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Abstract

Calculated lithospheric strength envelopes (s) are rheological models of the lithosphere that are useful in understanding the

elastic () and seismogenic () thicknesses of the lithosphere. Determinations of Te for Mars using different techniques use different

models of Te as indicated by rheology in LSEs, and LSEs indicate that the differential stress fields that cause deformation must

be considered in the determination of both Te and Ts. We do not attempt to review the literature here or to rank different

methods. Our goal is to provide a better understanding of the different values of Te and Ts published in the literature and to

encourage integration of these data with a physical understanding of the lithosphere in time and space.
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Abstract 39 

Calculated lithospheric strength envelopes (LSEs) are rheological models of the lithosphere 40 

that are useful in understanding the elastic (Te) and seismogenic (Ts) thicknesses of the 41 

lithosphere.  Determinations of Te for Mars using different techniques use different models of Te 42 

as indicated by rheology in LSEs, and LSEs indicate that the differential stress fields that cause 43 

deformation must be considered in the determination of both Te and Ts.  We do not attempt to 44 

review the literature here or to rank different methods.  Our goal is to provide a better 45 

understanding of the different values of Te and Ts published in the literature and to encourage 46 

integration of these data with a physical understanding of the lithosphere in time and space. 47 

Plain Language Summary 48 

Different techniques used to measure the strength of the outer shell of Mars as it has 49 

deformed under loads, primarily large volcanoes, have measure different aspects of this strength.  50 

Different methods of predicting the maximum depths that earthquakes should occur have also 51 

measured different quantities.  Using a theoretical model supported by laboratory experiments of 52 

how ths shell should deform and allow earthquakes at different depths, we can compare the 53 

different techniques that predict these quantities.  Our goal is to provide a better understanding of 54 

the different quantities that are measured so that they may be used to understand the physical 55 

properties of the shell.  This understanding is combined with new marsquake results from the 56 

InSight Mars lander mission to study the shell in the region around the landing site. 57 

1 Introduction 58 

InSight is a Mars lander representing the first planetary robotic exploratory mission to study 59 

the interior of Mars in detail.  Important to this study are not only interpretations of data 60 

collected by the lander but also integration of the new data and interpretations with results and 61 

information derived from previous missions and studies, including studies of Mars evolution and 62 

structure made in association with the InSight mission before landing.  Some of these studies 63 

have included derivation of the mechanical properties of the Mars’ lithosphere, including its 64 

elastic strength associated with the support of long-term stresses and its seismogenic layer 65 

depththat is generally taken to be depth limit for the generation of earthquakes.  These 66 

parameters are interrelated by theoretical models of the lithosphere generally known as 67 

Lithospheric Strength Envelopes (LSEs).  LSEs allows estimation of the effective elastic 68 

thickness of the lithosphere, Te, and the thickness of the seismogenic layer, Ts, if a simplified 69 

layered composition of the lithosphere, strain rate, and geotherm (heat flow) are known, or may 70 

be assumed, together with laboratory measured rock properties (e.g., Burov and Diament, 1995).  71 

One of the science goals of the InSight mission is to understand the formation and evolution of 72 

Mars with the ultimate ambition of uncovering how a rocky body forms and evolves to become a 73 

planet.  As part of that goal, this contribution seeks to provide a common framework for 74 

published and new studies of Te and Ts to assist in understanding the tectonic evolution of the 75 

Mars lithosphere. 76 

LSEs are calculated curves that model the yield strength of the lithosphere as a function of 77 

depth.  They have been used studies of the rheology of the Mars lithosphere since at least the 78 

1990s (e.g., Solomon and Head, 1990).  However, as they are the main focus of this discussion, 79 
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their calculation as used in the present study is given in the Appendix.  A good, brief 80 

introduction to Te and Ts on Mars was given by Grott et al. (2013). The main focus of the body of 81 

the text here will be the parameters that control LSEs, and an examination of Tes and Tss derived 82 

from different methods.  This is NOT a review article and we have made no attempt to rank 83 

different methods or results.  Our goal is to provide a basis and an understanding that published 84 

values of Te and Ts may not describe the same lithospheric properties but they are all valuable if 85 

the constraints of the methods are understood. 86 

 87 

2. Principal controls on Mars’ LSEs 88 

Specific parameters used in the calculation of LSEs are discussed in the Appendix but they 89 

may be summarized into three controlling factors for LSEs on Mars: 1) crustal thickness; 2) heat 90 

flow/geotherm; and 3) strain.  The martian crust is interpreted to be a primarily basaltic crust 91 

with little, if any, significant volume of tertiary crust (Taylor and McLennan 2009).  The main 92 

crustal variable then is thickness.  There are two ways that crustal thickness changes lithospheric 93 

rheology.  Firstly, crustal compositions are much weaker than mantle compositions for ductile 94 

deformation.  Therefore, thicker crust generally has a weaker LSE.  Secondly, crustal 95 

compositions have a lower thermal conductivity and higher radiogenic heat production than 96 

mantle compositions which tend to lower the geotherm for the same surface heat flow, somewhat 97 

counteracting the first effect on the LSE of the mechanically weaker crustal material.  The 98 

integrated strengths to a depth of 250 km of LSEs with crust of 30 and 60 km are shown in  99 

Figure 1 as a function of surface heat flow.  The integrated strengths of LSEs for both crustal 100 

thicknesses are equal up to a heat flow of about 10 mW/m2 because there is no ductile 101 

deformation in the rheology and the integrated strength is arbitrarily limited by the depth limit of 102 

250 km.  This equality is artificial because they would both rise to higher values if the 103 

integrations were to continue to greater depths, but the maximum thickness of the Mars 104 

lithosphere is not known.  As surface heat flow increases, the integrated strength of the 30 km 105 

crust lithosphere starts to decrease first because its geotherm is slightly lower than the thicker 106 

crust geotherm and strength starts to be lost first in the lowermost layers of the 250 km 107 

lithosphere (Appendix).  This continues until the surface heat flow is about 60 mW/m2 when the 108 

mantle strength is depleted, main strength loss is in the crust and the rate of strength loss 109 

decreases.  The integrated strength of the 60 km crust LSE decreases more rapidly than the 30 km 110 

crust LSE from about 15 to 30 mW/m2 because the increasing geotherm results in ductile 111 

deformation in both the lower layers of both the mantle lithosphere and the crust (Appendix).  112 

