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Clues to the history of Mars are recorded in the chemistry and structure of the planet’s crust and mantle.
The mantle is the rocky, interior region of the planet that transports heat generated during accretion and
subsequent core formation. The crust formed by melting of the upper mantle, and has been shaped and
re-distributed by impact, volcanism, mantle flow and erosion. Observations point to a dynamically active
interior in the early phases of martian history, followed by a rapid fall-off in heat transport that significantly
influenced the geological, geophysical and geochemical evolution of the planet, including the history of water
and climate.

T

he different geological evolution of Mars
compared to Earth is to due primarily to Mars’
smaller size. The radius of Mars is about half
that of Earth, and so Mars probably heated up
and cooled off more quickly. Thus, geological
activity manifest as tectonism, volcanism and the
associated release of volatiles should have occurred
relatively earlier for Mars than for Earth. On Earth,
convective cooling of the interior drives the motions of
surface plates and is accompanied by the creation of
seafloor at mid-ocean ridges and consumption of plates at
subduction zones. In contrast, Mars is currently a singleplate planet with a thick, rigid outer shell. But it is
possible that earlier in martian history, when internal heat
loss was more intense, the planet displayed thinner and
possibly even mobile plates1.
Understanding the evolution of the crust and mantle of
Mars has been aided significantly by orbital global geophysical measurements of topography, gravity and magnetics,
Earth-based and orbital spectra, orbital- and lander-scale
images of the surface, and geochemical measurements of
martian meteorites. These data collectively tell the story of
an early, dynamic martian interior.

Composition of crust and mantle
Crustal composition

Information on the composition of the crust of Mars has
been obtained from Earth-based2 and orbital spectra3–6, in
situ spectral and chemical observations from the Viking
and Pathfinder landers7, and geochemical analyses of
meteorites believed to have come from Mars8,9. The surface
is composed of a mixture of relatively pristine igneous
rocks overlain by highly oxidized weathering products that
constitute the relatively bright dust and soils. The reddish
colour of the martian surface is due to the presence of ferric
iron-bearing minerals in the oxidized surface layer10,11. At
the local scale, the Viking landers revealed the likely
presence of peroxide, a reactive oxidant. The surface
sampled in situ lacks organic compounds, which, although
periodically replenished by meteorites, are probably
destroyed by the oxidants as well as intense ultraviolet
radiation. If early Mars once had a significantly denser
atmosphere than present (ref. 12, and see review in this
issue by Jakosky and Phillips, pages 237–244), then
evidence should be preserved in the crustal surface layer as
carbonates and sulphates. Limited amounts of both have
been found in martian meteorites9, and sulphates
have been found in situ13, but neither has been detected
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conclusively from remote spectral data, which are sensitive
at levels of 5–10% abundance14,15.
Thermal-emission spectrometer data from the Mars
Global Surveyor (MGS) orbiter suggest that dark regions
exhibit two compositions6: a basalt-rich component in the
southern highlands and andesite-rich component in the
northern lowlands. On Earth, basalt is a common volcanic
rock formed by melting of the upper mantle, while
andesite is found almost exclusively in subduction zone
environments, where water has been important in the melt
generation process. Andesite formed by fractional crystallization of dry basaltic magma would require large amounts
of melting7, but for water-rich magmas a greater proportion
of andesitic magma can be produced16,17. An alternative
interpretation is that the proposed andesite spectral
features reflect a basaltic composition with a significant
glass component18.
Certain classes of basaltic achondrite meteorites —
shergottites, nakhilites and chassignites (collectively
termed SNCs) — are believed to have been ejected from the
martian surface by one or more impacts19 within the past
1–20 million years (Myr). Evidence for a martian origin of
these meteorites includes relatively young crystallization
ages (0.15 to 1.3 billion years (Gyr)) by terrestrial planet
standards19–21, and the presence of trapped gases that match
isotopically the martian atmosphere22–25. Geochemical
analyses indicate that all the martian meteorites are picritic
or basaltic lavas or were derived from basaltic magmas7,
which is consistent with visual and near-infrared
spectral observations5, but not thermal-infrared orbital

