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Abstract

Ancient Mars likely hosted oceans similar to those on Earth; however, such water is not presently observed on Mars.
One possible explanation for the lack of present-day oceans is that surface water was transported into and stored
within the interior of Mars throughout the geological history. As water can influence the rheological structure of
the Martian lithosphere, we investigated the sensitivity of the elastic thickness of the lithosphere to water using
recent laboratory data. Calculations indicate that the presence of water results in a significant decrease in elastic
thickness relative to dry conditions at a given thermal structure. Gravity and topographic data acquired by the Mars
Global Surveyor and other orbiters indicate a temporal change in elastic thickness during the geological history of
Mars. The extremely thin elastic layer during the planet’s early history can be explained by a water-rich rheological
model, whereas a dry rheology can account for the relatively thick elastic layer inferred during the later evolution of
Mars. Although thermal evolution of Mars has a large uncertainty, the strong sensitivity of elastic lithospheric
thickness to water suggests possible sequestered water into deeper levels during the early history of Mars.
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Introduction

Early Mars seemed to have a significant amount of
water that would have covered a hypothetically smooth
planetary surface to depths of several hundred meters
(e.g., Carr 1986; Baker et al. 1991). However, such water
has since disappeared and the present atmosphere on
Mars is highly dry (e.g., Barlow 2008). In contrast,
oceans and a water-rich atmosphere have persisted
throughout Earth’s geological history. Therefore, a key
question remains regarding how the paleo-ocean on Mars
was lost and where the water was transported to. Water
may have escaped to space due the relatively small gravita-
tional energy on Mars, as indicated by an enrichment of
deuterium in the present-day Martian atmosphere (Villa-
nueva et al. 2015). However, these estimates cannot fully
account for the initial water concentration inferred from
fluvial and ponded features on Mars (e.g., Carr and
Head 2003; Di Achille and Hynek 2010). Clay minerals
produced through water-rock interaction are wide-
spread in the relatively old terrains of Mars, and
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geochemical tracers in Martian meteorites suggest a
possible subsurface water reservoir (Ehlmann et al.
2011; Usui et al. 2015). However, such evidence is lim-
ited to the shallow crust, and it remains unclear
whether water reservoirs exist deep within the interior
of Mars.

Gravity and topography data from the Mars Global Sur-
veyor and other orbiters indicate regional variations in the
elastic thickness of the Martian lithosphere, where early
formed terrains (Noachian, ca. > 3.7 Ga) are characterized
by a thin elastic layer, whereas during the Hesperian to
Amazonian the elastic layer was relatively thick (McGovern
et al. 2002). This trend is generally controlled by litho-
sphere cooling over time but may also be influenced by the
presence of water, as the elastic layer is controlled by rheo-
logical structure, which is critically dependent on water
(e.g., Karato and Jung 2003; Hirth and Kohlstedt 2003).

Previous modeling have calculated elastic thickness
from the rheological profiles in the Martian lithosphere
(Ruiz et al. 2006; Grott and Breuer 2008; Thiriet et al.
2018); however, these studies have assumed a commonly
used power-law creep, which is not adequate for low-
temperature plasticity. In the regions close to the brittle-
ductile transition, Peierls creep becomes a dominant
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mechanism and makes a large contribution to estimate
of elastic thickness (Fig. 1). Azuma and Katayama (2017)
applied the Peierls creep to model the rheological struc-
ture of the Martian lithosphere; however, they focused
on the transition from brittle to ductile deformation and
did not estimate the elastic thickness. Solomon and
Head (1990) calculated the elastic thickness while con-
sidering Peierls creep, although their calculations were
limited to dry conditions. In addition, brittle strength
can be reduced by the presence of clay minerals, as these
minerals exhibited a markedly low frictional coefficient
at wet environments (e.g., Morrow et al. 2000; Katayama
et al. 2015). In this study, we use recent rheological data
including Peierls creep and low frictional coefficient to
investigate the sensitivity of elastic thickness to water,
and test whether the regional variation of elastic thick-
ness can be explained by presence or absence of water in
the Martian lithosphere.

