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Abstract
The evolution of Mars has been greatly influenced by temporal changes in its rheological structure, which may explain the difference in tectonics between Mars and Earth. Some previous studies have shown the rheological structures of Mars calculated from the flow law of rocks and the predicted thermal structure. However, the Peierls mechanism, which is the dominant deformation mechanism at relatively low temperature, and the evolution of water reservoirs on Mars were not considered in such studies. In this paper, we apply the Peierls mechanism to refine the rheological structure of Mars to show a new history of the planet that considers the most recent reports on its evolution of water reservoirs. Considering the Peierls creep and the evolution of water reservoirs, we attempt to explain why the tectonics of Mars is inactive compared with that of Earth. On early Mars, the lithospheric thickness inferred from the brittle–ductile transition was small, and the lithospheric strength was low (~200–300 MPa) under wet conditions at 4 Gya. This suggests that plate boundaries could have developed on the early “wet” Mars, which is a prerequisite for the operation of plate tectonics. Our results also imply that the lithospheric strength had significantly increased in the Noachian owing to water loss. Therefore, plate tectonics may have ceased or could no longer be initiated on Mars. At the least, the tectonic style of Mars would have dramatically changed during the Noachian.[image: A40623_2016_593_Figa_HTML.gif]
Graphical abstract.
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Background
Mars is a terrestrial planet and, like Earth, is composed of rock and metal. There is no standing liquid water, advanced surface life, or plate tectonics on Mars, suggesting that Mars and Earth followed different evolutionary paths (e.g., Zuber 2001). Plate tectonics is a convection style that dominates the material circulation between a planetary surface and its interior. Therefore, the absence of plate tectonics on Mars could have significantly influenced its evolution. Previous studies have discussed the possibility of plate tectonics on Mars in the past (e.g., Sleep 1994; Connerney et al. 1999; Schubert et al. 2001; Breuer and Spohn 2003). Sleep (1994) proposed that the crustal dichotomy on Mars was produced by past plate tectonics because crustal thinning over an 8000-km-wide region in the northern lowlands of Mars is unlikely without plate tectonics. In contrast, it has been suggested, based on gravity and topography data of Mars, that the crustal dichotomy was formed by a giant impact (Andrews-Hanna et al. 2008). Connerney et al. (1999, 2005) suggested that the magnetic lineation patterns observed by Mars Global Surveyor (MGS) provide evidence for plate tectonics or plate divergence on Mars. However, there is no other evidence for plate divergence on Mars. Therefore, the occurrence of plate tectonics on Mars remains a matter of debate. The initiation of plate tectonics requires a lithosphere of moderate thickness and plate boundaries (i.e., a lithosphere of moderate strength; e.g., Solomatov and Moresi 1996; Tackley 1998). To consider the history of planetary tectonics, the lithospheric strength and thickness should be evaluated from the calculated rheological structures.
Rheological structure, which represents the deformation behavior and strength of the planetary interior, plays an important role in the evolution of planets because it controls the existing type of planetary convection (Solomatov and Moresi 1996; Hauck and Phillips 2002; Korenaga 2009). The rheological behavior of planetary interiors is sensitive to temperature, water, and chemical composition (e.g., Frost and Ashby 1982; Karato and Wu 1993; Karato and Jung 2003), which may produce strong rheological layering and change the lithospheric strength (Burgmann and Dresen 2008). The present-day Martian lithosphere is inferred to be thick, rigid, and immobile compared with that on Earth, resulting in a one-plate planet (Schubert et al. 1990). However, it is expected that the rheological structure has changed throughout Martian history. Some previous studies report the rheological structure of Mars and its evolution (e.g., Grott and Breuer 2008). In such studies, power-law creep, in which the strain rate is proportional to a power of stress, was used to infer the rheological structure in a region of ductile deformation (e.g., Grott and Breuer 2008; Ruiz et al. 2008; Grott and Breuer 2010), although the Peierls mechanism, which is the dominant deformation mechanism at low temperature (<~1000 °C), was not applied. In this mechanism, the strain rate is exponentially proportional to the applied stress (Fig. 1; Tsenn and Carter 1987). Figure 1b shows the deformation mechanism map for wet olivine (P = 1 GPa, d = 1 mm) in which the deformation mechanism changes with temperature and strain rate. Assuming a power-law creep may lead to overestimation of the lithospheric strength (Fig. 1a). Moreover, recent studies and observations report that the dramatic water loss occurred during the Noachian on Mars (Kurokawa et al. 2014) and that phyllosilicates such as smectite, chlorite, serpentine, and saponite have been found in several Noachian terrain areas (e.g., Bibring et al. 2006; Ehlmann et al. 2009, 2010). This information may change our understanding of the rheological structures and environments of Mars and thus need to be considered when the rheological structure is calculated to evaluate the history of Martian tectonics. Therefore, the main objective of this study is to present the rheological structure of the Martian lowlands (North Pole) and highlands (Solis Planum) and its temporal evolution, as calculated from flow laws and a temperature profile derived from present-day heat-producing element (HPE) abundances (Hahn et al. 2011; Ruiz et al. 2011). The present study differs from previous studies in three main ways. We develop a suitably complex rheological model of the Martian lithosphere using appropriate flow laws for rock, including the Peierls mechanism. In addition, we consider the evolution of water and the existence of phyllosilicates during the evolution of the rheological structure of Mars. Finally, we evaluate the temporal changes in lithospheric strength and tectonics on Mars. The past and present rheological structures offer new insights into the evolution of the Martian interior and its tectonics.[image: A40623_2016_593_Fig1_HTML.gif]
Fig. 1
                                    a Creep curves of wet olivine as functions of stress and temperature at strain rates of 10−14 (black lines) and 10−17 (gray lines) s−1. These creep curves were calculated from the Peierls mechanism (Katayama and Karato 2008) and power-law creep (Karato and Jung 2003). Solid lines indicate the dominant mechanism and stress required to achieve the assumed strain rate at each temperature. At high temperature, power-law creep was the dominant deformation mechanism, although the stress of the power-law creep exceeded that of the Peierls mechanism below ~1000 K. This suggests that the Peierls mechanism becomes dominant at low temperature and high stress. The shaded section shows variations in the temperature of the Moho at the North Pole (Fig. 4). b Deformation mechanism map for wet olivine. Stress is plotted as a function of temperature at P = 1.0 GPa and grain size of 1.0 mm. The thick solid line represents the transition of the deformation mechanism, and the dashed lines show different strain rates at 10−5, 10−10, and 10−15 (s−1). The transitions between the deformation mechanism of olivine were calculated for diffusion creep (grain boundary diffusion; Hirth and Kohlstedt 2003), power-law creep (Karato and Jung 2003), and the Peierls mechanism (Katayama and Karato 2008)




