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Abstract

Knowledge of lithospheric strength can help to understand the internal structure and evolution of the terrestrial
planets, as surface topography and gravity fields are controlled mainly by deformational features within the
lithosphere. Here, strength profiles of lithosphere were calculated for each planet using a recently updated flow law
and taking into account the effect of water on lithospheric deformation. Strength is controlled predominantly by
brittle deformation at shallow depths, whereas plastic deformation becomes dominant at greater depths through
its sensitivity to temperature. Incorporation of Peierls creep, in which strain rate is exponentially dependent on
stress, results in the weakening of plastic strength at higher stress levels, and the transition from brittle to ductile
deformation shifts to shallower depths than those calculated using conventional power-law creep. Strength in both
the brittle and ductile regimes is highly sensitive to the presence of water, with the overall strength of the lithosphere
decreasing markedly under wet conditions. The markedly low frictional coefficient of clay minerals results in a further
decrease in brittle strength and is attributed to expansion of the brittle field. As plastic strength is influenced by lithology,
a large strength contrast can occur across the crust–mantle boundary if deformation is controlled by ductile deformation.
Effective elastic thickness for the terrestrial planets calculated from the rheological models indicates its close dependence
on spatiotemporal variations in temperature and the presence of water. Although application of the strength models to
observed large-scale surface deformational features is subject to large extrapolation and uncertainties, I emphasize the
different sensitivity of these features to temperature and water, meaning that quantifying these features (e.g., by data
from orbiting satellites or rovers) should help to constrain the internal structure and evolution of the terrestrial planets.
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1 Introduction
The terrestrial planets typically comprise an outermost
rigid layer overlying a convective viscous layer. Although
direct subsurface information is not available for these
planets, except for Earth, lithospheric structures can be
inferred from modeling studies using orbiting satellite
data such as multispectral imaging, surface topography,
and the gravity field (e.g., Watters and Schultz 2009).
The flexural response to surface or subsurface loads is
responsible for flexural rigidity and can constrain the

thickness of an equivalent elastic plate. By applying simple
models incorporating brittle, elastic, and ductile deform-
ation, it is possible to calculate the effective elastic thick-
ness of the lithosphere and its spatial and temporal
variations (e.g., Goetze and Evans 1979; McNutt 1984;
Watts and Burov 2003). The spacing of faults and fold is
also sensitive to the thickness of a strong layer associated
with brittle deformation and can therefore provide con-
straints on lithospheric structure (e.g., Phillips and Hansen
1998; Montesi and Zuber 2003).
Lithospheric structure is controlled mainly by rock

strength, which is highly sensitive to temperature (e.g.,
Ranalli 1992; Kohlstedt et al. 1995). Consequently,
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differences in elastic thickness and faults/fold spacing
are commonly interpreted to reflect spatiotemporal vari-
ations in the vertical thermal gradient in the terrestrial
planets. In Earth, the effective elastic thickness of
oceanic lithosphere systematically changes with the time
of loading, consistent with the plate-cooling model (e.g.,
Watts et al. 1980). The thickness of the elastic litho-
sphere within Mars shows spatial variations that are gen-
erally correlated with the geological epoch, most likely
due to the secular cooling of the planet (e.g., Solomon
and Head 1990). Rock strength is also dependent on
constituent minerals, meaning that chemical compos-
ition, including compositional changes such as the crust
to mantle transition, has a substantial influence on the
rheological structure of the lithosphere. Because of the
large strength contrast across the crust–mantle bound-
ary within Venus, crustal deformation is likely decoupled
from the underlying mantle convection, which might
have resulted in the absence of plate tectonics on that
planet (e.g., Mackwell et al. 1998; Azuma et al. 2014).
Another key difference in internal structural features be-
tween Venus and Earth is unstable fault motion,
whereby the cold and wet lithosphere may facilitate dy-
namic weakening within Earth, in contrast to stable slid-
ing in the dry and hot lithosphere of Venus (Karato and
Barbot 2018).
Recent laboratory experiments have emphasized the

influence of water on rock rheology (e.g., Paterson and
Wong 2004; Karato 2008). Pore fluid pressure is well
known to reduce the brittle strength of rock, and this re-
lationship has been widely applied to enhance recovery
of oil and shale gas, as well as to exploit geothermal res-
ervoirs (e.g., Gregory et al. 2011). Earthquakes can be
triggered by pore pressure buildup, whereby the tem-
poral evolution of fault strength is likely controlled by
fluid accumulation and abrupt fluctuations (e.g., Sibson
1992; Katayama et al. 2012). Another important influ-
ence of water on brittle strength is the presence of clay
minerals, which has been suggested as a weakening
mechanism of fault motions through its markedly low
frictional coefficient (e.g., Moore and Lockner 2007).
During ductile deformation, the presence of water re-
duces plastic strength through increasing the number of
defects in crystals and promoting mass transfer at grain
boundary (e.g., Karato 2008). Nominally anhydrous min-
erals such as olivine and pyroxene contain very small
amounts of water (ppm level), but the dissolved hydro-
gen in crystals increases the defect concentration, mean-
ing that even trace amounts of water can markedly
enhance the rate of plastic deformation (e.g., Karato and
Jung 2003; Hirth and Kohlstedt 2003).
This review paper summarizes current knowledge of

the rheological properties of crust and mantle materials,
including the effects of water on material properties.

Strength profiles of the lithosphere are calculated for
Mercury, Venus, Earth, and Mars, which vary in terms
of gravity, temperature, and crustal thickness (Fig. 1 and
Table 1), following which the implications for the spatio-
temporal evolution of the lithosphere of each planet are
discussed, focusing particularly on the role of water.

