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Abstract

The crustal dichotomy and the Tharsis rise are the most prominent topographic features on Mars. The dichotomy is largely an expression of
different crustal thicknesses in the northern and southern hemispheres, while Tharsis is centered near the equator at the dichotomy boundary. How-
ever, the cause for the orientation of the dichotomy and the equatorial location of Tharsis remains poorly understood. Here we show that the crustal
thickness variations associated with the dichotomy may have driven true polar wander, establishing the north–south orientation of the dichotomy
very early in martian history. Such a reorientation that placed the dichotomy boundary near the equator would also have constrained the Tharsis
region on the dichotomy boundary to have originated near the equator. We present a scenario for the early generation and subsequent reorientation
of the hemispheric dichotomy, although the reorientation is independent of the formation mechanism. Our results also have implications for the
sharply different remanent magnetizations between the two hemispheres.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The crustal dichotomy is one of the oldest features on Mars
(Smith et al., 1999b) and is thought to have formed during or be-
fore the Early Noachian (Frey et al., 2002; Nimmo and Tanaka,
2005; Solomon et al., 2005). The Tharsis rise developed signif-
icantly later, and was largely emplaced by the Late Noachian
(Phillips et al., 2001). No explanation has been proposed for
why the dichotomy boundary should be roughly along the plan-
et’s equator (Fig. 1a) rather than in some other orientation.
However, the location of Tharsis near the equator and obser-
vations of a large positive geoid anomaly (Smith et al., 1999a)
associated with the province have lead to a number of studies
examining the possibility of an episode of true polar wander
(TPW) driven by Tharsis (Melosh, 1980; Willemann, 1984;
Zuber and Smith, 1997). Although it has never been explic-
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itly stated, TPW due to the Tharsis rise seems to be an ap-
pealing mechanism for explaining the north–south orientation
of the dichotomy. However, this mechanism has two difficul-
ties.

First, previous studies suggest that potential TPW due to
Tharsis is limited. Based on moment of inertia calculations,
Melosh (1980) determined that Tharsis may have driven up to
25◦ of TPW. However, it was also recognized that there was
little tectonic evidence for significant Tharsis-induced TPW
(Melosh, 1980; Grimm and Solomon, 1986), although many
other tectonic features including faulting, extensional grabens
and contractional ridges associated with the formation of Thar-
sis have been identified (Anderson et al., 2001). If the stabiliz-
ing effect of a �100 km thick elastic lithosphere at the time
of Tharsis formation (Zuber et al., 2000; Phillips et al., 2001;
McGovern et al., 2002) is considered, the potential for TPW
is reduced even further (Willemann, 1984). Collectively, these
studies (Melosh, 1980; Willemann, 1984; Grimm and Solomon,
1986; Zuber and Smith, 1997) really suggested that Tharsis
formed near the equator originally. However, no explanation
has been given for this apparent coincidence.
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Second, even if Tharsis were able to produce a large amount
of TPW, it may not have necessarily resulted in the north–south
dichotomy orientation. Assuming the dichotomy had some arbi-
trary orientation (e.g., east–west) prior to Tharsis, then Tharsis
must have formed at the northernmost or southernmost extent
of the dichotomy boundary to produce the north–south orien-
tation. Formation of Tharsis at any other location along the
dichotomy boundary (e.g., near the equator) would leave the
dichotomy in some arbitrary orientation after the TPW. Fig. 2
illustrates this problem. We consider an extreme case in which
the dichotomy forms east–west (Fig. 2a). 90◦ of TPW are re-
quired to bring the dichotomy into a north–south orientation.
If this TPW is due to Tharsis, then Tharsis must form at one
of the poles (black load at south pole in Fig. 2a). However,
in this situation the TPW path is uncertain. Tharsis could mi-
grate perpendicular to the dichotomy boundary (curved arrow),
bringing the dichotomy into a north–south position (Fig. 2b),
or it could migrate along the boundary (straight arrow), leaving
the dichotomy orientation unchanged (Fig. 2c). Note also that if
Tharsis starts at any point on the boundary other than the poles,
a TPW less than 90◦ will occur, and that this will be along the
dichotomy boundary. In a more general case, the dichotomy be-
gins in an arbitrary orientation, and Tharsis forms at a random
spot along this boundary (e.g., Fig. 2d). Tharsis moves to the
equator (dashed curve), causing the planet to reorient about an
axis (solid line) perpendicular to both the rotation axis in in-
ertial space and a line (dotted) running from Tharsis through
the center of the planet. If Tharsis does not start at the north-
ernmost or southernmost point on the dichotomy boundary, the
dichotomy will still be tilted after the TPW (Fig. 2e).