                     

Calculation of temperature profiles
In our model, the Martian interior is separated into four sections: crust, chemically depleted mantle, primordial mantle, and core (Fig. 2). The evolution of the temperature profile for Mars was calculated from surface heat flow and heat production by using the steady heat conduction equation (Turcotte and Schubert 2002). The crustal geotherm T
                        c, the geotherm of chemically depleted mantle T
                        cm, and the mantle geotherm T
                        m are, respectively, given by:[image: $$T_{\text{c}} = T_{0} + \frac{{q_{0} }}{{k_{\text{c}} }}y - \frac{{\rho_{\text{c}} H_{\text{c}} }}{{2k_{\text{c}} }}y^{2} ,$$]

 (1)


                        [image: $$T_{\text{cm}} = T_{\text{Moho}} + \frac{{q_{m} }}{{k_{y} }}(y - h_{\text{c}} )$$]

 (2)

and[image: $$T_{\text{m}} = T_{\text{bcm}} + \frac{{q_{\text{m}} }}{{k_{y} }}(y - (h_{\text{c}} + h_{\text{cm}} )) - \frac{{\rho_{\text{m}} H_{\text{m}} }}{{2k_{y} }}(y - (h_{\text{c}} + h_{\text{cm}} ))^{2} ,$$]

 (3)

where q
                        0 and q
                        m are the surface heat flow and mantle heat flow, respectively; [image: $$\rho_{\text{c}}$$] and [image: $$\rho_{\text{m}}$$] are the density of the crust and mantle, respectively; y is depth; H
                        c and H
                        m are the heat production of the crust and mantle, respectively; T
                        0 and T
                        Moho are the surface temperature and the estimated Moho temperature, respectively; T
                        bcm is the temperature at the bottom of chemically depleted mantle; h
                        c is the Moho depth; and k
                        c and k
                        
                  y
                 are the thermal conductivities of the crust and mantle, respectively. It should be noted that the chemically depleted mantle is depleted in radiogenic heat-producing elements; heat production is negligible in such mantle (Fig. 2). The parameters used in Eqs. (1) and (2) are summarized in Tables 1 and 2. Xu et al. (2004) reported that changes in the thermal conductivity of olivine, based on changes in temperature and pressure, obey the relationship[image: $$k = k_{298} \left( {\frac{298}{T}} \right)^{\lambda } (1 + aP),$$]

 (4)

where k
                        298 is the thermal conductivity at room temperature, and λ and a are constants. We used values of λ = 1/2 and a = 0.032 GPa−1, which are adopted from Xu et al. (2004). The thermal conductivity of olivine at a depth of y (km) can be calculated from the relationship[image: $$k_{y} = k_{298} \left( {\frac{298}{{T_{y - 1} }}} \right)^{\lambda } (1 + aP_{y} ).$$]

 (5)

Surface heat flow q
                        0 can be calculated from crustal heat flow and mantle heat flow. Therefore, the surface heat flow q
                        0 is given by:[image: $$q_{0} = q_{\text{c}} + q_{\text{m}} = \rho_{\text{c}} + H_{\text{c}} h_{\text{c}} + q_{\text{m}} ,$$]

 (6)

where q
                        c is the crustal heat flow derived from heat-producing elements (Eq. 5). The total present-day heat production H
                        c in the Martian crust is calculated from the concentration of heat-producing elements as determined from Gamma Ray Spectrometer (GRS) data (Hahn et al. 2011) and from the rates of heat release presented by Turcotte and Schubert (2002). In our calculation, the Martian crust is assumed to be vertically homogeneous in terms of chemical composition and the resultant distribution of incompatible radiogenic isotopes (e.g., Boynton et al. 2007; Hahn et al. 2011). In contrast, the total radiogenic heat from the Martian mantle is assumed to be equal to the average value of the total radiogenic heat in Martian crust (e.g., Hahn et al. 2011). This assumption was derived from the estimation of bulk planetary chemistry and the behavior of the incompatible heat-producing elements during the formation of the crust (Taylor et al. 2006; Wanke and Dreibus 1988; Hahn et al. 2011). Therefore, mantle heat flow in Mars is given by:[image: $$q_{\text{m}} = \frac{{Q_{\text{c}} }}{{A_{\text{m}} }} = \frac{{\rho_{\text{c}} V_{\text{c}} H_{\text{ca}} }}{{A_{\text{m}} }},$$]

 (7)

where Q
                        c and V
                        c are the total crustal heat and crustal volume, respectively; A
                        m is the surface area of Martian mantle, and H
                        ca is the crustal heat production derived from the average concentration of heat-producing elements in the crust. In the calculation of the crustal volume V
                        c, the average crustal thickness is assumed to be 45 km (Neumann et al. 2004). Mantle heat production is given by:[image: $$H_{\text{m}} = \frac{{q_{\text{m}} }}{{\rho_{\text{m}} h_{\text{m}} }} ,$$]

