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Survival of impact-induced thermal anomalies in the Martian mantle
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[11 A number of geophysical arguments point out the possibility that global mantle
convection could have been extremely sluggish or even absent during a large part of
Martian history. This implies that early mantle thermal anomalies produced during
planetary formation might not have been quickly erased by vigorous convection. One
likely mechanism of early thermal inhomogeneity is large impacts at the end of heavy
bombardment. We suggest that Tharsis province might be related to such an impact-
induced thermal anomaly rather than a convective plume. The shape of the present-day
geoid for our preferred model is in good agreement with the geoid measured by Mars

Global Surveyor (MGS).
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1. Introduction

[2] The initial thermal state of Mars was likely heteroge-
neous as a result of the stochastic nature of planetary
formation including large impacts, iron core segregation
and early internal dynamics. Impacts of large planetesimals
[Wetherill, 1980, 1990; Weidenschilling et al., 1997; Agnor
et al., 1999] during late-stage Mars formation can locally
shock heat the deep mantle to supersolidus temperatures
[Melosh, 1990; Tonks and Melosh, 1992, 1993; Pierazzo et
al., 1997]. Potential energy release via core formation [e.g.,
Solomon, 1979] might result in additional localized heating.
It has also been suggested that an early phase of internal
dynamics produced an asymmetrical mode of heat loss
[Zuber et al., 2000] which cooled the mantle beneath the
northern lowlands. This hypothesis implies thermal hetero-
geneity on the largest (~hemispheric) scale. In this study we
investigate the thermal evolution of Mars with initial
thermal heterogeneity produced by impact heating. The fate
of early thermal heterogeneities depends on the nature of
mantle convection. If convection is vigorous mantle anoma-
lies are quickly eliminated while if convection is sluggish
and heat transfer is inefficient heterogeneities can persist
throughout planetary evolution. New data and an improved
understanding of interior processes seem to support the
hypothesis of sluggish convection and inefficient thermal
homogenization of the mantle. In the absence of a con-
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vective plume, we suggest that Tharsis might be related to a
long-lived, impact-induced thermal anomaly preserved
because of sluggish or no convection.

2. Observations
2.1. Initial Condition

[3] Core formation and the initial thermal structure of
Mars is an unresolved problem. While it was once thought
that Martian core formation may have been delayed [Solo-
mon and Chaiken, 1976], it is now well established that the
core formed early, within ~30 Myr of the beginning of the
Solar System [Lee and Halliday, 1997]. Early core forma-
tion has been interpreted as implying a hot (near solidus)
initial state [Schubert et al., 1992] because models of
metal—silicate separation require a partially molten mantle
[Stevenson, 1981, 1990; Karato and Murthy, 1997]. On the
other hand, if accreting planetesimals are cold, growing
protoplanet interiors are cold (energy of formation scales
with accreting body radius squared) and melting occurs near
the surface only when the mass reaches ~0.1 Earth masses
[Safronov, 1978; Kaula, 1979; Coradini et al., 1983; Abe
and Matsui, 1985; Sasaki and Nakazawa, 1986; Zahnle et
al., 1988] which is about the mass of Mars. However, decay
of short-lived radioactive isotopes, most notably aluminum-
26 [e.g., Grimm and McSween, 1993], can result in signifi-
cant heating of planetesimal interiors [Keil, 2000]. Recently,
it has been pointed out that several mechanisms, in addition
to metal sinking through molten silicates, can contribute to
core formation [Rushmer et al., 2000]. In fact, experimental
studies suggest that the Martian core could form without
extensive silicate melting [Bruhn et al., 2000; Gaetani and
Grove, 1997]. In any case, core formation would increase
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the average interior temperature of Mars by only ~300 K
[Solomon, 1979].

2.2. Plate Tectonics?

[4] The question of whether Mars ever had plate tectonics
is controversial. It has been suggested that early Mars
evolved via an analog of plate tectonics and that the northern
lowlands formed in the final stages of that transient episode
[Sleep, 1994]. However, Pruis and Tanaka [1995] argued
that there is not much evidence to support this hypothesis
and that many geological structures have incorrect orienta-
tions. The magnetometer experiment on Mars Global Sur-
veyor (MGS) detected a remnant crustal magnetic field in the
southern highlands of large magnitude [Acuria et al., 1999;
Purucker et al., 2000]. The magnetic anomalies appear to
have formed before major impacts since Argyre and Hellas
seem to have destroyed magnetization. This requires an early
and vigorous Martian dynamo implying efficient planetary
cooling to allow convection in the core [Stevenson et al.,
1983; Nimmo and Stevenson, 2000]. The observed features
have been interpreted as a possible feature of spreading
center processes [Connerney et al., 1999] and Zuber et al.
[2000] point out that a distinct northern lowland internal
structure inferred from gravity and topography, also postu-
lated to be a region of high heat flux, corresponds closely to
the margins of late-stage mobile plates proposed by Sleep
[1994]. On the other hand, alternative mechanisms are
possible [Connerney et al., 1999; Nimmo, 2000; Raymond
et al., 2000]. If plate tectonics did occur on Mars, its duration
should have been no more than a few hundred million years,
as indicated by surface ages as well as “’Ar degassing
models [Tajika and Sasaki, 1996]. Subsequent mantle con-
vection probably occurs in the stagnant lid regime (see
below) characterized by slow convective velocities and
inefficient heat transfer. Finally, isotopic evidence from
shergottites indicates a geochemically heterogeneous Mar-
tian mantle arguing against extensive mixing by vigorous
convection [Albaréde et al., 2000].