In order for Tharsis-driven TPW to be responsible for the
orientation of Mars, a remarkable coincidence must occur. We
therefore find this to be an unsatisfactory explanation, and pro-
pose an alternative. Here we suggest that the north–south ori-
entation of the dichotomy is established directly after its for-
mation, due to the effects of the associated crustal thickness
variations on the planet’s moment of inertia, and that the later
formation of Tharsis may only have a secondary effect. Our
proposed model explains not only the present-day orientation
of the dichotomy but also the equatorial location of Tharsis in
the absence of any substantial Tharsis-driven TPW.

2. Methods and models

The key to this study is to determine rotational pole positions
through computing degree-2 geoid anomalies and the inertial
tensor, for physically reasonable early martian crustal and man-
tle buoyancy structures. More specifically, we calculated the
geoid due to the loads associated with crustal dichotomy and
one-plume mantle buoyancy. Only the degree-2 components of
the geoid are relevant for the calculation of the inertial ten-
sor. The degree-1 geoid of a planet corresponds to an offset
between the center-of-mass and the center-of-figure. In a center-
of-mass coordinate system such as that used by Mars Global
Surveyor and many other spacecraft, the degree-1 geoid is zero
by definition. The degree-2 geoid is related to the inertial ten-
sor by MacCullagh’s formula (Michael and Blackshear, 1972;

Lambeck, 1980) which is then diagonalized to determine the
rotation axis (Melosh, 1980; Willemann, 1984; Steinberger and
O’Connell, 1997).

This method ignores the effects of the elastic lithosphere,
similar to the studies on long-term TPW of the Earth (Richards
et al., 1997; Steinberger and O’Connell, 1997). This is justi-
fied, given that we consider the TPW at the time of formation
of the crustal dichotomy, during or before the Early Noachian
(Frey et al., 2002; Nimmo and Tanaka, 2005; Solomon et
al., 2005) when the thickness, Te of the elastic lithosphere
was very small (<10 km) (Zuber et al., 2000; McGovern et
al., 2002). This is different from Willemann (1984)’s study
in which the thick (�100 km) and likely unbroken elastic
lithosphere at the formation of Tharsis required consideration
of the effects of lithosphere on the TPW (Matsuyama et al.,
2006). Te is estimated to be <10 km for Hellas (McGovern
et al., 2002) at the time of the basin formation, and similarly
small for the southern highlands in general (Zuber et al., 2000;
McGovern et al., 2002), suggesting an even smaller Te at the
time of dichotomy formation. As stated by Willemann (1984),
such a thin elastic plate is susceptible to fracture under the TPW
(or other tectonic processes including mantle convection), and
his formulation for thick, unbroken lithosphere does not apply
under these conditions (Willemann, 1984). Although it may still
support short-wavelength loads, a thin and broken lithosphere
should be transparent to long-wavelength forces and can there-
fore be ignored in computing the TPW (Willemann, 1984;
Steinberger and O’Connell, 1997; Richards et al., 1997).

