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Abstract
 We conduct a two-dimensional numerical experiment on the lower crust under an intraplate strike-slip fault based on laboratory-derived power-law rheologies considering the effects of grain size and water. To understand the effects of far-field loading and material properties on the deformation of the lower crust on a geological time scale, we assume steady fault sliding on the fault in the upper crust and ductile flow for the lower crust. To avoid the stress singularity, we introduce a yield threshold in the brittle–ductile transition near the down-dip edge of the fault. Regarding the physical mechanisms for shear strain concentration in the lower crust, we consider frictional and shear heating, grain size, and power-law creep. We evaluate the significance of these mechanisms in the formation of the shear zone under an intraplate strike-slip fault with slow deformation. The results show that in the lower crust, plastic deformation is possible only when the stress or temperature is sufficiently high. At a similar stress level, [image: $$\sim$$]100 MPa, dry anorthite begins to undergo plastic deformation at a depth around 28–29 km, which is about 8 km deeper than wet anorthite. As a result of dynamic recrystallization and grain growth, the grain size in the lower crust may vary laterally and as a function of depth. A comparison of the results with constant and non-constant grain sizes reveals that the shear zone in the lower crust is created by power-law creep and is maintained by dynamically recrystallized material in the shear zone because grain growth occurs in a timescale much longer than the recurrence interval of intraplate earthquakes. Owing to the slow slip rate, shear and frictional heating have negligible effects on the deformation of the shear zone. The heat production rate depends weakly on the rock rheology; the maximum temperature increase over 3 Myr is only about several tens of degrees.[image: A40623_2017_668_Figa_HTML.gif]
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Introduction
Ductile shear zones are believed to exist in the lower crust below interplate strike-slip faults on the basis of various observational, experimental, and theoretical studies as well as geological observations of exhumed shear zones. Thermal weakening due to shear heating has been considered as an important process for the development and maintenance of shear zones (e.g., Yuen et al. 1978; Fleitout and Froidevaux 1980). Observation of the broadly distributed heat flow anomaly on the San Andreas Fault (see Lachenbruch and Sass 1980) has been explained by shear heating in the lower crust. The temperature anomaly in the lower crust can reach several hundred degrees, which can create an observable heat flow anomaly on the surface (e.g., Thatcher and England 1998; Leloup et al. 1999; Takeuchi and Fialko 2012). A large temperature anomaly can result in a weak zone with low seismic velocity that can be observed as a heterogeneous velocity structure in the seismic tomography data (Wittlinger et al. 1998). Furthermore, mylonite outcrops of exhumed faults (White et al. 1980) provide direct evidence for the existence of ductile shear zones in the lower crust under interplate (e.g., Rutter 1999; Little et al. 2002) and intraplate faults (e.g., Shimada et al. 2004; Fusseis et al. 2006; Takahashi 2015).
Compared with interplate faults, intraplate strike-slip faults have much smaller slip rates, at <1 mm/year, and their age is much younger in the Japanese Islands (less than 3 Myr; Doke et al. 2012). However, heterogeneous structures beneath intraplate strike-slip faults observed by seismic tomography (e.g., Nakajima and Hasegawa 2007; Nakajima et al. 2010) and magnetotelluric survey (e.g., Ogawa and Honkura 2004; Yoshimura et al. 2009) suggest the existence of localized weak zones in the lower crust just below intraplate active faults (Iio et al. 2002, 2004). The spatial resolution of these observations is insufficient to resolve the structures of such ductile shear zones. Therefore, understanding the mechanisms that lead to shear strain concentration in the lower crust beneath an intraplate strike-slip is an important step in understanding the deformation of the crust.
In this study, we construct a series of numerical models on the deformation in the lower crust below an active intraplate strike-slip fault based on laboratory-derived rheological laws. We simulate the evolution of viscosity and deformation patterns of the lower crust beneath an immature intraplate strike-slip fault on a geological timescale. We consider three mechanisms of strain localization: shear and fault frictional heating, grain size reduction, and power-law creep. The effect of water is quantitatively evaluated with water fugacity. We discuss the role of shear strain concentration mechanisms and boundary conditions in the development of the shear zone. In addition, we compare the shear zones beneath intraplate and interplate strike-slip faults to identify the controlling factors for lower crustal shear localization under intraplate strike-slip faults.