Methods/Experimental

Effective elastic thickness is a measure of the total
strength of the lithosphere, which integrates contribu-
tions from both brittle and ductile layers, with moments
balanced between those generated by tensional and
compressional stress states in the lithosphere
(Goetze and Evans 1979; McNutt 1984). In a litho-
sphere strength profile, brittle strength is controlled
by frictional sliding and ductile strength is controlled
by flow laws deduced from experimental results (Fig. 1).
Owing to the temperature sensitivity of ductile deform-
ation, the elastic thickness is often used to infer the thermal
structure of the lithosphere (Solomon and Head 1990;
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Zuber et al. 2000). However, in addition to temperature,
mechanical strength and hence elastic thickness are also
dependent on the presence of water. Under brittle
conditions, increasing pore fluid pressure affects the
frictional resistance of rocks, and frictional coefficient is
influenced by the presence of clay minerals. During plastic
deformation, the presence of intracrystalline water is known
to reduce the flow strength by enhancing defect mobility.
For this reason, elastic thickness can be highly sensitive to
the presence and distribution of water in the lithosphere.

Rheological structures

In regions undergoing brittle deformation, the mechan-
ical strength of a material is determined by the resist-
ance to frictional sliding. The shear stress at which
frictional sliding begins is dependent on the normal
stress (0),) applied on the frictional surface as follows:

T=uo, +C

where y is the frictional coefficient and C is the fric-
tional cohesive strength. Frictional coefficients are simi-
lar for most investigated minerals (4 = 0.6—0.85; Byerlee
1978); however, recent laboratory data have shown that
several clay minerals yield much lower coefficients
(#~0.1; Morrow et al. 2000; Tetsuka et al. 2018). In the
present study, we used Byerlee’s law to calculate the
mechanical strength in the regions undergoing brittle
deformation, but we also discuss the effect of clay min-
erals that reduce brittle strength at wet environment.
The above relationship between shear and normal stress
was rewritten in terms of maximum and minimum
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Fig. 1 Strength profile of the lithosphere under dry and wet conditions, calculated using a constant thermal gradient of 8 K/km and strain-rate of
107" 57" At shallow depths, deformation is mainly accommodated by frictional sliding, and at greater depths, deformation is accommodated by
plastic deformation. Peierls creep becomes dominant at depth close to the brittle-ductile transition, resulting in a thinner elastic thickness than
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principal stresses in order to unify the coordination that
used in the plastic deformation, assuming a fault ori-
ented at 30° from the axis of maximum compression.
This approach is commonly used to calculate the strength
envelope of the Earth (e.g., Kohlstedt et al. 1995). In com-
pressional stress states, lithostatic pressure corresponds to
the minimum principal stress, whereas under the ten-
sional stress state, it is equivalent to the maximum
principal stress. When pore fluid is present on the fault
plane, the pore fluid pressure (P,) reduces the effective
normal stress (Ufff) as follows:

eff
0, = 0,~aP,

where a is close to 1 (Gueguen and Palciauskas 1994).
This relationship indicates that frictional strength de-
creases in the presence of pore fluids. During modeling
under wet conditions, the pore fluid pressure is assumed
to be hydrostatic and was calculated using a water
density of 1000 kg/m>. Although clay minerals may not
be widespread in lithosphere, a long-term fluid-rock
interaction can generate weak materials such as talc
(e.g., Hirauchi et al. 2016). Therefore, we also calculated
brittle strength as an extreme case of wet conditions
using a low frictional coefficient (¢ = 0.1).

In regions of plastic deformation, the mechanical
strength was calculated using experimentally derived flow
laws. A commonly used flow law is the power-law rela-
tionship between strain-rate ( ‘¢) and stress (o), given by:

) o"
e=A— exp| -
am CP\T T

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 (Karato and
Jung 2003; Hirth and Kohlstedt 2003). In this formula, 7
and m are constant exponents for stress and grain-size,
respectively. Plastic strength is generally controlled by
the weakest constituent mineral; consequently, we used
plagioclase and olivine to calculate plastic strength for
crust and mantle, respectively (e.g., Biirgmann and
Dresen 2008). The parameters of flow laws are listed in
Table 3. During diffusion creep, stress and grain-size ex-
ponents are 1 and 3, respectively, whereas dislocation
creep is insensitive to grain-size and has a stress expo-
nent of ~ 3. Although such a formulation is frequently
used to calculated plastic strength, limitations of the
power-law formula have been reported at low tempera-
tures and high stresses (Tsenn and Carter 1987), where
it breaks down and the strain-rate becomes exponen-
tially dependent on stress according to
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where o, is the Peierls stress (Katayama and Karato 2008).
This mechanism, known as Peierls creep, becomes domin-
ant around the depth of the brittle-ductile transition
(Fig. 1). In our rheological model, we calculated plastic
strength using a strain rate of either 107°s™ or 107" 57",
This range of strain rates is consistent with geophysical
observations of the Martian lithosphere (Schultz 2003),
and a similar value was used during modeling by Solomon
and Head (1990) and Ruiz et al. (2006).

Water enhances the rate of plastic deformation via an in-
crease in defect mobility within crystals (e.g., Karato and
Jung 2003; Hirth and Kohlstedt 2003). The influence of
water depends on the chemistry of point defects, which var-
ies among crystals and creep mechanisms. Since adequate
experimental data are not available for each deformation
mechanism, particularly for Peierls creep, we calculated the
rheological structures using two end-member parameters,
representing dry and wet conditions. Wet conditions were
modeled using water contents of ~ 10000 ppm H/Si for
plagioclase and ~ 1000 ppm H/Si for olivine, corresponding
to near-water saturated conditions at the depth of Moho
(crust-mantle boundary).

Calculation of elastic thickness

Based on the strength profiles, we calculated the elastic
thickness for the Martian lithosphere following the pro-
cedure described by McNutt (1984). In this model, the
moment is calculated through a balance between ten-
sional and compressional forces within a vertical cross
section of the flexed lithosphere (Fig. 2). The integrated
bending moment of the lithosphere is estimated by

M= /Tm 0(z)(z-z,)dz,

where T, is the mechanical thickness of the lithosphere,
o(z) is the strength at depth z, and z, is the depth of the
neutral stress plane. The mechanical thickness is con-
trolled by the rheological boundary at the base of litho-
sphere, which is assumed to be the depth at which stress
is <50 MPa (McNutt 1984; Solomon and Head 1990).
The bending moment of the lithosphere is equivalent to
that of the elastic core, as follows:

EKT?

M=——-"¢_
12(1-12)’

where E is Young’s modulus, K is flexural curvature,
v is Poisson’s ratio, and T, is the effective thickness
of the elastic layer. The elastic constants of the litho-
sphere were assumed to be E =100 GPa and v=0.25,
which are the same values as used during previous
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Fig. 2 Rheological model of the Martian lithosphere under wet
conditions. A constant thermal gradient of 8 K/km and a strain-rate
of 107 s were used in the calculations. Positive and negative
differential stresses correspond to tension and compression,
respectively. The bending moment is calculated via a balance
between tensional and compressional forces within the flexed
lithosphere (shaded area). Elastic thickness was calculated from the
integrated bending moment following the procedure of McNutt
(1984). Mechanical thickness is the rheological boundary at based of
lithosphere, which is calculated from the depth where stress
threshold is assumed to be 50 MPa (McNutt 1984)

modeling (Ruiz et al. 2006). The estimate of elastic
thickness depends on flexural curvature, and we used
regional variations in curvatures calculated using a
lithospheric deflection model (McGovern et al. 2004).

Thermal modeling

To assess the influence of water on elastic thickness,
temperature must be modeled independently during the
formation of elastic layers. Although dynamic modeling
has been conducted to investigate the thermal structures
of Mars (Guest and Smrekar 2007; Plesa et al. 2016),
such an approach is highly dependent on mantle viscos-
ity and is therefore sensitive to water. For this reason,
we calculated thermal structure based on the chemical
stratification and decay of radiogenic elements (e.g.,
Nimmo and Tanaka 2005), which is independent of
water content. In our model, one-dimensional heat con-
duction equations were used to calculate temperature
profiles on Mars, accounting for spatial variations in
radioactive elements, crustal thickness, and geological
age. According to Turcotte and Schubert (2002), tem-
peratures in the crust (7c) and mantle (Tm) at depth, z,
are given by:
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Tm = TMoho + Z_m (Z_ZMoho)