Figure 1 Photograph of a microscopic thin section of the Shergotty
meteorite, which is believed to represent a sample of the martian crust.
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Figure 2 The crustal thickness of Mars assuming a constant-density crust and mantle. The model (crust1004), shown over a shaded relief map, is based on Mars Global Surveyor
gravity55 and topography54 fields. The crustal thickness model has a spatial resolution of ~180 km. The map projection is Molleweide and the coordinate system is areocentric with
an east-positive longitude convention. The dashed line shows the location of the geological dichotomy boundary between the northern and southern hemispheres. The boundary is
plotted only where it is distinctively expressed. Note that the crustal provinces of the northern and southern hemisphere follow the yellow-green interface and do not correlate
everywhere with the surficial expression of the geological dichotomy. Also shown are 107-averaged south pole-to-north pole longitudinal transects of crustal structure, where light
grey corresponds to crust and dark grey corresponds to mantle. The transects for longitudes 07–107 E and 1707–1807 E show crustal provinces of the northern and southern
hemisphere. The transect through 607–707 E shows crustal thinning beneath the Hellas basin, and that through 2507 E shows crustal thickening beneath Tharsis.

observations6,15. The parent magmas of the martian meteorites were
probably generated by partial melting of the uppermost mantle of
Mars and were emplaced at the surface and within the crust by
volcanic and magmatic processes. The meteorite ALH84001,
renowned for proposed evidence of past biological activity26, has
been traced to a martian origin by microscopic-scale textural features
and its oxygen isotopic signature27. However, this meteorite has a
crystallization age of ~4.5 Gyr and probably represents a sample of
ancient crust28–30. Of the martian meteorites, the shergottites (Fig. 1)
represent late-stage magmatic products that are considered the
most representative samples of unmodified martian crust, but the
parent rocks of all martian meteorites sample only a small part of the
martian surface.

Mantle composition
Compositions of martian meteorites in combination with models of
the planet’s density distribution with depth inferred from geophysical constraints31–33 lead to inferences about the composition of the
martian mantle. It has been generally assumed that the bulk composition of Mars is ‘chondritic’, that is, approximating the composition
of carbonaceous chondrite meteorites34,35, which are believed to be
NATURE | VOL 412 | 12 JULY 2001 | www.nature.com

representative of the most primitive material in the Solar System. It
has been suggested that the bulk composition of Mars may deviate
from carbonaceous chondrites36 and, unlike the crust, might be
characterized by reducing conditions37. A model of the martian
interior based on martian meteorites38 suggests that the planet was
accreted from two chemically distinct components, the first of which
was volatile-rich and oxidizing, and the second was reducing and
consisted of high-temperature minerals. These components may
have mixed to provide a mantle that is now chemically
homogeneous34.
Various bulk composition models of Mars have been proposed
and a common feature is enrichment in iron relative to Earth’s
mantle. Such models can be converted to pressure- and temperaturedependent mineralogies. One plausible structure35, based on the
model of Dreibus and Wanke34, has the upper martian mantle similar
to Earth’s, consisting primarily of the mineral olivine
[(Mg,Fe)2SiO4]. With increasing depth a transition zone would consist of the more densely packed spinel structure (the high-pressure
polymorph of olivine), and the lower mantle would contain a narrow
zone rich in an even denser perovskite structure [(Mg,Fe)SiO3].
Transitions to denser phases occur at greater depth in the martian
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Figure 3 Mars Orbiter Camera image of layering in the western Tithonium
Chasma/Ius Chasma region of the Valles Marineris, centred at 6.67 S, 269.67 E
(ref. 64). The resolution is 6.45 m pixel–1 across by 9.65 m pixel–1 down.

