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Abstract18

There are a large number of thrust-faults related landforms distributed across the Planet19

Mercury, which are interpreted as the result of lithospheric deformation mainly attribute20

to secular cooling of the planetary interior. Exploring the mechanisms for formation of21

thrust-faults is a key to understand the evolutionary history of Mercury. As the largest22

single volcanic deposit on Mercury, the northern smooth plains incubates numerous short-23

ening features in which present particularity in their tectonic patterns and require an24

assumed stratified subsurface structure. In this work, we propose a thermo-dynamic model25

from the perspective of temperature, rheological laws and strain rate, to study the for-26

mation of the thrust-faults related landforms in the northern smooth plains of Mercury27

under low strain rate via two-dimensional viscoelastic-plastic numerical simulations. Our28

simulation starts at 3.8 billion years ago and lasts for 70 million years, resulting in a sta-29

ble and concentrated high strain rate region within the crust and geomorphic consistent30

surface topography with typical shortening landforms. This work refines the commonly31

used lithospheric mechanical model of Mercury and emphasizes the importance and sen-32

sitivity of the relationship between the surface topography and the relief at the crust-33

mantle boundary. Future studies can be extended to higher dimensions on this basis to34

study the distribution, orientation and other characteristics of the thrust-faults related35

landforms on Mercury.36

Plain Language Summary37

One of the most striking features of Mercury’s surface is the global distribution of38

shortening geological landforms. The formation and characteristics like surface topog-39

raphy of these tectonic features are associated with the mechanical structure of litho-40

sphere, which is controlled by a variety of factors such as the rock’s composition, am-41

bient temperature and background strain rate. For the Mercury’s northern smooth plains,42

there is neither satisfied lithospheric mechanical model nor numerical simulations for the43

formation processes of the contraction geomorphy. We present a new lithospheric me-44

chanical model for simulation of the formation of typical shortening features at around45

3.8 billion years ago in the above area via two-dimensional numerical simulation. The46

new model subdivides the mechanical structure of the lithosphere, allowing for a frag-47

ile layer at the shallow depth within the lithosphere beneath the northern smooth plains48

of Mercury, which promotes the formation of shallow-rooted shortening geomorphy. This49

work is tested with an open-source finite element mantle convection code, resulting in50

a geomorphic consistent surface relief which is well consistent with the typical shorten-51

ing features observed. The proposed model can be regarded as a meaningful supplemen-52

tary to the mechanical model of the lithosphere of Mercury and other terrestrial plan-53

ets, worthy of further application in related research areas.54

1 Introduction55

Previous studies have shown that there are numerous geometries of shortening tec-56

tonic features distributed across the planet Mercury (e.g., Watters et al., 2009; Solomon57

et al., 2018). These structures have been widely accepted as one of the results of the shrink-58

age and failure of the lithosphere, mainly due to the stress caused by secular cooling of59

the interior (Byrne et al., 2014, 2018; Banks et al., 2015; Klimczak et al., 2019). Among60

them, the most common geological landforms are lobate-scarps, wrinkle ridges and high61

relief ridges (Watters et al., 2009; Klimczak et al., 2019). Taking the lobate-scarps as an62

example, they are interpreted as the manifestation of the surface-breaking thrust-faults63

and found to deform almost all major geological units on Mercury (e.g., Banks et al., 2015;64

Watters et al., 2021). The mechanisms of thrust-faults initiation on Mercury are appli-65

cable to the common frictional sliding model, reflecting the relationships between the plas-66

tic strength of the lithosphere itself and the stresses exerted by the environment, which67
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can further provide important information for understanding the evolutionary history68

of Mercury (D. L. Kohlstedt & Mackwell, 2009; Klimczak, 2015; Klimczak et al., 2019).69

Global maps imaged by NASA’s MESSENGER spacecraft revealed that about 27%70

of the Mercury’s surface is covered by extensive smooth plains, which contains the largest71

single volcanic deposit, i.e., the northern smooth plains (NSP) (Head et al., 2011; Denevi72

et al., 2013; Ostrach et al., 2015). Stratigraphic studies on thrust-faults related landforms73

found in the NSP (mainly are wrinkle ridges and lobate-scarps) classified the main style74

of deformation as thin-rooted, and it is suggested that this phenomenon could be due75

to a multilayered subsurface structure underlying the NSP (e.g., Watters et al., 2021;76

Byrne et al., 2014; Crane & Klimczak, 2017; Peterson et al., 2020; Watters, 2021). Ad-77

ditionally, relationships between the crustal thickness and mantle melting production in-78

dicated a thin crust with an average thickness of 19km beneath the NSP, thinner than79

earlier estimates (Padovan et al., 2015; Sori, 2018), supporting a low-degree mantle melt-80

ing production scenario (Beuthe et al., 2020). More recently, Watters (2021) analyzed81

the relevance of the contraction strain to the crustal thickness in Mercury, and concluded82

that thinner crust undertakes smaller contraction strain. Let alone the background bulk83

strain rate (before and) at the onset of faulting has been restricted to orders of magni-84

tude smaller than previous commonly adopted value in strength models (e.g., ductile-85

strength model in Zuber et al. (2010)) (Klimczak, 2015; Crane & Klimczak, 2017). Col-86

lectively, these works outline a picture of shallow depth deformation in the NSP with a87

thin crust under low background bulk strain rate.88

In essence, the initiation of thrust-faults is controlled by rock’s compositions, the89

ambient temperature, strain rate and rheology laws and other factors (e.g., Karato &90