Model description
We simulated the deformation of the lower crust beneath an intraplate strike-slip fault by applying a velocity boundary condition representing far-field loading. We solved the stress equilibrium equation and the heat flow equation for a thermo-mechanical coupled model, and we used laboratory-derived rheological laws to control the behavior of rocks.
Model geometry
The model domain is 35 km thick in the vertical (z) direction and 30 km wide in the fault-normal (x) direction. The Mohorovičić (Moho) discontinuity is represented by a horizontal boundary at a depth of 35 km. Following Thatcher and England (1998), we considered the problem in a 2-D plane perpendicular to the fault trace, as shown in Fig. 1. We assumed two layers: a rigid upper crust and a ductile lower crust, and the entire crust is composed of wet or dry anorthite. In the upper crust where brittle failure is the dominant mode of deformation, an infinitely long vertical creeping fault is assumed with the fault strike parallel to the y-axis. The lower crust is deformed by plastic flow, and there is a semi-brittle regime between the upper and the lower crust. The lower boundary of the semi-brittle regime is the brittle–ductile transition (BDT), the depth of which depends on the assumption of crustal rheology (Table 1). Considering the symmetry of the vertical strike-slip fault, our model region includes only one side of the fault bounded by the surface and a vertical plane of bilateral symmetry, which is taken to be the center of the shear zone.[image: A40623_2017_668_Fig1_HTML.gif]
Fig. 1Model geometry




                           Table 1Model configurations


	Model
	Crustal rheology
	Fault type
	Grain size

	W1C
	Wet anorthite
	Intraplate strike-slip fault
	Constant (L = 500 µm)

	D1C
	Dry anorthite
	Intraplate strike-slip fault
	Constant (L = 500 µm)

	W30C
	Wet anorthite
	Interplate strike-slip fault
	Constant (L = 500 µm)

	W1E
	Wet anorthite
	Intraplate strike-slip fault
	Equilibrium

	D1E
	Dry anorthite
	Intraplate strike-slip fault
	Equilibrium

	W30E
	Wet anorthite
	Interplate strike-slip fault
	Equilibrium


Six model configurations were tested by this study. The rheological parameters for anorthite are summarized in Table 2. The nomenclature of the model configuration is as follows: The first letter denotes water content (D, dry; W, wet), and the last letter denotes grain size (C, constant; E, equilibrium). The number between two letters denotes the total relative velocity in mm/year



                        

Rheology
The constitutive relation for the plastic flow of rocks is described as follows (e.g., Bürgmann and Dresen 2008):[image: $$\begin{aligned} \dot{\varepsilon } = A \tau _{{\rm s}}^{n} L^{-m} f_{{\rm H_{2}O}}^{r} {{\rm exp}}\left(-\dfrac{Q+pV}{RT} \right) , \end{aligned}$$]

 (1)

where [image: $$\tau _{\rm s}$$] is the maximum shear stress given by the square root of the second deviatoric stress invariant. L is the grain size. [image: $$f_{{\rm H_{2}O}}$$] is water fugacity. Q and V are activation energy and activation volume, respectively. R is the universal gas constant. p is pressure, and A, n, m, r are material constants. The laboratory-derived parameters for anorthite are summarized in Table 2. Regarding the physical mechanism of plastic flow, in this study, we considered both diffusion creep and dislocation creep. For a given mineral, we assume that the same shear stress controls the two deformation mechanisms (e.g., Gueydan et al. 2001; Montési and Hirth 2003). Under this assumption, the total strain rate [image: $$\dot{\varepsilon }_{\rm total}$$] is expressed as the sum of the diffusion creep strain rate [image: $$\dot{\varepsilon }_{\rm diff}$$] and the strain rate caused by dislocation creep [image: $$\dot{\varepsilon }_{\rm disl}$$].[image: $$\begin{aligned} \dot{\varepsilon }_{{\rm total}}=\dot{\varepsilon }_{{\rm diff}}+ \dot{\varepsilon }_{{\rm disl}} \end{aligned}$$]

 (2)

One can define the effective viscosity, such that[image: $$\begin{aligned} \eta _{{\rm eff}}=\dfrac{\tau _{s}}{\dot{\varepsilon }_{{\rm total}}}. \end{aligned}$$]

 (3)

The grain size in this study is assumed following the model proposed by Bresser et al. (1998), who argued that grain growth occurs in the diffusion creep regime to increase the grain size to a size sufficient for dislocation creep to occur and dynamic recrystallization in dislocation creep regime leads to a grain size small enough for diffusion creep to occur. They postulated that the grain size is determined by the equation for Equilibrium Grain Size ([image: $$L_{{\rm EGS}}$$]):[image: $$\begin{aligned} \dot{\varepsilon }_{{\rm diff}}(T,p,\tau ,L)=\dot{\varepsilon }_{{\rm disl}}(T,p,\tau ) \end{aligned}$$]

