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Abstract 14 

Cratons are cold regions of continents that have remained stable since at least the 15 

Precambrian. The longevity of cratons is often attributed to chemical buoyancy and/or 16 

high viscosity of cratonic root material. Yet examples of destructed cratons (such as the 17 

North China Craton) suggest that there are conditions under which chemical buoyancy 18 

and/or high viscosity are insufficient to keep cratons stable. The formation of continental 19 

rifts, as weak zones that reduce the total stresses of cratons, may be a mechanism that 20 

increases the longevity of cratonic lithosphere. Since continental rifts result from 21 

localized deformation, understanding the mechanism of shear localization is thus 22 

important for understanding the stability or breakup of cratons. Here, we perform 2-D 23 

numerical models for a cratonic lithosphere under extension to understand the initiation 24 

of shear localization, for visco-elasto-plastic rheologies. Results reveal that three modes 25 

of deformation exist: no localization, symmetric localization and asymmetric localization. 26 

To further understand the underlying physics, we develop a 1-D semi-analytical method 27 

that predicts the onset of localization as well as whether rifting will be symmetric or 28 

asymmetric. Applications of the semi-analytical method to geological settings show that 29 

fast deformation, cold thermal state or strong mantle rheology may result in localized 30 
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deformation and stabilize the remaining adjacent cratons. Our results successfully 31 

interpret the major features of the North China Craton.  32 

 33 
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1. Introduction 37 

Archean cratons are regions of continents that have remained undeformed since at 38 

least the Precambrian. They are characterized by relatively low surface heat flow, 39 

diamond deposits in kimberlites, and thick keels with high seismic velocities. Most 40 

Archean cratons have undergone minimal internal deformation, despite being directly 41 

adjacent to orogens or rifts (e.g. the east African Rift System, the Baikal Rift) at their 42 

boundaries (e.g. Stern et al., 1994; O'Neill et al., 2008; Sengor, 1999).  43 

Yet, there are examples showing that cratonic lithosphere can be destructed as 44 

well e.g. the Wyoming Craton and the North China Craton (NCC) (Eggler et al., 1988; 45 

Carlson et al., 2004; Fan & Menzies, 1992; Menzies et al., 1993; Griffin et al., 1998).  46 

Although the longevity of cratonic lithosphere is often attributed to chemical 47 

buoyancy and/or high viscosity of cratonic root material (Shapiro et al., 1999; Sengor, 48 

1999), they are relatively ineffective if cratons are involved with subduction zones 49 

(Lenardic et al., 2000,2003). The existence of weak mobile zones surrounding cratons, in 50 

addition, was proposed to be a possible mechanism to increase the longevity of cratonic 51 

lithosphere (Lenardic et al., 2000). Such weak zones could be continental rifts and 52 

orogens that have relatively low yield stresses. Once a weak zone is initiated, the 53 



integrated stress of the lithosphere would reduce significantly which keeps the remaining 54 

part of the craton relatively undeformed. This might explain why most cratons are stable, 55 

even though they are adjacent to rifts or orogens (O'Neill et al., 2008). The formation of 56 

continental rifts is due to lithospheric runaway in which deformation is strongly localized 57 

in narrows zones (e.g., England, 1983; Buck, 1991; Buck et al., 1999). While some 58 

authors (e.g. England, 1983; Buck et al., 1991) extended the concept of rifts to be narrow 59 

rifts or wide rifts, it is the narrow rifts that behave as weak zones and stabilize cratons. 60 

Wide rifts, in contrast, can be observed in destructed cratons, e.g. the eastern North China 61 

Craton (Zhao & Xue, 2010), and the West Siberia Basin (Armitage & Allen, 2010). They 62 

are thought to result from stretching of relatively thick continental lithosphere without 63 

shear localization (Armitage & Allen, 2010; Buck, 1991). Better understanding the 64 

mechanisms of localization is thus important to understand dynamics of continental 65 

evolution.  66 

A number of studies have been focusing on the mechanisms of localization (e.g. 67 

Bercovici & Karato, 2003; Montesi & Zuber, 2002; and references therein). Dynamic 68 

mechanisms of self-softening are required to generate localization (Bercovici & Karato, 69 

2003; Montesi and Zuber 2002). Proposed mechanisms include grain size reduction 70 

(Kameyama et al., 1997; Jin et al., 1998; Braun et al., 1999), grain boundary sliding 71 

(Precigout & Gueydan, 2009), two phase damage (Bercovici et al., 2001a; Bercovici et al., 72 

2001b; Landuyt & Bercovici, 2009) with microcrack or void generation (Ashby & 73 

Sammis, 1990; Regenauer-Lieb, 1999), lattice preferred orientation of olivine (Tommasi 74 

et al., 2009), or shear heating (Schubert & Turcotte, 1972; Bercovici, 1996; Regenauer-75 

Lieb & Yuen, 2004;). In this study we focus on the thermal feedback, the coupling of 76 



shear heating and temperature-dependent viscosity, as the softening mechanism. This 77 

process has been intensively studied over last decades (e.g. Braeck & Podladchikov, 2007; 78 

Kameyama et al., 1999; Ogawa, 1987; Burg & Schmalholz, 2008; Kaus & Podladchikov, 79 