Box 1 shows geological epochs on Mars, which, from oldest to
youngest, are the Noachian, Hesperian and Amazonian, named after
stratigraphic examples at type localities. Although it is possible to
establish the relative timing of events during crustal evolution on the
basis of stratigraphic superposition relationships40 and globally
distributed geophysical and geological observations41, there is a
significant uncertainty as to when events occurred in an absolute
time frame, because the initial impact flux is unknown. A variety of
observations point to the fact that the predominance of planet-scale
events occurred during the earliest martian epoch, the Noachian
(see reviews in this issue by Jakosky and Phillips (pages 237–244),
Stevenson (pages 214–219) and Baker (pages 228–236)), consistent
with the concept of an ‘accelerated’ martian thermal evolution
compared to Earth.
Crustal physiography

The first impression of the martian crust is that it exhibits a much different appearance in the northern and southern hemispheres (Fig. 2).
This hemispheric dichotomy42,43 is manifest topographically as a contrast between the high-standing southern hemisphere and low-lying
northern hemisphere, such that the south pole is nearly 6-km higher
than the north pole44,45. The dichotomy is also expressed in the surface
geology, as the southern-hemisphere crust is heavily cratered and thus
ancient (Noachian in age). In contrast, the northern hemisphere is
smoother and displays far fewer craters, reflecting the fact that it has
been resurfaced later, during the Hesperian epoch46,47. The dashed line
in Fig. 2 corresponds to the boundary between geologically older and
younger provinces. The boundary zone is characterized by complex
geology48,49 and offsets in regional elevation50.
Another prominent global-scale feature is Tharsis, a vast, complex
topographic rise that is a locus of volcanic activity and includes the
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mantle than on Earth because of the lower gravity. For example, the
olivine–spinel transition that occurs at 400-km depth on Earth is
expected at a depth of about 1,000 km on Mars. Whether or not the
spinel–perovskite phase change actually occurs within the mantle
depends on the mantle temperature and the size of the core. The
moment of inertia factor determined from tracking the Pathfinder
lander33, in combination with estimates of core composition (ref. 39,
and see review in this issue by Stevenson, pages 214–219), put the
core–mantle boundary at a radial distance from Mars’ centre of mass
of 1,300–1,700 km.
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Figure 4 Shaded relief map centred on the north pole of Mars121. Insets show a
‘rampart’ crater whose unusual ejecta blanket represents evidence for the presence
of subsurface volatiles at the time of the impact event, and a previously unrecognized,
partially buried ‘ghost’ crater within the Utopia basin, which provides an estimate of
the thickness of fill within Utopia since the buried crater formed.

largest martian shield volcanoes. The formation of Tharsis represented a principal source of stress in the martian crust and resulted in
significant tectonism (fracturing and faulting), most prominently
expressed by the massive Valles Marineris canyon system. The Elysium region in the northern lowlands is another crustal rise marked by
volcanism and faulting, at a much smaller scale than Tharsis.
Mars also preserves the record of large impacts that occurred
during the Noachian in the post-accretional phase of heavy bombardment. The largest preserved basins are Hellas, Utopia, Argyre and
Isidis. The Utopia basin, buried beneath the plains of the northern
hemisphere51, is about the same size as Hellas, but much shallower
(2.5 km compared with 11 km)45, which provides evidence for assessing the thickness of the northern-hemisphere fill in that region.
Crustal structure