To determine the effect of crustal dichotomy on the TPW,
we constructed simple crustal models as a proxy for early Mars
after the dichotomy was formed but before the formation of
Tharsis and the heavy bombardment. The martian crust may
have been significantly modified at large impact basins and at
Tharsis after the formation of the dichotomy (Zuber et al., 2000;
Wieczorek and Zuber, 2004). However, the modification of
the dichotomy boundary was limited to that caused by ero-
sion and faulting (Irwin et al., 2004; Smrekar et al., 2004;
Nimmo, 2005), except in the Tharsis region where the di-
chotomy boundary was completely buried by the volcanic con-
struction. Apart from Tharsis and Arabia Terra, the transition
across the dichotomy boundary is sharp and well-defined.

We considered four crustal models. In the first three mod-
els, the crustal thickness is bimodal, with a uniform thick-
ness on each side of the dichotomy boundary. The fourth
model uses variable crustal thickness based on the most re-
cent model, marscrust2 (Neumann et al., 2004). For the first
crustal model, the northern and southern hemispheres are sepa-
rated by a dichotomy boundary that passes through the present-
day dichotomy transition regions, except in the Tharsis region
where we connected the two known endpoints of the dichotomy
boundary on either side of Tharsis with a straight line (Fig. 1a,
red line). The second crustal model is identical to the first
except that the boundary passes north of the bulk of Tharsis
(Fig. 1a, white line. Note that the red and white lines overlap
except in the Tharsis region). In the third model, the dichotomy
boundary is placed to exclude the western Tharsis region (Zuber
et al., 2000) and along the south end of the dichotomy transition
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Fig. 1. Present day topography of Mars and three different dichotomy bound-
aries shown by red, white, and black lines (a), geoid from crustal dichotomy
with red line as boundary and predicted pole position shown by red circle (b),
and geoid from axisymmetric crustal load with thickened crust that is centered
at the south pole and has a radius of 120◦ with the white line marking the edge
of the thickened crust, and predicted pole position shown by white circle (c).
In (a), the red and white boundaries are identical except at Tharsis. In (b), the
predicted poles for dichotomy boundaries shown by white and black lines are
also plotted as white and black circles, respectively. In (c), the predicted pole
position for thickened crust with radius of 60◦ is shown by the black circle. All
scales in meters. All maps in this paper use the Molleweide equal-area projec-
tion.

elsewhere (Fig. 1a, black line). For these three crustal mod-
els, the crustal thickness is assumed to be 32 km in the north
and 58 km in the south (Neumann et al., 2004). The thick-
ness increases linearly from the lower value at a position 5◦
north of the boundary to the upper value 5◦ south of the bound-
ary.

We constructed the fourth crustal model by directly mod-
ifying the recent global crustal thickness model, marscrust2
(Neumann et al., 2004) (Fig. 3a). Because the crustal dichotomy
pre-dates Tharsis and the large impact basins (Hellas, Isidis, Ar-
gyre, Utopia), we have removed these features and replaced the
crustal thickness in these regions with the background values
(Fig. 3b). In the Tharsis region, we used the red line in Fig. 1a
as the dichotomy boundary. For all four crustal models, we as-
sumed that the crust is isostatically compensated at the Moho.
This is justified given that the early martian lithosphere was
very thin (Zuber et al., 2000; McGovern et al., 2002) and that
only the longest wavelength (i.e., spherical harmonic degree
� = 2) is of interest to us.

Fig. 2. Examples of TPW due to Tharsis. The upper panels describe an ex-
treme case in which the dichotomy is initially east–west, and Tharsis (black
region) forms at the pole (a), Migration of Tharsis to equator, bringing di-
chotomy north–south (b), migration of Tharsis to equator, leaving dichotomy
east–west (c). The lower panels depict a more general case, in which the di-
chotomy starts in a random orientation, and Tharsis forms at a random spot
on the boundary (d). Tharsis induces TPW rotating the planet about an axis
(solid line) perpendicular to both the rotation axis and a line drawn from Thar-
sis through the center of the planet (dotted). Tharsis moves to the equator, but
the dichotomy remains tilted (e).

