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Recent exploration by landers has revealed the overall history of the Martian climate for the past 4 

Gyrs: (1) Before the middle Noachian, the surface was rather arid, although there were hydrothermal 

activities within the crust.  (2) Then the surface became more temperate and an ocean developed in 

the late Noachian to early Hesperian, about 3.7 Ga, but (3) became again colder and more arid since 

the middle Hesperian.  Water-supply to Mars by the Late Heavy Bombardment (LHB) has been 

invoked to explain the temperate climate at around 3.7 Ga in the literature.  Crater-chronology on the 

Moon, however, suggests that the flux of meteorite was only moderately elevated at most during an 

extended period of 3.8 to 4.2 Ga.  Here, I suggest that the climate of Mars has closely followed its 

history of outgassing by magmatism, based on a numerical model of a coupled magmatism-mantle 

convection system.   The model suggests that the mantle of Mars that is assumed to have started hot 

and wet has evolved in four stages: (a) An extensive magmatism caused by vigorous mantle convection 

formed the crust and made the mantle compositionally stratified in the first few tens of million years.  

The magmatism extracted about 80 % of the water that the mantle initially contained, although the 

deep mantle retained some initial water.  (b) The compositional stratification suppressed mantle 

convection, and magmatism ceased for the next several hundred million years.  (c) Then partially 

molten plumes episodically ascended from the deep mantle to the surface to cause magmatism and 

outgassing of the water retained in the deep mantle.  (d) However, the magmatism waned, as the 

magmatism itself extracts heat producing elements in the deep mantle.  The dormant period of Stage 

(b) may correspond to the rather arid period before the middle Noachian, while the temperate climate 

at around 3.7 Ga may be a consequence of episodic outgassing of water caused by plume magmatism 

in Stage (c).  The model also predicts that the crust of Mars was formed by an extensive magmatism 

caused by mantle convection and is different from the lunar crust that was formed by crystal 

fractionation in the magma ocean. 



The physiochemical conditions for globally widespread Fe,Mg clay
formation imply the existence of widespread low-grade metamorphism/
diagenesis23, hydrothermal systems25,26 or direct precipitation during
cooling of volatile-rich basaltic lavas76. For the final mechanism, sub-
stantial volatile content in lavas could be obtained by assimilation of ice
or liquid water during magma ascent. For the first two mechanisms,
subsurface liquid waters, specifically large-scale groundwater aquifers,
are required. A long-standing model is that of a Martian cryosphere and
melting of subsurface ice at depth77. Several mechanisms existed on
ancient Mars to melt ice and promote hydrothermal circulation of
ground water: large impacts61, especially during early, heavy impact
bombardment78; widespread extrusive and intrusive volcanism79,80;
and a geothermal gradient81 greater than that at present.

Implications of widespread Noachian subsurface aqueous activity in
thick sections of crust include enhanced rates of crustal cooling81, possibly
significant sequestration of volatiles (for example water and carbon
dioxide) in crustal alteration minerals25, and, most importantly, relaxa-
tion of the requirements for atmospheric partial pressures adequate to
maintain continually warm surface conditions that support long-term
liquid water and clay formation by near-surface weathering. Proposed
hydrological models driven primarily by ground water rather than pre-
cipitation20,82 are more consistent with the composition of most Noachian
units, which do not show evidence for globally widespread open-system
weathering. In the subsurface, and largely out of contact with the atmo-
sphere, low-W/R formation of clays took place, occasionally at increased
temperatures. Late-Noachian open-basin lakes16,71, valleys71,72,75 and out-
flow channels15 demonstrate at least the episodic presence of liquid water
on the Martian surface. Although fluvial degradation was widespread, it
implies only local reworking75. For most of the Noachian period, surface
water derived from snow or ice melt may have quickly entered the subsur-
face through basaltic rocks made highly permeable on the macro-
scopic scale by impact- and cooling-induced fractures. This particular
model for an early Mars with a warm, wet subsurface and an icy, arid
surface simultaneously resolves two paradoxes: the scarcity of salts coeval
with clay deposits, in which salts serve as the sink for cations liberated
during weathering32, and juvenile-clay mineralogy, that is, the persistence
of smectite clays, even at great depths rather than their total diagenetic
conversion to illite or chlorite phases83.