2.3. Mantle Water Content

[s] There is ubiquitous geological evidence for liquid
water at the surface in the past [e.g., Baker et al., 1992;
Carr, 1996; Head et al., 1999] and it has been suggested
that liquid water may even be present today [Malin and
Edgett, 2000]. On the other hand, several estimates of SNC
meteorite water content suggest levels about one order of
magnitude lower than typical MORB [Fuallick et al., 1983;
Yang and Epstein, 1985; Kerridge, 1988; Karlsson et al.,
1992]. One possibility is that primordial water reacted with
reduced iron prior to core formation producing hydrogen
which was subsequently lost [Dreibus and Winke, 1987]
resulting in a relatively dry mantle. In this case, the geo-
logical and geochemical evidence can be reconciled by
delivery of a late veneer of volatile rich material and
inefficient recycling into the mantle [Carr and Winke,
1992]. However, there is evidence from SNC melt inclu-
sions suggesting a mantle water content similar to that of
terrestrial mantle [Johnson et al., 1991; McSween and
Harvey, 1993]. Outgassing of water associated with volcan-
ism [e.g., Greeley, 1987] may have contributed to formation
of ancient fluvial features. If the Martian interior was
initially water poor or sufficiently devolatilized early in
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planetary history, the mantle may have been relatively dry
and viscous compared to terrestrial upper mantle.

2.4. Mantle Mineralogy

[6] Recent models of the chemical and mineralogical
composition of Mars [Bertka and Fei, 1998a, 1998b],
demonstrate that a C1 chondritic Fe abundance and Fe/Si
ratio is inconsistent with the new and improved moment of
inertia value, 0.3662 + 0.0017, from Mars Pathfinder data
[Folkner et al., 1997]. This led to the suggestion that a
mixture of carbonaceous with ordinary and/or enstatite
chondrites might yield a composition more consistent with
observations [Bertka and Fei, 1999]. Independently, an
ordinary-enstatite chondrite mixture was proposed based
on SNC oxygen isotopes [Sanloup et al., 1999]. In both
cases reduced Mg/Si ratios imply a large pyroxene/olivine
ratio. The latter model predicts that pyroxene is the domi-
nant mantle mineral assemblage. Although wet pyroxene
can be as weak or weaker than wet olivine, dry pyroxene is
stronger than dry olivine (see below).

3. Martian Mantle Convection
3.1. Constant Versus Temperature-Dependent Viscosity

[7] The first calculations of Martian convective stability
were based on constant viscosity criteria [Schubert et al.,
1969; Tozer, 1972]. The stability condition for a constant
viscosity, internally heated fluid layer is that the Rayleigh
number based on the heating rate be greater than the critical
Rayleigh number. For typical Mars parameters (Table 1),
no-slip velocity boundary conditions, and a present-day
chondritic heating rate, the Martian mantle would be con-
vectively unstable if the viscosity were less than ~10%° Pas.
Because this value is large (i.e., much greater than estimates
of terrestrial upper mantle viscosity), it was concluded that
the Martian mantle was indeed unstable and thermal con-
vection would occur. In the constant viscosity case, the
scaling relationship between convective heat transfer and
internal temperature can be written as

k (T, - T \‘)

F(T) = ———

y a Ra’, (1)

where 7; and T are the interior and surface temperatures,
respectively, Ra is the Rayleigh number based on the
temperature difference across the layer

Ra = ngL(T, — TT)d3 , (2)

K1

g is the acceleration due to gravity, p is the density, « is the
coefficient of thermal expansion, d is the layer depth, k is
the thermal diffusivity, n is the dynamic viscosity, and a and
B are constants that depend on the boundary conditions and
weakly on the Rayleigh number itself. Boundary layer
theory [Turcotte and Oxburgh, 1967] suggests a = 0.167
and 3 = 1/3. It was originally thought that the strong
temperature dependence of silicate rock rheology would
have a relatively minor effect on the heat flux—temperature
relation (1). In this case, the viscosity based on the interior
temperature can be substituted in the Rayleigh number,