2 Calculation of strength profiles
The type of deformation in the interior of rocky planets
shifts from brittle deformation at relatively shallow levels
to plastic deformation at deeper levels. This is because a
fracture surface can easily grow at low temperature and
pressure resulting in brittle deformation, whereas at
deep levels the fracture surface tends to closes owing to
increasing pressure, with plastic deformation becoming
dominant as temperature increases with depth. As brittle
fracture is commonly restrained by the friction on the
existing fault plane, frictional strength is typically used
to represent the strength of the brittle region (e.g.,
Goetze and Evans 1979; Kohlstedt et al. 1995). In the
plastic region, strength is calculated using a flow law
that is exponentially dependent on temperature. Details
of calculating strength for each deformation mechanism
and rheological layering are described below.

2.1 Frictional strength
Frictional strength is controlled mainly by the applied
normal stress on the fault plane, and the friction coeffi-
cient is known to be insensitive to lithology and
temperature (Byerlee 1978). The strength of the brittle
region is generally expressed as follows:

τ ¼ μ σn þ C ð1Þ

where τ is shear stress, μ is the coefficient of friction, σn
is normal stress, and C is frictional cohesive strength.
The frictional coefficient of 0.85 under low normal stress
and typically decreases to 0.6 at higher normal stress
were frequently used to calculate the brittle strength
(e.g., Kohlstedt et al. 1995). However, recent laboratory
experiments and first-principle calculations have shown
extremely low the frictional coefficient for clay minerals
under wet conditions (e.g., Moore and Lockner 2007;
Katayama et al. 2015; Sakuma et al. 2018). In addition to
Earth, the presence of clay minerals has been suggested
in surficial materials of Mars (e.g., Ehlmann et al. 2011).
I therefore calculated brittle strength in the presence of
clay minerals for Earth and Mars, using frictional coeffi-
cients as low as 0.1.
Although the frictional strength obtained using Eq. (1)

is shear stress, the coordination of stress is typically dif-
ferential stress in plastic deformation. Therefore, it is ne-
cessary to unify the stress components when calculating
a strength profile across the brittle–ductile transition. A
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fault plane is generally oriented about 30° from the max-
imum principal stress axis, and the frictional strength on
the fault plane can be expressed in terms of the principal
stress component using this geometrical relationship
(Kohlstedt et al. 1995; Katayama and Azuma 2017). In
tensional deformation, the maximum principal stress is
equivalent to the overburden/lithostatic pressure,
whereas the minimum principal stress is equivalent to
the pressure during compression; consequently, fric-
tional strength in the tensional field becomes nearly half
of that in the compressional field.
In case where pore fluids exist in the brittle region, the

pore pressure acts in the direction opposite to the nor-
mal stress, so the effective normal stress on the fault
plane is calculated as

σeffn ¼ σn − αPp ð2Þ

where Pp is pore fluid pressure, and α is a coefficient
that is approximated to unity (e.g., Gueguen and
Palciauskas 1994). This relationship indicates that the ef-
fective normal stress, and hence the frictional strength,
can decrease markedly as pore fluid pressure increases.
Here, in the calculation of strength profiles under hy-
drous conditions, the pore pressure was assumed to be
hydrostatic. For the wet model, brittle strength was

calculated using Byerlee’s law, including the effect of
pore fluid pressure. For the clay model, the strength was
further decreased on account of the low frictional
coefficient.

2.2 Plastic strength
In the region of plastic deformation, mechanical strength
is strongly influenced by temperature and strain rate,
whereas brittle strength is controlled predominantly by
pressure. The relationship between strain rate ( ε̇ ) and
differential stress (σ) is commonly expressed by a power-
law relationship as follows:

ε̇ ¼ A
σn

dm exp −
E þ PV
RT

� �
ð3Þ

where A is a pre-exponential factor, d is grain size, E is
activation energy, V is activation volume, P is pressure,
T is temperature and R is the gas constant (e.g., Ranalli
1992; Karato 2008). In this power-law relationship, n
and m are constant exponents for stress and grain size,
respectively. Plastic deformation is caused by the move-
ment of defects in crystals, in which the dominant de-
formation mechanism depends on stress, temperature,
and grain size, among other factors (e.g., Frost and
Ashby 1982). Diffusion creep is controlled by point

Fig. 1 Internal structure of the terrestrial planets, composed of crust, mantle, and core

Table 1 Basic information for the terrestrial planets

Mercury Venus Earth Mars

Semi-major axis (AU) 0.39 0.72 1.00 1.52

Radius (km) 2439 6052 6378 3394

Gravity (m/s2) 3.70 8.87 9.78 3.69

Density (g/cm3) 5.43 5.20 5.51 3.93

Surface temperature (K) 440 730 280 220

Crustal thickness (km) 35 15 7 50
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defects, for which the stress and grain size exponents are
1 and 3, whereas dislocation creep is insensitive to grain
size and has a strong stress dependence (n ≈ 3).
The power-law relationship is frequently used to cal-

culate plastic strength in the lithosphere. However, limi-
tations of the power-law formula have been documented
for low temperatures and high stresses (Tsenn and Car-
ter 1987), in which case the strain rate becomes expo-
nentially dependent on stress, as follows:

ε̇ ¼ Aσ2 exp −
E þ PV
RT

1 −
σ
σp

� �2
 !

ð4Þ

where σp is Peierls stress. This mechanism, known as
Peierls creep, becomes dominant at depths close to the
brittle–ductile transition (e.g., Katayama and Karato
2008). The parameters of flow laws used in the calcula-
tions are listed in Table 2.
Another key aspect of plastic deformation is that

strength varies with lithology. Plastic strength is gener-
ally controlled by the weakest constituent mineral in
rock, and the flow laws for plagioclase and olivine are
commonly used to calculate plastic strength in the crust
and mantle, respectively (e.g., Bürgmann and Dresen
2008). Plastic strength is also dependent on crystal
orientation as well as mineral distribution and connect-
ivity, leading to variability in strength (e.g., Yamazaki
and Karato 2002); however, isotropic strength was
adopted here as the simplest model for rheological
calculations.
Water is known to enhance the rate of plastic deform-

ation by increasing the mobility of defects in crystals
(e.g., Karato 2008). Although the amounts of water dis-
solved in nominally anhydrous minerals is minor (ppm

level), defect mobility can be increased markedly
through distortion in crystals, which enhances plastic
deformation (e.g., Karato and Jung 2003; Hirth and
Kohlstedt 2003). The influence of water depends on the
chemistry of point defects, which varies among minerals
and with the mechanism of creep. Plastic strength was
calculated for wet models using the flow law determined
under fluid-saturated conditions (Table 2).

