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ABSTRACT: The rifting is a unique geodynamical process of the Earth, which involves crustal thinning, continental
breakup, and seafloor spreading due to the extensional stress driven by plate relative motions and plume. In this
study, we compare the morphological structures and calculation time based on two free-surface deformation
simulation approaches, Sticky-Air (SA) and Arbitrary Lagrangian-Eulerian (ALE) methods. We adopt the finite
element geodynamic software, ASPECT, recently widely used in modeling rifting. In the rifting evolution in the
SA method, continental breakup and subsequent ~100 km seafloor spreading proceed for 5.3 Myrs. On the other
hand, the ALE method shows just crustal thinning and mantle upwelling, which reaches no continental breakup.
The ALE method spends 2 calculation time compared to the SA method because the mesh grids directly deform
following the velocity field in the ALE method. We perform a series of modeling using various values of SA layer
thickness (5, 10, 15, 20 km) to evaluate the effects of the SA layer on rifting evolution and calculation time. The
smaller SA thickness, which refers to the smaller model size, tends to decrease calculation time. The process of
rifting evolution becomes slower in the small SA thickness model because the top boundary condition strongly
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influences the deformation of the upper crust. We suggest that the ALE method, which excludes the effect of the
top boundary condition, is more effective when the computational resources are sufficient. When the SA method
is adopted, the SA thickness should be larger than ~15 km for decoupling the upper crust and SA layer. We expect
that the efficient selection of free-surface simulation methods, aided by our comparison study, contributes to
understanding the rifted basin (e.g., East Sea) and crustal structure.
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Fig. 1. Schematic diagrams for free-surface deformation using (a) ALE and (b) SA methods. The top and bottom
rows show the models before and after deformation by a horizontal extension (grey arrows). The black lines and
points indicate the mesh grid and nodes, respectively. The red region refers to the upper crust. The additional SA
layers (blue region) are defined above the upper crust when using the SA method. The interface between the blue
and red regions is assumed as the free surface of the SA method. (¢) The meshes are deformed following the velocity
field driven by mass flux. (d) Internal compositions are advected satisfying mass conservation.
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Table 1. Values of parameters.*®

Descriptions Symbols Values
Sticky-Air layer

Density ) 1000 [kg - m™]
Viscosity n 1x10"® [Pa-s]
Upper crust

Reference density Po 2800 [kg - m™]
Thermal expansivity a 3x107° [K™]
Heat production H 1310 [W-kg]
Heat capacity G 750 [m*-s K]
Thermal conductivity k 3.4 [W-m'K"]
Prefactor for dislocation creep A 8.57x107% [Pa™s]
Power-law exponent n 4.0 [-]
Activation energy E 2.2281x10° [J-mol™]
Activation volume |74 6.4x10 [m>-mol]
Friction angle [0) 20 [°]
Cohesion C 2x107 [Pa]
Lower crust

Reference density Po 2900 [kg - m™]
Thermal expansivity « 3x107 [K]
Heat production H 2x107 [W-kg]
Heat capacity G 750 [m?-s*- K]
Thermal conductivity k 3.4 [Wm'K']
Prefactor for dislocation creep A 5.78x107% [Pa™s"]
Power-law exponent n 4.7 [-]
Activation energy E 4.85x10° [J-mol™]
Activation volume 14 6.4x10° [m™-mol ]
Friction angle [0} 20 [°]
Cohesion C 2x107 [Pa]
Lithospheric mantle

Reference density Po 3300 [kg - m”]
Thermal expansivity a 3x107 [K]
Heat production H 0 [W-kg']
Heat capacity G, 1250 [m*s%K']
Thermal conductivity k 3.4 [W-m'K"
Prefactor for dislocation creep A 1.71681x107" [Pa™s™]
Power-law exponent n 33[-]
Activation energy E 5.02x10° [J-mol™]
Activation volume 14 6.4x10° [m™-mol ]
Friction angle [0} 20 [°]
Cohesion c 2x107 [Pa]
"Burov (2011).

®Huismans and Beaumont (2014).
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Fig. 2. (a) Model setup of lithospheric layer structure and boundary conditions. The blue, grey, beige, and brown
regions indicate the SA layer, upper crust, lower crust, and lithospheric mantle. The red square located at the center
of the lower crust refers to the mechanical weak zone defined by a positive temperature anomaly (i.e., +500 K).
(b) Initial temperature profiles along yellow solid and green dashed lines in Fig. 2a. The temperature at a depth
between 20 and 25 km in the green line displays a positive temperature anomaly. The temperature of the SA layer
is fixed at 293 K. (c) Initial strength envelops with the reference strain-rate is 10"°s™'. The strength reduction is

exhibited at 20 to 25 km depth.
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numerical models. The top and bottom rows are the compositional distributions at time =2.7 Myrs and 5.3 Myrs,
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