Wu, 1993; Katayama, 2021). Given the assumptions of former factors, one can calculate91

the strength profile of the lithosphere to provide a rough illustration of the lithospheric92

mechanical structure. Applications of ductile-strength model to the old geological terrane-93

the intercrater plains (ICP) on Mercury suggested that the thrust-faults have formed in94

a mechanically homogeneous lithosphere from substantial horizontal compressive stress,95

allowing a maximum fault penetrate depth to 30-40km (Watters et al., 2002; Egea-González96

et al., 2012). However, such model can easily deduce that the entire or most of crust is97

homogenous and abide by brittle deformation (e.g., D. Kohlstedt et al., 1995; Byrne et98

al., 2018). Geological works on the shortening features in the NSP suggested that mul-99

tisequence eruption of volcanic flows and the underlying megaregolith layer produced by100

impact events may result in mechanically heterogeneous layers at a shallow depth in the101

crust, facilitating deformation (Crane & Klimczak, 2017; Solomon et al., 2018; Peterson102

et al., 2020; Watters, 2021). Clearly, the strength model applicable to the NSP should103

be able to explain account for the presence of mechanical anisotropic layers in the crust104

or the lithosphere. Therefore, it is inappropriate to apply the ductile-strength model with-105

out improvements to the NSP. Nevertheless, the mechanism for formation of thrust-faults106

related landforms in the NSP is still an open and interesting question. On the other hand,107

there is a lack of numerical simulations aiming at the formation process of thrust-related108

landforms in the NSP, which can provide more richer information about the early evo-109

lutionary history of Mercury.110

In this paper, we propose a thermo-dynamic model to study the formation of the111

thrust-faults related landforms in the NSP under low strain rate via two-dimensional viscoelastic-112

plastic numerical simulation. Our model subdivides the structure of the lithosphere into113

several mechanical discontinuous layers by introducing the semi-brittle deformation, which114

tends to induce strain localization at the mechanical discontinuous (Thielmann & Kaus,115

2012; Schmalholz & Duretz, 2015). This work is tested with the open-source finite-element116

mantle convection code: Advanced Solver for Problems in Earth’s ConvecTion, ASPECT117

(Kronbichler et al., 2012; Heister et al., 2017) https://aspect.geodynamics.org. Ad-118

ditional technical details of this paper can be found via the link provided by the Open119

Research section. This paper is structured as follows. First, The physical model is in-120

troduced in Section 2, next is the model configuration in Section 3. Our results are pre-121
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sented in Section 4, and the context of discussion is shown in Section 5, last is our con-122

clusion in Section 6.123

2 Physical Model124

As for the mantle convection model, we apply an incompressible, linear Maxwell125

model to take viscoelasticity into account. The constitutive equation for all materials126

is (e.g., Moresi et al., 2003):127

τ

2η
+

τ̄

2µ
= D̂v + D̂e = D̂ (1)128

Where τ is the deviatoric stress tensor, µ is the elastic shear modulus, η is the shear vis-129

cosity, and τ̄ is the Jaumann corotational stress rate tensor. D̂v and D̂e are the viscous130

part and elastic component of the deviatoric strain rate tensor, respectively. For further131

discussion of this equation, please refer to Appendix A.132

The basic equations set describing the conservation of mass, momentum and en-133

ergy is given by:134

∇ · u = 0 (2)135

136

τ t+∆te

ij,j −∇P + fi + F e,ti = 0 (3)137

138

ρc
∂T

∂t
=

∂

∂xi
(k
∂T

∂xi
) +HR +HD (4)139

Where u is the velocity, P is the pressure, and fi is the specific body force, F e,ti is the140

elastic force term. In Eq.(4), ρ is the density, c is the specific heat capacity, and the last141

three terms on the right side represent the conductive heat, radiogenic heat and viscous142

dissipation, respectively.143

The radiogenic heat term has the following form (e.g., Michel et al., 2013):144

Hx(t) = ρx
∑
i

Q0
i 0.5

t/µi (5)145

Where x is the index which represents different geological layers, Hx(t) is the heat pro-146

duction rate in W/m3, ρx is the average density. i is the index denoting radioactive heat-147

ing elements (RHEs), Q0 is the initial heating rate in W/kg, µ and t are half-decay time148

and time, respectively.149

For the viscous dissipation, which can be defined as:150

HD = ζτ : ε̇v (6)151

Where ζ is the heat conversion efficiency, and it depends on whether other deformational152

mechanisms are adopted (Thielmann & Kaus, 2012). In this work, ζ is set to 1, mean-153

ing that we assume all dissipation heat is converted into heat (e.g., Schmalholz et al.,154

2018). τ is the deviatoric stress tensor, and ε̇v is the visco-plastic component of the de-155

viatoric strain rate tensor.156

3 Model Configuration157

3.1 Initial Conditions158

Temperature is one of the key factors controlling the rheological structures (e.g.,159