_L n ﬁ ! 1-n 2
n=5W (B> T eXp(RT), (3)
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Table 1. Mars Parameters

Parameter Notation Value
Layer depth d 1663 km
Thermal conductivity k 4 W/mK
Thermal expansivity «Q 2x 10°K!
Density p 3470 kg/m®
Gravity g 3.7 m/s?
Thermal diffusivity K 9.6 x 1077 m?/s'
Surface temperature T, 220 K

where 4 is the preexponential factor, p is the shear modulus,
n is the power law exponent, /4 is the grain size, B is the
Burgers vector length, m is the grain size exponent, T is the
second invariant of the stress tensor, 7 is temperature, R is
the gas constant, and Q = E + pV where E is the activation
energy, p is the pressure, V' is the activation volume, n ~ 1
for diffusion creep, and n ~ 3.0—3.5 for dislocation creep
[Karato and Wu, 1993]. Using (1) and the parameters of
Tables 1 and 2, one can calculate the dependence of the
Martian heat flux on internal temperature (Figure 1). This
figure suggests that at modest interior temperatures (much
less than the melting temperature) Mars is capable of
removing internally generated heat. For a mantle heat flux
corresponding to the present-day chondritic heating rate the
temperature of the Martian mantle can vary from ~1200 to
1600 K depending on the grain size.

[8] Temperature-dependent viscosity, however, com-
pletely changes the nature of thermal convection. In the
asymptotic large viscosity variation regime the most vis-
cous part of the lithosphere is essentially immobile and if
convective instabilities develop, they do so only in a thin
sublithospheric layer [Morris and Canright, 1984; Fowler,
1985; Ogawa et al., 1991; Davaille and Jaupart, 1993;
Solomatov, 1995; Moresi and Solomatov, 1995; Doin et
al., 1997; Trompert and Hansen, 1998; Grasset and
Parmentier, 1998; Solomatov and Moresi, 2000]. The
scaling relationship between convective heat flux and
interior temperature in the stagnant lid regime can be
written as

k(T — Ty)

y ah~*Ra), (4)

F(T) =

where a, C, and 3 are constants that depend on n,

(I, —T)E  PVT

0= RTT R (5)
P; is the pressure at the bottom of the lithosphere,
- (n+2)/n
R = cl/mgls?e(f;[(ETii,-V) /nRT]’ ©)
and
¢ = (1/24)0"" (h/B)". (7)

Systematic numerical simulations [Solomatov and Moresi,
2000] suggest that a = (0.31 + 0.22n), (= —2(n+ 1)/(n +2)
and 3 = n/(n + 2). The dependence of the heat flux on
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temperature is shown in Figure 2 for an olivine Martian
mantle.

[9] A comparison of pyroxene and olivine rheologies is
difficult due to the lack of data on pyroxene activation
volume. Experimental data is also limited to deformation
dominated by dislocation mechanisms (z > 1). We can
compare the heat flux—temperature relation for olivine in
dislocation creep to that of pyroxene rheologies assuming
that the activation volumes are roughly the same (Figure 3).
While wet enstatite [Ross and Nielsen, 1978] is weaker than
wet olivine, dry single-crystal enstatite is somewhat stron-
ger than dry olivine [Mackwell, 1991]. Furthermore, it has
been noted (Karato, personal communication, 2000) that the
strength of polycrystalline aggregates of pyroxene might be
even higher relative to olivine because of the smaller
number of slip systems. A polycrystalline websterite sample
[4vé Lallemant, 1978] is much stronger than olivine for
both wet and dry conditions.

3.2. Thermal Evolution

[10] As a first-order approximation we consider an initial
condition consisting of a cold thermal boundary layer
(lithosphere) over an isothermal mantle. In this case, the
lithosphere itself becomes convectively unstable in the same
manner that onset of convection occurs in a static layer
heated from below. A convective regime diagram for New-
tonian viscosity is shown in Figure 4 in terms of the
Rayleigh number defined at the viscosity beneath the litho-
sphere, Ra;, and the viscosity contrast across the lithosphere
Anm. Also shown are two initial conditions (squares) corre-
sponding to a lithospheric thickness of 50 km and interior
temperatures of 1400 and 1800 K. In the constant viscosity
case (along the x axis), both of these initial conditions are
unstable and convection involves recycling of the entire
lithosphere.