On ancient Mars, typical surface conditions may have been domi-
nated by water-ice/water-vapour interactions, much as in the present
day, but punctuated by episodic melting to supply liquid water. In the
thick Noachian crustal units, there is indeed evidence for sustained
diagenesis, the burial-induced transformation of smectite clay minerals,
or hydrothermal activity throughout the Noachian, extending into the
Hesperian (Fig. 5). Chlorite (which forms directly from hydrothermal
fluids or from an Fe(II),Mg smectite precursor) and, more rarely, illite/
muscovite (which forms directly from hydrothermal fluids or from an
aluminium-rich precursor, given a sufficient supply of potassium) are
both found in crustal clays23,41. Abundant salts would not be expected in
subsurface, low-W/R alteration because ions are not removed by trans-
port. The fluids are isolated from atmospherically derived volatiles (for
example HCO3

2 and SO4
22), and saturation with respect to secondary

aluminosilicates and oxides/hydroxides is favoured over the formation
of abundant carbonates, sulphates and chlorides.

In late-Noachian/early-Hesperian boundary units, there is evidence for a
period of open-system-style alteration by surface water that may have been
intense regionally. Water carved valley networks, eroded and transported
highland clays, and redeposited these in sedimentary basins (Fig. 5). The
incised, better-integrated, late-Noachian valley networks require higher
run-off rates and lower sediment transport, conditions that are re-
producible by flow of water over duricrust or partly frozen ground72,75.
Clays in stratigraphy may have formed by leaching of surface material to
form aluminium clays; after evaporation of water, sulphates and chloride
salts precipitated. The salts are found in basins within the southern high-
lands and—where cation composition can be inferred—seem to be mostly
magnesium rich11,54,84 as expected given relative cation mobilities29,30.

Seasonal changes coupled with orbital and obliquity parameters may
have been sufficient to melt snow and ice and permit surface liquid
waters episodically, especially if waters were briny21 and atmospheric
pressures were slightly higher than at present. Even the densest valley
networks require only arid conditions; flows, once initiated, are stable
against freezing for many hundreds of kilometres82. The key controls on
aqueous environments early in Mars’s history, permitting a geologically
brief period with clement surface conditions at the late-Noachian/early-
Hesperian boundary, seem to be heat supplied from volcanism, impacts,
crustal cooling and, perhaps, effects of the first two on atmospheric
composition (Fig. 4). Temporary release of volatiles by large impacts85

or during volcanism86,87 might have perturbed the climate to permit
liquid surface water over a brief period. Indeed, episodic greenhouse
conditions driven by volcanically degassed H2S and SO2 (ref. 87) from
Tharsis construction and Hesperian plains volcanism might explain
the sulphur-rich salts within some closed-basin lakes dating from that
period47,54.

As heat-supplying processes declined after Mars’s first billion years,
so too did the availability of liquid water. When clay formation on a
global scale ceased by the Hesperian period, some Al and Fe,Mg smectite
clay units were buried to depths of hundreds of metres or more, but little
further diagenesis occurred, probably (as previously proposed83)
because the availability of ground water decreased in most areas of the
planet. By the late Hesperian period, there was neither sufficient surface
water for open-system leaching to form clay and salt assemblages
nor sufficient subsurface liquid water for hydrothermal circulation or
diagenesis, even in the vicinity of the Tharsis volcanoes where evidence
of the last sulphate and silica deposits are found11. Major Hesperian
units including lavas of the Syrtis Major formation and northern plains
are not altered, indicating either that clay formation had ceased by this
time or that subsurface alteration occurred at depths .5–10 km, which
are inaccessible to exposure by later cratering or tectonics.