Between about 30 and 40 mW/m2 almost all of the strength remaining is ductile strength in the 113 

crust and at about 60 mW/m2 the 30 and 60 km thick crust models predict equal integrated 114 

strengths because all remaining strength is in the crust above 30 km. 115 

 116 



manuscript submitted to Journal of Geophysical Research Planets 

 

 117 
Figure 1.  Integrated lithospheric strength envelopes calculated to a depth of 250 km for 118 

lithospheres with a 30 and 60 km-thick crusts.  Flattening of curves on left is artificial and is 119 

a result of the integration stopping at a depth of 250 km.  B. Same as A, but integrations 120 

from curves shown in Figure A4.  Curves for 30 km crust are shown in blue and for 60 km 121 

crust are shown in red.  extn indicated lithosphere under extension, comp indicates 122 

lithosphere under compression.  123 

 124 

Figure 1 also demonstrates the significance of heat flow, or more specifically the geotherm 125 

on LSEs (Appendix).  Many papers have studied the thermal and crustal evolution of Mars (e.g., 126 

Hauck & Phillips, 2002; Guest & Smrekar, 2007; Grott & Breuer, 2008; Morschhauser et al., 127 

2011; Grott et al; 2013; Plesa et al, 2015).  These studies have different purposes, ranging from 128 

constraining the bulk crustal and volatile evolution of Mars to determining the global average 129 

geotherm for Mars as a function of time to studying the volcanic history of Mars.  They clearly 130 

illustrate that heat flow in Mars has changed in time and space during the evolution of Mars.  131 

Kiefer and Li (2009), among others, have shown that even simple models of a mantle plume of 132 

the type that is commonly thought to be associated with the major volcanic centers on Mars, such 133 

as Tharsis, controls lateral variations in lithospheric thickness and Te.  Plesa et al. (2016) have 134 

addressed the question, “How large are present-day heat flux variations across the surface of 135 

Mars?”  Their answer is that the largest peak to peak variations lie between 17 and 50 mW/m2, 136 

with an average between 23.2 and 27.3 mW/m2.  As the planet is cooling, the high end of the 137 

peak to peak variations and the average are probably higher.  However, here may be a limit to the 138 

upper end of the range after initial crust formation. 139 

The highest published terrestrial continental heat flow is 15,600 mW/m2, measured in lake 140 

sediments near a geothermal vent in Yellowstone Lake in the Yellowstone Caldera, Wyoming, 141 

USA (Morgan et al, 1977).  Temperatures in these sediments were buffered by the water boiling-142 

point curve.  Morgan et al. suggest a silicic magma chamber underlies this caldera and 143 

temperatures in the crust at this and similar locations are buffered by the crustal solidus.  Thus, 144 

although average heat flow, and probably average upper mantle temperatures were higher in the 145 
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ancient earth, it is unlikely that local continental heat flow and geotherm conditions were higher 146 

in the past than in the geologically recent evolution of the Yellowstone caldera.  Terrestrial large 147 

igneous provinces (LIPs, e.g., Bryan and Ernst, 2008) may be somewhat analogous to the 148 

basaltic magmatism on Mars.  These magmas originate in the upper mantle, are low viscosity 149 

and do not form large shallow magma chambers. Areas of voluminous young basaltic volcanism 150 

of earth without a more silicic component are not characterized by significantly high surface heat 151 

flow but elevated mantle heat flow (e.g. Columbia River Basalts, Columbia Plateau, USA; 152 

Blackwell et al., 1978).  Their surface heat flow is not significantly elevated relative to other 153 

continental areas because the high volume of basalt in the crust is low in radiogenic heat 154 

production relative to less mafic terrestrial crust. On Mars they would be expected to have 155 

relatively high surface heat flow while active because heterogeneity in crustal heat production is 156 

probably minor compared with lateral variations in mantle heat flow.  A very rough estimate of 157 

Mars peak heat flow may be made by assuming that basaltic magma ponds at the base of the 158 

crust-mantle boundary for a sufficiently long time for temperatures in the overlying crust to 159 

equilibrate.  Assuming a magma temperature of 1475 K, a surface temperature of 220, crustal 160 

thickness of 30 km and a crustal thermal conductivity of 2 W/(m K) (Beardsmore and Cull, 161 

2001), the peak thermal gradient would be ~42 K/km and heat flow ~84 mW/m2.  If the crustal 162 

thickness is increased to 60 km, the gradient is reduced to ~21 K/km and heat flow to 42 mW/m2.  163 

These values bracket the peak current heat flow of 50 mW/m2 predicted by the models of Plesa 164 

et al. (2016), and provide a buffering mechanism why heat flow significantly higher than about 165 

80 mW/m2 is unlikely after the primary crust of Mars was formed. 166 

Strain is the third principal controlling factor of LSEs.  Firstly, strain rate is an important 167 

parameter in calculating ductile strength.  On earth, where plate tectonics allows relatively rapid 168 

movements among plates and between plates and the underlying asthenosphere, a strain rate of 169 

the order of 10-15 s-1 is commonly assumed.  Mars is generally assumed, and its thermal evolution 170 

and crust generation are best explained as a one-plate planet (e.g., Breuer and Spohn, 2003) with 171 

movements restricted to deformation within the plate.  Strain rates ranging from of 10-14 to 10-19 172 

s-1 has been assumed when calculating ductile strength (McGovern et al., 2002, 2004; Plesa et 173 

al., 2016; see Appendix).  Secondly, when considering Te or Ts, these parameters are not 174 

predicted directly from the LSE.  The type of strain at any depth, brittle, elastic, ductile, or some 175 

combination of the three, is predicted by the interaction of the external differential stress with the 176 