2006; Regenauer-Lieb et al., 2001; Schmalholz et al., 2009; Crameri & Kaus, 2010). One 80 

and two-dimensional models illustrated that this mechanism might indeed cause 81 

lithospheric-scale shear zones. Yet, because many parameters were involved, it was 82 

difficult to understand which of those were the key parameters. Therefore, Kaus and 83 

Podladchikov (2006) performed a systematical study and derived scaling laws for the 84 

onset of localization. The scaling law showed that the onset of localization is given by 85 
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, where  is the thermal diffusivity, eff  the effective viscosity and 86 

L  the heterogeneity length scale. 
2/E nRT   is the e-fold length of the viscosity. 87 

Crameri and Kaus (2010) further extended the parameter study by taking into account the 88 

rheological stratification of the lithosphere as well as non-linear power law rheologies for 89 

a lithosphere under compression. The 1-D models derived in this latter study were 90 

capable of predicting whether localization occurs or not. Yet, they typically predicted 91 

localization to initiate at smaller strains than observed in 2-D numerical simulations. Here, 92 

we improve this and propose a new semi-analytical model to predict the onset of shear 93 

localization under extensional boundary conditions. The semi-analytical model is 94 

compared with numerous 2-D numerical simulations that model a thick lithosphere with 95 

Earth-like rheology and stratification under pure-shear extension. The 2-D simulations 96 

reveal three distinct modes of deformation, namely (1) the no localization mode, (2) the 97 

symmetric localization mode, and (3) the asymmetric localization mode. It is 98 



demonstrated that the semi-analytical model is capable of predicting the occurrence of 99 

localization, including whether rifting is symmetric or asymmetric. In a next step, we use 100 

our results to speculate on the causes of the breakup of the NCC.   101 

 102 

2. Model setup 103 

 104 

2.1 Mathematical Equations 105 

The incompressible Boussinesq equations for a slowly deforming lithosphere are 106 

given by 107 
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where iv  is the velocity, ix  the spatial coordinates, t the time, T the temperature,   111 

the density,   the thermal expansivity, ig  the gravitational acceleration, 112 

ijijij P    the total stress, 3/iiP   the pressure,  
ij  the Kronecker delta, 113 

ij  the deviatoric stress, 
pc  the heat capacity, k the thermal conductivity, rH  the 114 

radioactive heat production, and )
2

1
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The strain rate is defined as  116 
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The rheology of rocks is Maxwell visco-elasto-plastic: 118 
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where   is the effective viscosity, G the elastic shear module,   the plastic multiplier, 121 

Q the plastic flow potential and 
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The creep rheology is strain rate and temperature dependent: 123 
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where A  is a pre-exponential parameter, n  the power-law exponent, 125 

5.0

2 )5.0( ijijnd     the second invariant of the strain-rate tensor, E  the activation 126 

energy and R  the universal gas constant.  127 

The brittle strength of crustal rocks is approximated by Mohr-Coulomb plasticity: 128 
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where 
5.022* )))(5.0(( xzxxzz   , )(5.0*

zzxx   , C  cohesion and   the 132 

internal angle of friction. For rocks in the mantle, the yield strength is described by 133 

"Peierls" or "low-temperature" plasticity. Here the formulation of Goetze and Evans 134 

(1979) is applied which is valid for differential stresses that are larger than 200 MPa: 135 
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with 
0 =8.5×10

9
 Pa, 

0E =5.7×10
11

 s
-1

 and 0H =525 kJ/mol. 137 

 138 

2.2 The 2-D Model 139 

Our standard 2-D setup is 800km wide by 670km deep (Figure 1). The model is 140 

laterally homogeneous and consists of an upper crust (25km), a lower crust(15km), a 141 

mantle lithosphere(150km) and asthenosphere mantle(480km) (see table 1 for model 142 

parameters). The whole model with a free surface is subjected to pure shear extension 143 

with prescribed extensional strain rate bg . The thermal boundary conditions are zero-144 

flux at side boundaries and isothermal at the top (0 
°
C) and the bottom (1600 

°
C) 145 

boundaries. The steady-state initial temperature is obtained by performing half-space 146 

cooling from 1600
 °
C to 0

 °
C at the surface over a time thermal age. The deep part of the 147 

mode, where temperature is greater than 1300
 °
C, is replaced by an adiabatic temperature 148 

gradient of 0.5 
°
C /km. Deviatoric stresses are initially zero. The extensional strain rate is 149 

varied from 10
-16

 to 10
-13

 s
-1

. The initial thermal age, which indicates temperature of the 150 

lithosphere by conduction only, is varied from 50Ma to 2000Ma. It should be noted that 151 

the thermal age is typically different from geological ages. Due to convection in the real 152 

Earth, the lithosphere doesn’t cool down significantly after about 600 Ma of geological 153 

age. Yet, as we would like to do systematic simulations and obtain the onset of 154 

localization versus lithosphere strength and extension strain rate, we still perform 155 

simulations with these parameters although they are somewhat unrealistic. Random noise 156 

is present in the models because the locations of the tracers are initially randomly 157 



perturbed. Tests with prescribed small weak seeds reveal that such weak seed would 158 

focus strain localization and result in an earlier occurrence of localization. No additional 159 

thermal or rheological heterogeneities are included in the model.  160 

The 2-D simulations are done with the finite element code MILAMIN_VEP 161 

(Kaus et al., 2010, Crameri and Kaus 2010). MILAMIN_VEP solves a visco-elasto-162 

plastic problem in a purely Lagrangian manner, and uses remeshing to deal with large 163 

deformations. The crust has a Mohr-Coulomb plasticity and the mantle has a low-164 

temperature (Peierls) plasticity (Goetze and Evans, 1979). Shear heating is included. The 165 

code has been benchmarked and used in a number of previous studies (e.g. Kaus et al., 166 