where gy and g,,, are the surface and mantle heat flows,
respectively; H, is the radioactive heat production in the
crust; p, is the density of the crust; Ty and Ty, are the
temperature at the surface and Moho, respectively; k.
and k,, are the thermal conductivities of the crust and
mantle, respectively; and zy,p, is the depth of the Moho.
Parameters used in the calculations are listed in Table 1.
The present-day heat production H, of 13 distinct geo-
logical locations in Mars was estimated from the local
concentration of radioactive elements inferred from
gamma-ray spectrometry data (Taylor et al. 2006) and
crustal thicknesses (Neumann et al. 2004), which are
listed in Table 2. In our model, we assumed that radio-
active elements are concentrated in the crust and that
heat from radioactive decay contributes to approxi-
mately half of the total heat flux based on the planetary
differentiation model (Taylor et al. 2006). Estimates for
present-day surface heat fluxes range from 8 to 18 mW/
m?, nearly consistent with previous modeling (Laul et al.
1986; Treiman et al. 1986; Montesi and Zuber 2003;
Nimmo and Tanaka 2005). To constrain heat production
in the past, concentrations of individual radioactive ele-
ments were calculated using isotopic ratios and the half-
life of each element (Turcotte and Schubert 2002). This
model predicts an increase in surface heat flux during
the early history of Mars (Fig. 3). The thermal models
were then used to infer changes in the internal thermal
structure of Mars, through correlation with the age of each
location. Calculated thermal structures for Pavonis Mons,
Alba Patera, and NE Arabia Terra are shown in Fig. 4.

Table 1 Physical and thermal parameters used in calculations

Crustal density (kg/m?) 2900°
Crustal thermal conductivity (W/m/K) 25°
Mantle density (kg/m?) 3500°
Mantle thermal conductivity (W/m/K) 32¢
Surface temperature (K) 220°
Th/U ratio 3.8°
Martian radius (km) 3390°
Surface gravity (m/s?) 3.71°
Young's modulus (GPa) 100
Poisson’s ratio 0.25°

2Zuber et al. (2000)

EClark (1966)

“Nimmo and Stevenson (2000)
UKieffer et al. (1977)

€Turcotte and Schubert (2002)
*McGovern et al. (2002)
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Table 2 Local variation in crustal structure and results of calculated elastic thickness
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Area Age Crust thickness  Curvature  Th (ppm) K (ppm) Elastic thickness  Elastic thickness  Elastic thickness
(km) (107" (km) dry model  (km) wet model  (km) wet clay model

Olympus Mons ~ Amazonian 55 1.6 3390 063 129-155 22-30 17-23

Ascraeus Mons  Amazonian 70 0.7 3220 0.67 120-153 22-30 18-23

Pavonis Mons  Amazonian 75 1.0 3540 0.68 94-125 20-25 15-19

Arsia Mons Amazonian 85 13.0 3630 063 27-45 9-11 6-8

Alba Patera Amazonian-Hesperian 65 1.2 3070 0.51 60-81 16-19 12-15

Elysium rise Amazonian-Hesperian 45 6.1 2900 0.53 61-74 12-15 9-1

Solis Planum Hesperian 70 -47 2540 042 33-40 11-12 6-8

Hellas S rim Hesperian-Noachian 55 -34 2850 0.36 43-60 13-15 7-9

Hellas W rim Hesperian-Noachian 55 39 3750 0.77 23-29 8-11 5-7

Hellas Basin Noachian 15 76 3030 036 51-59 34-39 25-30

NE Arabia Terra  Noachian 50 24 3640 0.79 25-30 9-12 6-7

Noachis Terra Noachian 65 3.1 3850 0.75 18-22 7-10 4-5

Terra Cimmeria  Noachian 60 42 4830 0.97 15-18 6-9 4-5

Age boundary from Hartmann and Neukum (2001), crust thickness from Neumann et al. (2004), curvature from Ruiz et al. (2006), and heat production elements

from Taylor et al. (2006)