LSE, a changing stress with depth caused by flexure of the lithosphere or a uniform stress with 177 

depth caused by a remote extensional or compressional stress As shown in the Appendix, how 178 

the external differential stress interacts with the LSE is used to define Te and Ts and results in 179 

significantly different portions of the area of the LSE being used to calculated elastic strength 180 

and sections of the brittle curves at different depths being considered a potential depths for 181 

seismicity. 182 

In addition, although calculation and use of LSEs usually assumes that stresses are applied 183 

instantaneously to the lithosphere and that the shape of the resulting LSE does not change with 184 

time, the shape of the LSE does change with time and the speed at which stresses are applied to 185 

the lithosphere (e.g., Bott and  Kusnir, 1984; Kusnir and Park, 1984; Albert et al., 2000).  Brittle 186 

strength does not change with time but ductile sections of the lithosphere relax differential 187 

stresses under which they are subjected  and these stresses are concentrated in the brittle 188 
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lithosphere.  This transient behavior is rarely considered in the published literature and its 189 

application is limited by other uncertainties in parameters used in calculating LSEs.  No further 190 

consideration of transient creep modifying LSEs will be made here. 191 

 192 

3. Different methods for determination of Te for Mars 193 

In this section we discuss some of the different methods used to calculate Te for Mars, their 194 

relations, if any, with LSEs and the relative magnitudes of the Tes determined by the different 195 

methods.  These methods fall into three basic categories: 1) admittance in which gravity and 196 

topography are used to model bending of an elastic plate; 2) use of LSEs in which the a low-197 

viscosity limit in the ductile portion of the mantle portion of the LSE is used to define Te (also 198 

called the thickness of the mechanical lithosphere, Tm; e.g., Grott et al., 2013); and 3) use of 199 

LSEs in conjunction with fault spacing and depth penetration and either flexure induced by a 200 

load or deformation from an external in-plane stress (see Appendix).  201 

McGovern et al. (2002, 2004) used gravity/topography admittances to estimate the thickness 202 

of the martian elastic lithosphere (Te) required to support the observed topographic load since the 203 

time of loading (Albert and Phillips, 2000).  They made calculations with different assumptions 204 

of crustal density, subsurface loading and crustal ductile composition which had significant 205 

consequences to their calculated Te values.  Their results are summarized in Table 1.  The most 206 

general conclusion that may be taken from these results is that Te is smaller for Noachian loads 207 

than for younger loads.  Changes in assumptions with the method, such as the addition of bottom 208 

loading in the solution for Hellas south rim, as could occur from ponding of basaltic magma at 209 

the crust-mantle interface, result in major changes in the estimate of Te. 210 

Plesa et al. (2016) calculated present-day heat-flow variations across the surface of Mars and 211 

used these data to calculate a global map of Te.  They approximated Te by the mechanical 212 

thickness of the lithosphere, the depth corresponding to the temperature at which the LSE 213 

indicates a loss of  mechanical strength due to ductile flow (Appendix).  Following Burov and 214 

Diament (1995) and Grott and Breuer (2010), they take this bounding strength at 10 MPa (in 215 

contrast McNutt, 1984, defined the base of the plate in terms of LSEs as the depth at which the 216 

stress difference is less than 50 MPa).  Thus, they used the LSE formalism, but took Te as the 217 

greatest thickness of the LSE at which the maximum yield strength dropped below 10 MPa.  218 

Another difference to the calculations to the calculations presented in the Appendix is that they 219 

used a strain rate for ductile strength calculations of 10-14 s-1, which is at the high end of strain 220 

rates commonly used for Mars ductile strain calculations (see Appendix).  10-14 s-1 may be an 221 

appropriate strain rate for glacial loading at the martian North Pole, and perhaps even in the 222 

convecting mantle, but is probably high for most deformation in the Mars’ lithosphere.  Even 223 

with terrestrial plate tectonics a strain rate an order of magnitude lower (10-15 s-1, e.g., Burov, 224 

2011) is generally used for LSE calculations and without plate tectonics on Mars the global strain 225 

rate is probably much less.  However, a uniform lower strain rate in the calculations would lower 226 

all lithospheric thickness estimations but would not significantly change relative thickness 227 

estimations.  228 

An additional feature of using a temperature-defined rheology to determine the thickness of the 229 

elastic lithosphere so derived is tied to the age of the geotherm use to calculate the rheology.  For 230 

example, Azuma and Katayuma (2017) calculated global average geotherms at intervals of 1 Ga 231 
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since 4 Ga before present and used these geotherms to calculate LSEs for the Mars North Pole 232 

and Solis Planum (see also Appendix).  As noted by Albert and Phillips (2000) values of Te that 233 

are calculated from deformation of the lithosphere by loading are primarily relevant to the 234 

geotherm at the time of loading unless a subsequent larger thermal event and/or loading results in 235 

later deformation.  Thus, if the global average geotherms calculated by Azuma and Katayuma 236 

(2017) were representative of Olympus Mons at the time of its eruption and loading of the 237 

lithosphere (unlikely), the LSE from this geotherm would yield an appropriate Te.  The Te 238 

variations from the global map of Plesa et al (2016) were derived from geotherms that may not 239 

have been the highest geotherms in the lithosphere for most regions on Mars.  If the convection 240 

system in the Mars interior has remained stable since crust formation so that mantle plumes have 241 

remained stationary relative to the crust, there has probably been some secular cooling in the 242 

planet so that all geotherms have decreased.  Under these circumstances Te would be 243 

overestimated at all locations by the Plesa at al. map.  A more probable model is that the Mars 244 

convection system slowly changed through time so that surface heat flow variations for the 245 

present-day modeled by Plesa et al. (2016) is a snapshot in time.   The distribution of variations 246 

in surface heat flow would slowly change with the thermal evolution of the Mars lithosphere.  If 247 

the present-day variation in surface heat flow do not represent the distribution of heat-flow 248 

variations on time scales of hundreds of millions of years, the Te map generated from the present-249 

day heat flow variations may differ from Te values calculated from deformation by loading of the 250 

lithosphere earlier than Late Amazonian. 251 

Deformation of the lithosphere either by flexure or plane strain can link Te and LSEs.  A 252 