[11] In this case, the planetary energy budget can be
written (neglecting the core) as

Myc, % — MyH(t) - SF(T), (8)
where M, is the mass of the mantle, ¢, is the heat capacity,
H(?) is the radiogenic heating rate which decays exponen-
tially with time, S is the surface area, F is the heat flux, 7; is
the internal temperature, and ¢ is time. The heat flux
parameterization based on constant viscosity convection
(equation (1)) allows the planet to quickly self-regulate
[Tozer, 1965]. Mars heats up if initially too cold and cools
down if initially too hot [10ksoz et al., 1978; Schubert et al.,
1979; Turcotte et al., 1979; Schubert and Spohn, 1990;
Spohn, 1991; Schubert et al., 1992]. Adjustment from the
initial condition to a state where heat loss balances
internally generated heat and thermal cooling takes ~10°

Table 2. Rheological Parameters

Diffusion creep Dislocation creep

Wet Dry Wet Dry
A 53x 10 87x10°  20x10"™  35x10%
n 1.0 1.0 3.0 3.5
m 2.5 2.5 0.0 0.0
E (kJ/mol) 240 300 430 540
V (cm*/mol) 5 6 10—20 15-25
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Figure 1.
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Diffusion creep, "dry"
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Mantle temperature as a function of heat flux for the scaling based on constant viscosity

convection (1) and a rheology corresponding to diffusion creep (n = 1, m = 2.5) of “wet” and “dry”
olivine (see Table 1) [Karato and Wu, 1993]. Curves are labeled by grain size /, and the length of the
Burgers vector is B = 0.5 nm. The dotted line indicates that the mantle is partially molten.

years. Subsequently, Mars thermal history is characterized
by subsolidus cooling of ~100 K (Figure 5).

[12] For arheological law corresponding to wet olivine in
diffusion creep, the formal location of the initial conditions
(Figure 4) are shown in the Frank—Kamenetskii approx-
imation [e.g., Reese et al., 1999b]. The viscosity contrast
across the lithosphere for the Arrhenius viscosity law is
many orders of magnitude larger, but has little effect on the
heat flux. In this case, both initial conditions are convec-
tively stable and the lithosphere thickens conductively while
the interior heats up. Onset of convection is delayed and
when instabilities develop, they do so in the stagnant lid
regime. Thus, whether an initial mantle temperature near
solidus is sufficient to initiate stagnant lid convection
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depends on deformation mechanism, grain size, mineralogy,
and water content. It is possible, even for initial temper-
atures near solidus, that a dry Martian mantle might have to
heat up (accompanied by further melting) before convection
can start.

[13] The most profound consequence of the heat flux
parameterization based on stagnant lid convection (equation
(4)) is substantially higher mantle temperatures than pre-
dicted by constant viscosity models. Establishment of the
self-regulated state can take ~3—4 Gyr and Mars thermal
history is characterized by heating for much of evolution. In
fact, stagnant lid convection cannot maintain a subsolidus
mantle (Figure 6). The prediction of supersolidus mantle
temperatures for the majority of Martian evolution (Figure 6)
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Figure 2. Mantle temperature in the stagnant lid convection regime (4) for diffusion (n = 1, m = 2.5)
and dislocation creep (n = 3 (wet), n = 3.5 (dry), m = 0) of “wet” and “dry” olivine (see Table 1). For
diffusion and dislocation creep, curves are labeled by grain size and activation volume, respectively. For a
given temperature, there are stable (solid line) and unstable (dashed line) solutions as a consequence of
pressure-dependent viscosity [Reese et al., 1999b]. The dotted line indicates that the mantle is partially

molten.
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Figure 3. A comparison of olivine and pyroxene rheolo-
gies. The dry enstatite is a single-crystal sample in the
protoenstatite stability field oriented for creep on the
weakest slip-system, and the wet enstatite (0.89 enstatite,
0.08 fosterite, and 0.03 wollastonite) and websterite (0.68
cpx, 0.32 opx) are polycrystalline. The olivine curves
correspond to the lower activation volume limits, 10 and 15
cm®/mol, respectively.

is at odds with the fact that much of the surface is old [e.g.,
Hauck and Phillips, 2000]. Southern highland stabilization
records the termination of heavy bombardment and Tharsis
development dates to early planetary evolution (see below).
Estimates of the volcanic flux suggest an evolution from
higher rates and widespread activity to lower rates and more
localized activity [e.g., Tanaka et al., 1992].

[14] It was suggested that volcanism and extensive differ-
entiation of heat-producing elements into the crust is one
way Mars might respond to widespread melting in the
stagnant lid regime [Reese et al. 1998]. Differentiation
lowers the internal heat production rate and mantle temper-
ature, preventing further melting and reducing the vigor of
convection [Turcotte, 1989; Spohn, 1991; Schubert et al.,
1992]. Water depletion accompanying melt extraction also
prevents melting by considerably raising the solidus of
peridotites [Thompson, 1992] and reduces convective vigor
by increasing the viscosity [Karato, 1986]. In fact, account-
ing for differentiation (Appendix A) suggests that stagnant
lid convection may only last ~1-2 Gyr (Figure 7). Differ-
entiation could also result in compositional stratification of
the mantle which tends suppress convection.