Fig. 3. The crustal thickness map of Mars from the marscrust2 model
(Neumann et al., 2004) (a). Crustal thickness map with Tharsis removed and
Hellas, Argyre, Isidis, and Utopia basins filled in (b). Geoid determined from
this crustal structure (c), with the predicted north and south pole positions
marked by the white circles.

In addition to crustal loads, other physical processes in-
cluding mantle convection may affect the planetary moment
of inertia and pole position (Richards et al., 1997; Steinberger
and O’Connell, 1997). Degree-1 mantle flow resulting from ei-
ther one-plume thermal convection (Zhong and Zuber, 2001;
Roberts and Zhong, 2006a) or overturn of magma ocean cu-
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Fig. 4. Degree-1 convection from a 3D convection calculation (a). The upwelling is shown by the isosurface of residual temperature, representing a region in which
the nondimensional temperature is at least 0.025 greater than the mean at that depth. The downwellings have been omitted for clarity. Time-dependent spectrum of
temperature structures for the first four spherical harmonics at a depth of 110 (b) and 1670 km (c). Degrees 1–4 represented by the thick solid, thin solid, dashed,
and dotted lines, respectively. Dynamic topography (d) and geoid (e) in meters produced by the plume. The crosses in (d) and (e) mark the plume centroid and the
circles mark the predicted pole positions. Both poles are shown, unlike in Fig. 1.

mulates (Elkins-Tanton et al., 2005) has been suggested to
be responsible for the crustal dichotomy. Degree-1 convec-
tion may lead to the formation of the dichotomy by preferen-
tially thickening the crust in one hemisphere. Extensive melt-
ing in the plume head may generate a substantial amount of
crust in the hemisphere containing the plume (Zhong and Zu-
ber, 2001; Roberts and Zhong, 2006a). Given the aforemen-
tioned crustal thickness variation between the hemispheres, this
plume-melting process may produce the secondary crust that
may comprise ∼1/3 of the present crustal volume and may
be added on to 20–30 km of primordial crust (Norman, 1999;
Wieczorek and Zuber, 2004).

Mantle convection models in a 3D spherical shell including
temperature- and depth-dependent viscosity have been shown
to produce a single upwelling plume (Fig. 4a) within the
first couple hundred Ma (Roberts and Zhong, 2006a), rapidly
enough to be associated with the origin of the dichotomy (Frey
et al., 2002; Nimmo and Tanaka, 2005). These convection mod-
els were developed using a variant of the mantle convection
code CitcomS (Zhong et al., 2000), using the extended Boussi-
nesq approximation and including adiabatic and frictional heat-

ing. We only show one case (case V3 from Roberts and Zhong,
2006a) here, but the results for other cases are similar. This case
has a basal Rayleigh number of 1.25 × 108, activation energy
of 157 kJ/mol, activation volume of 2.7 cm3/mol. Superim-
posed on the temperature- and pressure-dependent viscosity
is a viscosity layering such that the upper mantle viscosity is
25 times lower than that in the lower mantle. The mantle is
heated both basally and internally, with a radiogenic heating
of 7.4 × 10−8 W m−3. Although the one-plume structure is
dominated by spherical harmonic degree � = 1, it contains sig-
nificant power at � = 2 as well (Figs. 4b and 4c), thus affecting
the inertial tensor.

3. Results

We first present TPW results from our crustal models. We as-
sumed a crust with a density of 2900 kg m−3 in isostasy atop a
mantle with a density of 3500 kg m−3. We computed the geoid
from the surface and Moho topography, and found for the crust
with the red dichotomy boundary (i.e., the first crustal model),
a positive geoid anomaly of ∼60 m near the equator and that the
predicted pole is 17◦ away from the present-day pole (Fig. 1b
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Table 1
Degree-2 Stokes coefficients of the geoid (in meters)