lithospheric strength envelope is a diagram that indicates in a simplified form the type of yield 253 

strain that may be expected at different depths if the differential yield strength is exceeded at a 254 

specified depth.  Up to the yield strength, strain is assumed to be primarily elastic.  The area 255 

encapsulated by the LSE is therefore an indication of the potential elastic strength, but this elastic 256 

strain can only be activated by deformation within the elastic field of yield strength.  As 257 

discussed in the Appendix, convex up flexure causes extension in the upper part of the 258 

lithosphere and compression in the lower part of the lithosphere; extension and compression are 259 

reversed in the lithosphere for concave up flexure.  These flexure stresses were discussed with 260 

respect to an LSE by McNutt (1984) and she gave a formal relationship between Te as defined by 261 

flexure of an elastic plate and the approximate base of the plate, where z = Tm, where stress 262 

differences are less than 50 MPa.  This relationship is shown in Figure 2.  Although the LSE is 263 

probably a more realistic model of the rheology of the lithosphere, Te was defined from the 264 

elastic plate model.  There is not a simple analytical relationship between the areas defined by 265 

the stress difference in the elastic plate mode and the LSE: Burov and Diament (1995) discuss the 266 

elastic strength for the LSE, but end with a numerical solution.  Watts and Burov (2003) and 267 

related references have given the general relationship between these two Tes as: 268 

 269 

Te(LSE) ≈ Te(elastic)C(K,t,h1,h2,…)     (1) 270 

 271 

where C is a function of the curvature of the lithosphere, K, the thermal age, t (the age of 272 

loading), and the thicknesses of layers of different compositions in the lithosphere, h1, h2, etc. 273 

(see Appendix).  Thus, the ratio of Te(LSE) to Te(elastic) varies according to the load, the age of 274 

the load, the geotherm at the time of the load, and the lithospheric structure at the location of the 275 

load, and this ratio is variable. An important result of dependence on the load with that Te(LSE)  276 

varies with curvature of the flexure (e.g., Burov and Diament, 1995). 277 
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a)                                                                    b) 278 

 279 

Figure 2.  Differential stresses exerted on lithosphere by flexure: A. assuming thin elastic plate 280 

model; assuming LSE model.  Horizontal lined areas indicate stresses.  Modified from 281 

McNutt (1984). 282 

 283 

Fault spacing and penetration have been used in a number of studies to evaluate the rheology 284 

of the martian lithosphere (e.g., Comer et al., 1985; Kronberg et al, 2007). These studies relate 285 

flexure of the lithosphere with the faulting.  They cover tectonic features ranging from 286 

extensional faults and graben circumferential to volcanic loads and rifting associated with 287 

regional uplift and volcanism.  Comer et al. (1985) used radii of circumferential graben to large 288 

volcanic loads to calculate the thickness of the elastic lithosphere: their results are summarized in 289 

Table 2. There is some overlap in the features to which these results apply and the features 290 

studied by McGovern et al. (2002, 2004) summarized in Table 1.  There are large error limits in 291 

both sets of results, but the Tes from all features fall within the overlapping uncertainties of the 292 

two sets of results.  These two data sets are direct measures of Te. 293 

Kronberg et al. (2007) modeled tectonic rifting and volcanism and the Noachian Acheron 294 

Fossae using finite elements to determine the elastic properties of the lithosphere from flexure, 295 

and used LSEs to determine the geotherm from these results.  A number of other studies have 296 

used LSEs to relate heat flow and or the geotherm to elastic properties of the lithosphere, but, as 297 

discussed above, the relations are not exact if the elastic property, Te, is the elastic lithosphere 298 

determined from plate flexure models.  Kronberg et al. (2007) used the equation: 299 

 300 

𝑇  =  
⁄

        (2) 301 

 302 

Where E and ν are Young’s modulus and Poisson’s ratio, respectively, K is curvature, and MLSE 303 

is the sum of all moments associated with the brittle, elastic, and ductile parts of the LSE.  As 304 

indicated elsewhere (e.g., Watts and Burov, 2003, equation 12), however, this formula is equal to 305 
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Te(LSE), not Te, and applies to oceanic lithosphere which only has one layer in its LSE. 306 

In summary, published values of Te for Mars come from a variety of different techniques.  307 

The different techniques do not yield the same parameter.  Studies of loading and lithospheric 308 

flexure yield values of Te that are closest to its original definition associated with flexure of an 309 

elastic plate (e.g., McNutt, 1984).  However, by this method Te may vary with the magnitude of 310 

plate curvature.  Other techniques that define elastic thickness through reference to rheology of 311 

the lithosphere as in LSEs, while perhaps more physically realistic, yield values of Te(LSE) that 312 

are different from Te(elastic).  Application of LSEs to determine Te is not standardized in Mars 313 

publications.  314 

 315 

4. Relations among Ts for Mars and LSEs 316 

Although seismometers were included on the Viking landers in the mid-1970s, only the 317 

instrument on Viking 2 operated.  It was placed on the deck of the lander and was very 318 

insensitive to earthquakes due to wind noise.  No unambiguous earthquakes were recorded 319 

(Anderson et al, 1976).  However, repeated subsequent studies indicated that Mars should have 320 

active seismicity (e.g., Golombek et al., 1992; Phillips, 1991; Knapmeyer et al., 2006), including 321 

very recent seismicity in the vicinity of the InSight landing site (Taylor et al., 2013).  These 322 

predictions proved correct with the detection of 174 earthquakes in 114 sols of operation of the 323 

InSight seismometer.  Unlike Te, which is a derived elastic parameter, Ts, the thickness of the 324 

seismogenic layer is a real thickness which, if sufficient recording instruments, favorable 325 

recording conditions, and time were available, could be measured by the hypocentral depths of 326 

earthquakes recorded.  Theoretically, Ts may be predicted from LSEs as earthquakes should only 327 

occur in depth segments of the LSE where brittle failure is indicated.  Plesa et al. (2018) 328 

predicted both the present-day level of Mars seismicity as a function of location on Mars and Ts 329 

on a 3° by 3° grid.  Although they did not formally use LSEs in calculating Ts values, they used 330 

temperatures for the brittle-ductile transition from LSEs of 573, 873, and 1073 K from Phillips 331 