4. Tharsis

[15] A particularly important constraint on Mars thermal
history is the origin of Tharsis province, a broad topo-
graphic bulge comprised of regional centers of tectonism
and volcanism [Anderson et al., 1998; Dohm et al., 2000].
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Figure 4. Convective regimes in interior Rayleigh num-
ber—lithospheric viscosity contrast space. The boundary for
the onset of convection (thick line) is divided into a lower
branch where the entire lithosphere participates in convec-
tion and an upper branch where convection occurs in the
stagnant lid regime. The initial conditions for a 50 km
lithosphere and interior temperatures of 1400 and 1800 K
are shown by squares. In the constant viscosity case (along
the x axis), both initial conditions are convectively unstable
and the whole lithosphere is recycled. For the rheological
law corresponding to wet olivine in diffusion creep, the
formal location of the initial conditions are shown in the
Frank—Kamenetskii approximation. In this case, both initial
conditions are convectively stable and the lithosphere
thickens conductively while the interior heats up (thin line).
The onset of convection (solid circles, time in Gyr) is
delayed and instabilities develop in the stagnant lid regime.

Large variations in crustal structure [Zuber et al., 2000] and
observations of layered materials ~8 km thick at the
margins of Valles Marineris [McEwen et al., 1999] support
the suggestion that constructional volcanism is partially
responsible for the elevation of Tharsis [Solomon and Head,
1982]. Some of the thickest crust is associated with old
centers of volcanic activity such as Syria Planum and
Thaumasia [Solomon et al., 2000]. Faulting patterns dating
to the Noachian are consistent with a flexural loading model
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Figure 5. Thermal evolution for the heat flux—tempera-
ture scaling based on constant viscosity (equation (1) and
Figure 1) and a grain size of 1 mm. The thin line indicates
that the mantle is partially molten. The evolution is
dominated by convective cooling and early establishment
of the self-regulated state.
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Figure 6. Thermal evolution in the stagnant lid regime
(equation (4) and Figure 2) for diffusion creep with a grain
size of 1 mm (dislocation creep gives similar results). The
thin line indicates that the mantle is partially molten and
circles indicate the onset of lithospheric instabilities (Figure
4). The thermal evolution is dominated by heating and even
for “wet” conditions the mantle is molten for most of
planetary history.

based on present-day topography and gravity suggesting
that the Tharsis load was emplaced by ~3 Gyr ago [Banerdt
and Golombek, 2000]. A topographic trough surrounding
Tharsis, suggested to be due to flexural downwarp of the
lithosphere, appears to have focused ancient fluvial activity
[Phillips et al., 2000]. These observations suggest that
vigorous magmatic activity and Tharsis development dates
to the earliest part of the Martian geological record and that
this activity decreased with time but continued at low levels
to essentially the present-day [Hartmann et al., 1999a,
1999b].

4.1. Mantle Plume Hypothesis

[16] Within the paradigm of vigorous Martian mantle
convection, the monopolar distribution of tectonism and
younger volcanism at Tharsis led to the suggestion that the
pattern of convection on Mars is characterized by one large
upwelling [Hartmann, 1973; Carr, 1974; Phillips and
Ivins, 1979]. This could be due to a hot plume originating
at the core—mantle boundary like on Earth but much
bigger. At first, this hypothesis faced problems since
convection models based on constant viscosity predicted
too many plumes [Schubert and Spohn, 1990; Schubert et
al., 1992] Further studies discovered that a one-plume
planform of convection on Mars can be caused by min-
eralogical phase transformations in the deep mantle [Wein-
stein, 1995; Harder and Christensen, 1996; Breuer et al.,
1998; Spohn et al., 1998; Harder, 2000].

[17] If Mars evolves in the stagnant lid regime, formation
of a plume could be problematic because of mantle heating
(Figures 6 and 7). Although a transient episode of early
surface recycling can facilitate mantle cooling, the inevi-
table subsequent transition to stagnant lid convection
changes the mode of evolution from cooling to heating
shutting off the core heat flux and associated plume activity
[Nimmo and Stevenson, 2000].

4.2. An Alternative Hypothesis

[18] A particularly striking feature of Tharsis is the
circular nature of the associated geoid anomaly [Smith et
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al., 1999b] in contrast to the complex topography [Smith et
al., 1999a] and gravity [Zuber et al., 2000] of the region.
We hypothesize that an alternative mechanism capable of
producing such a circular geoid anomaly, other than a
highly symmetric megaplume, is a large impact. However,
there is no present-day geophysical evidence for a large
impact at Tharsis [Zuber et al., 2000]. Although pre-MGS
geological mapping was interpreted as revealing highly
modified basin remnants within and around Tharsis [Schultz
and Glicken, 1979; Schultz, 1984; Schultz and Frey, 1990],
major impact basins identified on the basis of MGS top-
ography and gravity data only include Hellas, Utopia and
Isidis [Smith et al., 1999a, 1999b].