Continuing exploration
The Mars Exploration Rover Opportunity has, as of this writing, arrived
at the walls and rim of Endeavour crater, where Fe,Mg clay minerals
have been detected using orbital data88; and the Mars Science Laboratory
rover Curiosity, scheduled for launch in late 2011, will investigate sedi-
mentary clays within Gale crater47,89. The hypothesis that early environ-
ments with long-term liquid water were hosted in Mars’s subsurface can
be tested with data from future missions, most directly by in situ invest-
igation of well-defined stratigraphies that include crustal clays. Pre-
dictions for our proposed environmental model include (1) direct
detection of hydrothermal/metamorphic minerals or mixed-layer clays
formed during diagenesis; (2) clay-bearing crustal units with elemental
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Figure 5 | Evolution of aqueous environments during the first billion years
of Mars history. Locations of clay formation are indicated in green. Cold, arid
and icy conditions characterized Mars during most of the Noachian, with clay
formation mostly in a warmer, wetter subsurface environment. During the late
Noachian/early Hesperian, volcanism was widespread and surface waters
intermittently carved valleys, sustained lakes, transported sediments to basins
and sustained near-surface weathering to form clays near the surface.
Conditions from the late Hesperian to the present day have been cold and dry,
resulting in the cessation of clay formation.
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The history of surface environment on Mars
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! Fig. 3 Schematic timeline of Martian volcanism as derived from crater statistics. It is not possible to deter-
mine the onset of volcanism for a particular area (i.e. the age of completely buried surfaces), so the start of
volcanic activity is uncertain for all regions. Volcanism first ended in the southern highlands (isolated mas-
sifs, circum-Hellas province), and focused afterwards at Tharsis and Elysium, where it continued almost until
present. The lengths of bars in the upper panel represent diverse ages in the respective volcanic provinces,
i.e. they do not represent error bars. The lower panel shows the dated ages of Martian meteorites and some
key events in Martian history that might have been related to volcanism. The lengths of bars of SNC mete-
orites represent error bars, since a given meteorite has, theoretically, a unique age. References: (1) (Xiao et al.
2012); (2) (Williams et al. 2008); (3) (Williams et al. 2007); (4) (Williams et al. 2010); (5) (Werner 2009);
(6) (Platz and Michael 2011); (7) (Vaucher et al. 2009); (8) (Hauber et al. 2011); (9) (Platz et al. 2011); (10)
(Lillis et al. 2008); (11) (Werner 2008); (12) (Lapen et al. 2010); (13) (Bouvier et al. 2008); (14) (Borg et al.
2005); (15) (Misawa et al. 2006); (16) (Park et al. 2009); (17) (Fassett and Head 2008); (18) (Neukum et al.
2010); (19) (Loizeau et al. 2010); (20) (Wray et al. 2009)

Fig. 4 Crustal production rate as a function of time as obtained from photogeological estimates based on
Viking data (Greeley and Schneid 1991). The total amount of produced crust has been calculated using
terrestrial ratios of extrusive to intrusive volcanism between 1:5 and 1:12 (White et al. 2006). For comparison,
crustal production rates for two numerical models assuming melt generation in a global melt layer (solid line)
and melt generation in localized plumes (dashed line) are also shown (Grott et al. 2011; Morschhauser et al.
2011). Total average thickness of produced crust in these models is ∼50 km

in the Tharsis region), radar instruments will not be able to detect any interface, and to date
SHARAD has identified only a few subsurface interfaces in volcanic settings (Simon et al.
2012). The Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) on
board Mars Express has a longer wavelength than SHARAD and can probe the subsurface
to greater depths, but the strong attenuation of radar signals in basalt prevents the large pen-
etration depths required to see the base of km-thick lava sequences. For large-scale analyses
it is therefore necessary to infer the thicknesses and volumes of geologic units from circum-
stantial evidence, such as the record of ancient crater populations not fully buried by more
recent deposits (De Hon 1974). Another difficulty concerns the distinction between intrusive
and extrusive materials. In the absence of subsurface knowledge, their volumetric ratio can-
not be determined. Geophysical methods such as the analysis of the topography and gravity
fields can help to assess magmatic volumes at very large scales (e.g., Phillips et al. 2001;
Grott and Wieczorek 2012), but the limited spatial resolution of geophysical data sets pre-
vents their application on more local scales.