2.3 Elastic thickness
Under applied moments and loads, flexure of the litho-
sphere occurs on geological time-scales, and the thick-
ness of the elastically responding layer is inferred from
the strength envelope of the lithosphere (e.g., Goetze
and Evans 1979; McNutt 1984). Here, the effective elas-
tic thickness was calculated following McNutt (1984),
with the moment balanced between tensional and com-
pressional forces within the lithosphere. The integrated
bending moment of the lithosphere is estimated as

M ¼
Z Tm

0
σ zð Þ z − znð Þdz ð5Þ

where Tm is the mechanical thickness of the lithosphere,
σ(z) is the strength at depth z, and zn is the depth of the
neutral stress plane. The mechanical thickness is as-
sumed to be represented by the base of the lithosphere,
corresponding to the depth with a stress of < 50 MPa
(e.g., McNutt 1984). The analytical solution for the
bending moment of the lithosphere is expressed as

M ¼ EKT3
e

12 1 − υ2ð Þ ð6Þ

where E is Young’s modulus, υ is Poisson’s ratio, K is the

Table 2 Flow law parameters used for calculation of rhelogical structures

Rock type Creep
mechanism

A n m σp E V

(s-1 MPa-n μmm) (MPa) (kJ/mol) (cm3/mol)

Plagioclase (wet) Diffusion creepa 10 1.7 1 3 - 170 -

Dislocation creepb 10 -5.6 4 - - 235 -

Peierls creepc 10 -1.2 2 - 3410 235 -

Plagioclase (dry) Diffusion creepa 10 12.1 1 3 - 467 -

Dislocation creepb 10 0.9 3.9 - - 431 -

Peierls creepc 10 3.5 2 - 9830 431 -

Olivine (wet) Diffusion creepd 10 9.0 1 3 - 335 4

Dislocation creepe 10 4.2 3 - - 410 11

Peierls creepf 10 4.3 2 - 2870 410 11

Olivine (dry) Diffusion creepd 10 9.2 1 3 - 375 5

Dislocation creepe 10 6.1 3 - - 510 14

Peierls creepf 10 6.3 2 - 9600 510 14
aRybacki and Dresen (2000), bShelton (1981), cAzuma et al. (2014), dHirth and Kohlstedt (2003), eKarato and Jung (2003), fKatayama and Karato (2008)
The rhelogical parameters followed those used by Katayama et al. (2019), except for activation volume, which was given incorrectly in that study
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flexural curvature, and Te is the effective elastic thick-
ness. The elastic constants of the lithosphere were as-
sumed to be E = 100 GPa and υ = 0.25, and the
curvature was set as 5 × 10−7 m−1. The sensitivity of
these parameters is discussed in the following sections.
As the bending moment of the lithosphere is controlled
mainly by the strength close to the brittle–ductile transi-
tion, incorporation of Peierls creep provides a large con-
tribution to the estimated elastic thickness.

3 Rheological models for the terrestrial planets
In the calculation of strength as a function of depth,
lithostatic pressure is calculated using density and grav-
ity for each planet (Table 1). The thermal structure in
the terrestrial planets is highly uncertain, so constant
thermal gradients ranging from 5 to 20 K/km were as-
sumed, corresponding to a surface heat flow of 20–80
mW/m2 with a typical thermal conductivity of 4 W m−1

K−1 for mantle material. Although the strain rate may
vary with location and tectonic processes, a constant
strain rate of 10−17 s−1 was used to compare the litho-
spheric strength for the different planets. Variations in
strain rate ranging from 10−16 to 10−18 s−1 are shown as
dashed lines in Fig. 2 and have a relatively minor influ-
ence on the strength profiles. For plastic deformation,
grain size was assumed to be 1 mm, resulting in

deformation controlled mainly by diffusion creep at the
base of lithosphere, with dislocation and Peierls creeps be-
coming dominant in the middle parts of the lithosphere.
Figure 2 shows the calculated strength profiles of oceanic
lithosphere within Earth using different thermal gradients
under dry and wet conditions. Increasing temperature re-
sults in a decrease in plastic strength at depth, and a shal-
low brittle–ductile transition develops under a high
thermal gradient. Water influences lithospheric strength
in both the brittle and ductile regions of the terrestrial
planets, with the overall strength of the lithosphere de-
creasing markedly under wet conditions. The presence of
clay minerals results in a marked decrease in frictional re-
sistance, and hence the brittle–ductile transition shifts to
greater depths (Fig. 2). Figure 3 shows the strength pro-
files of the planets calculated using a constant thermal
gradient of 10 K/km. Lithospheric strength and the depth
of the brittle–ductile transition are highly variable among
these different planets, even if a similar thermal structure
is assumed.