[19] On the other hand, models of Mars formation
suggest that there might be impacts larger than that which
formed the Hellas basin. The mass spectrum of planet-
esimals which accumulated to form Mars is likely
approximated by a power law, n(m) ~ m~“, where n(m)
dm is the number of bodies with mass between m and m +
dm. In many models [e.g., Wetherill, 1980] the exponent
« lies between limiting values of 5/3 (each mass decade
contributes equally to the total surface area) and 2 (each
mass decade contributes equally to the total mass). Exam-
ple planetesimal inventories in these limiting cases are
shown for Mars in Figure 8. The important point is not
the particular numbers of planetesimals in these end-
member cases but rather that large impacts are inevitable
during accretion. The hypothesis is that the large impacts,
which occurred during the latest stages of heavy bombard-
ment and excavated large basins, also significantly
affected the initial thermal condition of the planet. The
three largest impactors typically estimated for Mars (Hel-
las, Utopia, and Isidis) along with the hypothetical Tharsis
impact assumed in our model are also shown in Figure 8
(see Table 3).

[20] Why should a very large impact at Tharsis result in a
huge volcanic pile and not some kind of “megabasin”? In
fact, the physics of very large impacts is not well under-
stood and may be completely different than that of basin-
forming impacts. For example, the huge initial crater and
partially molten region formed by such an impact may not

2200
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Figure 7. Stagnant lid thermal evolution as in Figure 5
including a model of differentiation (Appendix A). The
circles and squares indicate the onset and cessation of
convection, respectively. The evolution is characterized by a
~1-2 Gyr episode of sluggish convection, extensive
melting, and nearly complete differentiation of heat-
producing elements.
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Figure 8. Illustrative inventories of planetesimals required
to form Mars. For « = 2 and 5/3, each mass decade
contributes equally to the total mass and total surface area,
respectively. The approximate locations of the impactors
assumed in our model are also shown (see Table 3).

be preserved because of isostatic adjustment. Perhaps, there
is an upper limit for impactor size beyond which a typical
basin does not form. Could Tharsis represent an intermedi-
ate case between an impact basin and formation of a global
magma ocean? Future studies of very large impacts might
help to evaluate the soundness of this hypothesis.

5. Evolution of Impact-Induced Thermal
Anomalies

[21] Fully three-dimensional spherical shell simulations
of mantle convection [Reese et al., 1999a] were utilized to
study the thermal evolution of Mars with initial, impact-
induced thermal heterogeneity.

5.1. Mantle Viscosity

[22] We assume a Newtonian viscosity (# = 1) and make
the Frank—Kamenetskii approximation,

n=>bexp(—T), )

where b and <y are constant. The nature of this approxima-
tion is that at large viscosity contrasts, the differences
between the Arrhenius and exponential laws are unim-
portant for determining the interior temperature [Reese et
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al., 1999b]. A rigid upper surface and y =4 x 10~ ensures
stagnant lid convection [Solomatov and Moresi, 2000].

5.2. Initial Conditions

[23] Prior to impact heating (Table 3), the nominal initial
mantle temperature is assumed to be 1500 K with a fixed
surface temperature of 220 K. Clearly this spherical sym-
metry is a first order approximation as the mantle temper-
ature might be affected by earlier impacts, core formation,
and previous mantle dynamics (see sections 1 and 2.1). The
maximum initial boundary layer thickness is controlled by
the accretion timescale (~30 Myr), & ~ 2 (kf)"* Due to
numerical resolution restrictions we must consider a thicker
boundary layer of ~500 km. Convective boundary layer
instabilities develop at the critical Rayleigh number Ra, =
(pagATS/kny) = 21 (W(T; — T)*,

5.3. Internal Heating

[24] The mantle is internally heated at an exponentially
decreasing rate and the heat flux through the core—mantle
boundary is assumed to be negligible. The heat production
is

4
H(t)=Cy4 ZH,-_O exp[—Ni(7 — 10)],

i=

(10)

where H;, are the present-day heat production values for
the four major isotopes 233U, 238U, 232Th, 4°K, and Cj is
the depletion factor relative to the chondritic value. We
assume C,; = 0.5 implying a strong initial fractionation of
heat-producing elements in the crust and isotopic ratios of
K/U = 10* and Th/U = 3.8. The abundance of U is
chondritic, 20 ppb.

5.4. Impact Heating

[25] High speed impacts generate a compressional shock
wave that propagates into the planet heating the interior while
dropping off rapidly in amplitude away from the impact site
[Melosh, 1990; Tonks and Melosh, 1992, 1993]. For a
vertically incident impactor of radius a, the radial distance,
R, corresponding to a temperature increase of ~300 K can be
calculated (Appendix B, Table 3, and Figure 9). Temper-
atures near the impact site are much higher and limited by
melting and vaporization. Since we cannot model energy
dissipation via these mechanisms and are interested in long-
term effects of impact heating, we assume a constant temper-
ature increase of 300 K. Impacts also reduce the lithospheric
thickness by a factor of two. Highly oblique impacts com-
plicate this geometry, concentrating energy downrange at
shallower depths [Pierazzo and Melosh, 2000].