The most comprehensive analysis of erupted volumes to date was performed using Viking
data, i.e. prior to the detailed global topographic information from MOLA. According to
this study (Greeley and Schneid 1991), the total volume of extrusive and intrusive magma
generated over the last ∼3.8 Ga is about 654×106 km3, or 0.17 km3 per year (see Table 2 for
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Fig. 1 Map of volcanic landforms on the basis of morphological observations. Background is a shaded digital
elevation model derived from MOLA altimetry data in Mollweide projection. Low shields after Hauber et al.
(2009), ancient volcanoes after Xiao et al. (2012), pyroxene-bearing surfaces after Ody et al. (2012)

are located at the Tharsis and Elysium rises (Hodges and Moore 1994), around the ancient
Hellas impact basin (Williams et al. 2009), and at Syrtis Major (Fig. 1). By far the vol-
umetrically largest of these provinces is the Tharsis bulge (∼3 × 108 km3; Phillips et al.
2001), a huge topographic rise centered near the equator which dominates almost the en-
tire western hemisphere. Elysium is the second largest province, but its volume is much
smaller than that of Tharsis (∼3.5 × 106 km3; Platz et al. 2010). Isolated volcanic edi-
fices outside the large volcanic provinces are sparse and restricted to the cratered highlands
(Xiao et al. 2012). The most prominent example is Apollinaris Mons, but there are a few
dozen isolated highland massifs that are also interpreted to be of volcanic origin (Scott and
Tanaka 1981). The spatial correlation between exposures of mafic minerals and morpho-
logical evidence of lava flows is not systematic, but does exist in the case of Syrtis Major
and the circum-Hellas-Volcanic province (Fig. 1). However, the Elysium and Tharsis rises
are covered by dust, generally precluding the detection of primary mineral phases other
than those in the dust. Exposures of mafic materials also exist outside the major volcanic
provinces (e.g., Valles Marineris, Noachian terranes). These mafic exposures may be asso-
ciated with ancient magmatic systems whose surface expressions have been largely eroded,
or they may also be attributed to reworked volcanic material that has preserved mafic signa-
tures.

2.2 Styles of Volcanic Eruptions

Volcanic landforms can be subdivided into two broad categories: central volcanoes and vol-
canic plains. Central volcanoes on Mars have a size range covering at least two orders of
magnitude. About 15 large shield volcanoes with diameters greater than 100 km are lo-
cated in Tharsis and Elysium, the largest of which, Olympus Mons, has a basal diameter of
∼600 km and a height of ∼23 km. The morphometry of these large shields (Fig. 2(a)) is
summarized by Plescia (2004). They share many morphological characteristics with large

(Grott et al., 2013)

N H A

？

Prediction from thermal 
history models

4 3.7 3.2 Ga



Water-supply by late heavy bombardment?

3.92 Ga→4.2 Ga?

flux of meteoritesThe physiochemical conditions for globally widespread Fe,Mg clay
formation imply the existence of widespread low-grade metamorphism/
diagenesis23, hydrothermal systems25,26 or direct precipitation during
cooling of volatile-rich basaltic lavas76. For the final mechanism, sub-
stantial volatile content in lavas could be obtained by assimilation of ice
or liquid water during magma ascent. For the first two mechanisms,
subsurface liquid waters, specifically large-scale groundwater aquifers,
are required. A long-standing model is that of a Martian cryosphere and
melting of subsurface ice at depth77. Several mechanisms existed on
ancient Mars to melt ice and promote hydrothermal circulation of
ground water: large impacts61, especially during early, heavy impact
bombardment78; widespread extrusive and intrusive volcanism79,80;
and a geothermal gradient81 greater than that at present.