3.1 Mercury
Strength models of Mercury are shown in Fig. 4 with
different thermal gradients under dry and wet condi-
tions. Given the relatively small gravity of this planet,
the brittle strength is moderate, attributed to a deeper

Fig. 2 Strength models for Earth calculated using a constant strain rate of 10−17 s−1 (solid lines) with variation in strain rates between 10−16 and
10−18 s−1 (dashed lines). The strength of shallow parts is controlled mainly by frictional sliding and that of deeper parts by plastic deformation.
Arrows indicate the transition from brittle to ductile deformation for each model. An increasing thermal gradient results in a decrease in plastic
strength at depth and a shallower brittle–ductile transition. Water reduces the strength of both the brittle and ductile regions; consequently,
lithospheric strength is markedly lower under wet conditions compared with dry. The presence of clay results in the markedly low frictional
coefficient, and hence further decreases the brittle strength
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brittle–ductile transition. Increasing the thermal gradient
results in a systematic decrease in the plastic strength, and
the transition from brittle to ductile deformation occurs at
shallower depths. Nimmo and Watters (2004) calculated
the depth of the brittle–ductile transition within Mercury
with variable crustal thickness and surface heat flow. The
present results are mostly consistent with the results of
those authors for a given crustal thickness under dry con-
ditions. For wet models, the brittle–ductile transition oc-
curs at shallower depths than those of dry models with a
markedly lower transitional strength (Fig. 4). As the plastic
strength of plagioclase is weaker than that of olivine, a
large strength contrast can be observed across the crust–
mantle boundary, particularly for a low thermal gradient
under wet conditions. A significant weakness in the lower
crust may result in mechanical decoupling between crust
and mantle, similar to that expected for Venus.

3.2 Venus
With a mean surface temperature of 730 K, the overall
strength of the Venusian lithosphere is much lower than
that of the other terrestrial planets. The rheological
model of Venus is also highly dependent on the thermal
gradient under dry conditions (Fig. 5), whereas the
strength of the lithosphere is very low under wet condi-
tions, meaning that almost the entire lithosphere acts as
a viscous layer. Mackwell et al. (1998) presented a
strength profile for Venus using the flow of diabase as
the crustal material. The difference in the plastic
strength between diabase and plagioclase is not signifi-
cant under deformation controlled by dislocation creep;

however, Peierls creep becomes the dominant deform-
ation mechanism near the brittle–ductile transition, and
this type of flow law is not available for diabase. Azuma
et al. (2014) conducted two-layer experiments with
plagioclase and olivine under conditions corresponding
to the depth of the crust–mantle boundary within Venus
and found that crustal plagioclase is much weaker than
mantle olivine. Because of the large strength contrast
across the crust–mantle boundary, they suggested that
decoupling between crustal deformation and mantle
convection likely occurred during the early evolution of
Venus.

3.3 Earth
Figure 6 shows the calculated strength profiles for
oceanic lithosphere within Earth. The thermal structure
of oceanic lithosphere is known to have an age depend-
ence (e.g., McKenzie et al. 2005), and the structures calcu-
lated for thermal gradients using 10 and 20 K/km
correspond approximately to oceanic lithosphere with
ages of 100 and 20 Ma, respectively. As oceanic plate cools
with increasing distance from the ocean ridge, the rigidity,
and thickness of oceanic lithosphere systematically in-
crease (Fig. 6). Volatile elements are generally depleted in
oceanic lithosphere during magmatic differentiations (e.g.,
Hirth and Kohlstedt 1996), so the dry model is appropri-
ate for the rheological structure. However, recent geo-
physical observations have suggested extensive hydration
along outer-rise bending faults close to the trench (e.g.,
Obana et al. 2019), which may modify the rigidity of
oceanic lithosphere as a hydrous model, giving a weak and

Fig. 3 Strength profiles for Mercury, Venus, Earth, and Mars calculated using a constant thermal gradient of 10 K/km and a constant strain rate of
10−17 s−1, under both dry (red lines) and wet (blue lines) conditions. Dashed lines indicate the influence of strain rate of 10−16 and 10−18 s−1, and
dotted lines indicate the brittle strength in the presence of clay minerals. As plastic strength differs between crust and mantle, the strength
profiles show a gap across the crust–mantle boundary (Moho) in case where deformation is plastic
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Fig. 4 Strength profiles for Mercury with variable thermal gradients under dry (upper panel) and wet (lower panel) conditions. Brittle strength is
calculated from Byerlee’s law, and plastic strength is calculated from flow laws using a constant strain rate of 10−17 s−1. The stress state assumes
tensional deformation at shallow depths that shifts to compression at greater depths. A flexural curvature of 5 × 10−7 m−1 was used for calculations.
The red/blue shading indicates the bending moment, which is balanced between tensional and compressional forces within the lithosphere

Fig. 5 Strength profiles for Venus with variable thermal gradients under dry conditions. Note that strength under wet conditions is extremely low
and that the mechanical thickness is expected to be less than 1 km. Calculation parameters are the same as those for Fig. 4
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relatively thin elastic layer (Fig. 6). Strength profiles of the
continental lithosphere are highly variable, depending on
the geotherm, chemical stratification, and the distribution
of water (e.g., Burov and Diament 1995). Marked strength
layering, such as depicted in the “jelly sandwich” model,
results in a weak lower crust and mechanical decoupling
at the crust–mantle boundary, whereas the “crème brûlée”
model predicts a weak mantle with strength being limited
to the crust (e.g., Bürgmann and Dresen 2008). Because of
these complexities, strength profiles were calculated only
for oceanic lithosphere.

3.4 Mars
Strength profiles within Mars for a given thermal gradient
are similar to those within Mercury because of the rela-
tively small gravity (Fig. 7). However, surface temperature
of the present-day Mars is much cooler than the other ter-
restrial planets due to the small amounts of solar radi-
ation, indicating a relatively rigid lithosphere. Grott and
Breuer (2008) presented strength envelopes for various
thermal models including the influence of water, and con-
cluded that rheologically significant amounts of water can
be retained in the Martian lithosphere. However, those

authors used power-law creep for flow law of plastic de-
formation, which is not an appropriate mechanism near
the brittle–ductile transition, resulting in an overesti-
mation of lithospheric strength. Solomon and Head
(1990) calculated the strength profile and elastic thickness
incorporating Peierls creep, but the calculations were lim-
ited under dry conditions. Considering the Peierls creep
and the effect of water, Azuma and Katayama (2017) sug-
gested that a shallow brittle–ductile transition and low
lithospheric strength under wet conditions might have
changed to a thick and rigid plate owing to depletion of
water during the evolution of the lithosphere in Mars.
However, if clay minerals are present in shallow parts of
the lithosphere, the markedly low frictional coefficient re-
sults in a deeper brittle–ductile transition, similar to that
calculated for the dry model, whereas the elastic layer is
thinner because of the low flexural rigidity.