 (4)

where T is temperature, p is pressure,[image: $$\tau$$] is shear stress, and L is grain size. Combining Eqs. 1 and 4, we can obtain the expression for [image: $$L_{{\rm EGS}}$$], which is a function of temperature and shear stress:[image: $$\begin{aligned} L_{{\rm EGS}}=\left[ \dfrac{A_{{\rm diff}}}{A_{{\rm disl}}\tau ^{n_{{\rm disl}}-1}_{s}} {{\rm exp}}\left(\dfrac{Q_{{\rm disl}}+pV_{{\rm disl}}-Q_{{\rm diff}}-pV_{{\rm diff}}}{RT}\right) \right] ^{\dfrac{1}{m_{{\rm diff}}}} \end{aligned}$$]

 (5)

The subscript diff and disl refer to the rheological parameters for diffusion creep and dislocation creep in Table 2. From this assumption, we expect a large variation in grain size under the thermal and stress conditions of the lower crust (Fig. 2). We also tested a case of a Constant Grain Size ([image: $$L_{\rm CGS}$$]) of 500 [image: $$\upmu {\mathrm{m}}$$] for comparison.[image: A40623_2017_668_Fig2_HTML.gif]
Fig. 2Contours of equilibrium grain size as a function of temperature and stress, assuming wet anorthite rheology




                        
For wet rheology (r = 1), the effect of water weakening is evaluated with water fugacity [image: $$f_{{\rm H_{2}O}}$$]. The fugacity of a gaseous species at any temperature (T) and pressure (p) can be calculated from the equation of state using the following equation (Karato 2012):[image: $$\begin{aligned} \log \dfrac{f(p,T)}{p}=\dfrac{1}{RT} \lim _{p_{0} \rightarrow 0} \int _{p_{0}}^{p} \left(V_{{\rm m}}(p^{\prime},T)-V_{{\rm m}}^{{\rm id}}(p^{\prime},T)\right) dp^{\prime}. \end{aligned}$$]

 (6)

where [image: $$V_{\rm m}$$] and [image: $$V_{\rm m}^{\rm id}$$] is molar volume of an real gas and an ideal gas, respectively. For real gas, we use van der Waals equation of state: [image: $$p=\dfrac{RT}{V_{{\rm m}}-b}-\dfrac{a}{V_{{\rm m}}^{2}}$$]. The van der Waals constants a and b of water ([image: $${\mathrm{H}}_2\mathrm{O}$$]) are [image: $$5.537\times 10^{-1} \mathrm{m}^{6}\,\mathrm{Pa\, mol}^{-2}$$] and [image: $$3.049 \times 10^{-5} \mathrm{m}^{3}\,\mathrm{mol}^{-1}$$], respectively. [image: $$V_{\rm m}$$] in term [image: $$\dfrac{a}{V_{m}^{2}}$$] can be approximated as [image: $$\dfrac{RT}{p}$$] as ideal gas. Then, [image: $$V_{{\rm m}}$$] can be calculated as [image: $$V_{{\rm m}}=\dfrac{R^{3}T^{3}}{pR^{2}T^{2}+ap^{2}}+b.$$] Integrating Eq. 6 using the equation of state for real gas and ideal gas and substitute p and [image: $$p_{0}$$] for [image: $$p^{\prime}$$]. Let [image: $$p_{0}=0$$], one obtains the expression for fugacity,[image: $$\begin{aligned} f(p,T)=\dfrac{pR^{2}T^{2}}{R^{2}T^{2}+{{\rm ap}}}{{\rm exp}}\left(\dfrac{bp}{RT}\right) . \end{aligned}$$]

 (7)


                           Table 2Rheological properties of rocks from laboratory measurements (Rybacki et al. 2006)


	Anorthite
	logA 
                                             [image: $$({\mathrm{MPa^{-n-r}}} \upmu {{\rm m}}^{\mathrm{m}}\,{\mathrm{s}}^{-1})$$]
                                          
	
                              n
                              [image: $$({\mathrm{MPa^{-n-r}}} \upmu {{\rm m}}^{\mathrm{m}}\,{\mathrm{s}}^{-1})$$]
                            
	
                                            Q (kJ/mol)
	
                              m
                            
	
                              r
                            
	
                              V
                              [image: $$({\mathrm{cm^{3}/mol}})$$]
                            

	Wet

	 diff.a
                                          
	−0.7
	1
	159
	3
	1
	38

	 disl.a
                                          
	0.2
	3
	345
	0
	1
	38

	Dry

	 diff.a
                                          
	12.1
	1
	460
	3
	0
	24

	 disl.a
                                          
	12.7
	3
	641
	0
	0
	24



                                    a diff. denotes diffusion creep, and disl. denotes dislocation creep



                        