Katayama, 2021). We assume that the thermal profile of the research domain only com-160

posed of the crust and lithosphere-mantle, is determined by the 1-D steady conduction161

heat equation with radiogenic heat production, which is given by:162

d

dr
(r2kx

dT

dr
) = −r2Hx (7)163

Where r is radius, or r = Rp − z, with Rp the planetary radius and z the depth. k is164

the thermal conductivity, and H is the internal heating source, which only consists of165
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radiogenic heating source. x is the index representing different layers (i.e., the crust and166

lithosphere-mantle).167

In order to obtain the boundary conditions (e.g., boundary temperature, layer thick-168

ness) that used to solve this equation, we carry out a one-dimensional parametric global169

evolution model of Mercury following our previous work (Xie et al., 2022). As discussed170

earlier, the recent study on the relationships between the crustal thickness and the man-171

tle melting production suggested a thin crust with the thickness of 19±3km beneath the172

NSP, reflecting a low-degree mantle melting scenario (Beuthe et al., 2020). Therefore,173

the thickness of the crust can be used as a criterion to determine whether the outputs174

of the 1-D model are reasonable. Additionally, studies on the timing of the shortening175

tectonic features suggested that most thrust-faulting underway at 3.7±0.2Ga before present176

(b.p) (e.g., Giacomini et al., 2015, 2020; Crane & Klimczak, 2017). Hence, we adopt the177

results from the 1-D model at 3.8Ga b.p as for solving the initial temperature profile.178

In the end, after the model running done, we obtain a thin crust and a lithosphere-mantle179

with the thickness of around 19.1km and 110.8km, respectively. The computed initial180

temperature profile is integrated into the schematic diagram of the geometry (see below181

in Fig 2), where the temperature at the crust-mantle boundary (TCrMB) and the bot-182

tom of the lithosphere-mantle (Tb) are about 754K and 1435K respectively. In addition,183

the corresponding output radiogenic heat production rate (RHPR) are about 9.37×10−11W/kg184

and 9.37×10−12W/kg. The value of the crustal RHPR is in line with the RHPR against185

time calculated with the Gamma-Ray Spectrometer measured data (e.g., Peplowski et186

al., 2011). Lastly, as required by the 2-D simulation, we set the reference temperature187

to be approximate to the temperature at crust-mantle boundary (TCrMB). The output188

of the 1-D model can be found in Appendix B, and the data of temperature saved in .txt189

format can be accessed through the link provided by Open Research section.190

The second key point is about the background bulk strain rate (hereinafter referred191

to as strain rate), which can impose significant impacts on the rheological structures of192

the lithosphere (e.g., Katayama, 2021). As for Mercury, a favored value by strength mod-193

els is 10−17s−1 (e.g., ductile-strength model in Zuber et al. (2010); Egea-González et al.194

(2012)). However, recent study on the stratigraphic relationships of thrust fault related195

features with craters limited the strain rate at the onset of faulting to an order of 10−20
196

∼ 10−21s−1 (Crane & Klimczak, 2017). If the elastic properties of the rock are taken into197

account, then the strain rate during the lithospheric elastic deformation processes is prob-198

ably between the order of 10−19 and 10−20s−1 (Klimczak, 2015). In other words, in ei-199

ther case, the strain rate is much smaller than the commonly used in previous studies,200

although the actual value of strain rate may much larger when lithosphere breaks. Fi-201

nally, combined with the arguments of the first point, we set the strain rate to 4.1±1.6×10−20s−1,202

which is the derived average value during the Calorian (i.e., one of the five time-stratigraphic203

systems of Mercury, 3.9∼3.5 to 3Ga b.p.) (Crane & Klimczak, 2017).204

The basic parameters are given in Table 1.205

3.2 Rheology206

Regarding the rheology of Mercury’s lithosphere (i.e., crust plus lithosphere-mantle).207

Considering the fact that no plate motions have been found on the surface of Mercury208

at present time, it is common to apply rheological laws such as power law (e.g., the dis-209

location creep) to characterize the rheology of Mercury’s silicate shell (e.g., Egea-González210

et al., 2012; Thiriet et al., 2019). Using this type of rheology law can facilitate the planet’s211

outer silicate shell becoming strong in a short period of time, which helps produce a large212

viscosity contrast between the planetary surface and the interior, resulting in a complete213

global plate or stagnant lid (Stern et al., 2018; Tosi & Padovan, 2021). But, should other214

creep laws be introduced?215

Laboratory studies demonstrate that the temperatures, pressure and strain rates216

are the main factors controlling the rheology of rocky planets (e.g., Karato & Wu, 1993;217

Mei et al., 2010; Burov, 2011). Experiments on rocks under certain temperature and strain218
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Table 1. Basic Parameters

Symbols Ref./Description Values Units

Rp
1Planetary radius 2440 km

R 1Gas constant 8.3144 J ·mol−1 ·K−1

g 1Surface gravitational acceleration 3.7 m/s2

α 1Thermal expansion coefficient 2× 10−5 K−1

Ts
1Surface temperature 440 K

η0
2Reference viscosity 1× 1021 Pa · s

ε̇b
3Background bulk strain rate 4.1× 10−20 s−1

Q0
crust

4Initial crustal heating rate 9.37× 10−11 W/kg
Q0
mantle

4Initial mantle heating rate 9.37× 10−12 W/kg
Tref

4Reference temperature 750 K

Ref.:1.Knibbe and van Westrenen (2018); 2.Thiriet et al. (2019)
Ref.:3.Crane and Klimczak (2019); 4.:Xie et al. (2022)

rates conditions suggest that for lower temperatures (approximately lower than 800K)219

and high strain rate, restrictions to glide of dislocations limits rates of straining, the de-220

formation processes abide by Peierls creep, while for higher temperatures region, diffu-221

sion creep and power-law play the key role due to their strong sensitivity of tempera-222

ture and strain rate (Kameyama et al., 1999; Mei et al., 2010; Molnar, 2020; Pleus et al.,223