As a result of the recent availability of globally distributed, highresolution topography45 and gravity52 data, it is now possible to map
the subsurface structure of the martian crust and upper mantle53.
Inversions for planetary internal structure from gravity and topography are inherently non-unique and should, whenever possible, be
developed in concert with additional constraints. The simplest plausible structure assumes a uniform-density crust and mantle, which
provides a lower limit on the planet’s mean crustal thickness and
global crustal volume, but does not account for density variations
within the crust or upper mantle. Figure 2 shows a crustal thickness
model that was constructed under this assumption from the most
up-to-date topography54 and gravity55 fields from MGS56. The model
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assumes a crustal density of 2,900 kg m–3, consistent with plausible
crustal compositions, and an assumed mantle density of 3,500 kg
m–3, consistent with bulk composition models34. The mean thickness
of the crust in Fig. 2 is ~50 km, corresponding to 4.4% of the
planetary volume.
Because of the absence of seismic measurements, the thickness of
the martian crust cannot, as on the Earth and Moon, be ‘anchored’ by
the depth of a seismic velocity discontinuity that characterizes the
interface between layers of different compositions. Instead, the mean
crustal thickness is constrained by calculations of the minimum
value of viscosity of the lower crust that allows the observed relief at
the crust–mantle boundary to be maintained over geological
time53,57. Different assumptions about the density difference between
the crust and mantle or the crustal rheology or thermal structure
could lead to variations in mean crustal thickness of as much as
several tens of per cent. But for any reasonable assumptions, the
mean thickness is inconsistent with earlier studies58 that suggested a
thickness of 100–250 km. The earlier estimates were based on
geophysical inversions of poor-quality data59 and the observation
that martian meteorites exhibit a composition consistent with
significant partial melting, which was interpreted as indicative of a
large crustal volume58,60.
An alternative model could invoke a crust of approximately
uniform thickness that exhibits spatial variations in crustal and/or
mantle density. Although possible, such a scenario is not easily
reconciled with the observed progressive change in crustal composition from the southern hemisphere to the north. For example, the
‘pole-to-pole’ variation in crustal thickness shown in Fig. 2 could
instead be explained by a 2% difference in the density of the mantle
distributed over a depth range of 300 km. However, a planetary-scale
density variation would be difficult to maintain over geological time
against mantle flow, particularly early in martian history subsequent
to the emplacement of the crust when mantle temperatures were likely to have been high. A warm interior would enhance crustal flow and
cause variations in crustal thickness to relax away by viscous flow.
Figure 2 shows that, as for the Moon61,62, the martian crust is
thinned beneath all resolvable major impact basins, owing to a
combination of excavation and crustal rebound during the impact
process. The Tharsis province is characterized by a complex thick
crust, representing massive (~32108 km3) accumulation of
magmatic and volcanic materials that point to volcanic construction
as a significant contributor to its high-standing topography53,63. The
crust beneath Valles Marineris, which cuts a deep crustal exposure
through eastern Tharsis, is thinned along the central axis, as in terrestrial rift zones. The interpretation of Tharsis as a massive volcanic pile
is strengthened by the probable recognition in Valles Marineris that
the full vertical extent of the canyon walls are composed of layered
volcanic sequences (Fig. 3)64. Both Elysium and the Solis Planum
region in southern Tharsis appear as topographic rises with crustal
roots that represent evidence of regionally enhanced melting.
Figure 2 also shows that Mars displays two crustal provinces that
do not correlate entirely with the geological expression of the
hemispheric dichotomy. One crustal province extends from the
south polar region towards the north, and encompasses much of the
southern highlands and the southern half of Tharsis. The second
includes the northern lowlands and Arabia Terra. Although the
boundary between crustal provinces correlates imperfectly with the
boundary of the geological dichotomy, it does show some correlation
with global-scale compositional units mapped by thermal emission
observations6. On the basis of crustal structure, Arabia Terra
may represent exposed basement of the resurfaced plains in the
northern lowlands.
The northern lowlands

Before the launch of MGS, the northern lowlands had been viewed as
vast, featureless plains, consisting of mainly Hesperian-aged volcanic
flows46,47,65. But high-resolution shaded-relief topography (Fig. 4)
NATURE | VOL 412 | 12 JULY 2001 | www.nature.com
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Figure 5 Spherical projection of Mars’ topography54 with 07 E longitude at front centre.
The Hellas impact basin is located at the lower-right edge, with the low elevation of the
basement depression shown in purple. The figure highlights the 2-km-high annulus of
material that surrounds the basin and contributes to the elevation difference between
Mars’ southern and northern hemispheres.

now shows the lowlands to be rich in subtle detail, containing
pervasive tectonic ridges66,67, morphologic evidence for the flow of
water far from the mouths of outflow channels54, and ‘ghost craters’
that have been partially buried by plains material68,69. Gravity and
topography data now suggest a significant sedimentary contribution
to the northern-hemisphere resurfacing53.
The age of basement crust beneath the resurfaced northern plains
and the timing of the resurfacing are key factors in understanding
Mars’ geological evolution. The buried Utopia basin demands that
the crust beneath the northern plains is Noachian in age, as impactors
of the required size would have been swept up by the planets shortly
after accretion. Obscured and partially buried craters provide
additional evidence for the age of the northern lowlands and the
sequence of events in its history. The size–frequency distribution of
topographic arcs resembling crater rims and large, shallow circular
depressions68 indicates that the number of craters beneath the northern plains is comparable to that in the southern highlands. Thus the
northern lowlands beneath the later plains material are approximately as old as southern highlands — that is, Noachian in age.
Because crater diameter scales with depth70, the relief of partially
buried craters can be used to estimate the thickness of lowland fill.
Recent analysis using this approach shows that the northern plains
vary spatially in thickness68. The density of partially buried craters
within the much larger and deeper Utopia basin dictates that at least
some of the resurfacing occurred not long after the formation of
Utopia; if such craters had accumulated on the original floor of
Utopia, the fill is sufficiently thick that they would not be detectable.
It seems likely that much of the fill in Utopia consists of sediments
transported from the southern highlands during the Noachian, when