Negative curvature indicates the compressional field. Lower value calculated elastic thickness for strain-rate of 107'° (s™'), and higher for 107 (s™")

Results and discussion

Sensitivity of elastic thickness to water in the Martian
lithosphere

The relationship between elastic and mechanical litho-
spheric thicknesses is shown in Fig. 5. In our calcula-
tions, a constant thermal gradient was assumed to
enable comparison of the results with the model
employed by Solomon and Head (1990). The elastic
thickness is strongly dependent on the thermal gradient
and is well correlated with mechanical thickness, al-
though the elastic thickness is much thinner than the
mechanical lithosphere (Fig. 5). Calculations performed
under dry conditions are largely consistent with the pre-
vious model (Solomon and Head 1990); however, calcu-
lations under wet conditions yield a much thinner elastic
layer. For a thermal gradient of 6 K/km, the elastic thick-
ness under wet conditions is ~30% thinner than that
under dry conditions (Fig. 5). If frictional coefficient is
reduced by the presence of clay minerals, inferred elastic
thickness further decreases under the extremely wet
conditions. The effect of water on the Martian litho-
sphere’s elastic thickness has been reported by Grott and
Breuer (2008); however, Peierls creep was not considered
in their model, and hence the elastic thickness could be
overestimated. Our wet mantle rheology assumes a
water content of ~ 1000 ppm H/Si, which corresponds
to near-water saturation at the depth of Moho. However,
if water is undersaturated in the mantle (and water con-
tent is less than this value), the sensitivity of elastic
thickness to water would be less than that calculated
using our model. In contrast, water solubility can increase
at deeper portion of lithosphere, and if the entire litho-
sphere is saturated with water, both elastic and mechanical

thicknesses would be even thinner. Although our calcula-
tions assume a constant thermal gradient, the thermal
structure likely varies at each location due to local varia-
tions in the abundance of radiogenic elements. Moreover,
crustal rheology should be considered if the mechanical
lithosphere is comparable to or thinner than the thickness
of the crust. In the following sections, we incorporated
these effects to calculate more realistic rheological struc-
tures and investigate the effect of water on elastic thickness.

Rheological profile and elastic thickness of the Martian
lithosphere

We calculated rheological structures for 13 locations
on Mars considering local variations in crustal thick-
ness, abundance of radiogenic elements, and thermal
structure (parameters are listed in Table 2). Figure 6
shows calculated rheological profiles for Pavonis Mons,
Alba Patera, and NE Arabia Terra under dry and wet
conditions (all modeling results are shown in
(Additional file 1: Figure S1 and Additional file 2:
Figure S2). The stress required to initiate brittle de-
formation increases with depth due to the pressure de-
pendence of the resistance to deformation, whereas the
strength of the plastically deforming region decreases
with depth owing to its highly temperature-sensitive
rheology. Consequently, the upper parts of lithosphere
are controlled by brittle deformation and the lower
lithosphere by plastic deformation (Fig. 4). The rheo-
logical profiles change rapidly at the crust-mantle
boundary due to the difference in flow strengths be-
tween plagioclase and olivine. At Pavonis Mons, which
was formed during the Amazonian, the transition from
brittle to plastic deformation occurred at ~70 km. In
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fluxes estimated using different chemical and cooling models (Montesi and Zuber 2003). Nimmo and Tanaka (2005) presented a chemical
evolution model, resulted in the averaged surface heat flow of 14.3 mW/m? for the present day and 63.4 mW/m? for 4.1 Ga
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Fig. 3 Calculated surface heat flow at Pavonis Mons, Alba Patera, and NE Arabia Terra during the geological history. The grey lines indicate heat

contrast, in the older terrains such as NE Arabia Terra
during Noachian, the brittle-plastic transition occurred

at shallow depths. This temporal change in rheological
stratification resulted mainly from cooling of the litho-
sphere due to the loss of radiogenic elements, which in-
creased its plastic strengths over time. In addition, the
presence of water influences both the brittle and plastic

strength of the lithosphere; consequently, the brittle-
plastic transition occurs at shallower depths under
wet conditions than under dry conditions (Fig. 3b).
This remarkable effect of water on the rheological