2020). According to the initial conditions we discussed in previous section, the computed224

temperature profile supports the involvement of laws like Peierls creep in both the crust225

and part of the lithosphere-mantle. On the other hand, the deformation type indicates226

that most thrust-faults features found in NSP are interpreted as thin-rooted, rooting in227

a weak layer and propagating upward (e.g., Crane & Klimczak, 2019). Taking into ac-228

count the low strain rate, we tend to reduce the overall strength of the lithosphere to en-229

sure the existence of weak layer, and the Peierls creep have been proven to effectively230

reduce the overall strength of the lithosphere (e.g., Auzemery et al., 2020). In short, we231

conclude that it is reasonable and necessary to introduce the Peierls creep into our work.232

Finally, we apply a composite rheological model that combine Peierls, diffusion and dis-233

location creep to the research domain, assuming the viscosity as the pseudo-harmonic234

average of those three rheologies under isotropic applied stress (e.g., O’Neill & Zhang,235

2019). The Peierls creep is given by (e.g., McCarthy et al., 2020):236

ηpei =
γσp

2(A(γσp)n)1/(s+n)
exp(

H

RT
· (1− γp)q

s+ n
)ε̇

1
s+n−1

II (8)237

with238

s = (
H

RT
)pq(1− γp)q−1γp (9)239

Where γ is the fitting parameters, σp is the Peierls stress, A is the pre-factor, and n is240

the stress exponent. p and q are the Peierls glide parameters, whereas the parameters241

depend on the geometry of obstacles that limit the dislocation motion and theoretical242

considerations suggest that 0 ≤ p ≤ 1 and 1 ≤ q ≤ 2 (Chowdhury et al., 2017; Jain et243

al., 2017). ε̇ is the effective strain rate, and H = E + PV , where E is the activation244

energy, V is the activation volume, R is the universal gas constant. P and T are pres-245

sure and temperature, respectively.246

The generic form of dislocation creep law and diffusion creep law can be expressed247

as (e.g., Billen & Hirth, 2007):248

η = fA
−1
n d

m1
n (ε̇vII)

1−n
n exp(

E + PV

nRT
) (10)249

Where f is a scaling factor that used to decrease the effective viscosity relative to the250

viscosity resulting from rock deformation experiments. A is the pre-factor, n is the power-251
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law stress component, d is the grain size, m1 is the grain size exponent, and ε̇vII is the252

second invariant of the visco-plastic part of deviatoric stress tensor. E, P and V are the253

same as defined above. For diffusion creep, n = 1, m1 6= 0, and for dislocation creep,254

n > 1,m1 = 0.255

Finally, the viscosity can be expressed by (e.g., O’Neill & Zhang, 2019):256

η = (
∑
i

η−1
i )−1 (11)257

Where i is the index for different rheological laws.258

Meanwhile, we utilize the Drcuker-Prager criterion (DP) to limit all the materi-259

als that undergo frictional/plastic deformation, which is also regarded as the extended260

Mohr-Coulomb criteria (Jiang & Xie, 2011; Alejano & Bobet, 2015). It has the follow-261

ing form:262

τd = C0 · cos(φ) + P · sin(φ) (12)263

Where τd is the yield stress of DP, C0 is the cohesion, φ is the internal friction angle, and264

P is the pressure.265

In case of yielding, the effective viscosity is iteratively reduced until the correspond-266

ing stress equals the yield stress, that is:267 {
ηeff = η τ < τd

ηeff = τd
2τII

τ > τd
(13)268

Where τeff is the effective viscosity.269

3.3 Lithology270

In addition to the rheology, lithology is another key variable determining the strength271

of plastic deformation, because the plastic strength is generally controlled by the weak-272

est constituent mineral in rocks (e.g., Azuma et al., 2014; Katayama, 2021). Recent geo-273

chemical works constrained the major surface potential mineralogy of Mercury to pla-274

gioclase, pyroxene and olivine. Particularly, in the NSP, it is plagioclase dominated (e.g.,275

Namur & Charlier, 2017; Kaaden et al., 2017). As for the composition of the lithosphere-276

mantle of Mercury, an olivine-rich mantle is suggested and favored (Namur et al., 2016;277

Beuthe et al., 2020). Accordingly, we assume that a dried Olivine enriched lithosphere-278

mantle is covered by a dried Columbia Diabase (mainly composed of plagioclase) enriched279

crust (Kay & Dombard, 2019; Katayama, 2021), although the precise components of Mer-280

cury’s interior are still unknown. Lastly, due to the lack of experiments on the Peierls281

and diffusion creep of Maryland/Columbia diabase, we replace the diffusion creep of di-282

abase by plagioclase and apply a same Peierls creep of dry olivine indiscriminately to283

the crust and lithosphere-mantle (Mei et al., 2010; Katayama, 2021).284

The parameters of rheology and lithology (conventionally named compositional fields285

in ASPECT) are given in Table 2 and 3.286

3.4 Geometry setting287

Given the initial temperature profile, strain rate and rheological laws, we can cal-288

culate the strength profile of the lithosphere using the parameters given in Table 1 to 3.289