2009, Schmeling, et al., 2008, Schmalholz et al., 2009; Crameri & Kaus, 2010). The 167 

resolution in this work is set to be 201×201 for the mesh grids. Tests with higher 168 

resolution indicate that increasing the resolution yields narrower shear zones but does not 169 

alter the overall results significantly. Around 0.2 million randomly distributed markers 170 

are used. We find that perturbation introduced by the randomness of markers is sufficient 171 

to initiate not only symmetric but also asymmetric localizations. 172 

 173 

2.3 1-D semi-analytical model 174 

 In order to obtain a better insight in the results of the 2-D simulations, we have 175 

also developed a 1-D model, which has exactly the same stratification as the 2-D setup 176 

but assumes that the lithosphere is laterally homogeneous and deformed by pure shear 177 

extension only. The composition and boundary conditions are laterally homogeneous. 178 

The force equilibrium gives: 179 
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The model is first considered visco-elastic: 181 
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By discretizing the time term of the equation implicitly, the stress for the new time step at 184 
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If the stresses are larger than the yielding stresses, plasticity is applied. The plasticity 187 

applied in the crust is Mohr-Coulomb yield function (see equation (4) ). In the 1-D model, 188 

when yielding occurs, the stresses are set to be the yield stresses, i.e.  189 
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where y

MR  is the critical radius of Mohr circle of yielding and y

1  and y

3   are the 194 

critical first and third principal stresses of yielding, respectively. 
xz  is zero and zz  is 195 

given by equation (6). In the mantle, if the differential stresses are larger than 200 MPa, 196 

Peierls plasticity (equation (5)) is applied. 197 

 198 

3. 2-D results 199 



Over 300 2-D simulations are performed by systematically varying lithosphere 200 

thermal age and extensional strain rate, which results in three end members of 201 

deformation modes: no localization, symmetric localization and asymmetric localization 202 

(see Figures 2,3,4).  203 

An example of a simulation in which localization does not occur ("no localization 204 

mode") is shown on Figure 2 (simu592, 10
-14 

s
-1

, 200Ma). It has a thermal age of 200Ma 205 

and an extension strain rate of 10
-14

 s
-1

. The whole model results in a pure-shear thinning 206 

until more than 100% extension. The deformation is homogeneous during extension. The 207 

temperature at the Moho, which indicates the potential for thermal localization, is nearly 208 

constant which indicates that no localized shear zone is initiated.  209 

A model with the same parameters but with an older thermal age (400Ma) results 210 

in symmetric localization (simu600, 10
-14

 s
-1

, 400Ma) (Figure 3). The deformation in this 211 

model is relatively homogeneous until ~25% strain. After 50% strain, the lithosphere 212 

undergoes necking at the location where a set of symmetric shear zone develop. The 213 

temperature at the Moho depth arises locally about 50 degrees up in the shear zone.  214 

If the thermal age of the lithosphere is further increased (1000Ma) with the same 215 

overall parameters, asymmetric localization occurs (simu591, 10
-14 

s
-1

, 1000Ma) (Figure 216 

4). Due to the randomness of tracers in our models, the localized shear zone is randomly 217 

located. As seen in Figure 4, the shear zone is observable at ~25% strain, and asymmetry 218 

is significantly developed at ~30% strain, which is notable in both strain rate and 219 

composition fields. Contour plots of temperature indicate that the temperature in the shear 220 

zone, which is fully asymmetric, is more than 100 
°
C higher in the shear zone compared 221 



with the surrounding rocks. The maximum amplitude of localization appears at the upper 222 

most mantle.  223 

In our study, localization arises from thermal weakening associated with shear 224 

heating. As a result, the temperature in the localized shear zone is larger then that of the 225 

surrounding rocks. We can thus distinguish localization from no localization models in an 226 

automated manner by using the Moho temperature as a criteria. Here, we consider models 227 

to be localized if the Moho temperature is locally >50 
°
C higher than the average (see 228 

Figures 2,3,4). To distinguish symmetric versus asymmetric localization, however, we 229 

use an empirical method based on the 2-D composition and strain rate distribution. Only 230 

cases with well-defined narrow shear zones (Figure 4) across the lithosphere are treated 231 

as asymmetric localization. Those cases with simple necking of the lithosphere are 232 

defined as symmetric localization (Figure 3).  233 

 234 

4. Semi-analytical model 235 

In this section we develop a semi-analytical model based on the scaling law 236 

derived by Kaus and Podladchikov (2006). Following the work of Crameri and Kaus 237 

(2010), we define localization number as  238 
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, which predicts localization when 1locI  . All parameters are known in the 1-D code 240 

described in section 2.2 except the length scale L . The onset of localization is 241 

independent on the shear modulus and the initial stress, but is a strong function of the 242 

length scale L (Kaus & Podladchikov, 2006). In the work of Kaus and Podladchikov 243 



(2006,) L  is simply the radius of initial heterogeneity with a temperature step. 244 