Crust model C20 C21 S21 C22 S22 Polar
separation

1 (red) −38.2 12.4 15.5 −33.3 17.6 17◦
2 (white) −40.9 19.1 −1.73 −44.6 8.37 28◦
3 (black) −2.50 9.88 −9.73 −35.8 −12.0 76◦
4 (marscrust2) −26.3 −3.26 −1.96 −32.1 24.8 22◦

for the geoid and red circle for the pole position, and also Ta-
ble 1). For the crust with the white dichotomy boundary (i.e.,
the second crustal model), the predicted pole is 28◦ away from
the present-day pole (Fig. 1b, white circle, and Table 1). These
results suggest that the formation of crustal dichotomy with its
boundary as described above would orient the planet such that
the dichotomy is approximately north–south. However, for the
crust with the black dichotomy boundary (i.e., the third crustal
model), the resulting geoid anomalies lead to poles that are
76◦ away from present-day poles (Fig. 1b, black circle, and
Table 1). This model fails to reproduce the observed orienta-
tion, and suggests that a dichotomy boundary with this shape
would be largely east–west. The difference in the predicted pole
positions between these three models demonstrates that the ori-
entation of the dichotomy is sensitive to the area extent of the
thickened crust.

The reason for these different pole positions can be best un-
derstood by examining an idealized crustal model. We repeated
the geoid and pole calculations for a series of axisymmetric
crustal structures, in which the region of thickened crust is
treated as a disk load. For a disk load (i.e., thickened crust) with
radius exceeding 90◦, the long-wavelength geoid signal is neg-
ative over and opposite the load, and the predicted pole overlaps
with the center of the load (Fig. 1c, white circle). However, for a
disk load with radius smaller than 90◦, the geoid is positive over
the load, and the poles are exactly 90◦ away from the center of
the disk (Fig. 1c, black circle). For a disk load with radius of
exactly 90◦, the long-wavelength geoid vanishes and any pole
position is equally likely. These results suggest that the differ-
ent pole positions in Fig. 1b are largely controlled by the area
extent of the thickened crust. For a region of thickened crust
covering more than one hemisphere such as that with the red
and white dichotomy boundaries (Fig. 1a), the pole should be
close to the center of the thickened crust and to the present-day
pole.

We note that the shape of the boundary may also be impor-
tant. In crustal model 3 (black curve), the northward excursion
of the dichotomy boundary into eastern Tharsis creates strong
(�,m) = (2,2) components of the geoid, which dominate over
the axisymmetric 2,0 component (Table 1). Consequently, the
predicted pole in this case is in the region of low geoid between
Tharsis and Arabia Terra. The less oscillatory (and probably
more geologically reasonable) dichotomy boundaries in crustal
models 1 and 2 (red and white curves) have stronger (2,0)

geoid components and thus the area extent of thickened crust is
most important in controlling the pole positions in those cases.

For crustal model modified from marscrust2 (i.e., the fourth
crustal model, see Fig. 3a and Neumann et al., 2004), we found

a pole position 22◦ away from the present-day pole (Fig. 3c
for the geoid and poles, and Table 1), similar to those from the
first and second models with uniform crustal thicknesses in two
hemispheres (red and white circles in Fig. 1b).

We now consider the effects of a one-plume mantle structure
(e.g., Fig. 4a) on the TPW. The lower-density plume mater-
ial is a mass deficit and produces a negative geoid anomaly.
In dynamic isostasy, the plume buoyancy is compensated at the
surface in the form of dynamic topography (Fig. 4d) which pro-
duces a positive geoid. Because the mass deficit associated with
the plume is further from the surface, the net geoid at the sur-
face is dominated by the topography, and is positive over the
plume and its antipode (Fig. 4e). The geoid has an amplitude
of ∼20 m at long-wavelengths which is significantly less than
that from the aforementioned crustal structure (Figs. 1b and 3c).
We found that the predicted pole is offset from the center of the
plume by nearly 90◦, placing the plume and its associated pos-
itive geoid near the equator. The same results of ∼90◦ offset
between the pole and the center of the plume and of signifi-
cantly less geoid for the plume than the crust are also observed
for all the convection models that we examined with rapid for-
mation of the � = 1 pattern (Roberts and Zhong, 2006a).