The computed strength profile is used to subdivide the geometry of the research domain.290

We also introduce the Goetze criterion (Goetze & Evans, 1979) and Byerlee intermediate-291

high pressure law (hereinafter referred to as Byerlee law, referring to Klimczak (2015)),292

which are given by:293

τg =
1

2
(ρgz − Pp) (14)294

Where τg is the shear stress of Goetze criterion in MPa, ρ is the density, g is the sur-295

face gravitational acceleration and z is the depth. Pp is the pore pressure, which is ig-296

nored in this work.297
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Table 2. Constant Parameters for Compositional fields

Symbols Ref./Description Crust Lithosphere-mantle Units

k 1Thermal conductivity 1.5 3.5 W ·m−1 ·K−1

c 1Specific heat capacity 1000 11212 J · kg−1 ·K−1

ρ 2Average density 2950 3200 kg/m3

C0
3Cohesions 66 66 MPa

µ 4Elastic shear modulus 65 140 GPa
φ ∗Internal friction angle 30, 28 28, 30 degree

Ref.:1.Knibbe and van Westrenen (2018); 2.Beuthe et al. (2020)
Ref.:3.Klimczak (2015); 4.Kay and Dombard (2019)
Ref.:*.Partially refer to Klimczak (2015)

Table 3. Distinct Parameters for Compositional fields

Symbols Description Crust Lithosphere-mantle Units

1Dislocation creep

E Activation energy 485 535 kJ/mol
V Activation volume - - m3/mol
A Pre-factor 1.2× 10−26 4.85× 10−17 Pa−ns−1

n Stress component 4.7 3.5 -
f Scaling factor 1/2 1/2 -

2Diffusion creep

E Activation energy 467 375 kJ/mol
V Activation volume - 8.2× 10−6 m3/mol
A Pre-factor 1.0× 10−12 1.5× 10−15 mm1(Pa · s−1)
d Grain size 2.0× 10−3 2.0× 10−3 m
m1 Grain size exponent 3 3 -
n Stress component 1 1 -
f Scaling factor 1/2 1/2 -

3Peierls creep

H Activation energy 320 320 kJ/mol
A Pre-factor 1.4× 10−9 1.4× 10−9 Pa−ns−1

δp Peierls stress 5.9× 109 5.9× 109 Pa
n Stress component 2 2 -
p Glide parameter p 0.5 0.5 -
q Glide parameter q 1 1 -
γ Scaling factor 0.17 0.17 -

Ref.:1.[Crameri and Kaus (2010); Katayama (2021)]
Ref.:2.[Crameri and Kaus (2010); Schulz et al. (2019)]
Ref.:3.[Mei et al. (2010)]
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And298 {
ηb = 2ρgz ρgz < 110MPa

ηb = 1
2 (2.1ρgz + 210) ρgz > 110MPa

(15)299

Where τb is the shear stress of Byerlee law in MPa, and the rest of parameters are de-300

fined above.301

The reasons why the Goetze criterion and Byerlee law are introduced as follows.302

First of all, laboratory studies suggest that there can be three types of rock deformation303

under lithospheric conditions, i.e., brittle, semi-brittle and viscous deformation (D. Kohlst-304

edt et al., 1995; Mei et al., 2010). Although the dynamic mechanism of semi-brittle de-305

formation is poorly understood, we assume that once the brittle strength is approximately306

equal to one-fifth of the plastic strength, then the transition from brittle to semi-brittle307

deformation will be initiated (e.g., D. Kohlstedt et al., 1995; D. L. Kohlstedt & Mack-308

well, 2009). In practice, the Goetze criterion is used to indicate the transition between309

semi-brittle and viscous deformation (e.g., D. L. Kohlstedt & Mackwell, 2009; Mei et al.,310

2010; Zhong & Watts, 2013; Bellas et al., 2020). So far, we can use the computed val-311

ues of the brittle, plastic strength of the lithosphere and Goetze criterion as the basis312

for subdividing the structure of lithosphere (see below). Secondly, the Drucker-Prager313

criterion can be regarded as the generalization form of Mohr-Coulomb criteria but has314

a more stable performance in high-dimensional numerical simulations. However, the pres-315

sure in Eq.(12) is the total pressure rather than the lithostatic pressure Pl (i.e., under316

compression conditions: Pl = ρgz). Multiple works have been devoted to revealing the317

relationship between the total and lithostatic pressure (e.g., Gerya, 2015; Marques et al.,318

2018; Zuza et al., 2020). A rough estimate is that when the internal friction angle (φ)319

is 30◦, the total pressure is about twice as large as lithostatic pressure under compres-320

sion conditions (Zuza et al., 2020). Therefore, the Eq.(12) can be recast as:321

τd ≈ C0 · cos(φ) + 2ρgz · sin(φ) (16)322

As another commonly used formula for calculating the brittle strength of the lithosphere323