Implications of widespread Noachian subsurface aqueous activity in
thick sections of crust include enhanced rates of crustal cooling81, possibly
significant sequestration of volatiles (for example water and carbon
dioxide) in crustal alteration minerals25, and, most importantly, relaxa-
tion of the requirements for atmospheric partial pressures adequate to
maintain continually warm surface conditions that support long-term
liquid water and clay formation by near-surface weathering. Proposed
hydrological models driven primarily by ground water rather than pre-
cipitation20,82 are more consistent with the composition of most Noachian
units, which do not show evidence for globally widespread open-system
weathering. In the subsurface, and largely out of contact with the atmo-
sphere, low-W/R formation of clays took place, occasionally at increased
temperatures. Late-Noachian open-basin lakes16,71, valleys71,72,75 and out-
flow channels15 demonstrate at least the episodic presence of liquid water
on the Martian surface. Although fluvial degradation was widespread, it
implies only local reworking75. For most of the Noachian period, surface
water derived from snow or ice melt may have quickly entered the subsur-
face through basaltic rocks made highly permeable on the macro-
scopic scale by impact- and cooling-induced fractures. This particular
model for an early Mars with a warm, wet subsurface and an icy, arid
surface simultaneously resolves two paradoxes: the scarcity of salts coeval
with clay deposits, in which salts serve as the sink for cations liberated
during weathering32, and juvenile-clay mineralogy, that is, the persistence
of smectite clays, even at great depths rather than their total diagenetic
conversion to illite or chlorite phases83.

On ancient Mars, typical surface conditions may have been domi-
nated by water-ice/water-vapour interactions, much as in the present
day, but punctuated by episodic melting to supply liquid water. In the
thick Noachian crustal units, there is indeed evidence for sustained
diagenesis, the burial-induced transformation of smectite clay minerals,
or hydrothermal activity throughout the Noachian, extending into the
Hesperian (Fig. 5). Chlorite (which forms directly from hydrothermal
fluids or from an Fe(II),Mg smectite precursor) and, more rarely, illite/
muscovite (which forms directly from hydrothermal fluids or from an
aluminium-rich precursor, given a sufficient supply of potassium) are
both found in crustal clays23,41. Abundant salts would not be expected in
subsurface, low-W/R alteration because ions are not removed by trans-
port. The fluids are isolated from atmospherically derived volatiles (for
example HCO3

2 and SO4
22), and saturation with respect to secondary

aluminosilicates and oxides/hydroxides is favoured over the formation
of abundant carbonates, sulphates and chlorides.

In late-Noachian/early-Hesperian boundary units, there is evidence for a
period of open-system-style alteration by surface water that may have been
intense regionally. Water carved valley networks, eroded and transported
highland clays, and redeposited these in sedimentary basins (Fig. 5). The
incised, better-integrated, late-Noachian valley networks require higher
run-off rates and lower sediment transport, conditions that are re-
producible by flow of water over duricrust or partly frozen ground72,75.
Clays in stratigraphy may have formed by leaching of surface material to
form aluminium clays; after evaporation of water, sulphates and chloride
salts precipitated. The salts are found in basins within the southern high-
lands and—where cation composition can be inferred—seem to be mostly
magnesium rich11,54,84 as expected given relative cation mobilities29,30.

Seasonal changes coupled with orbital and obliquity parameters may
have been sufficient to melt snow and ice and permit surface liquid
waters episodically, especially if waters were briny21 and atmospheric
pressures were slightly higher than at present. Even the densest valley
networks require only arid conditions; flows, once initiated, are stable
against freezing for many hundreds of kilometres82. The key controls on
aqueous environments early in Mars’s history, permitting a geologically
brief period with clement surface conditions at the late-Noachian/early-
Hesperian boundary, seem to be heat supplied from volcanism, impacts,
crustal cooling and, perhaps, effects of the first two on atmospheric
composition (Fig. 4). Temporary release of volatiles by large impacts85

or during volcanism86,87 might have perturbed the climate to permit
liquid surface water over a brief period. Indeed, episodic greenhouse
conditions driven by volcanically degassed H2S and SO2 (ref. 87) from
Tharsis construction and Hesperian plains volcanism might explain
the sulphur-rich salts within some closed-basin lakes dating from that
period47,54.