5.5. Results

[26] Three models are considered. Model A is a low
interior viscosity (n; ~ 3 x 10** Pa s) end-member with a

Table 3. Impact Heating

Impact a (km) R (km)
Tharsis (?) 600 1600
Utopia 250 700
Hellas 250 700
Isidis 150 400
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Figure 9. Martian topography (top) and initial model
thermal conditions at midlithosphere depth (middle) and
along a cross section (bottom) through 90°W—270°W.

convectively unstable mantle Model B has an intermediate
interior viscosity (v, ~ 10 Pa s), and Model C is a high
interior V1s00s1ty (n; > 10%* Pa s) end-member for which the
evolution is purely conductive. Initially, geoid highs are
strongly correlated with individual impacts. For model A,
vigorous, small-scale convection quickly removes initial
thermal heterogeneity due to impacts and the geoid max-
imum decays from ~3 km to ~300 m in 1.5 Gyr and
fluctuates about this value for the remainder of evolution.
The present-day, model geoid bears no resemblance to
observation. Initially, convection in model B is extremely
sluggish. Near the end of evolution, lithospheric instabilities
begin to develop near the lowest viscosity regions. Present-
day geoid highs of ~1.5 km are correlated with individual
impacts. Heat transfer in model C is by conduction. Density
anomalies associated with hot regions dissipate via diffu-
sion. After 4.5 Gyr, there is a geoid high of ~1 km
associated with Tharsis and a broad secondary high of
~300 m in the eastern hemisphere. Long-wavelength (hemi-
spheric scale) features of the Model C geoid are in reason-
able agreement with observational data (Figure 10).

5.6. Discussion

[27] The seemingly impressive fit of Model C to obser-
vation is, in fact, quite fortuitous. The result should not be
interpreted as implying that the simple mechanism inves-
tigated here is the only contributor to Mars topography and
gravity. The amplitude of geoid anomalies, but not the
pattern, depends on the degree of heating and lithospheric
thinning due to impacts (section 5.4). Much as in the plume
hypothesis, positive geoid anomalies in the model are due
solely to an upward surface deformation which, in Model C,
accounts for only ~3 km of topography at Tharsis. Clearly,
the remaining topography must be associated with other
processes. Volcanic construction, crustal thickening, a
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chemically buoyant residuum in the underlying mantle,
and flexural support of part of the load all have important
implications for Tharsis topography and gravity. Smaller-
scale features including the massive Hellas basin, material
excavated from Hellas, the Isidis mascon, Valles Mari-
neris, and volcanic shields at Tharsis and Elysium also
contribute to the geoid [Smith et al., 1999b; Zuber et al.,
2000].

[28] However, the results presented here do suggest that
long-lived deep thermal heterogeneities in the mantle can
play an important role. At interior viscosities higher than
about 10> Pa s, planetary evolution is dominated by
thermal diffusion. In this limit, the results do not depend
on the rheological law, which has always been an unknown
in convective models of the Martian interior. Yet, convec-
tion can still play some secondary role in planetary evolu-
tion. For example, volcanic and tectonic events at Tharsis
[e.g., Anderson et al., 1998; Dohm et al., 2000] might be
related to episodic, localized convection in a partially
molten mantle.

[20] Finally, the results reveal the possibility of a sce-
nario (that can be explored in future studies) in which
initial impact-induced heating, melting and differentiation
are so substantial that large density variations are created
not only due to temperature but also due to composition.
This, and a high mantle viscosity, would ensure a purely
conductive evolution. Density anomalies in the mantle
would be located in exactly the same places as in the
models presented here and would produce a very similar
geoid pattern. An important difference from purely thermal
models is that the geoid would change much less with time
since there would be little “density diffusion.” Independ-
ent constraints on the evolution of the geoid with time
would help to constrain the relative thermal and composi-
tional contributions to density heterogeneities in the Mar-
tian mantle.

6. Conclusions

[30] 1. Rheological constraints suggest that the Martian
mantle probably evolved in the stagnant lid regime. In this
case, initiation of convection can be delayed, convection is
sluggish and inefficient, and extensive melting and differ-
entiation are unavoidable. Convection might be restricted to
a 1-2 Gyr episode during planetary evolution.

[31] 2. In the absence of vigorous convection, the early
heterogeneous thermal state of the mantle could be pre-
served. One mechanism capable of locally heating the deep
mantle is large impacts at the end of heavy bombardment. If
such thermal anomalies are long-lived, they could affect the
magmatic and tectonic evolution and even contribute to the
present-day topography and gravity.