(D. L. Kohlstedt & Mackwell, 2009), the additionally introduced Byerlee law (i.e., Eq.(15))324

is used to compare the result calculated by Eq.(16).325

Fig 1 illustrates the shear stress profile of the crust and lithosphere-mantle at the326

strain of 4.1×10−20s−1, which is computed via τ = 2ηε̇, where ε̇ is the effective strain327

rate, η is the viscosity given by Eq.(11). Fig 1.A depicts the shear stress profile of the328

crust, where CD20 represents the shear strength of Columbia Diabase. Correspondingly,329

CD20/5 represents the one-fifth of CD20.330

It can be seen that,331

1. the brittle strength computed by Drucker-Prager criterion (DP) starts from the332

point O and intersects with CD20/5 at point A (the corresponding depth is about333

8.5km), which indicates that deformation type in segment OA is brittle, while de-334

formation changes to semi-brittle deformation from point A.335

2. the Goetze criterion and CD20 have no intersection, suggesting that there is no336

transition from semi-brittle to viscous deformation in the crust.337

Therefore, the crust can be subdivided into two parts: the upper crust that undergoes338

brittle deformation (segment OA) and the semi-brittle region (segment AB).339

Similarly, Fig1.B shows the shear stress profile in the lithosphere-mantle. OL20 rep-340

resents the shear strength of Olivine, and OL20/5 is one-fifth of that. It is obviously to341

find out that OL/20 is always smaller than DP in the lithosphere-mantle, while OL and342

Goetze criterion intersects at point C (the corresponding depth is about 30.85km). Comb-343

ing the results from Fig1.A, we conclude that the semi-brittle deformation region from344

point A extends to point C, after that, the viscous deformation dominates. Hence, we345

can treat the lithosphere-mantle as being made of two parts: the semi-brittle region and346

mantle.347

The results calculated by Eq.(15) and Eq.(16) show that the difference between them348

is not large. Considering that the total pressure may be more than twice of the litho-349
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Figure 1. The shear stress profile in the crust and lithosphere-mantle at the strain rate of

4.1e-20s−1. In both subplots, the horizontal axis represents the shear stress in MPa, the vertical

axis represents the depth in km, which stands for 1000 meters. A) In the crust, CD represents

the shear strength of Columbia Diabase, and CD/5 is one-fifth of that. B) In the lithosphere-

mantle, OL represents the shear strength of Olivine, and OL/5 is one-fifth of that.

static pressure (e.g., Gerya, 2015), the use of Eq.(16) is reasonable and acceptable. It350

is worth noting that Eq.(16) is only used to divide the geometry model at the initial con-351

figuration of the simulation, while in the subsequent numerical simulations, we still use352

Eq.(12) instead.353

In summary, the research domain is subdivided into four parts, from shallow to deep:354

the upper crust (z: 0-8.5km), the semi-brittle region of the crust (z: 8.5-19.1km), the semi-355

brittle region of the lithosphere-mantle (z: 19.1-30.85km) and mantle (z: 30.85-130km)356

(refer to Fig 2). Although it is difficult to accurately capture the processes of semi-brittle357

deformation in numerical simulations, we can still approximate its effects with a smaller358

internal friction coefficient, i.e., a smaller internal friction angle (e.g., Pleus et al., 2020).359

As a result, the research domain was originally composed of only the homogenous crust360

and lithosphere-mantle, but now there are four mechanical discontinuous structures.361

3.5 Geometry configuration362

Regarding the model configuration, a Cartesian geometry with dimensions of 800×130km363

is applied, where 130km is the sum of the thickness of the crust and lithosphere-mantle.364

The mesh of our geometry has a resolution of 125×125m above the depth of 60km and365

250×250m below. Studies on the inversion of gravity anomalies revealed the relation-366

ship between the surface topography and the lateral heterogeneous in the crust-mantle367

interface (e.g., James et al., 2015; Beuthe et al., 2020). Therefore, as an extreme case368

where thrust-faults are generated from the bottom of the crust (e.g., Beuthe et al., 2020;369

Peterson et al., 2020), we set up topography (indicator: point U, see Fig 2) at the CrMB,370

which can help break the symmetry of the model and promote strain localization. This371

model is heated from the bottom and cooled from the top, while the left and right bound-372

aries are insulated. The top and the bottom boundary are free surface and free slip, re-373

spectively. A constant strain rate of 4.1×10−20s−1 is generated by the horizontal ve-374

locity applied on the two lateral boundaries. Fig 2 gives the disproportionate schematic375

diagram of the geometry model.376
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Figure 2. The schematic diagram of the geometry model with dimensions of 800×130km,

where the surface temperature (Ts) is 440K, the temperature at the crust-mantle boundary

(TCrMB) is 754K and the bottom temperature (Tb) is 1435K. The geometry is composed of a

dried Columbia Diabase enriched crust and olivine enriched lithosphere-mantle. The research

domain is vertically subdivided into four layers: the upper crust (z: 0-8.5km) and the crustal

semi-brittle region (z: 8.5-19.1km), lithosphere-mantle semi-brittle region (z: 19.1-30.85km) and

mantle (z: 30.85-130km). We set up topography (point U as an indicator, its corresponding x-

coordinate is 480km) at the crust-mantle boundary of 1.5km, which can help break the symmetry

of the model and initiate the convection. This model is heated from the bottom and cooled from

the top, while the left and right boundaries are insulated. The top and the bottom boundary are

free surface and free slip, respectively. A constant background bulk strain rate is generated by

the horizontal velocity applied on the two lateral boundaries. CCD: Crustal Columbia Diabase.