Initial and boundary conditions
Because we consider an infinitely long strike-slip fault that cuts through the entire upper crust and terminates in the lower crust, there is no vertical motion. Far-field horizontal velocity [image: $$v_{0}$$] is half of the total relative velocity. [image: $$v_{0}$$] is assumed to be 0.5 and 15 mm/year for intraplate and interplate faults, respectively, and it is applied from surface to the depth of [image: $$z_{{\rm b}}$$] and on the far-field boundaries. We assume the fault strength in the brittle fracture regime on the basis of Byerlee’s law (Byerlee 1978):[image: $$\begin{aligned} \tau _{f} = {\left\{ \begin{array}{ll} 0.85 \sigma _{{\rm n}} &{} (\sigma _{{\rm n}}<200\, [\text{MPa}]) \\ 50+0.6\sigma _{{\rm n}} &{}(200\, [\text{MPa}]<\sigma _{{\rm n}}<1700\, [\text{MPa}]), \end{array}\right. } \end{aligned}$$]

 (8)

where [image: $$\tau _{{\rm f}}$$] is frictional strength and [image: $$\sigma _{{\rm n}}$$] is normal stress. The strength of a material in the plastic flow regime is highly sensitive to temperature, as shown in Eq. 1. In this model, we assume that the brittle fracture and plastic flow occur independently; as a result, the mechanism that gives a lower strength becomes the dominant mechanism of deformation. The transition conditions for brittle fracture to plastic flow (brittle–ductile transition, BDT) are given by[image: $$\begin{aligned} \tau _{yx}=\dfrac{1}{2}\eta _{{\rm eff}}\dfrac{\partial v}{\partial x}= \tau _{{\rm f}}. \end{aligned}$$]

 (9)

Shear stress [image: $$\tau _{yx}$$] is solved from the model of plastic flow using different model configurations (Table 1), and [image: $$\tau _{{\rm f}}$$] is the fault frictional strength. The shear strain rate ([image: $$\dot{\varepsilon }_{yx}$$]) is solved from Eq. 9. At the depth shallower than the depth of BDT, we apply stress boundary condition on the fault that the flow stress is equal to the fault frictional strength (Fig. 3b). The fault gradually terminates as slip decreases with depth. At the depth of BDT, the slip rate is 0. Slip rate at semi-brittle regime can be calculated by the integral of the shear strain rate ([image: $$\dot{\varepsilon }_{yx}$$]) over the entire domain in the x-direction. At depths greater than the BDT, no brittle fracture occurs, and the deformation is fully plastic. The velocity on the vertical plane of bilateral symmetry is zero. On the crust/mantle boundary, the boundary condition is [image: $${{\rm d}}v/{{\rm d}}z = 0$$].[image: A40623_2017_668_Fig3_HTML.gif]
Fig. 3
                                       a Fault slip velocity (v) and b shear stress on the bilateral symmetry line in the lower crust for model W1E. [image: $$\tau _{s}$$] is the second deviatoric stress invariant; [image: $$\tau _{yx}$$] and [image: $$\tau _{yz}$$] are the yx and yz components of shear stress, respectively; and the straight broken line is based on Byerlee’s law. The depth of the BDT is shown by black arrows
                                    




                        
The initial temperature is assumed with a uniform thermal gradient of 25 K/km (Table 3). The temperature of the Earth's surface is fixed to 0 °C. Zero heat flux at the vertical boundaries and a constant heat flux ([image: $$0.065\,\hbox{W m}^{-2}$$]) at the Moho is assumed.

Thermo-mechanical coupling model
In our model, all mechanical energy is dissipated in heat and represents a source term in the heat flow equation:[image: $$\begin{aligned} \rho C_{{\rm p}} \dfrac{\partial T}{\partial t}=k \left( \dfrac{\partial ^{2} T}{\partial x^{2}}+\dfrac{\partial ^{2}T}{\partial z^{2}} \right) +H_{{\rm s}}+H_{{\rm f}}, \end{aligned}$$]

 (10)

where the change in temperature T is a summation of thermal diffusion (k is the thermal conductivity) and volumetric heat generated by shear heating ([image: $$H_{{\rm s}}$$]) and frictional heating ([image: $$H_{{\rm f}}$$]). [image: $$\rho$$] is the density, and [image: $$C_{{\rm p}}$$] is the specific heat capacity at constant pressure. The heat produced by shear per unit time and volume is given by[image: $$\begin{aligned} H_{{\rm s}}=\tau _{ij}\dot{\varepsilon }_{ij}. \end{aligned}$$]

 (11)

The heat produced by friction is approximated by the volumetric heating on a column of the grid closest to the fault (Leloup et al. 1999):[image: $$\begin{aligned} H_{{\rm f}}=\tau _{{\rm f}}\dfrac{v_{0}}{\Delta x}, \end{aligned}$$]