(1991) and Knapmeyer et al. (2006).  As in calculating Te values, Plesa et al. (2018) used heat 332 

flow and geotherm variations, and the same strain rate for ductile strength calculations as Plesa et 333 

al. (2016).  As discussed above, this strain rate of 10-14 s-1 may be too fast for the Mars 334 

lithosphere resulting in high estimates for Ts.  However, relative values of Ts should be useful.  335 

Ts as predicted for a general Mars LSE is shown in Figure 3.  Seismicity cannot occur unless 336 

there is a differential stress that exceeds the brittle yield strength in part of the LSE.  Figure 3 337 

shows a stress difference cause by convex upward lithospheric flexure that intersect the brittle 338 

yield strength in both the crust and the mantle.  Earthquakes with extensional fault mechanism 339 

would be expected in the upper crust and the uppermost mantle.  If the flexure had the same 340 

magnitude convex downward, earthquakes would occur in the upper crust, but at a shallower 341 

depth, but not in the mantle because the brittle yield strength would not be exceeded below the 342 

crust-mantle boundary. Ts is predicted at the maximum depth(s) where the differential stress 343 

driving deformation exceeds the brittle yield strength, not at the brittle-ductile transition.  344 

Hypocentral depth information are awaited from the InSight mission to determine whether the 345 

brittle-ductile transitions or the differential stress-LSE intersections are the better predictors of 346 

the Ts. 347 
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 348 
Figure 3. LSE with flexural stresses showing seismicity layer thicknesses in crust Tsc and mantle 349 

Tsm.  The overall seismicity laver thickness, i.e. the maximum depth of seismicity, would be 350 

Tsm 351 

 352 

In summary, the seismogenic layer thickness, Ts, is a parameter that can be measured and 353 

should be determined around the InSight landing site if more earthquakes are recorded of 354 

sufficient quality to locate their hypocenters.  Two models have been used to calculate Ts: the 355 

first uses the deepest intersection of differential stress with a brittle section of the LSE; the 356 

second use the deepest brittle-ductile transition determined in the LSE. 357 

 358 

5. Example of use of LSEs to couple Te data with Ts 359 

A new map of spatial variations in Te near the InSight landing site and the surrounding 360 

regional terrain is shown in Figure 4.  Also shown on Figure 4 are centers of three epicenters 361 

areas of three events located from the InSight seismic experiment (SEIS, Giardini et al, 2020).  362 

The approximate Tes for the two western epicentral areas are 40-45 km: the Te for the eastern 363 

epicentral area is 15-20 km.  These events are all in an area where the crustal thickness has been 364 

derived to be about 30 km (Figure 4).  Giardini et al. (2020) correlate the three seismic events 365 

with surface faulting and evidence for young volcanism (tectonic stress localization and/or 366 

thermo-elastic cooling),   367 

The seismic data from SEIS (Lognonné et al 2018) provide additional constraints on the 368 

lithospheric strength envelopes: From first results (Giardini et al., 2020, Clinton et al., 2020), the 369 

lack of strong surface waves suggests that the low frequency marsquakes recorded by InSight are 370 

more than 30 kilometer deep. Longer observation time and more detailed estimation of source 371 

parameters (Brinkman et al., 2020, same issue) will help constrain depths better and separately 372 

for more regions. On the other hand, the high frequency events are interpreted as shallow events 373 

as the excite guided phases in the crustal layers. Furthermore, receiver functions (Lognonné et 374 

al., 2020) and noise auto-correlation constrain the crustal velocities and layering.  If the crust is 375 
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30 km thick, the interpretation of two different depths for the hypocenters recorded in the SEIS 376 

experiment indicate that the deeper hypocenters indicate a two-layer LSE and are consistent with 377 

the Te estimate of 40-45 km from Figure 4. 378 

The Te from Figure 4 are also consistent with the hypothesis of thermo-elastic cooling 379 

(Figure A2A), but if volcanic underplating raised the geotherm too high Te would decrease and 380 

Ts would be restricted to the upper crust.  We hope that additional data from SEIS will constrain 381 

hypocenters and magnitudes so that calculated LSEs may be constrained from Te and Ts. 382 

 383 

 384 

 385 
Figure 4  a) Derived crustal thickness, and b) spatial variation of elastic thickness (Te) near the 386 

InSight landing site and the surrounding terrain including Elysium Mons (Ratheesh Kumar 387 

and Ravat, in preparation; see Appendix for method and parameters).  Marsquake putative 388 

locations (stars) from Giardini et al. (2020).    389 

 390 

 391 

6. Concluding Remarks 392 

Lithosphere is an important component of the internal structure of Mars.  The term was 393 

originally defined for earth by Barrell (1914-15) as a layer with long-term mechanical strength 394 

over a weaker layer, the asthenosphere.  It has become synonymous with the plates in terrestrial 395 

plate tectonics.  Mars does not have plate tectonics but Barrell’s original definition of the 396 

lithosphere is appropriate for Mars.  In the absence of pieces of lithosphere moving laterally with 397 

respect to each other on Mars (plate tectonics), the question remains how to define the base of 398 

the Mars’ lithosphere.  Assuming that the Mars has continuing motion associated with thermal 399 

convection, the Mars’ lithosphere would be a single unit with respect to lateral convective 400 

motions in the underlying mantle.  Underlying the Mars’ lithosphere would be a thermal 401 

boundary layer which would have a transition in rheology and other physical properties to the 402 

convecting mantle.  These conditions, which are similar to the base of the terrestrial lithosphere, 403 

prevent precise measurement of the base of the lithosphere  However, we may learn about the 404 

lithosphere and its  lateral variations by determining measurable lithospheric physical 405 

parameters, such as Te and Ts. 406 

We have demonstrated above that different techniques used to determine Te and Ts often 407 
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measure different physical quantities.  In some studies, the different physical quantities result in 408 

additional information, but only if one recognizes the implications of each determination.  409 