© 2001 Macmillan Magazines Ltd

223

insight review articles

Mantle dynamics and thermal evolution
Lithosphere and heat flow

Models of the thermal evolution of Mars are sensitive to the
distribution of internal heat sources and the style of mantle heat loss,
which depends on internal structure and temperature distribution76.
Models of heat loss by thermal convection require assumptions
about the concentrations of radioactive heat-producing elements
(potassium, uranium and thorium) partitioned into the crust. These
concentrations are controlled by the manner in which such large
atoms partition into melt, as well as the fraction of the mantle that
melted to generate the crust77.
Joint analysis of gravity and topography has yielded estimates of
the effective elastic thickness of the martian lithosphere (the outer
shell of long-term strength). The elastic thickness is usually
interpreted as the depth to an isotherm (~650 7C) beneath which the
martian interior is too weak to support stresses over geologically long
(~108 year) intervals. Measures of elastic thickness allow estimates of
surface heat flow, which provide constraints on models of thermal
evolution. Results reveal a significant variability in lithosphere
structure among the main crustal provinces53,78, but show a general
trend: elastic thickness values generally decrease with increasing
surface age, consistent with declining heat flux from the martian
mantle with time. The southern highlands are oldest, indicative of
crustal stabilization earliest in martian history, followed by the
northern lowlands, which display an elastic thickness that reflects the
thermal state during the period of northern-hemisphere resurfacing.
Although Tharsis as a whole is old, it displays the thickest lithosphere,
with implied heat flow reflecting the thermal state during the
formation of the volcanoes, which formed relatively recently in
comparison to the ancient and broad rise46.
Thermal evolution

Thermal evolution models39,79,80, constructed for a range of geometries, initial conditions, mantle viscosity structures and heatproduction scenarios, all indicate a significantly declining heat flow
with time. Uniform viscosity models39 produce the slowest cooling
during early martian evolution, whereas models with strongly
temperature-dependent viscosity80–82 show the most rapid fall-off
in early heat flow.
Sleep1 has suggested that plate tectonics operated during the
Noachian epoch and that the northern-hemisphere crust formed by
crustal spreading. His model predicted a specific plate configuration
that included active and passive margins, the latter of which correlate
with the geological expression of the dichotomy. Although no obvious geophysical signature of the hypothesized long-extinct margins
is preserved, it may be possible to test the hypothesis more specifically with recently acquired data. A northern-lowlands crust of
thickness ~35 km (Fig. 2) could be produced by crustal spreading if
224

Box 1
Martian geological timescale
The martian geological record is inferred
on the basis of mapped stratigraphy123.
Relative ages of stratigraphic units are
based on superposition relationships.
Absolute numerical ages can be
assigned given models that relate the
estimated impact-crater flux to the
areal density of craters on distinct parts
of the planetary surface. In discussing
geological time, 1 Gyr is 109 years and
1 Myr is 106 years. The figure shows
the martian stratigraphic epochs
from oldest to youngest: the Noachian,
Hesperian and Amazonian. Along
with the stratigraphic record is a
recent estimate of the absolute
timescale124.