 (8)

where h
                        m is the thickness of primordial mantle (Fig. 2), in which the chemically depleted mantle is assumed to be 100 km thick. To calculate the present-day mass concentrations of individual radioactive elements in the Martian mantle, we first determined the abundance of uranium [image: $$C_{0}^{\text{U}}$$], which can be related to the heat production H
                        m, calculated using Eq. (8), and the heat generation rates of individual radioactive elements as follows (Turcotte and Schubert 2002):[image: $$H_{\text{m}} = C_{0}^{\text{U}} \left( {H^{\text{U}} + \frac{{C_{0}^{\text{Th}} }}{{C_{0}^{\text{U}} }}H^{\text{Th}} + \frac{{C_{0}^{\text{K}} }}{{C_{0}^{\text{U}} }}H^{\text{K}} } \right).$$]

 (9)

The ratios of K to U and Th to U, which are required to determine the abundance of U ([image: $$C_{0}^{\text{U}}$$]) in the Martian mantle, are assumed to be [image: $$C_{0}^{\text{K}} /C_{0}^{\text{U}} = 10^{4}$$] and [image: $$C_{0}^{\text{Th}} /C_{0}^{\text{U}} = 3.8$$] (Turcotte and Schubert 2002; Meyer 2003). Surface heat flow and mantle heat flow in the past were obtained from past total heat production in the crust and mantle. The past total heat production H on Mars can be related to the heat generation rate, half-life ([image: $$\tau_{1/2}$$]), and present-day mass concentration of individual radioactive elements C
                        0 as follows (Turcotte and Schubert 2002):[image: $$\begin{aligned} H & = 0.9928C_{0}^{\text{U}} H^{{{\text{U}}238}} \exp \left( {\frac{t\ln 2}{{\tau_{1/2}^{{{\text{U}}238}} }}} \right) \\ & \quad + 0.0071C_{0}^{\text{U}} H^{{{\text{U}}235}} \exp \left( {\frac{t\ln 2}{{\tau_{1/2}^{{{\text{U}}235}} }}} \right) \\ & \quad + C_{0}^{\text{Th}} H^{\text{Th}} \exp \left( {\frac{t\ln 2}{{\tau_{1/2}^{\text{Th}} }}} \right) \\ & \quad + 1.19 \times 10^{ - 4} C_{0}^{\text{K}} H^{{{\text{K}}40}} \exp \left( {\frac{t\ln 2}{{\tau_{1/2}^{\text{K40}} }}} \right). \\ \end{aligned}$$]

 (10)

The heat generation rate and half-life [image: $$\tau_{1/2}$$] of each radioactive isotope are summarized in Table 2; the abundances of heat-producing elements in the Martian crust have been reported previously (Hahn et al. 2011).[image: A40623_2016_593_Fig2_HTML.gif]
Fig. 2Conceptual model of Martian thermal structure used in this study for calculations. In our model, the Martian interior is separated into crust, chemically depleted mantle, mantle, and core




                        Table 1Parameters for calculation of thermal structure in Mars


	 	North Pole*
	Solis Planum

	Crustal density ρc (kg/m3)
	2900a
                                       
	2900a
                                       

	Crustal thickness hc (km)
	35b
                                       
	65c
                                       

	Crustal thermal conductivity kc (W/m K)
	2.5d
                                       
	2.5d
                                       

	Mantle density ρm (kg/m3)
	3300
	3300

	K (ppm)
	3659e
                                       
	2540e
                                       

	Th (ppm)
	0.69e
                                       
	0.42e
                                       

	U (ppm)
	0.18e
                                       
	0.11e
                                       

	Surface temperature T
                                          0 (K)
	155b
                                       
	220f
                                       

	Martian radius R
                                          
                              m
                             (km)
	3390

	Core radius R
                                          c (km)
	1700g
                                       

	Surface gravity g (ms−2)
	3.71

	Gas constant R (JK−1mol−1)
	8.3144



                                 aRuiz (2014), b Phillips et al. (2008), c Neumann et al. (2004), d Kobranova (1989), e Hahn et al. (2011), f Kieffer et al. (1977), g Yoder et al. (2003)
* HPE abundances are average values for Martian crust



                        Table 2Rates of heat release H and half-lives of the radioactive isotopes


	 	
                                          H (W/kg)
	Half-lives τ (yr)
	Abundance ratio (%)

	
                                          238U
	9.46 × 10−5
                                       
	4.47 × 109
                                       
	99.28

	
                                          235U
	5.69 × 10−4
                                       
	7.04 × 108
                                       
	0.71

	U
	9.81 × 10−5
                                       
	 	 
	
                                          232Th
	2.64 × 10−5
                                       
	1.40 × 1010
                                       
	100

	
                                          40K
	2.92 × 10−5
                                       
	1.25 × 109
                                       
	0.0119

	K
	3.48 × 10−9
                                       
	 	 

These parameters are from Turcotte and Schubert (2002)



                     
Figure 3 shows the surface heat flow and mantle heat flow of the Martian North Pole and Solis Planum thorough time, as calculated above. Although Solis Planum is depleted in heat-producing elements relative to other regions (Table 1), its heat flow tends to be higher than that at the North Pole because the crustal thickness is thicker at the former than that at latter (Fig. 3).[image: A40623_2016_593_Fig3_HTML.gif]
Fig. 3Heat flow at the North Pole and Solis Planum on Mars. a Surface heat flow (solid line) and mantle heat flow (dashed line) as a function of time at the North Pole. The surface heat flow was calculated from the crustal and mantle heat flows (Eq. 5). The mantle heat flow was calculated by assuming that the total radiogenic heat from the Martian mantle is equal to the average value of the total radiogenic heat in the Martian crust (Eq. 6). b Surface heat flow (solid line) and mantle heat flow (dashed line) as functions of time at Solis Planum