4 Discussion
4.1 Effects of thermal gradient and water on elastic
thickness and the depth of the brittle–ductile transition
The calculated elastic thickness for each terrestrial
planet is presented in Fig. 8 as a function of thermal

Fig. 6 Strength profiles for oceanic lithosphere of Earth with variable thermal gradients under dry (upper panel) and wet (lower panel)
conditions. Dotted lines in the lower panels indicate brittle strength calculated in the presence of clay minerals. Calculation parameters are the
same as those for Fig. 4
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gradient for various models (the values are listed in
Table 3). For all planets, a decreasing thermal gradient
results in increasing elastic thickness, although the de-
pendencies are slightly different for each planet. I calcu-
lated elastic thickness using strain rates ranging from
10−16 to 10−18 s−1, and the variation in strain rate has a
relatively minor influence on the estimated elastic thick-
ness (Fig. 8). The calculated elastic thickness under dry
conditions for Mercury, Earth, and Mars is highly
dependent on thermal gradient, but less so for Venus.
This is likely due to the lithospheric strength for Venus
being controlled mainly by crustal material properties
and less so by temperature (because of the relatively low
activation energy for plagioclase). Wet models result in a
markedly thin elastic layer, and the presence of clay min-
erals further decreases lithospheric strength and hence
yields a smaller elastic thickness (Fig. 8). It should be
noted that for Venus, the calculated elastic thicknesses
under wet conditions are smaller than the calculated
vertical resolution (1 km), even at the lowest thermal
gradient. Although absolute values carry large uncertain-
ties, as discussed in the following section, the relative

changes in elastic thickness with temperature and water
are robust.
The depths of the brittle–ductile transition for the ter-

restrial planets are presented in Fig. 9 as a function of
thermal gradient (the values are listed in Table 4). The
brittle–ductile transition under dry conditions changes
systematically with thermal gradient, whereby a low
thermal gradient results in a stiff lithosphere and deeper
transition depth. The wet model results in a markedly
shallower brittle–ductile transition than those calcu-
lated for the dry model, although the presence of
clay minerals shows deeper transitional depths than
those of wet model (Fig. 9). In the case of Earth and
the low thermal gradients for Mars, the brittle–duc-
tile transitions occur at greater depths similar to
those of the dry model, as the brittle fields are ex-
panded to mantle depths owing to the low frictional
coefficient of clay minerals. In the other cases, sig-
nificant weakening of wet plagioclase cancels the ef-
fect of clay minerals, hence the clay model shows a
similar depth of the brittle–ductile transition to that
of the wet model at depths below the Moho.

Fig. 7 Strength profiles for Mars with variable thermal gradients under dry (upper panel) and wet (lower panel) conditions. Dotted lines in the
lower panels indicate brittle strength calculated in the presence of clay minerals. Calculation parameters are the same as those for Fig. 4
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Fig. 8 Effect of thermal gradient on elastic thickness for each planet for various models. Dashed, solid, and dotted lines indicate calculation
results using strain rates of 10−16, 10−17, and 10−18 s−1, respectively. In the calculations, a tensional stress field is assumed at shallow depths, which
shifts to compression at greater depths. The parameters for the calculations are listed in Tables 1 and 2

Table 3 Elastic thickness (km) calculated using strain-rate of 10-17 s-1

Model Thermal gradient (K/km)

5 7.5 10 12.5 15 17.5 20

Mercury

dry 52.6 36.0 27.5 21.8 17.5 15.0 13.3

wet 33.4 12.6 10.1 8.4 7.2 6.3 5.7

Venus

dry 29.2 19.9 15.3 12.3 8.4 7.8 7.2

Earth

dry 88.8 59.9 45.5 36.7 30.8 26.6 23.4

wet 59.4 41.0 32.6 25.8 22.0 19.0 16.8

clay 47.3 31.7 24.1 19.4 16.2 14.0 12.3

Mars

dry 74.9 51.4 39.2 31.4 24.9 21.5 19.0

wet 52.1 36.0 19.0 15.7 13.4 11.7 10.4

clay 38.0 25.5 13.2 10.9 9.2 8.0 7.1
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Fig. 9 Effect of thermal gradient on the depth of the brittle–ductile transition in each planet for various models. Dashed, solid, and dotted lines
indicate calculation results using strain rate of 10−16, 10−17, and 10−18 s−1, respectively. The tensional stress field is assumed at shallow depths, and
the parameters for the calculations are listed in Tables 1 and 2

Table 4 Brittle–ductile transition (km) calculated using strain-rate of 10-17 s-1

Model Thermal gradient (K/km)

5 7.5 10 12.5 15 17.5 20

Mercury

dry 75 55 43 30 26 22 20

wet 47 19 15 13 11 10 9

Venus

dry 24 19 15 9 8 7 6

Earth

dry 75 57 46 39 34 30 27

wet 41 34 29 25 22 20 19

clay 83 60 48 39 34 29 26

Mars

dry 110 78 62 46 39 34 30

wet 74 40 32 27 23 20 18

clay 110 78 40 33 27 24 21
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Consequently, the depth of the brittle–ductile transi-
tion for terrestrial planets is not a simple function of
thermal gradient, but is highly variable depending on
crustal thickness and the presence/absence of water
and clay minerals.
The calculated elastic thickness shows a positive rela-

tionship with the depth of the brittle–ductile transition
for each planet (Fig. 10). The slopes for the dry and wet
models are similar, whereas the absolute values differ
substantially depending on thermal gradient. A similar
positive relationship was found by Nimmo and Watters
(2004), even though they used different parameters to
those of the present study and a non-linear thermal
model. Elastic thickness is controlled mainly by flexural
rigidity, whereas the depth of the brittle–ductile transi-
tion is insensitive to the stress level, resulting in different
sensitivities to thermal gradients and the presence of
water. For the clay model, the relationship between
elastic thickness and the depth of the brittle–ductile
transition is different overall from that of the wet
model (Fig. 10). This can be explained by the