structure suggests the following investigation into
the evolution of water

Tanaka (2005) are shown for reference

calculated using radioactive element concentrations inferred from gamma-ray spectrometry and crustal thickness. Geotherms during the
formation of each region were estimated using the half-lives of radioactive elements. The present day and 4.1 Ga geotherms of Nimmo and

in the Martian interior
(Table 3).
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Fig. 4 Calculated thermal structure of the lithosphere at Pavonis Mons, Alba Patera, and NE Arabia Terra. The present-day thermal structure was
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Figure 7 shows the calculated elastic thickness at each
location for dry and wet conditions. The results indicate
a regional variation resulting from difference in crustal
thickness and thermal structure, and a general increase
in elastic thickness with decreasing age, likely due to
secular lithospheric cooling. Our models also show that
calculations using a wet rheology produce a significantly
thinner elastic layer than those using a dry rheology.
Thus, rheological structures and elastic thickness vary in
locations due to the variation of radiogenic elements,
crustal thickness, geological age, and the presence/ab-
sence of water.

Temporal change in elastic thickness and implications for
the history of water on Mars

The results of our calculations using dry and wet rheol-
ogies are compared with the elastic thickness inferred
from gravity and topography data collected by the Mars
Global Surveyor (Fig. 7). Observations from Hesperian
to Amazonian terrains are generally consistent with a
dry rheology. In contrast, the thin elastic layer in the
Noachian terrains, including Hellas W rim, NE Arabia
Terra, Noachis Terra, and Terra Cimmeria, are consist-
ent with a wet rheology. It should be noted that the
calculated thickness for the Hellas basin is much greater
than that inferred from observations. This may be due
to an extremely thin crust and a low abundance of
radioactive elements; however, heat associated with the
impact may have enhanced plastic deformation, and

therefore our calculation provides an upper estimate.
The observed elastic thickness at Ascraeus Mons and
Elysium Rise is relatively thin, despite the formation of
these terrains during Hesperian to Amazonian, likely
due to active mantle upwelling or local influence of
water. We did not calculate the elastic thickness at
Valles Marineris due to the presence of additional sub-
surface loads that yield large uncertainties.

Grott and Breuer (2008) used a power-law creep to
model the Martian lithosphere with an energy balance
thermal equation, and they reached a similar conclusion
of wet crust and possible wet mantle to explain the ob-
served elastic thickness during the early evolution. This
is most likely due to, particularly at higher temperature,
the power-law creep becoming the dominant mechanism
controlling the plastic strength, although Peierls creep
becomes important as temperature decrease during the
evolution. Thermomechanical coupling models by Guest
and Smrekar (2007) have shown a lower crustal viscosity
10%°-10*" Pa s in Noachian, suggesting either wet cold
crust or dry hot crust as well as subsequent drying crust
to account the admittance elastic thickness in the later
stage. The relatively low crustal viscosity is consistent
with our water-rich model during the early history of
Mars, while increased viscosity due to depletion of vola-
tile results in thick elastic lithospheric thickness during
the Hesperian to Amazonian. The present-day dry
mantle rheology is also suggested from the recent
Monte Carlo simulation by Thiriet et al. (2018). Their
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Fig. 6 Rheological structures of the Martian lithosphere at Pavonis Mons, Alba Patera, and NE Arabia Terra calculated under dry (a) and wet (b)
conditions. The plastic strength changes across the crust-mantle boundary (Moho) due to a change in flow laws. Elastic thickness was calculated

details)

models predicted the hemispheric dichotomy in elas-
tic lithosphere caused by the differences in crustal
properties and composition.

Given the sensitivity of elastic thickness to water, we
suggest that the temporal change in elastic thickness can
be explained by a transition from a wet to a dry rheology
in the lithosphere. Geochemical analysis of Martian me-
teorites has produced a wide range of water concentra-
tions, and has implicated hydrous magmatism in the
generation of shergottites (McCubbin et al. 2010) and
identified subsurface water/ice reservoirs using hydrogen
isotopes (Usui et al. 2015); however, these data cannot
be used to assess spatial variations in the distribution of
water within Mars. Visible/near-infrared orbital images