However, as we do not introduce any initial thermal or rheological heterogeneity of 245 

significant size, the physical meaning of the length scale L  in our work is unclear. In 246 

the study of Crameri and Kaus (2010) the thickness of plastic layer is used as the 247 

characteristic length scale L . Here we take a different approach. Since the mechanism 248 

of localization we consider in this work is the coupling of shear heating and temperature-249 

dependent viscosity, here we derive the length scale L  based on the additional 250 

temperature increase induced by shear heating, compared to a model without shear 251 

heating.  252 

First, we consider a simple 1-D heat diffusion model with an initial temperature 253 

step T  in the center with a width L  (see Fig.5a). Temperature diffuses until the 254 

maximum temperature becomes slightly smaller than T . As shown in the figure, the 255 

initial perturbation width L  is approximately equal to the part where temperature is 256 

greater than / 2T , which is called "peak width" hereafter. Thus one can recover the 257 

initial perturbation width L  from a given temperature profile. Similarly, in the current 258 

study, the temperature differs from steady state as 
diff SH noSHT T T  , where 

SHT  is the 259 

temperature profile computed in a 1-D model with shear heating, and 
noSHT  that in a 260 

model without (Hs=0 in equation 1). Typically a single peak is located in the mantle 261 

lithosphere where the stress is largest. Yet in some cases, for example in a warm 262 

lithosphere, there will be another smaller peak in the upper crust and this leads to an over-263 

estimating of L . Therefore, we use max( diffT )/2+4 as the temperature criteria to 264 

compute the length scale L . Tests indicate that the amount of additional 4 degrees is 265 



sufficient to overcome this problem while it is negligible once the single peak is 266 

dominating.    267 

With the characteristic length scale L  being defined and the stress profile (Fig. 268 

6a) being calculated, we can compute 
locI  as a function of depth for a given setup (Fig. 269 

6b). The maximum of 
locI  appears in the upper most mantle, consisting with 2-D 270 

simulations which show that localization is typically initiated below the Moho (e.g. 271 

Figure 4). If the maximum of 
locI  is greater than 1, localization is expected to occur. As 272 

we use a viscoelastic rheology, 
locI  evolves with time, and a typical evolution of the 273 

maximum of 
locI  for non-localization, symmetric and asymmetric localization as a 274 

function of strain is shown in Fig. 6d. Localization is predicted to occur for the setups in 275 

Figure 3 and Figure 4, consistent with the numerical results.   276 

Moreover, we can also distinguish different deformation modes of symmetric and 277 

asymmetric localization. The evolution of localization number provides insights into the 278 

mechanism of localization. In the setup c) (asymmetric localization), 
locI  first increases 279 

rapidly and then decreases after around 15% strain (see Fig. 6d). Although the strain 280 

when the localization number gets maximum is somewhat earlier than that of 2-D 281 

simulation (see Fig. 4), they are consistent to the first order. The decreasing of 282 

localization number may be explained as following. In setup c) with an old thermal age, 283 

in which the strength of the lithosphere is quite strong, the rate of thermal energy 284 

generated by shear heating is much faster than thermal diffusion and therefore the energy 285 

strongly accumulates in a narrow shear band. With the increasing of the maximum of 286 

diffT , the width of heterogeneity, as defined by the peak width, becomes narrower (See 287 



Fig. 6c). Thus the localization number reduces when 
diffT  is arising. In this setup, the 288 

maximum of diffT  exceeds 100
o
C (Figure 6e), reduces the viscosity by a factor of 10 or 289 

more, which was previously demonstrated to be sufficient to result in asymmetric 290 

localization (Huismans & Beaumont, 2003). In contrast, in the symmetric localization 291 

setup, the localization number increases continuously until the final state. The rate of heat 292 

production in this simulation is only slightly larger than the rate of heat conduction. 293 

Therefore the width of the peak grows continuously due to the diffusion of diffT  at the 294 

same time when the energy of shear heating accumulates in the shear zone. 
locI  295 

increases continuously and gets significantly large when the strain is more than 50%. 296 

This is well consistent with 2-D simulations (see Fig. 3) that necking of the lithosphere 297 

occurs after 50% of strain. The maximum of diffT  in this case is around 50
o
C, that 298 

reduces the viscosity by a factor of around 3. Combining with the fact that the 299 

localization number is greater than 1, this predicts a symmetric localized zone, in 300 

accordance with 2-D numerical results.   301 

A further probe of viscosity evolution that compares the 1-D model with shear 302 

heating (solid lines) with the one without (dash lines) is performed for the setups in which 303 

localization develops (see Figure 6f and 6g for setups b) and c), respectively). We show 304 

the temporal evolution of both the effective and power law viscosity in the mantle 305 

lithosphere, where the effective viscosity includes the effect of low-temperature plasticity. 306 

The viscosities in the setups without shear heating remain nearly constant, which 307 

indicates that the self-softening effect without shear heating is insufficient to generate 308 

localization. In contrast, the viscosities decrease significantly once shear heating is 309 

introduced. Whereas the power law viscosity in the setup of symmetric localization 310 



reduces by a factor of around 3, a factor of >10 for the reduction of power law viscosity 311 

occurs in the setup of asymmetric localization. Yet the reduction of effective viscosity, in 312 

fact the Peierls viscosity here whose rheology does not strongly depend on temperature, 313 

is only minor, which is caused by the fact that stresses do not change dramatically in the 314 

