) Evolution of MFT with increasing thickness of lithospheric
root and mantle/plate velocity contrast along the dashed lines in (b-c). The parameters

and results of the 660 simulations are shown in Table S3.

4. Discussion
4.1. Effect of linear versus power-law rheology

The systematic numerical models indicate that the MFT with power-law rheology
is lower than that with linear rheology in all the comparable cases with variable model
configurations and numerical parameters (Figure 4, Table S3). The strain rate-induced
weakening at the LAB plays a critical role in reducing the shear traction in the models

with power-law rheology (Figures 1-2 and S2). Although the power-law rheology can

lead to increase of velocity gradient (%) and thus the high strain rate at the LAB, its

effect is much lower than the viscosity drop. Consequently, the latter dominates and
results in the drop of MFT in the power-law rheological regime.

The effect of grain size on MFT is more significant in the linear rheological model
than the power-law case (Figure 4d), because the grain size can strongly affect the
diffusion part of viscous rheology (p = 3 and n = 1 in Equation 2 and Table S1), but
does not change the dislocation creep (p = 0 and n = 3.5). Thus, in the regime with a
larger grain size and power-law rheology, the dislocation creep dominates and the
resulting MFT is limited.

On the other hand, the normal stress at the lateral walls of lithospheric root is also
much lower in the power-law than the linear regime (Figures 3 and S5), with a similar
mechanism of slightly increased velocity gradient but greatly decreased viscosity. It is
worth noting that the walls of lithospheric root are simplified as a vertical boundary in
this study, which may be more likely to be inclined. In this latter case, the normal stress

may be even smaller.
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4.2. Implications for the driving force of Tethyan evolution

The long-term Tethyan evolution experiences multiple Wilson cycles with repeated
break-up of continental terranes from Gondwana in the southern hemisphere (Figure
5a), traveling northwards and accreting to Laurasia (Figure 5b). Then the subduction
initiation occurs in the neighboring oceanic plate (Figure 5b) and continues the similar
process until the final India-Asia collision (Figure 5d). During this evolution, the
continental terrane collision and accretion occurs repeatedly with subducting slab
break-off. In this situation with slab pull missing, the ridge push and MFT may provide
the driving forces for subduction initiation. After a systematic evaluation by numerical
models, Zhong & Li (2020) suggested that at least 8.5~9 TN/m is required for terrane
collision-induced subduction transference (initiation) if no weakness exists in the
passive margin. In contrast with lithospheric weakness, the subduction initiation can
even occur with only ridge push of ~3 TN/m. In the former case without lithospheric
weakness, the residual 5.5-6 TN/m should be provided by other sources. In the present
numerical models (Figure 4), the domain for MFT calculation is 3300 km, which is
about half the length scale of Paleo-Tethys and Neo-Tethys oceans, i.e. separated by
the MOR (Zhu et al., 2021). Based on the results, the MFT can be easily
achieved/exceeded with linear rheology, whereas extreme conditions should be

satisfied in order to get such a mantle traction in the power-law regime (Figure 4).
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Figure 5. Key stages and possible driving forces of Tethyan evolution. (a) Paleo-Tethys
subduction and Neo-Tethys spreading. (b) Collision of Cimerian terrenes with Laurasia
and subduction initiation of Neo-Tethys plate. (c) Neo-Tethys subduction and Indian
ocean spreading. (d) Continued collision between Indian continent and Laurasia. The

arrow lines with different colors represent variable sources of driving forces.

As the final stage of Tethyan evolution, the driving force of India-Asia collision is
widely debated. The present Tibetan plateau has an averaged elevation of 5 km,
resulting a large push from the gravitation potential energy (GPE) of approximately 6-
8 TN/m on the Indian continent and other surround terranes (Gao et al., 2022; Molnar
et al., 1993). Since slab break-off occurs beneath the Tibetan Plateau, the slab pull may
be negligible and hard to quantify. Another type of possible force may come from the
neighboring Sumatra-Java subduction zone, with its slab pull laterally transmitted to
the India-Asia collision zone (Niu, 2020). However, the 3D numerical models by Zhou
et al. (2020) indicate that the lateral transmission of slab pull is dynamically difficult.
A full discussion of the above forces can be found in Li et al. (2023). In this study, we
want to test how the force of Tibetan GPE (6-8 TN/m) can be compensated by the ridge
push (3 TN/m) and MFT (3-5 TN/m). The length between northern Indian MOR and
Himalayan front is approximately 3300 km, as the case in Figure 4. We reasonably
assume the lithospheric thickness contrast between Indian continent and Indian ocean
is about 100 km. In order to get a MFT with power-law rheology of 3-5 TN/m, a
mantle/plate velocity contrast should be around 6 cm/yr. Although the sub-plate mantle
velocity is hard to measure directly, this value is dynamically possible and reasonable.

In contrast with a linear rheology, the MFT could be much higher than required.

S. Conclusion

The MFT on overlying plate is systematically and quantitatively evaluated in this
study. It indicates that the magnitude of MFT with power-law rheology is much lower
than the corresponding linear rheology case. The MFT with linear rheology could be

comparable to or even higher than the normal slab pull (>10'* N/m), whereas the power-
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law rheology hinders the significant increase of MFT due to the strain localization and
resulting rheological weakening at the LAB depth. In addition, the existence of
lithospheric root can enhance the MFT by increasing both the shear and normal stress.

The MFT could facilitate the Tethyan evolution and present-day India-Asia
collision. A high mantle flow velocity and existence of lithospheric root are generally
required to obtain a reasonable MFT of 3~6 TN/m in the regime with power-law
rheology. In contrast, the mantle flow with linear rheology and no strain-rate weakening
can easily drive any tectonic movement and deformation; the commonly considered
geodynamic difficulties (e.g., subduction initiation at passive margins and long-lasting

India-Asia collision) do not exist at all.
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