As heat-supplying processes declined after Mars’s first billion years,
so too did the availability of liquid water. When clay formation on a
global scale ceased by the Hesperian period, some Al and Fe,Mg smectite
clay units were buried to depths of hundreds of metres or more, but little
further diagenesis occurred, probably (as previously proposed83)
because the availability of ground water decreased in most areas of the
planet. By the late Hesperian period, there was neither sufficient surface
water for open-system leaching to form clay and salt assemblages
nor sufficient subsurface liquid water for hydrothermal circulation or
diagenesis, even in the vicinity of the Tharsis volcanoes where evidence
of the last sulphate and silica deposits are found11. Major Hesperian
units including lavas of the Syrtis Major formation and northern plains
are not altered, indicating either that clay formation had ceased by this
time or that subsurface alteration occurred at depths .5–10 km, which
are inaccessible to exposure by later cratering or tectonics.

Continuing exploration
The Mars Exploration Rover Opportunity has, as of this writing, arrived
at the walls and rim of Endeavour crater, where Fe,Mg clay minerals
have been detected using orbital data88; and the Mars Science Laboratory
rover Curiosity, scheduled for launch in late 2011, will investigate sedi-
mentary clays within Gale crater47,89. The hypothesis that early environ-
ments with long-term liquid water were hosted in Mars’s subsurface can
be tested with data from future missions, most directly by in situ invest-
igation of well-defined stratigraphies that include crustal clays. Pre-
dictions for our proposed environmental model include (1) direct
detection of hydrothermal/metamorphic minerals or mixed-layer clays
formed during diagenesis; (2) clay-bearing crustal units with elemental
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Figure 5 | Evolution of aqueous environments during the first billion years
of Mars history. Locations of clay formation are indicated in green. Cold, arid
and icy conditions characterized Mars during most of the Noachian, with clay
formation mostly in a warmer, wetter subsurface environment. During the late
Noachian/early Hesperian, volcanism was widespread and surface waters
intermittently carved valleys, sustained lakes, transported sediments to basins
and sustained near-surface weathering to form clays near the surface.
Conditions from the late Hesperian to the present day have been cold and dry,
resulting in the cessation of clay formation.
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Figure 9 of “Werner, S.C. (2014)Moon, Mars, Mercury: Basin formation ages  and implications
For the maximum surface age and the migration of gaseous planets, Earth Planet. Sci. Lett., 400,
54-65”
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Figure 8 of Walker, R.J. (2009) Highly siderophile elements in the Earth, Moon
and Mars: Update and implications for planetary accretion and differentiation
Chemie der Erde, 69, 101-125

Highly siderophile elements in Mars
by late veneer

late veneer prior to Borealis formation (> 4.4 Ga)?

the observed dichotomy is largely isostatic2,3 and thus dominated by
the isostatic roots, the gravity anomalies13 and tectonic features14,15

surrounding Tharsis suggest that the rise is largely a flexurally sup-
ported load. Generalizing this thinking, we suggest that the loads and
displacements in the Tharsis province should be dominated by
Tharsis itself, whereas the isostatic roots should reflect the pre-
Tharsis dichotomy, thus enabling us to isolate the dichotomy
beneath Tharsis (Supplementary Fig. 1).

The continuation of the dichotomy boundary beneath Tharsis is
clearly visible in the model isostatic roots (Fig. 1b). The model cannot
account for the full complexity of Tharsis loading, such as a spatially
and temporally variable lithosphere thickness during Tharsis con-
struction, or crustal and mantle density anomalies. As a result, the
roots are negative beneath younger portions of the rise that are prob-
ably supported by a thicker lithosphere (for example Olympus
Mons), and positive beneath older portions that are largely isostatic
today (for example Tempe Terra). Nevertheless, considering both the
present-day topography and the isostatic roots, we are able to map
the dichotomy boundary both beneath Tharsis and elsewhere (Fig. 1c;
see also Methods). The sub-Tharsis dichotomy is continuous to the
west with the observed boundary, and to the east with the break in
slope north of Arabia Terra. Although the northern edge of Arabia
Terra is sharply defined and continuous with the dichotomy bound-
ary on either side, the southern edge is less distinct and not obviously
connected with the boundary (Supplementary Fig. 3c). We also note
that the magnetic anomalies distributed throughout much of the
highlands are also found within Arabia Terra16. Collectively, this
evidence suggests that Arabia Terra is a part of the highlands. The
cause of its unique topography will be addressed later in this paper.