 (12)

where [image: $$\tau _{{\rm f}}$$] is the frictional resistance defined in Eq. 8 and [image: $$\Delta x$$] is the width along the x-axis of the considered unit cell. We solved the heat flow equation in a 2-D space perpendicular to the fault (Fig. 1). In each time step, we assumed that the velocity is constant in time, and we solved the stress equilibrium equation for the velocity field. Because motion is purely horizontal, the only nonzero components of the stress are [image: $$\tau _{yx}$$] and [image: $$\tau _{yz}$$]:[image: $$\begin{aligned} \dfrac{\partial \tau _{yx}}{\partial x}+\dfrac{\partial \tau _{yz}}{\partial z} =0. \end{aligned}$$]

 (13)

All numerical calculations in this study were performed by using MATLAB. We used the Partial Differential Equation Toolbox to solve the mechanical equations, and we used the Alternating Direction Implicit finite difference method to solve the heat flow equation. The calculations were performed on a grid containing 700 [image: $$\times$$] 600 (420,000) cells, each of which is 50 m in both of its width and height directions. Although a finer grid could give a more accurate solution, the overall pattern of the solutions is insensitive to the chosen grid size, as confirmed by simulations using a finer grid with a half grid size. We simulated the fault slip and temperature evolution by using the adaptive time step (e.g., Thatcher and England 1998) controlled by the amount of heat production. We calculated the temperature rise during 3 Myr because the initiation ages of active faulting in the inland areas of Japan are mostly less than 3 Myr (Doke et al. 2012).Table 3Thermal and mechanical parameters


	Parameter name
	Abbr.
	Value
	Unit

	
                              Thermal parameters
                            

	Thermal conductivity
	
                              k
                            
	2.60
	
                              [image: $${\mathrm{W\,K^{-1}\,m^{-1}}}$$]
                            

	Heat capacity
	
                              [image: $$C_{p}$$]
                            
	1130
	
                              [image: $${\mathrm{J\,kg^{-1}\,K^{-1}}}$$]
                            

	Geothermal gradient
	
                              [image: $$\dfrac{{{\rm d}}T}{{{\rm d}}z}$$]
                            
	25
	
                              [image: $${\mathrm{K\,km^{-1}}}$$]
                            

	
                              Mechanical parameters
                            

	Slip rate
	
                              [image: $$v_{0}$$]
                            
	0.5 or 15
	
                              [image: $${\mathrm{mm\,year^{-1}}}$$]
                            

	Crustal rock density
	
                              [image: $$\rho$$]
                            
	2800
	
                              [image: $${\mathrm{kg\,m^{-3}}}$$]
                            




                        


Results
Effective viscosity of a rock depends on several environmental conditions such as shear stress, grain size, and temperature. In this section, we present the calculation results of shear stress and grain size distribution obtained by applying a 1-D linear geothermal gradient to evaluate the effects of grain size and power-law rheology. Moreover, we show the temperature anomaly produced by shear and frictional heating and the effective viscosity distribution.
Shear stress
As shown in Fig. 3b, the shear stress [image: $$\tau _{yz}$$] becomes very large ([image: $${>}700$$] MPa) around point [image: $$x = 0, z = z_{b}$$]. This is because the effective viscosity is extremely large in the semi-brittle regime and the elasticity of rock has not been considered in this study. As the depth increases, [image: $$\tau _{yz}$$] quickly decreases. At the depth greater than the depth of BDT, [image: $$\tau _{yz}$$] becomes negligible compared with [image: $$\tau _{yx}$$], and the maximum shear stress [image: $$\tau _{{\rm s}}$$] is nearly equal to [image: $$\tau _{yx}$$]. Therefore, the distribution of maximum shear stress in the lower crust below the BDT is considered to be a result of far-field loading and we focus our discussion to the lower crust below BDT.[image: A40623_2017_668_Fig4_HTML.gif]
Fig. 4Contours of shear stress ([image: $$\tau _{s}$$]) in the lower crust as a function of depth and distance from the fault for models a W1E, b D1E, c W30E, d W1C, e D1C, and f W30C. The thickness of the lower crust and the depth of the BDT are dependent on the assumed rheology and far-field velocity ([image: $$v_{0}$$]). The gray broken lines represent the BDT depth