1-D model, which is why the mantle lithosphere remains in the Peierls plasticity 315 

deformation regime. In 2-D models, however, stress drops very rapidly once the shear 316 

zone is initiated (Schmalholz et al., 2009). As a result, the shear-zone deforms in the 317 

power law creep regime rather then in the Peierls regime. The power law viscosity 318 

reduction of a factor 10 or more is in this case sufficient to induce asymmetric 319 

localization (Huismans et al., 2005). 320 

Based on the discussion above, we can thus use the 1-D models to compute a 321 

'phase-diagram' of localization for the standard model (Fig. 7a) and the model with dry 322 

olivine mantle (Fig. 7b). Since the thermal age affects the strength of the lithosphere via 323 

temperature, which is in reality a key factor of viscosity, we convert thermal ages to 324 

temperatures at the depth of 200km on the right side in Figure 7. The boundary between 325 

no localization and localization is given by 
locI =1. The boundary between symmetric and 326 

asymmetric localization is computed by recording the maximum drop of power law 327 

viscosity due to shear heating. Asymmetric localization occurs in models in which power 328 

law viscosity drops by a factor of 10 or more in the 1-D models. In addition, we have 329 

performed 2-D numerical simulations to test the 1-D predictions. The 2-D simulations we 330 

have performed cover Earth-like strain rate ranging from 10
-16

 s
-1

 to 10
-13

 s
-1

. Yet 331 

convection is initiated in the asthenosphere in 2-D models with a background strain rate 332 

smaller than 5×10
-15

 s
-1

. In this case, most of the computation is spent on resolving the 333 



convection and the simulations become very time consuming. Therefore most of our 2-D 334 

simulation results cover relatively fast strain rates. Comparisons of such phase-diagrams 335 

and 2-D results are plotted in Figure 7 for both the standard setup and the one with dry 336 

olivine mantle. The different mechanical modes of deformation predicted by the semi-337 

analytical model are highlighted as shaded areas. Insets of 2-D simulations for the setups 338 

discussed above illustrate different modes of deformation (Fig. 7). There is a good 339 

agreement between 1-D and 2-D results, which thus demonstrates that the semi-analytical 340 

model is capable of predicting the onset of symmetric/asymmetric localization. 341 

 342 

5. Applications 343 

Stability of cratons 344 

A number of studies addressed the longevity of cratons to the chemical buoyancy 345 

due to high degrees of melt-depletion and the high viscosity imparted by the low 346 

temperatures (Jordan, 1975,1978; Pollack, 1986; Doin et al., 1997; Shapiro et al., 1999; 347 

Sengor, 1999). However, geodynamic calculations suggested that they are relatively 348 

insufficient to prevent the cratonic root from being recycled during convection over 349 

billions of years (Lenardic et al., 2000, 2003; Sleep, 2003; O’Neill et al., 2008). A recent 350 

analysis showed that cratons are more likely to be generated if the Rayleigh number of 351 

the mantle is larger, such as was the case in the Archean (Cooper and Conrad, 2010). The 352 

decrease of mantle Rayleigh-number with time increases basal tractions, which makes it 353 

more likely for the craton to be destroyed. Yet, as soon as a craton is surrounded by weak 354 

zones, the stresses associated with mantle convection are buffered and the craton is 355 

prevented from being further deformed (Lenardic et al., 2000,2003). Such weak zones 356 



could result from either symmetric or asymmetric localization of the lithosphere under 357 

extension, and additionally contribute to the longevity of cratons.  358 

Our semi-analytical model predicts a wide range of parameter space for 359 

localization for both the standard model and the model with dry olivine mantle. On one 360 

hand, at a certain extension strain rate, a cold thermal state (old thermal age) tends to 361 

develop localization, while the lithosphere under a hot thermal state (young thermal age) 362 

is more likely to deform without localization. The conditions for localization predicted in 363 

our study are in good agreements with the initial thermal condition that forms narrow rifts 364 

(Buck, 1991). Buck (1991) pointed out that none of narrow rifts were formed in a hot 365 

lithosphere (with a heat flow higher than 60-70mW m
-2

). Therefore a sufficient cold 366 

thermal state is required to keep cratons stable. On the other hand, with a certain thermal 367 

age, faster deformation is favored to initiate localization. For cratonic thermal ages 368 

(>400Ma), a major part of Earth-like extension strain rate locates in the region of 369 

localization, with dry lithosphere developing localization easier than wet lithosphere. It 370 

implies that most cratons can form narrow rifts and keep stable. In other words, it is more 371 

likely that cratons may deform uniformly without localization under very slow extension 372 

or in a water-rich condition.  373 

 374 

Water in the Mantle Lithosphere 375 

The strength of olivine is strongly dependent on the content of water (Chopra & 376 

Paterson, 1984; Karato, 1986; Mackwell et al., 1985; Hirth & Kohlstedt, 1996; Kohlstedt, 377 

2006). The water content in the upper mantle may vary regionally (Huang et al., 2005; 378 

Katayama et al., 2005; Ichiki et al., 2006; Peslier, et al., 2010). A recent study by Karato 379 



(2011) has suggested high water content (up to 1 wt% ) in the mantle transition zone, 380 

with eastern China significantly higher than other continental regions. Some authors (e.g. 381 