The path of the dichotomy boundary around the entire planet is
now well fitted by an ellipse centred on 67uN, 208u E (Fig. 1c). To best
display the shape of the boundary, we re-project Mars in polar coor-
dinates around the best-fit centre of the ellipse (Fig. 2). The ellipse has
long and short axes of 10,600 and 8,500 km, respectively, with the
long axis oriented towards N76uE, and matches the dichotomy
boundary with a root-mean-square misfit of 6100 km (excluding
the uncertainty in mapping the boundary location). The full extent
of the lowlands now covers 42% of the surface. The elliptical nature of
the crustal dichotomy provides a new constraint on models of its
formation. Giant impacts with low-angle trajectories produce ellipt-
ical basins, such as Hellas on Mars (ratio of major to minor axes,
a/b 5 2,414 km/1,820 km 5 1.33) and South Pole–Aitken on the
Moon (a/b 5 2,125 km/1,542 km 5 1.38). Although the Borealis
basin far exceeds these and all other impact basins in size, it is com-
parable in aspect ratio (a/b 5 1.25). Departures from the elliptical
shape can be attributed to local erosion, relaxation and tectonic
modification of the boundary17. It is unclear at this point whether
endogenic processes can explain the elliptical boundary. Although
the upwellings in degree-1 convection models range from irregular to
quasi-circular in shape8, there is no known reason to expect a geo-
metric elliptical pattern to emerge.

Global crustal thickness histograms provide a further constraint on
the nature of the dichotomy, demonstrating a roughly bimodal dis-
tribution2 between the lowlands and highlands (Fig. 3a). Exclusion of
terrains in which subsequent processes have altered the primordial
crustal thickness (known basins, Tharsis and Elysium) enhances this
bimodal structure, and removal of the anomalous Arabia Terra as well
separates the two modes completely. The excavation of crust in a giant
impact is known to produce a bimodal distribution of crustal thick-
ness between the basin floor and its surroundings, as demonstrated by
Hellas (Fig. 3b). The present-day lowlands crust would have differ-
entiated from an impact-generated local magma ocean. Although
there have been no explicit studies of the effects of degree-1 mantle
convection on the crustal thickness distribution, convection models
are characterized by a centralized upwelling that expands laterally on
reaching the base of the lithosphere7,8. The resulting gradual decrease
in the thermal and mechanical effects away from the upwelling7 would

suggest a similarly gradual decrease in the volcanic thickening or
thermal erosion. This is exemplified by Tharsis, which has also been
attributed to degree-1 mantle convection18. A crustal thickness his-
togram of the southern portion of Tharsis and a nearly equal area of
adjacent highlands (Fig. 3c) demonstrates that in this case degree-1
volcanic thickening did not produce a bimodal distribution.