Results from SEIS, the seismic experiment of the InSight lander could place important 410 

constraints on Te and Ts in the vicinity of the lander, and there is still optimism for HP3, the heat 411 

flow experiment.  InSight has served to focus much attention on the interior of Mars.  We hope 412 

that integration of published and new studies of Te and Ts with a careful understanding of 413 

physical implications of the data will bring a new understanding to the Mars’ lithosphere. 414 

 415 
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Table 1. Summary of Te estimates from admittance method (modified from McGovern et al., 583 

2004) 584 

Feature Surface Agea Te, km 
Thermal 

gradient, K/km 
Heat flow, 

mW/m2 

Olympus Monsb A >70 <8 <24 

Ascraeus Monsb,d A 2-80 5-55 13-140 

Pavonis Monsb,d A <100 >5 >13 

Arsia Monsb,c A >20 <10 <28 

Alba Paterab,c A - H 38-65 5.5-16 16-40 

Elysium Riseb A - H 15-45 6-13 15-33 

Hebes Chasmae A - H >60 <10 <28 

Hebes Chasmae,f,g A - H 60-120 5-9 17-25 

Candor Chasmae A - H >120 <6 <20 

Candor Chasmae,f,g A - H 80-120 3-7.5 11-23 

Capri Chasmae A - H >110 <6 <20 

Capri Chasmae,f,g A - H >100 <7 <23 

Solis Planume,h H 24-37 8-14 20-35 

Hellas south rime,h H - N 20-31 10-16 25-40 

Hellas south rimd,e,i H - N 40-120 6-11 20-28 

Hellas west rime,h H - N <20 >12 >30 

Hellas basine,h N <13 >14 >35 

Noachis terrae,h N <12 >20 >50 

Northeastern 
Terra Cimmeriae,h N <12 >19 >48 

Northeastern 
Arabia Terrae,h N <16 >17 >43 

a letters A, H and N refer to Amazonian, Hesperian and Noachian epochs, respectively. 585 
b Crustal density taken to be equal to nominal value (2,900 kg/m3). 586 
c Best fit density 587 
d Parameter ranges reflect the possibility that lithospheric ductile strength may be limited by 588 

that of either olivine or diabase. 589 
e Crustal density taken to equal that of load density.  590 
f Load density varied in increments of 100 kg/m3. 591 
g  Alternate solution with low surface density. 592 
h Ductile strength taken to be that of diabase. 593 
i Alternate solution with bottom loading. 594 

 595 

  596 
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Table 2.  Volcanic load information and estimates of elastic lithosphere thickness, Te.  Data from 597 

Comer et al. (1985) 598 

Load feature 
Excess mass, 

x1021 kg 

Rille distances Lower 

bound, km 
Best fit, km 

Upper 

bound, km rin, km rout, km 

Ascraeus Mons 2.1 170 ± 30 250 ± 20 8 22 50 

Pavonis Mons 1.3 150 ± 30 230 ± 30 10 26 50 

Arsia Mons 2.3 170 ± 40 260 ± 50 10 18 50 

Alba Patera 2.8 200 ± 25 350 ± 50 19 33 85 

Elysium Mons 0.5 150 ± 20 350 ± 20 48 54 110 

Olympus Mons 8.7 … … 150 200(?) … 

Isidis Palitia … … … 120 200-300(?) … 

 599 

  600 
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Appendix 601 

 602 

Calculation of Model LSEs 603 

LSE calculations are based on the results of laboratory experiments and models of rock 604 

deformation.  A recent detailed description that is relevant to the methods used here was given 605 

by Jiminez-Diaz et al. (2020).  The yield strength of the lithosphere at any depth is given by the 606 

lesser of the brittle and ductile yield strengths [Tapponier and Francheteau, 1978; Goetze and 607 

Evans, 1979; Weertman and Weertman, 1979]. Evidence suggests that crustal rocks are 608 

extensively fractured [Brace, 1972] and thus, for brittle failure, rock is modeled as a frictional 609 

plastic material. Resistance to sliding on fractures increases with pressure, and thus depth and 610 

regional stress, but appears to be generally independent of strain rate, temperature, and rock 611 

composition [Byerlee, 1978; Jamison and Cook, 1980; McGarr, 1980; Stetsky, 1978]. The brittle 612 

yield strength at depth z is calculated by (modified from Ruiz et al., 2006a, b):  613 

  614 

(𝜎 −  𝜎 ) = ∫ 𝛼𝜌(𝑧)𝑔 z.dz       (A1) 615 

 616 

where (𝜎 − 𝜎 )  is the difference between the maximum and minimum stresses at depth z, α is 617 

a factor depending on the stress regime (0.75 for extension and 3 for compression: Ranalli and 618 

Murphy, 1987), ρ(z) is density at depth z, and g is acceleration due to gravity.  619 

For ductile strength we have assumed a power-law, steady-state creep equation of the form:  620 

 621 

(𝜎 −  𝜎 ) =  (έ έ⁄ ) ⁄ 𝑒𝑥𝑝[𝑄∗/3𝑅𝛩]      (A2) 622 

 623 

where έ is strain rate, P is pressure, Q* is activation energy, R is the gas constant, Θ is absolute 624 

temperature, and έ0 and n are constants dependent on rock composition. The brittle and ductile 625 

strength equations used here predict a brittle-ductile transition at a temperature of 400-450°C 626 

(~675-725 K) for mafic lower continental crust. There are many assumptions inherent in these 627 

equations and improvements have been published ([e.g., Kohlstedt et al., 1995). However, as 628 

shown in Figure A1, the predicted brittle-ductile transition temperature reasonably predicts the 629 

cutoff depth of terrestrial continental seismicity hypocenter depths: thus, the equations are 630 

assumed to be useful for modeling LSEs for Mars. There is uncertainty in the water content of 631 

the Mars upper mantle and some authors use upper mantle creep parameters for both wet and dry 632 

rheologies. This subject is discussed by Grott et al. (2013).  Some studies conclude that the water 633 

content could be as low as 1-36 ppm water (Mysen et al., 1998).  In contrast other studies argue 634 

for water contents of 55 to 220 ppm (McCubbin et al., 2010), values similar to the water content 635 

in earth’s mantle. Creep parameters that have been successfully used to model terrestrial 636 

lithospheric rheology are representative of a dry rheology (e.g., Bellas et al. 2020) and we have 637 

used similar dry rheology mantle parameters here. 638 
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 639 
Figure A1. Cross-section showing temperatures and earthquake depths across the Peninsula 640 