                        
Figure 4 shows the distribution of the maximum shear stress in the lower crust for our 6 cases. The depth of the BDT is different in each case, as is shown by gray broken lines in Figure 4. Compared with the wet anorthite, the dry anorthite requires a higher temperature to cause plastic deformation. The brittle region extends deeper into the crust (28–29 km depth), and the BDT for the dry anorthite case is about 8 km deeper than the cases of wet anorthite. Therefore, [image: $$z_{{\rm b}}$$] was set at a depth of 25 km for the model with dry anorthite. In the case of interplate strike-slip faults (Fig. 4c, f), the shear stress is only slightly larger, and the BDT is about 2 km deeper than that for intraplate cases (Fig. 4a, d). However, the slip rate of an interplate strike-slip fault is 30 times larger than that of an intraplate strike-slip fault. Therefore, the shear stress in the lower crust and the depth of the BDT is not sensitive to the fault slip rate. Shear stress concentrates around the down-dip extension of the fault. The largest shear stress is located at the depth of the BDT. Shear stress drops with depth and distance from the fault.

Grain size distribution
We calculated [image: $$L_{{\rm EGS}}$$] by balancing the shear strain rate of diffusion creep and dislocation creep. As examples, [image: $$L_{{\rm EGS}}$$] obtained by the model W1E and model D1E with an initial temperature field is shown in Fig. 5. Small grains are located in highly sheared region because both [image: $$L_{{\rm EGS}}$$] and shear strain rate depend on temperature and shear stress (Eq. 5 and Fig. 4). In our models, the minimum grain sizes are located at the depth of BDT under the fault where shear stress becomes the largest, nearly equal to the frictional strength of the fault. In models W1E and D1E, the minimum grain sizes are [image: $$\sim$$]215 and [image: $$\sim$$]17 [image: $$\upmu \mathrm{m}$$] at temperatures of [image: $$\sim$$]475 and [image: $$\sim$$]700 [image: $$^\circ$$]C, respectively. The results of grain size measurements show that the plagioclase grains in ultramylonites have a mean diameter of 16 (Okudaira et al. 2015) and 85 [image: $$\upmu \mathrm{m}$$] (Okudaira et al. 2017) under the condition of [image: $$\sim$$]700 and [image: $$\sim$$]600 [image: $$^\circ$$]C, respectively. Although our results of EGS are in agreement with these observations, comparison of the calculated results with the field observations is not straightforward. For example, the shear stress on the fault could be smaller than that estimated from Byerlee’s law (Iio 1997). Also, even with the same temperature and stress conditions, dynamically recrystallized grain size may be still larger than [image: $$L_{{\rm EGS}}$$] (Bresser et al. 2001).
Outside the narrow mylonite zone, materials composed of relatively coarse grain size (up to few centimeters) are widely exposed over wide area (e.g., Markl 1998). Our calculation with EGS provides a fairly reasonable grain size distribution. However, in the far field where both temperature and shear stress is low, calculated [image: $$L_{{\rm EGS}}$$] reaches several tens of centimeters, which is not realistic. This result may be ascribed to our assumptions of instantaneous grain growth following the equation for [image: $$L_{{\rm EGS}}$$]. The mechanisms that limit grain size, such as the Zener pinning effect (e.g., Hillert 1988; Rohrer 2010), are not considered in this study.

Shear and frictional heating
Figure 6 shows temperature anomalies of 3 Myr after shearing and fault sliding were initiated. Assuming wet anorthite rheology for the lower crust, the maximum temperature increases for models W1E and W30E are about 15 and 219 K, respectively. The temperature increase for the case of an intraplate strike-slip fault is much lower than that for an interplate strike-slip fault. The temperature change is largely affected by frictional heating. Temperature rise creates a peak of heat flow anomaly on the fault trace. For an interplate strike-slip fault, the peak heat flow anomaly is [image: $$\sim$$]55 [image: $$\hbox{mW/m}^2$$] above the background heat flow which is 65 [image: $$\hbox{mW/m}^2$$] (Fig. 7b). On the contrary, for an intraplate strike-slip fault, the expected heat flow anomaly is very small, less than 5% of the background value. Therefore, we cannot expect to detect a heat flow anomaly for the intraplate case (Tanaka et al. 2004). To illustrate how rock rheology affects the temperature increase, we also performed a calculation using dry anorthite (strong rheology). Figure 6b shows that the maximum temperature increase for the D1E model is about 22 K, which is higher than that for the wet anorthite case but still insufficient for causing an observable heat flow anomaly at the surface.[image: A40623_2017_668_Fig5_HTML.gif]
Fig. 5Contours of equilibrium grain size distribution as a function of depth and distance from the fault, calculated from model W1E (a) and D1E (b). The gray broken line represents the BDT depth




                           [image: A40623_2017_668_Fig6_HTML.gif]
Fig. 6Temperature anomaly produced by shear and frictional heating versus depth and distance from the fault for models a W1E, b D1E and c W30E after 3 Myr of fault sliding. “[image: $$\times$$]” shows the location of maximum temperature increase; numbers indicate the magnitude of maximum temperature increase