                     

Calculation of rheological structure
The rheological structures of the lowlands (North Pole) and highlands (Solis Planum) were inferred by using the temperature profiles of each region, as calculated above. The rheological structure in regions of brittle deformation was determined from the frictional strengths of dry and wet rock. Frictional strength is sensitive to normal stress as follows:[image: $$\tau = \mu \sigma_{n} + C_{f} ,$$]

 (11)

where [image: $$\tau$$] is the shear stress at which frictional sliding begins, [image: $$\mu$$] is the friction coefficient, [image: $$\sigma_{n}$$] is the normal stress, and C
                        
                  f
                 is the frictional cohesive strength. Byerlee (1978) revised Eq. (11) more explicitly. According to Byerlee’s law, the friction coefficient µ is 0.85 for 3 < σ
                  n
                 < 200 MPa, whereas µ = 0.6 for σ
                  n
                 > 200 MPa. However, the frictional strength of plate boundaries on Earth is weak. For example, the San Andreas Fault (SAF) has a frictional coefficient of µ = 0.15 owing to the presence of the clay mineral saponite (Lockner et al. 2011). Morrow et al. (2000) used friction experiments to show that the frictional coefficient of phyllosilicates dramatically decreases under conditions of water saturation. Phyllosilicates formed by aqueous alteration have been found in several areas of Noachian terrain on Mars (Bibring et al. 2006; Ehlmann et al. 2009, 2010). Therefore, we used not only Byerlee’s law but also the frictional coefficient of the SAF as the frictional strength of the phyllosilicates.
Shear stress in Eq. (11) should be converted to differential stress and compared with that given by flow laws for regions of plastic deformation (e.g., Kohlstedt et al. 1995). Shear stress [image: $$\tau$$] and normal stress [image: $$\sigma_{n}$$] can be converted to differential stress by considering the force balance in the fault system as follows:[image: $$\sigma_{n} = \sigma_{1} \sin^{2} \theta + \sigma_{3} \cos^{2} \theta$$]

 (12)


                        [image: $$\tau = (\sigma_{1} - \sigma_{3} )\sin \theta \cos \theta ,$$]

 (13)

where [image: $$\theta$$] is the angle between the fault strike and the direction of maximum principal stress. In converting shear stress to differential stress, we assume a fault in which the angle [image: $$\theta$$] is 30° (Kohlstedt et al. 1995). In regions of brittle deformation, the assumption of liquid water on the surface enables us to consider a wet Mars because such water affects the pore pressure P
                        
                  p
                 (e.g., Terzaghi and Peck 1967). The pore pressure P
                        
                  p
                 influences the effective stress σ
                        eff of each principal stress as follows:[image: $$\sigma_{\text{eff}} = \sigma_{n} - \alpha_{p} P_{p} ,$$]

 (14)

where the coefficient [image: $$\alpha_{p}$$] is assumed to be 1. The pore pressure P
                        
                  p
                 is generally obtained from the lithostatic pressure P
                        
                  l
                 and the parameter λ as follows:[image: $$\lambda = \frac{{P_{p} }}{{P_{l} }}.$$]

 (15)

We assumed the hydrostatic pore pressure, for which λ = 0.38. Based on the above calculation, the rheological structure in the region of brittle deformation is inferred in terms of frictional strength.
In regions of ductile deformation, rock strength at any given depth is calculated from viscous flow laws that represent the strength of solids, which are dependent on strain rate, temperature, and chemical composition (Frost and Ashby 1982; Karato and Jung 2003). Rock strength at any depth is given by:[image: $$\dot{\varepsilon } = A\frac{{\sigma^{n} }}{{d^{m} }}\exp \left( { - \frac{{H^{*} }}{RT}} \right),$$]

 (16)

where [image: $$\dot{\varepsilon }$$] is the strain rate, A is a constant, [image: $$\sigma$$] is the stress, n is the stress exponent, d is grain size, m is the grain size exponent, H* is the activation enthalpy, and T is temperature (Poirier 1985). In power-law creep, the stress exponent and grain size exponent are generally 3 and 0, respectively. In diffusion creep, the stress exponent and grain size exponent are 1 and 3, respectively. Because diffusion creep (grain boundary diffusion) is the dominant deformation mechanism in high-temperature regions (Fig. 1b) equivalent to deeper Martian conditions, it does not influence the rheological structure in the present study. Although power-law creep and diffusion creep occur at high temperatures, the Peierls mechanism is dominant at low temperatures and high stress rates (Tsenn and Carter 1987; Katayama and Karato 2008; Demouchy et al. 2013). In the Peierls mechanism, the strain rate is exponentially proportional to the applied stress, as follows:[image: $$\dot{\varepsilon } = A\sigma^{2} \exp \left( { - \frac{{H^{*} }}{RT}\left( {1 - \left( {\frac{\sigma }{{\sigma_{p} }}} \right)^{p} } \right)^{q} } \right),$$]

 (17)

where [image: $$\sigma_{p}$$] is the Peierls stress, and p and q are non-dimensional parameters that depend on the geometry of kinks (Kocks et al. 1975). Strain rates of 10−16 and 10−19 are assumed at Solis Planum (McGovern et al. 2004; Ruiz et al. 2006). In contrast, because deformation at the North Pole is likely caused by loading due to the north polar layered deposits (NPLD; Phillips et al. 2008), it follows that deformation at the North Pole depends on the timescale of climate change due to Martian obliquity cycles (Laskar et al. 2002, 2004). Laskar et al. (2002) reported that polar caps may preserve climatic records spanning the last few million years. Based on this report, if the loading age of NPLD is assumed to be ~5 m.y. (Phillips et al. 2008), a strain rate of 10−14 (s−1) appears to be plausible (Laskar et al. 2004). However, the strain might not reach the elastic limit (Sleep 2015), and it is possible that the lithosphere at the North Pole deforms elastically because of the NPLD. In addition to the strain rate of 10−14 (s−1), we calculated the yield strength envelope for a strain rate of 10−16 (s−1), which is a typical value for terrestrial intraplate regions (e.g., Tesauro et al. 2007). Other parameters used in Eqs. (16) and (17) are summarized in Table 3.Table 3Parameters of flow law