substantial decrease in flexural rigidity for the clay
model, although the brittle field expands to greater
depths owing to the low frictional resistance of clay
minerals. These different slopes among the dry, wet,
and clay models for each terrestrial planet should
help to assess the presence of water, if elastic thick-
ness and the depth of the brittle–ductile transition
are independently constrained.
Mechanical thickness, measured to the depth corre-

sponding to a strength of < 50 MPa, also shows a posi-
tive relationship with elastic thickness, with the effective
elastic thickness being approximately half of the mech-
anical thickness. Previous calculations have shown a
similar relationship, although the results are highly
dependent on flexural curvatures (e.g., McNutt 1984;
Solomon and Head 1990). The mechanical boundary
layer is sensitive to temperature at the base of the litho-
sphere, and therefore a constant isotherm of 600 oC has
commonly been used in thermal plate models (e.g.,
McKenzie et al. 2005). However, plastic strength is effi-
ciently reduced by additional water, meaning that the

Fig. 10 Relationship between elastic thickness and depth of the brittle–ductile transition in each planet for various models. Calculations were
performed using a constant strain rate of 10−17 s−1, and the other parameters are the same as those in Figs. 8 and 9. The values of thermal
gradient for the calculations are labeled for each model. The relationship differs among planets and for the presence/absence of water and
clay mineral
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mechanical thickness is also sensitive to the presence of
water.

4.2 Sensitivity and uncertainties
Using the analytical models of elastic lithosphere pre-
sented above, it is possible to capture simplified repre-
sentations of the lithosphere and calculate its elastic
thickness as well as the depth of the brittle–ductile tran-
sition. However, the calculations include various uncer-
tainties introduced by the simplifying assumptions made
to obtain the strength profiles of the terrestrial planets,
as discussed below.
The assumption of a linear thermal gradient is not com-

pletely realistic, as thermal conductivity is dependent on
temperature and porosity, and the concentration of heat-
producing elements are also dependent on chemical com-
positions. The thermal structure on Earth is known to
have a non-linear concave-upward profile (e.g., McKenzie
et al. 2005), and therefore the thermal gradient becomes
smaller with depth, resulting in a stiffer lithosphere than
that calculated using a constant thermal gradient. The
thermal conductivity of crust is typically less than that of
mantle (e.g., Petitjean et al. 2006), which may also contrib-
ute to a non-linear thermal gradient across the crust–
mantle boundary.
Strain rate is another source of uncertainty in calcula-

tions of plastic strength. The strain rate during the de-
formation of a planet’s interior is mostly in the range
10−16 to 10−19 s−1 (e.g., Nimmo and McKenzie 1998),
and an average strain rate of 10−17 s−1 was used here.
This range leads to a large difference in the plastic
strength determined by power-law creep; however, if de-
formation is controlled by Peierls creep, the exponential
dependence of strain rate on stress results in a relatively
minor influence of strain rate on the plastic strength.
Diffusion creep has a relatively minor influence on litho-
spheric strength if the grain size is larger than 1 mm, al-
though a smaller grain size enhances the rate of diffusion
creep and may result in a weaker plastic strength. Grain
boundary sliding has been highlighted recently as playing
an important role on strain localization (e.g., Hansen et al.
2011). However, this mechanism is predominant between
dislocation and diffusion creeps, and has a minor influ-
ence on the overall strength of the lithosphere.
Considerable uncertainty in the strength profile can

arise from variation in crustal thickness in the terrestrial
planets. Plastic strength is dependent on material com-
position and is therefore sensitive to the crust–mantle
boundary, whereas brittle strength is less sensitive to the
rock type. Because of the large mineralogical variation in
crustal materials, the plastic strength of the crust is less
tightly constrained than that of the mantle. This study
employed the flow law for plagioclase, which is most
likely the weakest major constituent minerals in crustal

materials; however, quartz shows a significant hydraulic
weakening that may enhance the rate of ductile deform-
ation for silica-rich materials under hydrous conditions
(e.g., Paterson 1989). The rheology of clinopyroxene, which
exhibits a strength intermediate between plagioclase and
mantle olivine, has in some cases been used as an analog
for basaltic crust, (e.g., Kirby and Kronenberg 1984).
In the calculation of brittle strength, the frictional co-

efficient was assumed to be constant. However, chemical
reactions may be facilitated along fault zones, where
aqueous fluids can penetrate, which might result in the
local presence of hydration products such as clay min-
erals. Spatial scaling of such reaction zones has a marked
impact on brittle strength, with interconnected weak
zones likely controlling the overall strength of the litho-
sphere. It is noted that a low frictional coefficient of clay
minerals has been reported under fluid-saturated and/or
high-humidity environments, but a relatively high fric-
tional coefficient similar to that of Byerlee’s law under
dry conditions (e.g., Behnsen and Faulkner 2012;
Tetsuka et al. 2018). Accordingly, the presence of clay
minerals on fluid-saturated fault planes may facilitate
frictional sliding and reduce the brittle strength of the
lithosphere, whereas drained and dry conditions may
cause temporal changes in brittle strength.
For plastic deformation, water-saturated flow laws de-

termined from laboratory experiments at a pressure of ~
2 GPa were used (e.g., Karato and Jung 2003). However,
the influence of water depends on the water contents in
crystals, which commonly increases with pressure (e.g.,
Kohlstedt et al. 1996). Consequently, the influence of
water on plastic strength could be underestimated at
greater depths and overestimated under conditions of
partial saturation. Hydrous minerals such as serpentine
may further decrease plastic strength (e.g., Hilairet et al.
2007; Chernak and Hirth 2010). However, the flow law
and deformation mechanism of these minerals are still
unclear, and further experimental-derived constraints
are needed.
Calculation of elastic thickness from a strength profile