                           [image: A40623_2017_668_Fig7_HTML.gif]
Fig. 7
                                       a Surface heat flow for simulation of interplate (broken line) and intraplate (solid line) strike-slip faults. b Enlarged view of the fault core, the sharp peak above the fault ([image: $$x = {\sim}0$$]) was created by fault frictional heating




                        

Effective viscosity
The effective viscosity structure strongly depends on assumptions applied for calculation, as shown in Fig. 8. For intraplate cases, the effective viscosity is about [image: $$10^{22.5}$$] Pa s at the BDT under the fault. For the interplate case, in which the shear strain rate and shear stress are higher than those in the intraplate cases, the effective viscosity (Fig. 8c) becomes as small as about [image: $$10^{21}$$]Pa s at the BDT under the fault.[image: A40623_2017_668_Fig8_HTML.gif]
Fig. 8Effective viscosity versus depth and distance from the fault for equilibrium grain size (a–c) and constant grain size (d–f). The white 
                                       broken line in d–f indicates the location in which diffusion creep and dislocation creep have the same slip rate




                        
The effective viscosity of dislocation creep is extremely high when stress is relatively small. In models assuming EGS, dislocation creep and diffusion creep had the same effective viscosity in our calculation. The effective viscosity at the far field and at the top of the lower crust is larger than [image: $$10^{25}$$] Pa s because of the relatively low temperature and small stress. In these regions, rocks behave like a rigid body.
On the other hand, in models assuming CGS, diffusion creep becomes the dominate deformation mechanism where stress is relatively small. Owing to the linear geothermal gradient, the effective viscosity has a layered structure in the far field. In the shear zone where the stress is large, dislocation creep dominates. The broken lines in Fig. 8d–f show the location in which dislocation creep and diffusion creep with a grain size of 500 [image: $$\upmu \mathrm{m}$$] have equal contribution. Dislocation creep dominates on the left side, and diffusion creep dominates on the right side of the broken line.
A comparison of wet and dry anorthite shows that the effective viscosity is significantly lowered by the present of water, whereas in previous studies of interplate strike-slip faults (e.g., Takeuchi and Fialko 2013; Moore and Parsons 2015), due to the elevated temperature field, the effective viscosity for wet and dry rheologies has similar magnitude in the center of the shear zone. This is not the case in the intraplate strike-slip fault, because change in effective viscosity structure due to shear and frictional heating is negligible.


Discussion
In this section, we discuss the relative importance of candidate mechanisms for the formation and maintenance of the shear zone in the lower crust beneath an intraplate strike-slip fault.
Shear, as well as frictional heating, has been considered as a main cause of the lower crustal shear zone beneath a fault and the associated heat flow anomaly for interplate strike-slip faults such as the San Andreas Fault (e.g., Lachenbruch and Sass 1980; Leloup et al. 1999). We compared the shear strain rate obtained from a temperature field of 3 Myr (solid line in Fig. 9) and that obtained from an initial temperature field (broken line in Fig. 9). For the interplate strike-slip fault, a significant increase in temperature occurred around the fault tip at a depth of about 12 km (Fig. 6c). Our result of temperature increase in model W30E is consistent with the results of recent thermo-mechanical models of interplate strike-slip faults (e.g., Takeuchi and Fialko 2012; Moore and Parsons 2015). The maximum temperature increase in the cases of wet rheologies is [image: $$\sim$$]200 °C, and the effective viscosity was significantly lowered by the increased temperature. A comparison with the shear strain rate with the 1-D linear geothermal gradient revealed that the shear zone became narrower and the depth of BDT became shallower (Fig. 9b) after temperature is increased, which indicates that the depths of BDT for interplate strike-slip faults are time dependent.
On the contrary, for the case of the intraplate strike-slip fault (Fig. 9a), the shear strain rate change during 3 Myr was negligible because the temperature increase was minimal ([image: $$\sim$$]20 /650 K). So shear and frictional heating on long-term (geological time scale) thermal structures is negligible for intraplate strike-slip faults. We conclude that such heating is not the main cause of the formation of shear zone under intraplate faults.
The amount of heat generated by shear and frictional heating can be increased by the absence of water. In the previous studies (e.g., Takeuchi and Fialko 2012; Moore and Parsons 2015), the temperature increase in the cases of dry rheologies is about 200 °C higher than that in the cases of wet rheologies. In our study, the effect of water on temperature increase is not significant because the maximum shear strain rate (Fig. 10) and shear stress (Fig. 4) is insensitive to the rock rheology. Instead, the depth increase in BDT due to the absence of water is ~8 km, which is equivalent to a temperature increase of ~200 °C.[image: A40623_2017_668_Fig9_HTML.gif]
Fig. 9Shear strain rate changed by increased temperature for a W1E and b W30E. The broken contour lines show the shear strain rate with the temperature field of a 1-D geothermal gradient, and the solid contour lines show the shear strain rate with the temperature field from a 3 Myr simulation. Gray broken lines and solid lines represent the BDT depth at t = 0 and at t = 3Myr, respectively