from the Mars Express and Mars Reconnaissance Or-
biter spacecraft have indicated the regional occurrence
of clay minerals mostly within the Noachian terrains
(Ehlmann et al. 2011). Although these clay minerals are
formed through near-surface water-rock interaction,
they occur in the regions characterized by a water-rich
lithosphere, as inferred from our modeling results. The
strength of faults associated with bounding rifts suggests
the existence of subsurface water during the Noachian,
in contrast to dry stronger faults that were active during
later periods (Barnett and Nimmo 2002). However, the
fault weakening can also occur by dynamic friction even
under dry condition at such active zones (e.g., Karato
and Barbot 2018).
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Rock type Creep mechanism A" MPa™ um™) n m 0p (MPa) E (kJ/mol) V (cm*/mol)
Plagioclase (wet) Diffusion creep® 10" 1 3 - 170 -
Dislocation creep® 107°° 4 - - 235 -
Peierls creep® 107" 2 - 3410 235 -
Plagioclase (dry) Diffusion creep® 10'%! 1 3 - 467 -
Dislocation creep® 1099 39 - - 431 -
Peierls creep® 10%° - 9830 431 -
Olivine (wet) Diffusion creep® 10°° 1 3 - 335 5
Dislocation creep® 10*2 3 - - 410 14
Peierls creep 10*3 2 - 2870 410 14
Olivine (dry) Diffusion creep® 1072 1 3 - 375 4
Dislocation creep® 1081 3 - - 510 11
Peierls creep 1083 2 - 9600 510 11

Wet rheology is assumed to be water-saturated at the condition close to Moho, where water content in olivine is approximately 1000 ppm H/Si

“Rybacki and Dresen (2000)
BShelton (1981)

“Azuma et al. (2014)

Hirth and Kohlstedt (2003)
®Karato and Jung (2003)
fKatayama and Karato (2008)

Plate tectonics may have operated during the early
evolution of Mars (e.g., Sleep 1994; Sautter et al. 2015;
Dohm et al. 2018), and water may have been transported
to deeper levels through the subduction of hydrated
plates. During subduction, hydrous components are
largely released, resulting in the hydration of the hanging
wall mantle and crust. Such trapping of water within the

lithosphere would decrease the mass of the global ocean,
resulting in the removal of liquid water from the surface
of Mars. The decay of heat-producing elements after the
first billion years may have resulted in a switch to stag-
nant lid-type convection, and subsequent volcanism
during Hesperian to Amazonian may have resulted in
the depletion of water in the lithosphere. Wade et al.
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Solis Planum
Hellas S rim
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Fig. 7 Calculated elastic thickness at various locations compared with observations. Red, blue, and light blue symbols represent results calculated
for dry, wet, and extremely wet conditions, respectively. The influence of strain-rate on the calculations is indicated by diamond and circle
symbols, which represent calculations performed at 107 s and 107'® 57", respectively. Grey bars indicate the estimated elastic thickness from
gravity and topography data collected by the Mars Global Surveyor (McGovern et al. 2004). The age of each location is shown in the
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(2017) proposed that that burial and metamorphism of
hydrated crustal materials enhanced the downward
transport of water within Mars. Volatile elements could
also be stored during accretion (e.g., Dreibus and Wénke
1987). Although there are several scenarios to sequester
water in Mars, this remains an open question.

Conclusions

We investigated the sensitivity of elastic thickness to
water using recent laboratory data, and found that water
weakening effect results in a significantly thinner elastic
layer. Gravity and topography data indicate that the elas-
tic thickness of the Martian lithosphere was extremely
thin during its early history (prior to ~ 3.7 Ga), which
can be explained by the presence of water-rich rheo-
logical layers. In contrast, a dry rheology can account for
the relatively thick elastic layer during the later evolution
of Mars. The transition from a water-rich to a dry rheo-
logical stratification roughly coincides with the dis-
appearance of oceans that covered the northern plains of
Mars, indicating that water was sequestered into a dee-
per part of the planets. However, we should note the
limitation regarding to the thermal evolution that highly
influence the estimate of elastic thickness. The proposed
model of a water-rich early Martian lithosphere needs to
be further tested during the ongoing lander mission
(InSight) through systematic heat-flux measurements of
Mars.
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