is highly dependent on flexural curvature. The curvature
is commonly inferred from the second derivative of
gravity/topography admittance data, which are highly
variable even in the same tectonic domain (e.g., McNutt
1984). Bending moments are dominant in those parts of
the vertical profile with the maximum strength, so max-
imum values of curvature have commonly been used for
calculations. A constant curvature of 5 × 10−7 m−1 was
used here, although it could vary for different features in
these planets. Previous modeling have shown that an
order of magnitude lower curvature results in a nearly
half elastic thickness (e.g., Solomon and Head 1990;
Katayama et al. 2019). If the elastic layer is subjected to
additional force, the stress state in the lithosphere can
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change. This also causes corresponding changes in the
equivalent elastic thickness, but such effects are highly
uncertain and were disregarded here.
In contrast to elastic thickness, the depth of the brit-

tle–ductile transition is less sensitive to these parameters
and is rather well constrained under a given thermal
structures. Brittle strength is dependent on the stress
field, whereby the strength calculated for the tensional
field is roughly half that for the compressional field, as a
result of the lithostatic pressure corresponding to the
maximum principal stress in tension. Although it was
assumed here that the tensional stress field corresponds
to the strength profile, winkle ridge deformation is pos-
sibly attributable to shortening and compression, mean-
ing that brittle strength could be doubled in such
compressional regions, indicating a shallower transition
depth from the brittle to ductile deformation.

4.3 Internal structure and evolution of the terrestrial
planets
Little is known about the internal structure of Mercury
because of limited radar and stereo coverage. One of the
few clues for assessing the physical state is the existence of
lobate scarps, which likely developed in response to ther-
mal contraction (e.g., Watters et al. 1998). Topographic
profiles of the lobate scarps indicate that thrust faulting
extended to depths of 30–40 km, corresponding to a lower
limit for the brittle–ductile transition (Watters et al.
2002). Assuming the limiting isotherm for Mercury, Wat-
ters et al. (2002) suggested a paleo-thermal gradient in the
ranges of 3–11 K/km. Our calculations of the brittle–duc-
tile transition for Mercury are highly dependent on the
model used, with 8–10 K/km for the dry model and 5–6
K/km for the wet model, to explain the observed transi-
tion depth. Nimmo and Watters (2004) estimated an ef-
fective elastic thickness of 25–30 km using a yield
strength envelope model, similar to the approach taken in
the present study. The slope of the brittle–ductile transi-
tional depth and elastic thickness is similar between the
dry and wet models (Fig. 10), consistent with the observed
relationship, although it is difficult to distinguish these ef-
fects in the Mercury’s lithosphere. Another estimate using
wrinkle ridges in Caloris basin implies an elastic thickness
of ~ 100 km (Melosh and McKinnon 1988), which far ex-
ceeds the thickness inferred from the lobate scarps. As the
wrinkle ridge structures were probably formed before the
thrust faulting related to the lobate scarps, they cannot be
explained by secular cooling (Nimmo and Watters 2004).
The discrepancy between the two estimates may reflect a
different curvature in these features or the local depletion
of water, particularly at the time of the wrinkle ridge
formation.
Although there is no clear evidence for plate tectonics

on Venus, extensive deformational landforms have been

observed on the surface (e.g., Campbell et al. 1984;
Zuber and Parmentier 1995). Admittance data from the
Magellan mission indicate a long-wavelength range of
elastic thickness of ~ 20–30 km (Barnett et al. 2000),
consistent with most previous flexural modeling
(Johnson and Sandwell 1994). These estimates are simi-
lar to those observed in shields and ancient ocean basins
on Earth, although the surface temperature of Venus is
much higher than that of Earth, suggesting that the
lithosphere of Venus is dry and maintains an elastic core
even at the higher temperatures (Barnett et al. 2000).
Fault motion is slow and stable under dry conditions,
whereas unstable slip and dynamic weakening can occur
in fluid-bearing fault zones; hence, the dry lithosphere in
Venus might lead to strong plates and promote stagnant
lid convection (Karato and Barbot 2018). The dry
strength model calculated in the present study requires a
thermal gradient of 4–8 K/km to explain the observed
ranges of elastic thickness in Venus, indicating that these
features occurred during the later history of Venus, most
likely after global resurfacing events. Using inelastic flex-
ure modeling, Brown and Grimm (1997) calculated ther-
mal gradients as low as 4 K/km for Artemis Chasm, a
large circular structure in Aphrodite Terra, to account
for the absence of flexurally induced faulting and the
bending moment of thick lithosphere. In contrast, rela-
tively old surface features such as tessera suggest thin-
skin tectonics with very short-wavelength features and
hence a shallow brittle–ductile transition (Phillips and
Hansen 1998). As the brittle–ductile transition is sensi-
tive to temperature gradient, this difference is likely at-
tributable to the internal thermal structures forming
these features. The simplest model accounting for these
observations is a transition from thin, hot lithosphere
during the early history of Venus to thick, cold litho-
sphere as a result of planetary cooling (e.g., Nimmo and
McKenzie 1998). Another possible scenario is hydraulic
weakening of crustal rocks during the early history of
the planet, as vigorous volcanic activity prior to or dur-
ing resurfacing may have released substantial amounts
of water to the surface. Grinspoon (1993) suggested that
the high abundance ratio of deuterium to hydrogen in
the atmosphere of Venus can be explained by efficient
volcanic outgassing during this period, although this is
still an open question.
Plate tectonics on Earth occur as an outermost layer