Zhu & Zheng, 2009) suggested that the destruction of NCC may be related to water 382 

content in the mantle. The NCC is one of the most striking examples for the destruction 383 

of cratons, which was proposed to have formed in the Paleoproterozoic age by the 384 

amalgamation of two Archean blocks, the western (or “Ordos”) and eastern blocks, along 385 

the Trans-North China orogen (or “Central Block”) (e.g. Zhao et al.,2001). Later in the 386 

late Mesozoic and Cenozoic, the eastern part underwent from having a thick (~200km) 387 

lithosphere to its current much thinner lithosphere (60-80 km) (Griffin et al, 1998; Chen 388 

et al., 2006a, 2008; Zheng et al., 2008,2009; Zhao et al., 2009). The western part however 389 

remains stable, with a lithosphere thicker than 200 km (Chen et al., 2009; Zhao et al., 390 

2009; Chen, 2010 ). A narrow rift (Shaanxi-Shanxi Rift on the order of 100 km wide) in 391 

the Central Block seperates the NCC into the stable western block and the destructed 392 

eastern block (Zhao & Xue, 2010). The eastern NCC is believed to have been affected by 393 

an extensional stress field, as evidenced by a series of half-graben basins as well as 394 

seismic anisotropy patterns (Ren et al., 2002; Zhao & Zheng, 2005; Zhao et al., 395 

2007,2008). It has formed a basin (Bohai Bay Basin) with a maximum width of about 396 

450km (Chen et al., 2006b; Zhao & Xue, 2010). Receiver function studies (Chen et al., 397 

2006b; Zheng et al., 2007,2008,2009 ) showed a thinned (~30 km) crust with small 398 

thickness variations in the eastern NCC compared to a thicker (~40 km) crust in the 399 

western NCC. It thus suggests that the eastern NCC has deformed in a “wide rifting” 400 

mode. A seismic tomography study beneath the northeast Asia shows a stagnated slab in 401 

the mantle transition zone, whose front end is located below the boundary of the eastern 402 



and western NCC (Zhao & Ohtani, 2009; Huang et al. 2006). It is thus possible that the 403 

lithosphere of the eastern NCC is water-rich due to the dehydration of the subducted 404 

oceanic slab compared to the western NCC.  405 

Here we apply our semi-analytical model to both the eastern and western NCC. 406 

Since the western NCC is stable, it is reasonable to take its present-day stratification as 407 

the pre-extension model for the eastern NCC. Our eastern/western NCC model is defined 408 

having a 200km lithosphere, including a 25km upper crust and a 15km lower crust. The 409 

rheologies for the upper crust and lower crust are the same as that in the standard model. 410 

The rheologies for the mantle, however, are different. "Dry olivine" is applied in the 411 

western NCC model while "wet olivine" is used in the eastern NCC model. The results 412 

for the occurrence of localization show that the thermal age required for localization in 413 

the western NCC model at a certain background strain rate (say ~10
-15

 s
-1

) is generally 414 

younger than that in the eastern NCC model (Fig. 8a). This implies the western NCC is 415 

easier to develop localization and form narrow rifts, which keeps the western NCC stable. 416 

In contrast, the eastern NCC tends to deform without localization. The shaded area in 417 

Figure 8a indicates the conditions under which the western NCC is stable and the eastern 418 

NCC is destructed. For the NCC prior to extension, in which the thermal age is assumed 419 

to be 500Ma, the temperature is about 1300
o
C at the base of the 200-km thick lithosphere. 420 

According to the prediction, our model constraints the maximum extension strain rate of 421 

NCC to be 1×10
-15 

s
-1

. Considering the thinning of crustal thickness from 40km to 30km 422 

in the eastern NCC, such a strain rate predicts a minimum extension period of ~10Ma. 423 

This coincides in the first order with the duration of large-scale gold mineralization 424 

(Yang et al., 2003) and magmatic activity (Wu et al., 2005) in this region.  425 



As the next step, we combine our semi-analytical model with a rheology of wet 426 

olivine which is a function of water concentration that is introduced by Li et al. (2008). 427 

We take all parameters from Li’s study except ignoring activation volume due to the 428 

lack of pressure dependency in our model. The flow law of olivine is given as (Mei & 429 

Kohlstedt, 2000) 430 

1

2
exp( )

n r cre
cre H O

Q
A f

RT
    431 

with 1( ) 11600MPa s
n r

creA
   , 1 3.5n  , 1.2r  , 

1530kJ molcreQ  ;   and   are 432 

strain rate and shear stress, respectively. 433 

2

2 3

0 1 2 3exp( ln ln ln )H O OH OH OHf c c C c C c C     434 

is water fugacity, with 0 7.9859c   , 1 4.3559c  , 2 0.5742c   , 3 0.0337c  , and 435 

2H Of  in MPa and COH is water concentration in H/10
6
Si.  436 

By fixing thermal age at 500Ma for cratonic condition, and varying extension 437 

strain rate and water concentration, our prediction suggests that the critical minimum 438 

water concentration required to let the Eastern NCC deform without localization depends 439 

on the extension strain rate (Figure 8b). For small strain rates, less water is required for 440 

the Eastern NCC to keep remaining in the “no localization” phase. Once the extension 441 

strain rate is determined, the critical amount of water can then be obtained. Given the 442 

maximum extension strain rate for the Eastern NCC, for example, at 10-15 s-1, at most 443 