                     
In the current model, the degree of shear strain concentration was influenced by the assumption of rheology. Deformation was more localized in the cases of power-law fluid (Fig. 10a, b) than in the case of Newtonian fluid (Fig. 10c). A comparison of the results of models W1E and W1C revealed that shear strain rate distributions are similar in the shear zone, implying that in the current study, the assumption of grain size dose not affect shear strain concentration. Therefore, weakening due to power-law rheology is the most important mechanism in the formation of the shear zone in the lower crust. However, it should be noted that we only consider diffusion creep as a grain size dependent creep in this study. In the fine grained mylonites, deformation mechanisms other than diffusion creep, such as grain boundary sliding (Boullier and Gueguen 1975; White 1979) could occur to further reduce the strength of rocks and enhance shear strain localization.[image: A40623_2017_668_Fig10_HTML.gif]
Fig. 10Shear strain rate for models a W1E, b W1C, d D1E and e D1C. c Linear model deformed by diffusion creep has a constant grain size of 215 [image: $$\upmu \mathrm{m}$$] (minimum grain size of model W1E)




                     
Once a shear zone has been formed in the lower crust, the strength heterogeneity produced by the material with small grain sizes will remain over a geological time scale (~108 years, Tullis and Yund 1982). Commonly observed mylonite near exhumed shear zones (White et al. 1980) shows evidence for these long-lived weak zones beneath intraplate faults. Thus, lower shear strengths are maintained by materials with small grain sizes and strain localization should be a common feature for many active faults.
In the far field, although the shear strain rate in the W1C model was larger than that in W1E, the shear stress in the cases of CGS is smaller than that for the cases of EGS because the effective viscosity is significantly lowered by the diffusion creep. Because the shear strain rate in the far field is much smaller than that in the shear zone, the deformation in the far field has almost no influence on the deformation in the localized shear zone.
A simplifying assumption in our calculation is that EGS is achieved instantaneously, which may not be realistic. According to the model of Bresser et al. (1998), grain size evolves toward EGS depending on the strain rate at each location. Since the strain rate distribution in our calculation does not significantly change with time, the resulting EGS can be considered as the result of long-term steady-state deformation. Our results demonstrate that a relative motion across an intraplate fault, no matter how slow it moves, can create characteristic grain size distribution and corresponding strain localization in the lower crust. The model also predicts that lower crustal rocks in the far field should be like a rigid body. Studies of post-seismic deformation showed that plastic flow in the lower crust after the 1992 Landers and 1999 Hector Mine earthquakes was not significant (Pollitz 2001; Freed et al. 2007). Our result of the effective viscosity structure with the EGS assumption is in good agreement with such observation because in that case, the plastic deformation is limited in a narrow shear zone under the fault.
For interplate strike-slip faults, Savage and Burford (1973) proposed a kinematic model with a buried dislocation in an elastic half-space; this model has been used to explain geodetically observed interseismic strain accumulation. For intraplate strike-slip faults, a similar dislocation model has been applied and yielded a reasonable estimate of the fault-locking depth (e.g., Ohzono et al. 2011). The current model demonstrates that such a localized shear zone appears even in an intraplate case with a very low slip rate. This provides a physical basis for applicability of the Savage and Burford (1973) model to intraplate strike-slip faults.

Conclusion
We have considered the formation and maintenance of the shear zone under an intraplate strike-slip fault. Models that incorporate laboratory-derived temperature-dependent power-law rheology, grain size, and shear and frictional heating are examined to understand the mechanism and boundary conditions that influence the deformation of the lower crust. Water is very important to reduce the temperature requirement for plastic deformation in the lower crust, as for wet anorthite, deformation is fully plastic at temperature of [image: $$\sim$$]475 °C, whereas for dry anorthite is [image: $$\sim$$]700 °C. The temperature anomaly owing to 3 Myr of heat generation on an intraplate strike-slip fault is negligibly small. In our model, dynamically recrystallized materials with small grain sizes are important for maintaining a shear zone on a geological time scale of [image: $${\sim}10^{8}$$] years. The degree of shear strain concentration is controlled by the weakening effect due to nonlinear relation between shear strain rate and stress (power-law rheology).
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