	Rock type
	Creep mechanism
	A (s−1 MPa−n μmm)
	
                            n
                          
	
                            m
                          
	
                            r
                          
	
                                          σ
                                          p (MPa)
	
                                          E (kJ/mol)
	
                                          V (cm3/mol)
	Reference

	Plagioclase (wet)
	Diffusion creep
	101.7
                                       
	1
	3
	–
	–
	170
	
                            −
                          
	Rybacki and Dresen (2000)

	Dislocation creep
	10-5.6
                                       
	3.9
	–
	–
	–
	235
	 	Shelton (1981)

	Peierls creep
	10-1.23
                                       
	2
	–
	–
	3410
	235
	–
	Azuma et al. (2014)

	Plagioclase (dry)
	Diffusion creep
	1012.1
                                       
	1
	3
	–
	–
	467
	–
	Rybacki and Dresen (2000)

	Dislocation creep
	100.9
                                       
	4
	–
	–
	–
	431
	–
	Shelton (1981)

	Peierls creep
	103.48
                                       
	2
	–
	–
	9831
	431
	–
	Azuma et al. (2014)

	Olivine (wet)
	Diffusion creep
	106.0
                                       
	1
	3
	1
	–
	335
	4
	Hirth and Kohlstedt (2003)

	Dislocation creep
	90
	3.5
	–
	1.2
	–
	480
	11
	Hirth and Kohlstedt (2003)

	Peierls creep
	100.67
                                       
	2
	–
	1.2
	2870
	410
	11
	Katayama and Karato (2008)

	Olivine (dry)
	Diffusion creep
	109.2
                                       
	1
	3
	–
	–
	375
	5
	Hirth and Kohlstedt (2003)

	 	Dislocation creep
	1.1 × 105 
	3.5
	–
	–
	–
	530
	14
	Hirth and Kohlstedt (2003)

	 	Peierls creep
	106.7
                                       
	2
	–
	–
	9600
	510
	14
	Katayama and Karato (2008)




                     
In regions of ductile deformation, intracrystalline water should be assumed to consider a wet Mars. The presence of intracrystalline water has a strong influence on rock rheology (e.g., Hirth and Kohlstedt 2003; Karato and Jung 2003), and rock strength is significantly reduced by increased water content. The effect of water on creep rate is usually calculated by:[image: $$\dot{\varepsilon } \propto C_{\text{OH}}^{\gamma } .$$]

 (18)

where C
                        OH is the water content and γ is the water content exponent (e.g., Hirth and Kohlstedt 2003; Karato and Jung 2003). Thus, the flow law for a water-rich environment in a closed system with respect to water is described by:[image: $$\dot{\varepsilon } = A\frac{{\sigma^{n} }}{{d^{m} }}C_{\text{OH}}^{\gamma } \exp \left( { - \frac{{H^{*} }}{RT}} \right).$$]

 (19)

In this study, a wet rheology indicates a rock that is water-saturated at Moho conditions, with water contents of ~10,000 ppm H/Si in plagioclase and ~1000 ppm H/Si in olivine. This indicates that the rheological structures presented in this study represent the lower (wet rheology) and upper (dry rheology) limits of brittle–ductile transition (BDT) depth and lithospheric strength.

Results
The temperature profiles of the Martian lowlands (Northern Plains) and highlands (Solis Planum) were calculated every 1 billion years by using the present-day crustal abundances of radioactive isotopes 235U, 235U, 232Th, and 40K and their half-lives (Fig. 4). In our thermal model, we assumed that the surface heat flow is derived from crustal heat flow and mantle heat flow (Eq. 5). The temperature gradient of crust beneath the North Pole is low compared with that at the Solis Planum because the North Pole has a low crustal heat production owing to thin crustal thickness. In relatively deep portions of the mantle, the thermal gradient becomes steep owing to reduced thermal conductivity (Eq. 4; Fig. 4). Although Solis Planum is depleted in radioactive isotopes (Hahn et al. 2011), the thick crustal depth in this region results in relatively large crustal heat production. As a result, the temperature gradient in this region is relatively high despite a low concentration of radiogenic heat-producing elements. It should be noted, however, that our thermal model does not include the heat released upon cooling of the mantle; therefore, our temperature profiles have lower limits. For example, Baratoux et al. (2011) reported the relatively high potential mantle temperature of Mars during the Hesperian–Amazonian based on the chemical composition and the degree of partial melting in volcanic provinces. Conversely, Phillips et al. (2008) reported that the elastic thickness at the present-day North Pole is significantly large (>300 km), indicating that the temperature of the Mars interior should be low at the present-day North Pole. Further observations and analyses are needed to constrain the thermal model of the Martian interior.[image: A40623_2016_593_Fig4_HTML.gif]
Fig. 4Temperature profiles every 1 billion years on Mars calculated from the surface heat flow and the present-day abundance of radioactive isotopes. a Temperature profile of the Martian North Pole. The surface temperature and the Moho depth were assumed to be 155 K and 35 km (Phillips et al. 2008), respectively. b Temperature profiles of the Martian highlands (Solis Planum). The surface temperature and the Moho depth were assumed to be 220 K (Kieffer et al. 1977) and 65 km (Neumann et al. 2004), respectively