[32] 3. Plume development on Mars might be difficult
due to mantle heating in the stagnant lid regime. We suggest
that Tharsis may be related to a large, impact-induced,
thermal anomaly rather than a convective plume. While
the global thermal evolution could be dominated by con-
duction, episodes of Tharsis tectonism and magmatism
might be associated with localized convection in a partially
molten mantle.

[33] 4. There are several outstanding problems whose
solutions may help further our understanding of Martian
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Figure 10. The present-day geoid (top) as measured by MGS and the geoid evolution for the three
models at 0.0, 1.5, 3.0, and 4.5 Gyr. In the low interior viscosity model (A), initial thermal heterogeneity
is quickly eliminated by vigorous convection. For the intermediate viscosity model (B), convection is
confined to impact-heated regions. Sufficiently high interior viscosity (C) ensures a purely conductive
thermal evolution and gives the best agreement with observation.

thermal evolution. The initial condition is an unresolved
issue. Better constraints on Martian core formation and
early temperature profile would help constrain the initial
convective state of the mantle. Large impact physics is not
well understood. It seems the parameter space of interest is
that between basin-forming impacts and giant impacts that
melt the entire planet. If Tharsis is the surface manifestation
of such an impact, data returned by MGS might reveal
characteristic geological and geophysical signatures in and
around the plateau. If the mantle is indeed pyroxene rich, a
more complete description of pyroxene rheology is neces-
sary. The activation volume is not known and yet plays an
important role in determining stagnant lid heat transfer
efficiency. Further constraints could be placed on the model
by extending it to track the distribution of magmatism with
time. Results could then be directly compared to the

volcanic history which, in general, has evolved from wide-
spread activity, including episodes of plains volcanism, to
more localized activity at centers of volcanic construction,
including Tharsis and Elysium [Tanaka et al., 1992]. The
model results could also be compared to estimates of crustal
thickness [Zuber et al., 2000]. Finally, models, which
address compositional density anomalies due to melting
and differentiation associated with large impacts, should
also be considered. In this case, relative contributions from
thermal and compositional anomalies could be constrained
with observational data on geoid evolution.

Appendix A: Melting and Differentiation

[34] The solidus is constrained by experimental data for
peridotite [McKenzie and Bickle, 1988; Scarfe and Takaha-
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shi, 1986; Ito and Takahashi, 1987]. The solidus is para-
meterized as
Ty = 1374 4 130p — 5.6p° (A1)
where the temperature is in Kelvin and pressure in
gigapascals. After the slope reaches d7/dp = 10 K GPa ™'
the temperature increases linearly with pressure. The
liquidus and melt fractions are given by the expressions of
McKenzie and Bickle [1988]. Only dry melting is consid-
ered. Wet melting occurs at even lower interior temperatures.
[35] The depth range between the beginning of melting
and the bottom of the stagnant lid, z,,, determines the width
of the horizontal flow which underwent melting. For a
cylindrical upwelling of velocity u; in a convection cell of
radius d, the rate at which material passes through this
channel is simply wu;z,2nd [Reese et al., 1999b]. The
differentiation rate is estimated as follows. If, before melt-
ing, the concentration of radioactive elements is C, the
chemical flux through the partially molten region is
u;Cz,,27d. Radioactive elements are assumed to be com-
pletely extracted, giving an estimate for the chemical loss
rate from the mantle. The rate of decrease of the total

amount of radioactive elements in the cylindrical convection
cell is d(Cnd’)/dt,

(A2)

Appendix B: Impact Heating

[36] After the shock passes, material decompresses to
ambient pressure. If the release adiabat is approximated
by the Hugoniot curve, the shock heating is given by
[Melosh, 1989]

1

Cp

AT =

8o |'::N

[1-2(¢—€m(1+1/9)], (B1)

where § = C/(Su,), C and S are material parameters, and the
particle velocity (material velocity behind the shock front)

~J upo r<rg
up(r) = { up(ro/r)’ r>ry (B2)
The particle velocity in the core
Upo = XV cos 0 (B3)

where v and 0 are the impact velocity and angle,
respectively and the parameter ¥ is found from impedance
matching [Melosh, 1989]. Near the impact site there is a
region that is shocked to approximately uniform pressure.
The radius of this isobaric core

2
PpV
ro = a,
(2ptu12,0>
where a is the impactor radius and p, and p, are the
projectile and target densities, respectively. We assume

(B4)
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vertical incidence 0 = 0 and p,, = p, implying x = 1/2. In this
case, to first nonvanishing order in £, (B1) gives the radius
R corresponding to temperature increase A7,

3 1/6
R 8Sv 4
3Cc, AT

For C = 6.6 km/s and S = 0.9 [Melosh, 1989], v =10 km/s
and AT = 300 K, the coefficient is ~3 (see Table 3).

(BS)
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