4. Discussions and conclusions

While the TPW caused by crustal loads associated with the
dichotomy (e.g., crustal models 1, 2, and 4) leads to poles close
to present-day ones, a one-plume structure results in ∼90◦ off-
set between the poles and the center of the plume, placing the
plume and the thickened crust near the equator if the thickened
crust is caused by the plume melting. During the early stage
of formation of the dichotomy, the area extent of the thickened
crust may have been relatively small, and therefore most stable
at the equator. The geoid contributions from the plume and crust
reinforced each other, driving the plume and the thickened crust
to the equator and leading to an early east–west dichotomy. As
the region of thickened crust grew to its current distribution cov-
ering more than half the planet (e.g., the red or white curves in
Fig. 1a, or as in Fig. 3b), the long-wavelength geoid above the
thickened crust became negative. At this stage, the geoid con-
tributions from the crust and plume opposed each other.

However, we think that the crustal distribution ultimately
controls the pole position for two reasons. First, the plume
geoid is always significantly less than crustal geoid, as men-
tioned earlier (Fig. 4e). Second, the dichotomy-producing
plume must have diminished after the formation of the di-
chotomy, as suggested by the relatively uniform surface age
for the southern highlands and the subsequent formation of the
Tharsis by a plume (Harder and Christensen, 1996) at nearly
90◦ arc distance from the center of the thickened crust. As the
dichotomy-producing plume faded away, the crust was left as
the predominant contributor to the geoid before the formation
of the Tharsis.

Based on these results, we propose the following scenario
for the origin and evolution of the crustal dichotomy. Degree-1
mantle convection developed within the first couple hundred
Ma (Roberts and Zhong, 2006a) (Fig. 5a). The net positive
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Fig. 5. Evolution of the crustal dichotomy for early Mars. A degree-1 plume develops at some arbitrary location within the first couple hundred Ma of martian
history beneath a primordial crust (a). Dynamic topography associated with the plume produces a load that drives it to the equator. (b). Melt in the plume head
begins to thicken the crust above it (c). This secondary crust cools in the ancient global magnetic field and takes on stronger remanent magnetization than the thin
crust in the other hemisphere that is largely primordial. The extent of this region grows until it occupies more than one hemisphere (d) at which point the degree-2
crustal geoid becomes negative and causes additional TPW, placing the center of the crust near the pole (e). After the formation of the dichotomy, the plume dies
away and the pole adjusts (f). The core is no longer being cooled as efficiently, and the dynamo shuts down. Tharsis grows at the dichotomy boundary by the Late
Noachian (g), and migrates a short distance to the equator. Tharsis adjusts the dichotomy into its final position (h), but need not drive a great deal of TPW in order
to do so.

dynamic geoid associated with the plume would have driven
TPW placing the plume at the equator if it did not initially form
there (Fig. 5b). Partial melt in the plume head was transported
to the surface and a small region of thickened crust formed
above the plume (Fig. 5c), increasing the positive geoid and
reinforcing the plume’s equatorial location. At this time the
elastic lithosphere was quite thin, <10 km (McGovern et al.,
2002), much thinner than even the lowland crust (Zuber et al.,
2000). As plume materials spread out below the lithosphere,
they caused extensive melting and crust production over a
larger area. The lower crust may also have flowed laterally,
and grew throughout the plume hemisphere, forming the crustal
dichotomy in an east–west orientation. The thickened crust ex-
panded to occupy more than one hemisphere (Fig. 5d), and the
geoid over the thickened crust became negative. A second phase
of TPW took place, moving the thickened crust to the pole
and the dichotomy close to its present north–south orientation
(Fig. 5e). The dichotomy-forming plume eventually dissipated,
crustal production greatly diminished or ceased altogether, and
the crustal dichotomy became the sole control on the planetary
orientation (Fig. 5f).