                     
On the basis of the calculated temperature profiles (Fig. 4), we determined the rheological structure of Mars for every 1 billion years by using plagioclase and olivine flow laws (Figs. 5, 6, 7). Figure 5 shows the calculated rheological structures of Mars including the present-day North Pole and Solis Planum. To quantitatively evaluate the rheological structure, the strength at the BDT should be compared between each rheological structure. The BDT is a transition in deformation behavior from brittle failure to viscous flow. The stress required to induce brittle failure increases with depth because it depends on pressure, whereas the strength in viscous flow decreases with depth owing to temperature dependence. Therefore, the lithospheric strength at the BDT, where frictional strength and viscous strength are crossed in rheological structures, is the maximum strength of the lithosphere. In this paper, lithospheric strength is defined as the strength at the BDT. The strength of the lithosphere for a wet rheology is weaker than that for a dry rheology. The BDT in the present-day North Pole lowlands is deeper (>100 km) and stronger (>3000 MPa for dry rheology) than that in the oceanic lithosphere on Earth (~35–40 km, ~800 MPa; Kohlstedt et al. 1995), suggesting that the thickness of the present-day Martian lithosphere is greater than that of Earth. Given that the frictional strength in the region of brittle deformation is proportional to the normal stress (Eq. 11), the rock strength in the brittle region of Earth tends to be higher than that on Mars owing to differences in gravity. On the contrary, rock strength in the ductile region is sensitive to temperature; therefore, a cooler Mars has a rigid and thick lithosphere. For the Martian Solis Planum highlands, the BDT depth has been inferred from observed thrust faults to be >25 km (Golombek et al. 2001; Ruiz et al. 2006). The results of our study on the rheological structure of the highlands show that the BDT depth is ~30 km for a wet rheology and >~80 km for a dry rheology. The depth of thrust faults reported in previous studies can be reproduced only under wet conditions.[image: A40623_2016_593_Fig5_HTML.gif]
Fig. 5Strength profile models of present-day Mars. Strength in the brittle deformation region was calculated by using Byerlee’s law (Byerlee 1978). The dashed line labeled SAF shows the frictional strength of the San Andreas Fault, for which µ = 0.15 (Lockner et al. 2011). The Peierls mechanism, power-law creep, and diffusion creep (grain boundary diffusion) were applied to calculate the strength of minerals at each depth in the region of ductile deformation. The flow law of plagioclase (Shelton 1981; Rybacki and Dresen 2000; Azuma et al. 2014) was used for the crust, and the flow law of olivine (Evans and Goetze 1979; Karato and Wu 1993; Karato and Jung 2003; Hirth and Kohlstedt 2003; Katayama and Karato 2008) was applied for the mantle. The strain rates were assumed to be 10−14 s−1 (solid line) and 10−16 s−1 (dashed line) for the North Pole (Laskar et al. 2004), and strain rates of 10−16 (solid line) and 10−19 s−1 (dashed line) were adopted for Solis Planum (McGovern et al. 2004; Ruiz et al. 2006). The parameters used are summarized in Table 3; the rheological structure for both dry and wet rheologies is shown. a Strength profile models for the Martian lowlands (North Pole). The Moho depth was assumed to be 35 km (Phillips et al. 2008). b Strength profile models of the Martian highlands (Solis Planum). The Moho depth was assumed to be 65 km (Neumann et al. 2004)
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Fig. 6Strength profile for the past North Pole every 1 billion years. The rheological structure of the past North Pole was predicted from the temperature profile (Fig. 4a). Strength in the brittle deformation region was calculated by using Byerlee’s law (Byerlee 1978). In the region of ductile deformation, the Peierls mechanism, power-law creep, and diffusion creep (grain boundary diffusion) were applied to calculate the strength at each depth, as shown in Fig. 5. The strain rate was assumed to be 10−14 (solid line) or 10−16 s−1 (dashed line). The parameters used are summarized in Table 3; the rheological structure for both dry (red lines) and wet (blue lines) rheologies is shown. The dashed line labeled SAF shows the frictional strength of the San Andreas Fault, for which µ  = 0.15 (Lockner et al. 2011) 
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Fig. 7Strength profiles of the past Martian highlands (Solis Planum). Based on the temperature profile (Fig. 4b), the rheological structure of the Martian highlands every 1 billion years is calculated as per Fig. 5. The strain rate is assumed to be 10−16 (solid line) or 10−19 s−1 (dashed line)




                     
Figures 6 and 7 show the evolution of the rheological structure of the Martian North Pole and Solis Planum, respectively. In both cases, the rheological structure for a dry rheology shows marked temporal changes in strength. In contrast, the rheological structure for a wet rheology shows relatively gradual temporal changes in strength and in structure. A comparison between present and past Mars shows that the BDT of present-day Mars is deeper than that of past Mars, suggesting that the lithospheric thickness of present-day Mars is greater than that of past Mars (Figs. 5, 6, 7). The rheological structure of past Mars (Figs. 6, 7) indicates that the strength and depth of the BDT were similar to those of the present-day Earth, as proposed by Kohlstedt et al. (1995). For example, the BDT at the North Pole under wet conditions was 1–2 Ga and that at Solis Planum under dry and wet conditions was 4 Ga. This result suggests that the past Martian interior might have been similar to that of present-day Earth, even if past Mars was under strictly dry conditions.