Ranges, California, USA. Profile trends roughly west to east at latitude 32.3°N along the 641 

Elsinore Fault zone (EL). Q is heat flow (modified from Bonner et al., Figure 7).  642 

 643 

Mars Model LSEs 644 

Model LSEs were calculated for Mars using the equations above, assuming a surface 645 

temperature of 218 K (approximate InSight landing site mean annual ground temperature) and 646 

the following parameters for ductile deformation: 647 

   648 

Table A1. Parameters used for ductile deformation in calculation of LSEs for this study. 649 

 650 

Composition log έ0 n Q* 
Mafic -1.2 ± 1.2 3.05 276000 ± 21 
Ultramafic 4.5 ± 0.1 3.60 535000 ± 21 

 651 

The crust was assumed to have a mafic composition and the mantle to have a heat production of 652 

0.01 μW/m3 down to a depth of 250 km. A basaltic composition was assumed for the crust with a  653 

thermal conductivity of 2 W/(m K) (Beardsmore and Cull, 2001), and the mantle was assumed to 654 

have a temperature-dependent olivine conductivity. Twenty per cent of surface heat flow was 655 

assumed to originate from conduction through the base of the crust with 80% generated in the 656 
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crust by radiogenic heat production. Crustal thickness and surface heat flow were variables.  657 

Theoretical Mars geotherms were calculated using the parameters given above for crustal 658 

thicknesses of 30 and 60 km.  For each crustal thickness surface heat flow was varied from 5 to 659 

80 mW/m2 in increments of 5 mW/m2. 660 

 661 

a)                   b) 662 

 663 

 664 

Figure A2. LSEs calculated for a). 30 km-thick and b) 60 km-thick crusts.  See text for 665 

parameters and equations used to calculate curves. 666 

 667 

LSEs were calculated for a selection of the calculated geotherms for both crustal thicknesses 668 

are shown in Figure A2.  Linear sections of the curves indicate brittle strength; non-linear 669 

sections indicate ductile strength.  For low surface heat flow the strength to a depth of 250 km is 670 

all brittle; the junctions between the non-linear and linear sections of the curves are the brittle-671 

ductile transitions.  There is often a discontinuity in the curves at the crust-mantle boundary 672 

corresponding to compositional change.  Ductile strength curves were calculated using a strain 673 

rate of 10
-22 

s-1 (see below).  As surface heat flow increases for a 30 km-thick crust, a ductile 674 

zone appears first in the mantle, and then at 30 mW/m
2 

in the lower crust.  For a 60 km-thick 675 

crust, a ductile zone appears first in the lower crust at a surface heat flow of about 20 mW/m
2
.  676 

These LSEs are not intended to represent specific times or locations on Mars, but are families of 677 

curves that are illustrative of the effects of changes in crustal thickness and surface heat flow. 678 

A wide range of strain rates have been used to calculate ductile strength for LSEs ranging 679 

from 10-14 s-1 (Plesa et al., 2016) to 10-19 s-1 (McGovern et al., 2002, 2004).  We have chosen a 680 

very conservatively slow strain rate of 10-22 s-1 for ductile strength calculations here in order to 681 

maximize the number of brittle-ductile transitions in the LSEs in the surface heat-flow range 682 

tested.  With the low Mars’ surface temperature for the geotherms (218 K used in these 683 

calculations) the LSEs showed only brittle failure above 250 km in the lower range of the heat-684 

flow increments tested with the higher strain rates.  In terms of ductile strengths, although there 685 
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is eight order of magnitude in strain rate under consideration here (10-14 to 10-22 s-1)) the resulting 686 

change in ductile strength is only a factor of 167 (factor obtained by calculating (έ έ⁄ ) ⁄  from 687 

equation A2 for strain rates of 10-14 s-1 and 10-22 s-1 and taking the ratio).  Thus, large changes in 688 

strain rate have major geological implications and important consequences for depths to brittle-689 

ductile transitions, but are very subdued in terms of ductile strength. 690 

 691 

Relationship Among LSEs, Seismogenic and Elastic Layer Thicknesses 692 

Rheology is a term that implies time and the three definitions of lithospheric rheology 693 

discussed here all operate at different time-scales.  LSEs are calculated on the assumption that 694 

stress is applied to the lithosphere instantaneously with a constant strain rate in the plane of the 695 

stress direction where ductile strain dominates.  The strain rate used for terrestrial calculations is 696 

typically of the order of 10-15 s-1 for terrestrial strength calculations and we have used 10-22 s-1 for 697 

Mars calculations.  The seismogenic layer is the relatively shallow depth zone in which 698 

seismicity (earthquakes or marsquakes) is restricted.  It is an indication of brittle failure in the 699 

lithosphere.  Deformation resulting in earthquake signals occurs on timescales or the order of 700 

seconds to minutes.  There is no evidence that slow earthquakes occur on Mars but, should they 701 

occur, the timescale could be hours to months.  Lithospheric flexure is a response of the 702 

lithosphere to long-term (≥ 105 yr) geologic loads (Watts and Burov, 2003).  Gravity and 703 

topography data from, which Te has been determined by the admittance method, were generally 704 

collected on timescales of the order of gigayears after loading, the exception being ice loading at 705 

the poles (e.g. Broquet  et al., 2020) 706 

Te and Ts for flexure in a uniform composition lithosphere is shown in Figure A3A.  As 707 

discussed above, there are more than one interpretation of Te possible.  A deviatoric stress line 708 

crosses each segment of the LSE so that is defines equal areas in the compression and extension 709 

portions of the LSE segment.  Where this line crosses the ordinate axis is the neutral stress depth.  710 