~3000 H/106Si of water is sufficient to reduce the strength of the lithosphere and make it 444 

deform in the manner of wide-rift. This is comparable with water content in the mantle 445 

transition zone or subduction zones suggested by other studies (e.g. Dixon et al. 2004; 446 

Karato 2011).  447 



However, whereas the crust in the eastern NCC thins from ~40km to ~30km, the 448 

lithosphere has much larger thinning from ~200km to ~100km, due to differential 449 

thinning (e.g. McKenzie, 1978; Steckler, 1985; White & McKenzie, 1988), which is not  450 

well predicted in our model. Some other mechanisms might thus also partly contribute to 451 

the thinning of the lithosphere. Hydration alone, for example, could weaken the 452 

lithosphere and initiate the thinning of the mantle lithosphere (Li et al., 2008). It has been 453 

suggested (Komiya & Maruyama 2007; Kusky et al., 2007) that the dual subduction of 454 

the Pacific and Indo-Australian plates may double the amount of water transported into 455 

the mantle transition zone under the marginal basins of the Western Pacific and under the 456 

North China Craton. Therefore, the mantle transition zone might be a reservoir of water 457 

during plate tectonics and raises a possibility to hydrate the lithosphere of the eastern 458 

NCC before extension. 459 

 460 

Peierls strength 461 

Only a few experiments on low temperature plasticity (Peierls plasticity) have 462 

been carried out over the past decades (Goetze, 1978; Evans & Goetze, 1979; Raterron et 463 

al., 2004; Katayama & Karato, 2008; Mei et al, 2010), and as a consequence, the flow 464 

laws are not well constrained. In order to better understand the effect of uncertainties in 465 

experimental parameters on the initiation of shear localization we compare results of a 466 

newly derived Peierls plasticity flow law (Mei et al., 2010) with the one used in this study 467 

(Goetze and Evans, 1979) (Fig. 9), which can be evaluated in a rapid manner using our 1-468 

D models. The flow law of the newly derived Peierls plasticity by Mei et al. (2010) is 469 

described as  470 



))1(
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RT
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with PA =1.4×10
-7

 s
-1

 MPa
-2

, )0(kE =320 km mol
-1

 and P =5.9 GPa. A plot of 472 

"Christmas Tree" indicates that the Peierls plasticity by Goetze and Evans (1979) has 473 

higher strength in the mantle (Fig. 9a). The prediction results (Fig. 9b) illustrate that the 474 

general trends remain the same but that Peierls plasticity affects both symmetric and 475 

asymmetric localization in parameter space with old thermal ages (>400Ma), in which the 476 

temperature of the lithosphere is low enough to meet the condition for "low-temperature" 477 

plasticity. Both symmetric and asymmetric localization is easier to initiate for the model 478 

with Peierls plasticity by Goetze and Evans (1979). In particular, the slower of the 479 

extension strain rate, the more important of the influence. Therefore simulations with a 480 

higher Peierls plasticity are more likely to develop localized zones, and suggest 481 

increasing possibility of stabilizing cratons.  482 

 483 

6. Conclusions 484 

We perform a systematic study on the conditions of strain localization in a thick 485 

lithosphere under extension, in which localization is caused by shear-heating related 486 

thermal weakening. In systematic 2-D models, we observe three end members of 487 

deformation of the lithosphere under extension, i.e. no localization, symmetric 488 

localization and asymmetric localization. A semi-analytical method is developed that 489 

gives insights in the underlying physics and helps to constrain the conditions for each of 490 

those end members. Sharp boundaries exist between different modes of deformation. We 491 

conclude that  492 



(1) A cold thermal state tends to develop lithospheric localization in comparison with a 493 

hot thermal state.  494 

(2) Faster deformation and colder thermal state are required to form lithospheric 495 

asymmetric localization in comparison with symmetric localization in our standard setup.  496 

(3) Mantle lithosphere with dry olivine rheology promotes the occurrence of localization.  497 

(4) Model Peierls's plasticity that results in larger differential stresses (Goetze and Evans, 498 

1979) predicts localization to occur easier. 499 

Applications to the destruction of cratons and continental break-up are discussed. 500 

As localization forms narrow rifts and protects cartons from being destructed, higher 501 

strength of the lithosphere, e.g. stronger rheology and colder thermal state, as well as 502 

faster deformation increases the likelihood that a localized lithospheric rift occurs, which 503 

shields the remaining pieces of the craton from subsequent deformation. Lithospheres 504 

with a weaker rheology instead deform in a homogeneous manner similar to the 505 

formation of wide rifts.  506 

 507 

 508 
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 Upper crust 

(Wet quartzite) 

 

Lower crust, weak 

(Diabase) 

Lower crust, strong 

(Columbia diabase) 

Mantle, wet 

(Wet olivine) 

Mantle, dry 

(Dry olivine) 