Discussion
Rheological structures at the North Pole and Solis Planum
Rheological structures should be modeled by appropriate depth-dependent deformation mechanisms. Most previous studies consider only power-law creep (Eqs. 16, 19) as a deformation mechanism for planetary crust and mantle in calculations of lithospheric strength and thickness and in numerical simulations of mantle convection (e.g., Solomatov and Moresi 1997; Mackwell et al. 1998; Grott and Breuer 2008). However, recent experimental studies of rock rheology have reported that the Peierls mechanism plays an important role in rock deformation at relatively low temperature and high stress (Katayama and Karato 2008; Demouchy et al. 2013). Our calculations show that the Peierls mechanism is dominant at relatively shallow depths under our assumptions (Figs. 5, 6, 7), indicating that the application of power-law creep to a low-temperature region (T < 1000 °C) leads to an overestimation of lithospheric strength and thickness.
The rheological structure indicates the existence of an incompetent layer and a strength contrast between the crust and mantle; therefore, knowledge of the rheological structure is key to understanding the evolution of planetary interiors. Incompetent layers are usually defined as those having yield strengths of less than 10–20 MPa or a yield strength that does not exceed 1–5% in lithostatic pressure (Burov and Diament 1995). The existence of incompetent crust has a strong influence on the elastic thickness (McNutt et al. 1988; Grott and Breuer 2010), and the strength contrast across the Moho in terrestrial planets may result in mechanical decoupling between the crust and mantle (Burov and Diament 1995; Azuma et al. 2014). For example, a weak lower crust (incompetent layer) that cannot support the tectonic stress (e.g., bending stress) may allow a strong upper crust (competent layer) to deform independently of the mantle lithosphere (Burov and Diament 1995).
Under dry conditions, the calculated rheological structure shows no strength contrast across the Moho at the present-day Martian North Pole, indicating that the crust and mantle are mechanically coupled (Fig. 5a). This means that a convecting mantle may influence planetary surface motion, as is the case for Earth’s oceanic lithosphere. This also suggests that surface load of the NPLD directly affects the mantle deformation. Similarly, under water-saturated conditions, the rheological structure of the North Pole has no strength contrast between the crust and mantle, which prevented decoupling from occurring at the Moho even under wet conditions (Fig. 6a).
In the present-day Solis Planum, the strength contrast across the Moho under dry conditions is nonexistent, suggesting that the crust and mantle are mechanically coupled (Fig. 5). Under wet conditions, however, the lithosphere in the Solis Planum has a strength contrast between the crust and mantle, which may have caused the mechanical decoupling at this boundary.
The rheological structures for the past North Pole and Solis Planum show variations in terms of strength contrast, incompetent crust, strength, and BDT depth (Figs. 5, 6, 7). In the North Pole region, under dry conditions, there is no incompetent crustal layer and no strength contrast throughout Martian history (Fig. 6). In contrast, under wet conditions, a strength contrast exists from 4 to 3 Ga, indicating that decoupling may have occurred between the crust and mantle in the past North Pole. Throughout Martian history, no incompetent crustal layer formed under wet conditions, indicating that the effect of the incompetent crustal layer, which reduces the elastic thickness beneath the North Pole, is nonexistent.
In contrast to the North Pole, the lithosphere beneath the past Solis Planum experienced a strength contrast for a relatively long time, which suggests mechanical decoupling between the crust and mantle from 2 Ga to the present day under wet conditions (Figs. 5, 7). The incompetent crust that existed from 3 to 2 Ga under wet conditions likely contributed to the small elastic thickness (24–37 km) in the Solis Planum (e.g., McGovern et al. 2002, 2004; Ruiz et al. 2006). The observed thin elastic thickness at Solis Planum in the Hesperian era might be attributed to the existence of incompetent crust produced under wet conditions.

Evolution of the BDT and lithospheric strength
On present-day Mars, it is believed that stagnant-lid convection is dominant and that convection occurs only beneath the thick, rigid, and immobile lithosphere (e.g., Solomatov and Moresi 1997). Although plate tectonics does not appear to have occurred on present-day Mars, previous studies have discussed whether plate-like tectonics have occurred on Mars in the past (e.g., Sleep 1994; Connerney et al. 1999; Schubert et al. 2001; Breuer and Spohn 2003). Importantly, the initiation of plate tectonics requires moderate lithospheric thickness and faulting on a sufficient scale to form plate boundaries (e.g., Nimmo and McKenzie 1998; Tackley 1998, 2000); therefore, the lithosphere must have moderate strength (≤200–300 MPa) for plate tectonics to occur. In this section, we discuss the time evolution of the lithospheric thickness and strength on Mars.
Figure 8 shows the BDT depth for the North Pole and Solis Planum as a function of time under both dry and wet conditions. Although the BDT depth is not identical to the lithospheric thickness, the two are closely linked, and the convection style and lithosphere thickness are coupled. On present-day Mars, the BDT depth for a dry rheology is significantly deeper than that for a wet rheology in both the North Pole and Solis Planum regions. This occurred because the existence of water reduces the frictional strength in regions of brittle deformation owing to pore pressure and also reduces rock strength in regions of ductile deformation. A comparison of the present-day North Pole and Solis Planum revealed that the BDT depth at the North Pole is markedly deeper under both wet and dry conditions, indicating that lithospheric thickness in the North Pole region is greater than that of the Solis Planum. This is likely attributed to differences in the present-day thermal structure and in crustal thickness (e.g., Zuber et al. 2000). The BDT depth in Solis Planum tends to be relatively shallow owing to the thicker crust (Figs. 7, 8b).[image: A40623_2016_593_Fig8_HTML.gif]
Fig. 8Depth of brittle–ductile transition (BDT) as a function of time. The BDT of the Martian lowlands (North Pole) and highlands (Solis Planum) under dry and wet conditions was obtained from the calculated strength profile models (Figs. 5, 6, 7). a BDT depth of the North Pole as a function of time under dry and wet conditions. The strain rates of 10−14 (solid line) and 10−16 s−1 (dashed line) are from Laskar et al. (2004), Phillips et al. (2008), and Tesauro et al. (2007). The BDT depth has increased with time. Under wet conditions, the depth of the BDT has shown a moderate increase. In contrast, the BDT depth has increased more rapidly under dry conditions compared with wet rheology. b Changes in BDT depth in the Martian highlands (Solis Planum) for strain rates of 10−16 s−1 (solid line) and 10−19 s−1 (dashed line) under dry (red lines) and wet (blue lines) conditions