These proposed TPW events occurred during or before
the Early Noachian when the elastic lithosphere was very
thin (<10 km). The readjustment of the rotational bulge due
to the reorientation would have created large stresses in the
lithosphere and is likely to have fractured it, as suggested by
Melosh (1980) and Willemann (1984). However, the fractures

should have been largely erased by subsequent surface tec-
tonic and cratering activities including the heavy bombardment.
This is consistent with the general absence of tectonic features
(i.e., faulting) that predate the formation of Tharsis by the Late
Noachian (Nimmo and Tanaka, 2005; Anderson et al., 2001).
An early TPW before the Tharsis formation is the key to rec-
onciling with the lack in TPW-related fractures (Grimm and
Solomon, 1986). Our study provides a physical mechanism for
this early TPW.

While still a very old feature, the Tharsis rise post-dates the
crustal dichotomy and sits on the boundary. The precise reason
that Tharsis formed on the dichotomy boundary is not well un-
derstood, but it may be related to edge-driven convection (King
and Anderson, 1998) in which an abrupt change in the thickness
of the conductive lid may drive instabilities in the convecting re-
gion beneath the transition. Tharsis is an elastically-supported
volcanic construction (Phillips et al., 2001), and as such, pro-
duces a substantial degree-2 geoid load (100–1000 m). This
signal overwhelms that due to the crustal thickness variations,
encouraging equatorward migration of the Tharsis. In the sce-
nario described above, however, the dichotomy boundary is
already close to the equator prior to the Tharsis loading. The
formation of Tharsis on the dichotomy boundary implies that
it formed near the equator initially (Fig. 5g), and thus would
only have driven a small additional amount of TPW (Fig. 5h).
This is consistent with early studies of Tharsis-driven TPW
(Melosh, 1980; Willemann, 1984), and suggests that Tharsis
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had only a secondary effect on the dichotomy’s orientation. Al-
though Matsuyama et al. (2006) has since shown that under
certain circumstances, Tharsis could have driven larger TPW,
that study does not suggest that this has occurred, and a small
TPW is more consistent with the lack of observed tectonic
features expected from a large reorientation (Melosh, 1980;
Grimm and Solomon, 1986).

Simple calculations show that Tharsis should move the poles
determined from the crust (e.g., the red circle in Fig. 1b) closer
to the present-day poles. For example, if we choose a reference
frame with the pole determined from the first crustal model (red
circle in Fig. 1b) as south pole and the present-day south pole
at 180◦ longitude, then the center of Tharsis will be at (129◦ W,
17◦ N) and the present-day south pole at (180◦, 73◦ S), given
that Tharsis is currently centered at (112◦ W, 6◦ N) (Zuber and
Smith, 1997). As Tharsis-induced TPW moved Tharsis south to
the equator, the pole moved closer to its present-day position.
The result for the case with the second crustal model is similar.

Our proposed scenario may also explain why the magnetic
anomalies are much stronger in the southern highlands than
the northern plains (Connerney et al., 1999; Hood and Za-
kharian, 2001), a key observation that remains largely unex-
plained (Nimmo and Tanaka, 2005; Solomon et al., 2005). In
our model, early core cooling drives a geodynamo (field lines
in the core in Figs. 5a–5e). The newly formed crust (stippled
regions in Figs. 5c–5h) in the southern highlands produced
by the plume may have cooled in the presence of an ancient
global magnetic field, thus taking on remanent magnetization.
This secondary crust is added onto a primordial crust (which
may also have been weakly magnetized by an earlier, weaker
global field, (Fig. 5, cross-hatched regions)), resulting in the
southern hemisphere becoming much more strongly magne-
tized than the northern hemisphere. Following the formation of
the dichotomy and the dissipation of the plume, the core is no
longer cooled efficiently, and the dynamo dies off (Figs. 5f–5h).
Recent estimates of paleomagnetic pole positions northwest
of Olympus Mons that suggest an episode of TPW since
the rocks were magnetized (Arkani-Hamed and Boutin, 2004;
Hood et al., 2005) are also consistent with an initially east–
west dichotomy from our model. Our scenario suggests that the
thickened crust (i.e., the present-day southern highlands) may
be younger than the thinner crust, but probably not significantly
because of the rapid formation of the dichotomy. This age is
supported by recent MARSIS radar observations that indicate
the buried crater population in the heavily resurfaced north-
ern lowlands may have been significantly underestimated, and
that the basement of the lowlands may be older than previously
thought (Watters et al., 2006).