Elastic Shear Module(Pa) 1×1010 1×1010 1×1010 1×1010 1×1010 

Prefactor(s-1 Pa-n) 5.07×10-18 3.2×10-20 1.2×10-26 4.89×10-15 4.85×10-17 

Activation Energy(J•mol-1) 154×103 276×103 485×103 515×103 535×103 

Power law exponent 2.3 3.0 4.7 3.5 3.5 

Density(kg•m-3) 2800 2900 2900 3300 3300 

Cohesion(Pa) 1×107 1×107 1×107 1×107 1×107 

Friction angle(°) 30 30 30 30 30 

Thermal Conductivity(W•m-1•K-1) 2.5 2.5 2.5 3.0 3.0 

Heat Capacity(J•kg-1•K-1) 1050 1050 1050 1050 1050 

Radioactive Heat(W•m-3) 1×10-6 5×10-7 5×10-7 0 0 

Thermal Expansivity(K-1) 3.2×10-5 3.2×10-5 3.2×10-5 3.2×10-5 3.2×10-5 



 1000 

Figure 1. 1001 

(Left) Model setup for 2-D simulations. The model consists of an upper crust 1002 

(25km), a lower crust (15km), a lithospheric (150km) and an asthenospheric 1003 

(480km) mantle. The whole model has a constant strain rate condition at the 1004 

bottom and side boundaries, and a free surface boundary condition on the 1005 

top. Thermal boundary conditions are isotherm at the top (T=0) and bottom 1006 

(T=1600) boundaries and zero heat flux at side boundaries. 1007 

(Right) Illustration of initial temperature and strength profile for the standard 1008 

model with a thermal age of 500Ma under an extension strain rate of 10
-14

s
-1

. 1009 

Mohr-Colomb plasticity limits stresses in the crust and whereas Peierls 1010 

plasticity limits differential stresses in the mantle lithosphere. 1011 

 1012 



 1013 

Figure 2. Snapshots of a simulation in the no localization mode. The model 1014 

with a (young) thermal age of 200Ma extends at a strain rate of 10
-14

s
-1

. 1015 

Strain rate fields at different deformation stages are shown in the first three 1016 

plots. Moho temperature and a critera (blue line) that indicates the onset of 1017 

localization if the temperature is locally 50 degrees larger than the average 1018 

are also shown above each plot of strain rate field. The bottom plot shows 1019 

the composition field and isotherms.  1020 

 1021 



 1022 

Figure 3. Symmetric localization mode. The model with a (moderate) 1023 

thermal age of 400Ma extends under the same strain rate as the model of 1024 

Figure 2. The Moho temperature shows the occurrence of localization, with 1025 

the composition field indicating that the shear zone is symmetric.  1026 
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 1028 

 1029 

 1030 

 1031 



 1032 

Figure 4. Asymmetric localization mode. Conditions are the same as in the 1033 

models of Figure 2 and 3, but the thermal age of the lithosphere was 1034 

increased to 1000Ma. The Moho temperature shows the occurrence of 1035 

localization, with the composition field indicating that the shear zone is 1036 

completely asymmetric.  1037 

1038 



 1039 

 1040 

Figure 5. Definition of length scale R. Left) relationship between initial 1041 

temperature heterogeneity (dash line) and diffused temperature profile (solid 1042 

line) in a diffusion model. Right) Differential temperature between a 1-D 1043 

model with and the one without shear heating, with peak width defined. 1044 
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 1052 

 1053 

 1054 



 1055 

Figure 6. Stress profile (a) and localization number (b) calculated by the 1056 

semi-analytical model for the setups of Figure 2,3,4 at 15% of total strain. 1057 

The black line in (b) shows the critical value for the localization number. 1058 

Evolution of the length scale R (c), the localization number 
locI  (d) and the 1059 

differential temperature (e) are shown for the setups of Figure 2,3,4. The 1060 

critical value (dash line in (d) ) for the onset of localization is illustrated. (f) 1061 

and (g) illustrate the effective and power law viscosities (solid lines) for the 1062 

setups of symmetric localization and asymmetric localization, respectively. 1063 

As a comparison, evolutions of viscosities for the same setups but without 1064 

shear heating are shown as dash lines. In the case of asymmetric localization, 1065 

the power law viscosity drops by more than an order of magnitude, whereas 1066 

it is much less for symmetric localization.  1067 

1068 
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 1070 

 1071 

Figure 7. Prediction results of the semi-analytical model for the standard 1072 

model (a) and the model with dry olivine mantle (b). Data points indicate 2-1073 

D simulation results. Insets show three deformation modes for the setups in 1074 

Figure 2,3 and 4. Temperatures at the depth of 200 km for thermal ages on 1075 

the left side are shown on the right side respectively. 1076 
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 1080 



  1081 

  1082 

Figure 8. (a) Onset of lithospheric-scale localization applied to the NCC. 1083 

The solid line indicates the boundary of localization for the western NCC, 1084 

and the dash line for the eastern NCC. The shading area figures out the 1085 

parameter space when the western NCC develops localization whereas the 1086 

eastern NCC doesn't. The mantle in the western NCC is assumed to have a 1087 

dry olivine mantle rheology, whereas the eastern NCC is wet. (b) Onset of 1088 

localization versus extension strain rate and water concentration in olivine 1089 

for the setup of NCC which is assumed to have an initial thermal age of 500 1090 

Ma.  1091 
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 1093 

Figure 9.  1094 

a) Strength profile shows the Peierls stress by Goetze et al. (dash lines,this 1095 

study) and the newly derived one by Mei et al. (solid lines) for a background 1096 

strainrate of 10
-15

s
-1

. b) Prediction of the onset of localization for the Peierls's 1097 

plasticity by Goetze et al.(dash lines) and Mei et al.(solid lines), respectively. 1098 
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