From Newton’s Second Law, the elastic strength is the effective sum of the areas in the LSE 711 

between the deviatoric stress line, the ordinate axis, and the LSE,  Other portions of the LSE are 712 

not included in the elastic core because they are not stressed.  Ts is simpler as there is only one 713 

maximum depth of the brittle yield strength, assuming that the LSE and flexural stress are 714 

calculated correctly.  With a multilayer lithosphere interaction of flexural stresses with the LSEs 715 

for each layer become more complex, as shown in Figure A3B.  If the lower limit of ductile 716 

strength separates the layers they become mechanically separated and each layer has an 717 

individual elastic core (Burov 2010, 2011).  The effective elastic thickness then is the combined 718 

effect of the individual elastic cores. 719 
720 
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a)            b) 721 

 722 
 723 

Figure A3.  A) Mars LSE for a uniform lithosphere showing possible relationships of effective 724 

elastic lithosphere depth ranges (Te) and depths of layer of seismicity (Ts).  The red dashed 725 

lines indicate stresses associated with flexure [Adapted from Burov (2010)].  b)  LSE for a 726 

layered Mars lithosphere.  Thicknesses of the elastic cores of the two layers, h1 and h2 are 727 

indicated [Adapted from Burov (2010)]. 728 

 729 

Burov and Diament (1995) indicate that the addition of a uniform horizontal stress to the 730 

lithosphere shifts the deviatoric stress areas in the curves in Figure A7 either to the left 731 

(compression) or to the right (extension) according to the sign of the external stress.  Watts and 732 

Burov (2003) state that if the layers in the LSE are decoupled, the elastic strength reflects the 733 

strength in each elastic layer; It  is not simply the sum of the thicknesses of the layers (h1, h2, … 734 

hn) but is given by the Kirchov relation: 735 

 736 

𝑇  ≈  ℎ  +  ℎ  + . . . +  ℎ
⁄

 =  ∑ ℎ
⁄

   (A3) 737 

 738 

An example of a Mars LSE is shown in Figure A4 with elastic and seismogenic layer 739 

thicknesses with a uniform horizontal regional stress field.  This is based on our interpretation of 740 

the application of a uniform horizontal regional stress to the flexure model by Burov and 741 

Diament (1995).  As discussed in the caption for this figure, a two-layer LSE is predicted under 742 

these conditions, as with the flexure model, but the seismogenic layer thickness is limited to the 743 

upper crust unless the magnitude of the regional stress field exceeds the mantle brittle strength at 744 

the crust-mantle boundary (Moho).  These results are robust for this type of LSE model yielding 745 

the conclusion that for Mars, elasticity in the lithosphere is generally distributed over at least two 746 

layers, one in the crust and one in the mantle, depending on crustal thickness and heat flow, 747 

seismicity may be limited to the crust or be in two zones, one in the crust and one in the upper 748 

mantle. 749 
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 750 
Figure A4.  LSE for Mars calculated for a 60 km thick.  Assuming uniform horizontal regional 751 

stresses maximum thicknesses of elastic zones have been shown for the crust (hc) and the 752 

mantle (hm).  In extension the external stress is shown to exceed the maximum brittle ductile 753 

yield strengths, the crustal and mantle seismogenic layer thicknesses, Tsc and Tsm, 754 

respectively, are defined by the depths to the brittle ductile transitions.  Unlike flexure of the 755 

lithosphere where the applied deviatoric stress is represented by a sloping line through the 756 

plot, a uniform external stress is represented by a vertical line at the magnitude of the 757 

applied stress.  The elastic strength is the area between the brittle ductile curve for extension 758 

and the ordinate axis.  He external uniform stress does not exceed the brittle-ductile 759 

transition in either the crust or the mantle in compression and does not cross the brittle curve 760 

in the mantle.  Thus, the seismogenic layer thickness under compression is the depth at 761 

which the external stress line crosses the crustal brittle curve under compression.  The elastic 762 

strength is the area between the brittle ductile curve for compression, the external stress line 763 

and the ordinate axis. 764 

 765 

Method of calculation of Te for Figure 4 766 

Figure 4 shows the spatial variation of crustal and elastic thickness near the InSight landing site 767 

and surrounding regions prepared by Ratheesh-Kumar & Ravat using the space domain 768 

convolution method developed by Braitenberg et al. (2002, 2006). The method assumes that the 769 

bending of the Moho is caused by topographic loads using thin plate and point load 770 

approximations (Turcotte & Schubert, 1982; Watts, 2001). The topography and Bouguer gravity 771 

models were from the MOLA team and Genova et al. (2016), respectively, from PDS. The 772 

Bouguer model is spherical harmonic degree 90 (minimum wavelength ~ 240 km) and because 773 

the region contains large volcanic provinces, windows of 1000 x 1000 km, offset by 60 km 774 

throughout the region were used to estimate elastic thickness shown in Figure 4b.  The 775 
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convolution method is not affected by spectral tapering uncertainties and consideration of limited 776 

spectral range for the fit between observed and computed spectra; however, the resolution of its 777 

elastic bending response kernels for large elastic thicknesses is limited and the results depend on 778 

how well the flexure-based Moho approximates the Bouguer anomaly Moho using downward 779 

continuation of the signal (similar to Wieczorek & Phillips, 1998). Another limitation of the 780 

method is that, presently, it operates in rectangular coordinates; however, since the Bouguer 781 

gravity anomalies are based on spherical computations, the only approximation involved is the 782 

distortion of the length of spherical arc upon flattening, which is less than 3 km for the 500 km 783 

half-window (over which the distortion occurs) and thus the results are not affected in 784 

comparison to all of the assumptions involved in the calculations of elastic thickness by any 785 

available method.  Results from Broquet & Wieczorek (2019) suggest that ignoring intra-crustal 786 

and mantle loads in the calculations did not significantly change the estimates of elastic thickness 787 

for most regions they studied, including the large Elysium volcanic region 788 