MOL: Mantle Olivine.

4 Results377

Our two-dimensional numerical simulation starts at 3.8Ga b.p and lasts for 70Myr.378

Fig 3 depicts the square root of the second invariant of the shear strain rate tensor (here-379

inafter referred to as SRI, used as the effective strain rate, τII =
√
τ2
11 + τ2

12, referring380

to Gerya (2019)) at 10Myr, 40Myr and 70Myr with the topography at CrMB of 1.5km381

(see Fig 2). First of all, it can be seen that the high-SRI regions are mainly concentrated382

in the semi-brittle region of the crust, which has an average depth of 10km, and their383

distribution patterns are related to the distance from the topography indicator at CrMB384

(i.e., point U). Depending on the distance from point U, from left to right, we divide the385

crustal geometry into three sections, i.e., section H, section T (framed by black line) and386

section F.387

Among them, neither the value of high-SRI nor the distribution pattern in section388

H has changed much over time, which provides a stable and concentrated high-SRI re-389

gion within the crust at a shallow depth. While the strain status in section T is the most390

complicated, strain localizes in the section T due to the closest proximity to the topog-391

raphy at the CrMB. The high-SRI region penetrates almost the entire curst and grad-392

ually concentrates near the surface along with time. As to the section F, although the393

distribution pattern of high-SRI regions is similar to that in section H, its value of SRI394

is lower and distributed in a scatter area. More notably, the high-SRI region in the sec-395

tion F is the most sensitive to time. It is easy to figure out that when the time is 70Myr,396

there are almost no high-SRI region in section F, and it moves down to the lithosphere-397

mantle instead.398

Apparently, the strain status within the lithosphere is directly reflected in the sur-399

face topography. Therefore, we further calculate the corresponding surface topography,400

which are illustrated in Fig 4. In Fig 4, the black point U is used to indicate the rela-401

tive position of the surface topography and the topography at the CrMB. The point L402

and A represents the lowest and highest surface relief, respectively. Their precise values403

are listed in Table 4.404
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Figure 3. The snapshots of the square root of the second invariant of the shear strain rate

(SRI) at A) 10Myr, B) 40Myr and C) 70Myr. The vertical axis represents the thickness (y) in

km (the depth can be calculated by z=130-y, where z is depth), the horizontal axis represents the

x-direction extension in km. The high SRI concentrated regions are divided into three sections,

from left to right, which are section H, section T (framed by black line) and section F.
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Figure 4. The surface topography (red line) at A) 10Myr, B) 40Myr and C) 70Myr with

CrMB topography of 1.5km. The green dashed-line represents the horizon (i.e., depth = 0). The

black point U represents the topography indicator at the CrMB (not the true burial depth in

Fig 2 and 3), which is used to indicate the relative position of the surface topography and the

topography at the CrMB. Point L and A indicates the lowest and highest surface topography.

Our simulation results in a characteristic positive relief surface topography. Refer-405

ring to previous geological works (e.g., Byrne et al., 2018), we also define the line LS1A406

in Fig 4 as the forelimb and the line AS2B as the backlimb. It is clear to find out a steep407

forelimb and a gently sloping backlimb, which is well consistent with the characteristic408

geomorphic cross section of lobate scarps (e.g., Watters et al., 2009; Byrne et al., 2018;409

Klimczak et al., 2019). In addition, according to the data listed in Table 4, the surface410

topography gradually relaxes as the simulation time increases. That is, particularly, the411

summit (point A) is falling and the lowest point L is approaching the surface. At the same412

time, the rate of topographic relaxation is decreasing over time. The reason for this re-413

sult lies in the fading away of high-SRI regions in section T and F, and the stability of414

the high-SRI region near the surface in section T ensures that the surface topography415

has not changed radically along with time.416

5 Discussion417

So far, this work has created a high strain rate region within the lithosphere at a418

shallow depth and obtained a well consistent surface topography of typical shortening419

features discovered in the NSP at the present (Crane & Klimczak, 2019; Peterson et al.,420

2020). Nevertheless, it is worthy of noting that the starting point of this work is to pro-421
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Table 4. The precise value of surface topographical indicators over time

Symbols 10Myr 40Myr 70Myr Units

O 0.7137 0.2297 0.1146 km
L −2.0503 −1.8365 −1.7212 km
A 3.4208 3.3902 3.3654 km
B −0.9239 −0.7346 −0.6679 km
λ 106 112.75 116.6 km

pose a lithospheric mechanical model that satisfies the assumption of fragile layer within422

the lithosphere assumed by thin-rooted deformation, to the study the formation of thrust-423

faults related landforms, although we cannot confirm whether the fragile layer exists, or424

its thickness, composition and converge are still poorly understood (e.g., Crane & Klim-425

czak, 2019). We verify the plausibility of this model by means of numerical simulations,426

from the results, our model works.427

However, for numerical simulation, it is sensitive to the input parameters. In ad-428

dition to the parameters we argued in previous section (e.g., temperature, rheological429

parameters), the surface topography is also attribute to the topography at the CrMB.430

For comparsion, we also calculate the surface topography when the topography at the431