0

1
Time before present (Gyr)

water flowed freely on the surface (ref. 71, and see review in this issue
by Leovy, pages 245–249). Massive erosion in the southern
highlands72 may have been driven by volatiles associated with the
formation of Tharsis in the Noachian73. The deep fill in Utopia may
contain material that eroded from the southern highlands, forming
the dichotomy boundary scarp, which is developed prominently
south of Utopia74. These observations place important constraints on
geological evolution models: any explanation for the northern lowlands must now explain both the low elevation and infilling, and the
realization that these events occurred at different times.
Many impact craters on Mars have unusual ejecta blankets
referred to as ‘ramparts’ (Fig. 4), which have been interpreted as evidence for impact into a water- or ice-rich substrate. Recent analysis of
high-resolution Mars topography54,75 has shown that virtually all
impact craters on the northern plains larger than about 3 km in diameter display rampart structures, which provides evidence that ice or
water was ubiquitous in the subsurface of the northern hemisphere
during the Hesperian epoch and possibly more recent times.

Amazonian
2

3
Hesperian
4

Noachian

the mantle temperature were somewhat greater than that typical of
modern terrestrial mid-ocean ridges83. However, it is unclear
whether a such a thick crust could subduct and drive plate recycling,
because the basalt–eclogite phase transition, which aids subduction,
would not occur on Mars until a depth of ~200 km.
Formation of Tharsis

Various studies have used fault patterns and gravity/topography
relationships84–88 in an attempt to understand the formation of
Tharsis. As contributors to the formation of the province, data and
models suggest a combination of volcanic construction and uplift,
and heating associated with a major mantle plume or plumes. The
presence or absence of a lower-mantle perovskite layer has significant
implications for development of a hemispheric-scale plume. Convection in a martian mantle that contains the spinel-to-perovskite
phase transition89–93 will suppress short-wavelength convective
perturbations and preferentially develop long-wavelength flow. The
velocity field may form a single upwelling plume that could potentially explain the formation of Tharsis, although models have not yet
produced the desired pattern in sufficiently short timescales. A single
thermal plume could provide the heat source required for extensive
magmatism and volcanism, and could account for a fraction of the
topographic uplift of Tharsis, although most of the current topography is probably due to piling up of volcanic material53,63,94.
The location of Tharsis as antipodal to the Hellas impact basins
has raised the suggestion that the impact could have initiated the
mantle thermal anomaly that led to Tharsis. However, no model has
demonstrated the plausibility of this idea. The location of Tharsis on
the boundary of the northern and southern crustal-thickness
provinces might not be coincidental. Models of continent–ocean
boundaries on Earth95 show a focusing of convective activity.
Formation of the crustal dichotomy

Hypotheses to explain the hemispheric dichotomy have included one
or more massive impacts into the northern hemisphere96,97, thinning
of the northern-hemisphere crust by mantle convection98–100, and an
early period of tectonic-plate recycling1. No assessments before
MGS74,101 took into account the difference between the dichotomy as
expressed in the surface geology and topography and that apparent in
the crustal structure. Topography and crustal-structure data pose
three challenges for impact-origin hypotheses, the first being the lack
of global correlation of crustal thickness with the geological expression of the dichotomy (Fig. 2). Second, the topography (Fig. 4) and
crustal thickness reveal a distinctly non-circular outline of the
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hemispheric pattern of heat loss develops in about 230 Myr and is
maintained for over 1 Gyr, and could potentially explain early
formation of crust in the Noachian as well as volcanic resurfacing of
the northern lowlands in the Hesperian. A long-wavelength
convective pattern cools the core and mantle more efficiently than
shorter-wavelength convection and could have contributed to the
demise of the core dynamo (ref. 104, and see review in this issue by
Stevenson, pages 214–219).
Crustal magnetization
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Figure 6 Convection calculation
illustrating concentration of heat
loss in one hemisphere of Mars.
The calculation uses a finite
element approach and assumes
axisymmetric geometry122. The
figure shows temperature (in
colour) and velocity (arrows) fields
for a martian mantle with a
750-km-thick low-viscosity upper
layer. The model is characterized
by an 80-km-thick conductive lid,
a viscosity contrast between the
upper and lower mantle layers of
1/500, and a core size of half the
planetary radius. Free slip and
isothermal boundary conditions
were imposed at the surface and
crust–mantle boundary. The
calculation includes internal heat
production and temperature- and
depth-dependent viscosity. The
convection pattern results in
preferential heating of one
hemisphere that could potentially
explain the dichotomy in crustal
structure.