We also examined the effect of an intact elastic shell on the
geoid from a degree-1 plume and its consequence on the TPW,
as presented in Roberts and Zhong (2006b). Zhong (2002)
and Roberts and Zhong (2004) demonstrated that an elastic
lithosphere may significantly reduce the geoid from a plume
and may even lead to a negative geoid over a plume. Roberts
and Zhong (2006b) found that when Te exceeds ∼30 km, the
net geoid over the plume becomes negative for models we ex-
amined, but the magnitude is still significantly smaller than

the crust geoid. In the absence of any other effects, this would
drive a TPW event, shifting the plume to the pole (Roberts and
Zhong, 2006b). However, for early Mars with relatively thin
elastic plate, the plate could fracture in response to TPW, which
in turn may eliminate its filtering effect on the geoid. Clearly,
whether an elastic plate could place a plume at the poles by
reducing the plume geoid hinges on the extent to which a frac-
tured plate could support long-wavelength loads, which should
be an important question in future study (Zhong, 2001).

Finally, we want to point out that the scenario described
above assumes a certain origin for the crustal dichotomy, that is
formation by long-wavelength mantle convection (Zhong and
Zuber, 2001; Roberts and Zhong, 2006a). Considerable con-
troversy remains about this issue with other alternate forma-
tion mechanisms for the dichotomy (Solomon et al., 2005),
such as giant impacts (e.g., Frey et al., 2002), and overturn
of magma ocean residue (Elkins-Tanton et al., 2005). Solomon
et al. (2005), on the basis of isotope ratios in martian mete-
orites, argued that the main bulk of martian crust is produced
in the initial 50 Ma after Solar System formation as a result
of primary planetary differentiation and that the dichotomy is
formed on the same time scale. They further suggested that
this early formation time for the dichotomy is inconsistent with
mantle convection as formation mechanism for the dichotomy.
However, we note that other similar geochemical mass bal-
ance calculations suggest production of significant amount of
secondary crust (Norman, 1999). Also, the timescale for the
formation of degree-1 convection is dependent upon the vis-
cosity structure, and it is possible that degree-1 convection is
generated on 50 Ma time-scale (Roberts and Zhong, 2006a). We
emphasize, however, that the orientation of the dichotomy after
its formation is independent of the formation mechanism. Al-
though the first stage of TPW, moving the plume to the equator
(Fig. 5b), is particular to the scenario described above, the sub-
sequent north–south orientation of the dichotomy is controlled
entirely by the crustal thickness variations associated with the
dichotomy, regardless of its formation mechanism. Alternative
origins for the magnetization of the highland crust may also be
consistent with our scenario, provided that the magnetization
occurs before the crust-induced TPW event as suggested by the
magnetic paleopole studies (Arkani-Hamed and Boutin, 2004;
Hood et al., 2005). Future work in this area may be help-
ful in providing constraints on the timing of the reorienta-
tion.

In conclusion, we suggest that the north–south orientation
of crustal dichotomy and the equatorial location of Tharsis are
not coincidences, but rather natural consequences of formation
of crustal dichotomy. Our proposed TPW that turns an initially
east–west dichotomy to its present-day north–south orientation
also supports the recent proposed large TPW based on estimates
of paleomagnetic pole positions (Arkani-Hamed and Boutin,
2004; Hood et al., 2005). Additionally, our results highlight the
importance in understanding why Tharsis was formed near the
dichotomy boundary, possibly as a result of lithospheric/crustal
thickness variation or edge-driven convection (King and Ander-
son, 1998; Wenzel et al., 2004).
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