CrMB is 1km, and the result can be found in the Supporting Information. It can be seen432

that the computed surface relief is gentler and its pattern is more complex. Recently,433

Crane and Klimczak (2019) analyzed and mapped the detailed map of tectonic patterns434

of shortening features in NSP, their work highlighted the complexity of the tectonic pat-435

terns of the geological landforms. Our simulations suggest that their conclusion can be436

related to the topography in the lithosphere. Although the tectonic patterns are con-437

trolled by many factors, our work emphasizes the importance and sensitivity of the re-438

lationship between the surface topography and the relief at the CrMB, which deserves439

further research in numerical simulations.440

Additionally, since this paper simulates the thermo-dynamic process of 3.8 billion441

years ago, taking into account the observed tendency of the relaxation of the terrain (re-442

fer to Table 4) as well as the subsequent geological activities, the obtained surface re-443

lief will be closer to what MESSENGER imaged. A significant feature of the NSP is the444

continuous volcanic activity compared to other regions in Mercury (e.g., Thomas & Roth-445

ery, 2019). Researches on the crater size-frequency distributions implies that large-volume446

volcanism on Mercury had ceased around 3.5Ga b.p, younger than the underlying craters447

and the most shortening features in smooth plains (e.g., Byrne et al., 2016; Thomas &448

Rothery, 2019). Moreover, modeling of temporal degradation of crater shape topogra-449

phy constraints the lava flow thickness within the NSP to several hundred meters to kilo-450

meters (Head et al., 2011; Ostrach et al., 2015; Du et al., 2020). Therefore, the influence451

of volcanism on the formation, distribution and orientation of thrust-faults related land-452

forms in the NSP is also worthy of further investigation.453

6 Conclusion454

In this paper, we propose a thermo-dynamic model from the perspective of tem-455

perature, rheological laws and strain rate, to study the formation of the thrust-faults re-456

lated landforms in the northern smooth plains of Mercury under low strain rate via 2-457

D viscoelastic-plastic numerical simulations. Mechanically, our model subdivides the litho-458

sphere into several mechanical discontinuous layers by introducing the semi-brittle de-459

formation, which provides a transition zone between the brittle and viscous deformation460

region, refining the commonly used strength model of Mercury’s lithosphere (Zuber et461

al., 2010; Egea-González et al., 2012). This simulation results in a stable and concen-462

trated high strain rate region in the crust and geomorphic consistent surface topogra-463
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phy with typical thrust-faults related landforms found in the northern smooth plains of464

Mercury. Future studies can be extended to higher-dimensional on this basis to study465

the distribution, orientation and other characteristics of the thrust-faults related land-466

forms on Mercury.467
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Appendix A476

For the constitutive equation (Eq.(1)), τ̄ is the Jaumann corotational stress rate477

tensor, which is defined as (e.g., Patočka et al., 2017):478

τ̄ = τ̇ + τw − wτ =
∂τ

∂t
+ τw − wτ (A1)479

Where w is the spin tensor, which follows:480

wij =
1

2
(∇u−∇uT ) =

1

2
(
∂uj
∂xi
− ∂ui
∂xj

) (A2)481

We refer to Moresi et al. (2003) to express the Jaumann corotational stress rate in a dif-482

ference form in order to obtain a stress-strain rate relation. Defining the current time483

as t, and a material timescale as ∆tm, the Eq.(A.1) can be rewritten as:484

τ̄ t+∆tm ≈ τ t+∆tm − τ t

∆tm
− wtτ t + τ twt (A3)485

Introducing the Maxwell relaxation time Θ = τ
η , integrating this term into Eq.(A.3),486

we have:487

τ t+∆tm =
2η∆tm

Θ + ∆tm
D̂t+∆tm +

Θ

Θ + ∆tm
τ t +

Θ∆tm
∆tm + Θ

(wtτ t − τ twt) (A4)488

Let the effective viscosity be:489

ηeff = η
∆tm

∆tm + Θ
(A5)490

then rewrite the Eq.(A.4) as:491

τ t+∆tm = ηeff (2D̂t+∆tm +
τ t

µ∆tm
+
wtτ t − τ twt

µ
) (A6)492

Where the elastic force term is:493

F e,ti = − ηeff
µ∆te

∇·τ tij (A7)494

Adding the elastic force term to the equation of momentum, we finally obtain:495

τ t+∆te

ij,j −∆P + fi + F e,ti = 0 (A8)496
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Figure B1. Output of the 1-D global parametric model of Mercury. In order to better dis-

play the results, we only show the results of the first 1 billion years. In both subplots, the purple

vertical line indicates the time at 700 million years, and its intersections with other four curves

(i.e., A, B, C and D) are used to calculate the initial temperature profile. A). The temperature

at the bottom of the crust (Tcr) and lithosphere-mantle (Tl) over time during the first 1 billion

years. B). The thickness of the crust (Dcr) and lithosphere-mantle (Dl) over time during the first

1 billion years.

Appendix B497

The 1-D global parametric evolution model of Mercury, which refers to Xie et al.498

(2022), is used to compute the boundary conditions required for the initial temperature499

profile. The shown results include the temperature at the bottom of the crust (Tcr), lithosphere-500

mantle (Tl), and the thickness of the crust (Dcr) and lithosphere-mantle (Dl). The val-501

ues of radioactive heating rate in the lithosphere can be found in previous section.502
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