Temperature (°C)

northern lowlands that cannot be explained easily by one or a few
large impacts. And third, circular zones of crustal thinning that are
characteristic of large impact basins are not apparent other than for
Utopia. If the northern depression formed as a result of impact, it
must have occurred very early in martian history (that is, before the
formation of Utopia), and the topographic and crustal-thickness
signatures must have been modified by subsequent processes.
A surprising result from MGS is that the geological expression of
the dichotomy may be due in part to an impact in the southern
hemisphere. Figure 5 illustrates the concentric nature of material
around Hellas, which plausibly has been excavated during impact.
The annulus stands 2 km above its surroundings and accounts for a
significant amount of the high-standing topography of the southern
hemisphere. Material excavated from Hellas represents a major
re-distribution of the martian crust53, contributing in part to the
surficial expression of topography along part of the dichotomy
boundary45. However, Hellas’ contribution to the geological
dichotomy does not explain all the elevated topography in the southern hemisphere, nor does it account for the geological contrast
between the hemispheres and the presence of a scarp at some parts of
the boundary.
Mantle convection models for the origin of the dichotomy require
a long-wavelength pattern of heat loss with upwelling in one
hemisphere and downwelling in the other. Convective mechanisms
have also been problematic because although hemispheric-scale
mantle-flow models have been developed for the Moon102, it has been
difficult to produce a long-wavelength pattern of heat loss in a planet
with a core as large as Mars has39,103. The reason for the difficulty
has been the assumption that the mantle is of uniform viscosity.
Hemispheric-scale convection is possible if, as for Earth, the martian
mantle is layered in viscosity such that the upper mantle is at least 100
times less viscous than the lower mantle (Fig. 6). Such a layer could
correspond to a martian asthenosphere, as occurs on Earth beneath
the lithosphere. As the viscosity of the lower layer increases relative to
the upper layer, deformation becomes more efficient at longer
wavelengths. For conditions that may be plausible for early Mars, a
NATURE | VOL 412 | 12 JULY 2001 | www.nature.com

Vector magnetic-field measurements from MGS105–107 reveal broad,
intense zones of alternating magnetic polarity in the southernhemisphere crust (Terra Cimmeria) and several isolated anomalies in
the northern lowlands (Fig. 1 in the review by Stevenson). The radial
components of the anomalies have amplitudes an order of
magnitude or more greater than anomalies on Earth measured at
comparable altitude108. On Earth, continental magnetic anomalies
are thought to be mostly due to magnetic induction by the Earth’s
dipole field, whereas the oceanic crust displays magnetic stripes
dominated by remanence. At present, Mars lacks an internally
generated dipole magnetic field, and crustal anomalies most likely
represent remanent magnetism from an internal field in the distant
past105,109. Stevenson (pages 214–219) presents evidence for a
vigorous core dynamo that operated during the Noachian, before the
end of heavy bombardment. Here we focus on the nature of crustal
magnetization and its relationship to crustal formation.
The magnetic properties of crustal rocks are determined by their
iron mineralogy110, which bears on crustal composition as well as
formation or alteration conditions. The intensity of observed
magnetizations on Mars implies that the magnetizing process is
probably thermoremanence, which is more efficient at magnetizing
rocks than remanence associated with crystallization or sediment
deposition. The minerals responsible for intense magnetization of
the martian crust are likely to be similar to the most magnetizing
constituents in Earth’s crust111,112, with the martian examples
characterized by higher average iron abundances. Favoured are
minerals with high magnetic remanence, such as pyrrhotite (Fe7S8),
magnetite (Fe3O4), titanomagnetite (Fe2O3-FeTiO3), haematite
(Fe2O3) and magheamite (g-Fe2O3). Most of these minerals have
been detected from MGS orbital spectroscopy113, lander surface
analysis114 or martian meteorites115,116. Their existence suggests a
more oxidizing environment than that which characterizes the
martian mantle38, which suggests that aqueous alteration might have
contributed to magnetization17,37.
The timing of magnetization is related to the nature of crustal
formation. The concentration of magnetization in southernhemisphere crust and the absence of anomalies in the Hellas basin
points to the early operation and subsequent demise of a dynamo
early in martian history, implying rapid cooling of the crust (refs 105,
109, and the review by Stevenson). Magnetization of martian meteorite ALH84001 (ref. 116) is also consistent with an early dynamo. An
alternative suggestion — that the dynamo turned on later in martian
history117 — requires magmatic additions to, or thermal re-working
of, the crust. Figure 2 shows that the crustal structure of the magnetized region in Terra Cimmeria does not seem to be distinctive from
the non-magnetized parts of the southern hemisphere. There is no
apparent evidence from the crustal structure for proposed intrusive
magmatism, although such evidence is apparent in the Tharsis and
Elysium regions. If there were later-stage intrusions or re-working of
southern-hemisphere crust, the evidence must be at smaller spatial
scales than the resolution of the crustal thickness model. The
existence of localized magnetic anomalies in the northern lowlands
and part of Tharsis, which display surface ages that range from
Hesperian to Amazonian, has been invoked as additional evidence of
a late turn-on of the martian dynamo117. But these anomalies do not
correlate with surface topography and must be a consequence of
buried sources52,53, perhaps impacts, of likely Noachian age68.
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On the basis of amplitudes of magnetic anomalies and assuming a
magnetic intensity comparable to that of Earth’s upper oceanic
crust110, the depth of the so-called Curie temperature for magnetization in Terra Cimmeria is the same as the thickness of the elastic
lithosphere (~30 km)53,78. Thus magnetics, gravity and topography
provide similar estimates of the thermal state of the southernhemisphere crust at the time of thermal stabilization.