                        
Water also plays an important role in the temporal changes in BDT depth. In models of the Martian past, at both the North Pole and Solis Planum, the BDT for a wet rheology is shallower than that for a dry rheology; this suggests a thin lithosphere in water-rich environments (Fig. 8). For both wet and dry rheologies, the BDT depth in both regions tends to increase with time, suggesting that the net thickness of the lithosphere could have changed throughout Martian history. The BDT depth would have increased more rapidly under dry conditions than that in a wet rheology (Fig. 8). According to these calculations, the lithospheric structure and its evolution could be quite different depending on whether the past conditions on Mars were dry or wet. The thick lithosphere under dry conditions may have resulted in stagnant-lid convection, whereas a relatively thin lithosphere under wet conditions would have been a necessary condition for the development of narrow plate boundaries.
Figure 9 shows the temporal evolution of the maximum lithospheric strength in the Martian lowlands and highlands based on the calculated rheological structures (Figs. 5, 6, 7). The upper limit of lithospheric strength that enables the planetary surface to form a plate boundary is also shown in Fig. 9 (e.g., Tackley 2000). Under dry conditions, the lithospheric strength of Mars (red lines) would have increased from 4 Ga to the present day. Under dry conditions, the lithospheric strengths are significantly higher than the required threshold values (~200–300 MPa). In contrast, the lithospheric strength for a wet rheology (blue and gray lines) would have undergone relatively gradual temporal changes. The lithospheric strength considering the frictional coefficient of phyllosilicates (gray lines) is presumably the lower limit of lithospheric strength under wet conditions. At 4 Ga, the values of wet lithospheric strength can satisfy the threshold values, which may have enabled the development of plate boundaries. The observed geological data indicate that the wet environment of Mars was limited to the Noachian era, as described above (e.g., Bibring et al. 2006; Ehlmann et al. 2009, 2010). Although the wetness of the surface is not directly connected to the wetness of the deep interior, the near-surface strength of the lithosphere is influenced because water loss at the Martian surface would have increased the frictional strength of phyllosilicates and decreased the pore pressure in fault zones. On the basis of hydrogen isotope data (D/H) of Martian meteorites and theoretical calculations, Kurokawa et al. (2014) suggested that the water loss was greatest during the pre-Noachian. This result may indicate the possibility that the deep interior of Mars experienced dehydration. Therefore, the lithospheric strength might have changed from wet to dry conditions after the pre-Noachian, as indicated by the heavy arrows in Fig. 9.[image: A40623_2016_593_Fig9_HTML.gif]
Fig. 9Maximum lithospheric strength at the North Pole and Solis Planum on Mars as a function of time. The maximum lithospheric strength was calculated from the rheological structures determined in this study. Shaded sections represent the range of lithospheric strength that allows the planetary surface to form plate boundaries (e.g., Tackley 2000). Heavy arrows indicate the evolution of lithospheric strength on Mars, as inferred from water loss during the Noachian. a Evolution of the lithospheric strength at the North Pole under dry (red lines) and wet (blue lines) conditions. The gray line indicates the lithospheric strength that considers the frictional coefficient of hydrous phyllosilicates. The strain rates of 10−14 (solid lines) and 10−16 (dashed lines) s−1 are from Laskar et al. (2004), Phillips et al. (2008), and Tesauro et al. (2007). b Evolution of the lithospheric strength at Solis Planum for strain rates of 10−16 s−1 (solid lines) and 10−19 s−1 (dashed lines) under dry (red lines) and wet (blue lines) conditions. The gray line indicates the result that consider the frictional coefficient of hydrous phyllosilicates




                        
These analyses of lithospheric thickness (Fig. 8) and strength (Fig. 9) suggest that water plays a key role in the evolution of planetary interiors. The initiation of plate tectonics on past Mars is likely to have required water, and the lithospheric strength may have changed dramatically owing to water loss during the Noachian (Fig. 9). These results suggest the possibility that Martian tectonics also changed with the rheological structure after the pre-Noachian. Although it is difficult to determine whether plate tectonics occurred on Mars based on analyses of rheological structure alone, it is important to perform convection simulations based on the rheological structures proposed in this study.


Conclusion
We presented the rheological structure of Mars and its time evolution, and we discussed the evolution of the Martian interior. The rheological structure of Mars determined in this study indicates that shallow deformation on Mars was controlled mostly by the Peierls mechanism and that the application of power-law creep alone leads to an overestimation of lithospheric strength. The rheological structures on Mars should therefore be calculated by using the Peierls mechanism in addition to power-law creep. Our results show that the lithosphere of past Mars had moderate strength owing to the presence of water during the Noachian. In addition, the rheological structures and lithospheric strength of Mars may have changed owing to water loss later in Martian history. Therefore, Mars lost its capability to develop plate boundaries, which are necessary for the initiation of plate tectonics.
We provided a more realistic rheological structure of the Martian lithosphere in this study. The next step toward understanding Martian planetary evolution is to evaluate the rheological structure beneath large Martian mountains such as Olympus. Gravity and topography data for large Martian mountains have been used to estimate the strength of the Martian lithosphere in previous studies (e.g., Arkani-Hamed 2000); however, these studies consider only power-law creep and use linear thermal gradients. To adequately account for the complex evolution of the Martian lithosphere, future work should re-evaluate the rheological structure beneath large Martian mountains and should test whether the calculated lithosphere could sustain large mountains such as Olympus.
In our models, the thermal structures were based on the abundance of radiogenic heat-producing elements in the crust for each region (Hahn et al. 2011). More accurate thermal structures would require direct observation of surface heat flow. A new NASA lander, Interior Exploration Using Seismic Investigations, Geodesy and Heat Transport (InSight), will be launched in 2018. This mission to Mars will place a seismometer and heat-flow probe on the surface to provide more accurate, detailed information on the interior of the planet. We look forward to new opportunities for exciting research into the mysteries of Martian planetary evolution.
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