that acts as a mechanically rigid plate that is decoupled
from the convecting mantle. Characteristics of the
strong outer layer have been determined from litho-
spheric flexures caused by long-term surface loads such
as ice sheets, oceanic islands, and subduction trenches
(e.g., Watts and Burov 2003). Although the elastic layer
beneath continents is highly variable owing to complex
tectonic features, the effective elastic thickness of
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oceanic lithosphere shows a systematic correlation with
time of loading (e.g., Watts et al. 1980; Bodine et al.
1981; McNutt 1984). An increase in elastic thickness
with age is commonly considered as oceanic lithosphere
cools over time and becomes more rigid in its response
to surface loading. The depth of the brittle–ductile tran-
sition is also related to the age of oceanic lithosphere, as
inferred from the lower limit of intraplate earthquakes,
consistent with a plate-cooling model (e.g., McKenzie
et al. 2005). These mechanical models of oceanic litho-
sphere allow elastic stresses to be transmitted over large
distances and enable the plate to move as a rigid cap
above the convecting mantle, bounded by faults at sub-
duction trenches. However, recent detailed modeling of
plate flexure beneath the Hawaiian Ridges has shown a
large deficit in lithospheric strength using conventional
power-law creep (Pleus et al. 2020), and has suggested
that the flexural rigidity is controlled mainly by low-
temperature plasticity (Peierls creep), as was calculated
in the present study. Although the dry model can mostly
account for the observed elastic thickness in the oceanic
lithosphere, the thin elastic layer found in several deep-
sea trenches cannot be explained by this model, possibly
because of the weakening due to sea-water penetration
into the lithosphere. Seismic reflection and refraction
surveys have recently shown low-velocity anomalies even
in the oceanic mantle, possibly due to water infiltration
along the outer-rise faults (e.g., Fujie et al. 2013). As ser-
pentinite, a product of mantle hydration, is known to be
significantly weaker than anhydrous minerals (e.g., Hilairet
et al. 2007; Reynard 2013; Hirauchi and Katayama 2015),
the plate hydration in these regions is likely responsible
for decreasing the thickness of the effective elastic layer.
Various missions to Mars have shown a hemispheric

dichotomy in topographic and tectonic features, with the
presence of a wide contrast between the high-standing
southern hemisphere and the low-lying northern hemi-
sphere (e.g., Zuber 2001). The hemispheric dichotomy is
considered to reflect differing crust and mantle structure,
whereby crustal thickness in the southern hemisphere is
considerably greater than that in the northern hemisphere,
except beneath large impact craters (Neumann et al.
2004). Elastic thickness is also correlated with these topo-
graphic variations, in which the southern hemisphere ex-
hibits a relatively thin elastic layer (e.g., McGovern et al.
2004). As plastic strength is dependent on lithology, a
thick crust can result in weak lithospheric strength owing
to the weaker plastic strength of plagioclase compared
with olivine, which partly explains the difference in the
observed elastic thickness. An extremely thick elastic layer
has been reported for the northern polar cap (up to 300
km), which may be due to a subchondritic composition in
radioactive heat sources or the presence of mantle upwell-
ing in the other regions of Mars (Phillips et al. 2008; Grott

et al. 2013). In addition to these compositional variations,
the elastic thickness is highly sensitive to internal thermal
structures and hence to the time of loading to create the
gravitational/topographic anomalies. A low temperature
gradient leads to a stiff lithosphere, resulting in a thick
elastic layer (Fig. 8), so that the temporal change due to
the lithosphere cooling is another important source of
variation in elastic thickness (e.g., Solomon and Head
1990; Grott and Breuer 2008; Ruiz et al. 2011). The pres-
ence of water and clay minerals can also lead to variation
in the elastic thickness, as indicated in our models. The
extremely thin elastic thickness of < 10 km observed in
the Noachian terranes, such as Noachis Terra and Terra
Cimmeria, can be attributed to a significant amount of
water in these relatively old regions, whereby volatile ele-
ments might have been incorporated during accretion
(e.g., Dreibus and Wänke 1987) or transported by plate
subduction during the early evolution of Mars (e.g., Sleep
1994). However, lithospheric stress can change with time
owing to viscous relaxation, and caution must be exer-
cised when interpreting these deformational features in
old terranes (e.g., Grott et al. 2013). The lateral spacing of
wrinkle ridges suggests a rigid lithosphere in the northern
hemisphere, where the transition from brittle to ductile
deformation occurs at a greater depth than in the south-
ern highlands (Montesi and Zuber 2003). The northern
plains are characterized by a relatively thick elastic layer,
so the positive correlation between the elastic thickness
and the depth of the brittle–ductile transition is consistent
with our models shown in Fig. 10. Although Montesi and
Zuber (2003) suggested that the difference in the depth of
the brittle–ductile transition is associated with the differ-
ence of crustal thickness, the appearance of water in the
lithosphere can also contribute to the variation of the brit-
tle–ductile transition. One of the main objectives of the
on-going InSight mission is to detect Marsquakes and
their depth distributions (e.g., Giardini et al. 2020), results
of which may help identify the local presence/absence of
water in the Martian lithosphere.

5 Conclusions
Strength profiles were calculated for the terrestrial
planets using a recently updated flow law and consider-
ing the effect of water. Using these models, it was pos-
sible to constrain the lithospheric strengths of the
different planets and to calculate elastic thickness and
the depth of the brittle–ductile transition. Although
these models present the maximum strength of the
rocks, assuming a simple mineralogical stratification and
deforming at a constant strain rate, they are useful for
explaining the large-scale deformation features captured
by surface topographic and gravity data for the terrestrial
planets. I suggest that these features are highly sensitive
to the thermal gradient as well as the presence of water
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in the lithosphere. Temporal changes in elastic thickness
can be explained by secular cooling of planets; however,
the extremely thin elastic layer in early Mars cannot be
explained by temperature alone and might have been
promoted by the presence of water possibly with clay
minerals. The relatively shallow brittle–ductile transition
within Mercury, as inferred from lobate scarp structures,
might also be associated with the local presence of
water. Recent orbiting satellite and rover missions have
provided data showing various structures and spatiotem-
poral heterogeneity in deformational features of Mars.
Given the sensitivity of the obtained strength models to
temperature and water, these data should help to pro-
vide a more detailed understanding of the internal struc-
ture and evolution of these terrestrial planets.
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