9.
10.
11.
12.
13.

Formation and evolution of the crust

Analysis of tungsten isotopes suggests that the martian core formed
within the first 30 Myr of Solar System history118. The tungsten
anomalies, which are controlled by metal-silicate fractionation and
thus date core formation, correlate with neodymium anomalies,
which are controlled by the formation of silicate magmas, and thus
probably date mantle differentiation to form the crust. This correlation argues that core and crust formation were probably close to
synchronous. These data also suggest that Mars has not experienced
any significant large-scale convective mixing of the mantle or impact
re-distribution of the crust since the time of core formation. However, it is difficult to reconcile this latter result with the evidence for a
rapidly cooling (and therefore dynamically mixing) early mantle.
It has been suggested that, like the Earth’s moon, primordial Mars
was characterized by a ‘magma ocean’119 that cooled to form the crust.
But although limited possible evidence has been cited on the basis of
isotopic signatures of the shergottites120, surface geochemical
evidence for such a phenomenon has not yet been identified. If Mars
exhibited an early period of pervasive shallow melting, the thermal
and compositional layering that would have resulted could have
suppressed convective cooling of the mantle. It might also have
allowed conductive cooling to significantly reduce temperatures at
the base of the crust, allowing variations in crustal thickness to be
preserved for a longer time.

14.

15.
16.
17.
18.

19.
20.
21.

22.
23.
24.
25.
26.
27.
28.

Unsolved questions
29.

Analyses of martian meteorites and the wealth of orbital data from
MGS have greatly aided our understanding of the chemistry and
structure of the martian crust and mantle, but many fundamental
questions remain. What was the mechanism of crustal formation,
and how is it related to planetary differentiation and the formation of
the crustal dichotomy? Did the crust form with a structure similar to
that currently observed, or did it develop more uniformly and evolve
to the present configuration? How is the mantle stratified in mineralogy and viscosity? What is the temporal evolution of mantle
dynamics and why did the planet cool so fast so early? Is there a causal
relationship between Tharsis and the hemispheric dichotomy? What
is the nature of highly magnetized crustal materials? Where are the
carbonate and sulphate deposits that were expected to have formed in
Mars’ earlier, wetter environment? And what was the inventory and
role of water in the geophysical, geological and climatological
evolution of Mars? Progress on these questions can be attained by a
well-balanced programme of theoretical and experimental investigations (see article in this issue by Carr and Garvin, pages 250–253),
spacecraft exploration that includes orbiters, low-altitude platforms
and in situ observations, and analysis of samples of the martian crust
returned to Earth.
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