An impact origin for the crustal dichotomy suggests that other
secondary basin-related features should have formed. However, the
superposition of a saturated crater population over the dichotomy has
erased all but the large-scale crustal thickness signature. Giant impact
basins are commonly surrounded by a multiple ring system, with radii
scaled by factors of !2 (,1.41) relative to the basin radius19. It is
interesting to note that the southern edge of Arabia Terra roughly
parallels the dichotomy boundary at a mean distance from the ellipse
centre of ,1.57 times the local ellipse radius, suggesting a possible
origin as a modified or partial outer basin ring. The ring structures of
the Hellas and Argyre basins on Mars consist of an inwards-facing
scarp at the outer ring, transitioning to a concave-upwards to sloping
bench of lower topography and thinner crust, before reaching the
main basin rim. Comparison of the azimuthally averaged topographic
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Figure 2 | Projected views of the Borealis basin. Projection in polar
coordinates around the basin centre at 67uN, 208uE, showing the present-
day topography and shaded relief of Mars (a), the modelled crustal root
(b), and the topographic gradient at 4uwavelength (c). The traced dichotomy
boundary is shown in d and compared with the best-fit ellipse (southern
boundary of Arabia Terra denoted by dashed line). Outlines of the northern
and southern edges of Arabia Terra (dotted lines; approximated using a
threshold crustal thickness) are shown over a crustal thickness map2 in
e, along with the reconstructed basin rim required to restore the crustal
thickness in Arabia Terra to the mean highlands value (solid line; see
Methods). The reconstructed crustal thickness before basin modification in
Arabia Terra is shown in f. Note that this projection preserves radial distance
from the centre, and thus accurately represents the shape of the dichotomy
boundary while distorting features not centred on the origin.
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A critical issue for future lunar exploration
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! Fig. 3 Schematic timeline of Martian volcanism as derived from crater statistics. It is not possible to deter-
mine the onset of volcanism for a particular area (i.e. the age of completely buried surfaces), so the start of
volcanic activity is uncertain for all regions. Volcanism first ended in the southern highlands (isolated mas-
sifs, circum-Hellas province), and focused afterwards at Tharsis and Elysium, where it continued almost until
present. The lengths of bars in the upper panel represent diverse ages in the respective volcanic provinces,
i.e. they do not represent error bars. The lower panel shows the dated ages of Martian meteorites and some
key events in Martian history that might have been related to volcanism. The lengths of bars of SNC mete-
orites represent error bars, since a given meteorite has, theoretically, a unique age. References: (1) (Xiao et al.
2012); (2) (Williams et al. 2008); (3) (Williams et al. 2007); (4) (Williams et al. 2010); (5) (Werner 2009);
(6) (Platz and Michael 2011); (7) (Vaucher et al. 2009); (8) (Hauber et al. 2011); (9) (Platz et al. 2011); (10)
(Lillis et al. 2008); (11) (Werner 2008); (12) (Lapen et al. 2010); (13) (Bouvier et al. 2008); (14) (Borg et al.
2005); (15) (Misawa et al. 2006); (16) (Park et al. 2009); (17) (Fassett and Head 2008); (18) (Neukum et al.
2010); (19) (Loizeau et al. 2010); (20) (Wray et al. 2009)

Fig. 4 Crustal production rate as a function of time as obtained from photogeological estimates based on
Viking data (Greeley and Schneid 1991). The total amount of produced crust has been calculated using
terrestrial ratios of extrusive to intrusive volcanism between 1:5 and 1:12 (White et al. 2006). For comparison,
crustal production rates for two numerical models assuming melt generation in a global melt layer (solid line)
and melt generation in localized plumes (dashed line) are also shown (Grott et al. 2011; Morschhauser et al.
2011). Total average thickness of produced crust in these models is ∼50 km

in the Tharsis region), radar instruments will not be able to detect any interface, and to date
SHARAD has identified only a few subsurface interfaces in volcanic settings (Simon et al.
2012). The Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) on
board Mars Express has a longer wavelength than SHARAD and can probe the subsurface
to greater depths, but the strong attenuation of radar signals in basalt prevents the large pen-
etration depths required to see the base of km-thick lava sequences. For large-scale analyses
it is therefore necessary to infer the thicknesses and volumes of geologic units from circum-
stantial evidence, such as the record of ancient crater populations not fully buried by more
recent deposits (De Hon 1974). Another difficulty concerns the distinction between intrusive
and extrusive materials. In the absence of subsurface knowledge, their volumetric ratio can-
not be determined. Geophysical methods such as the analysis of the topography and gravity
fields can help to assess magmatic volumes at very large scales (e.g., Phillips et al. 2001;
Grott and Wieczorek 2012), but the limited spatial resolution of geophysical data sets pre-
vents their application on more local scales.

The most comprehensive analysis of erupted volumes to date was performed using Viking
data, i.e. prior to the detailed global topographic information from MOLA. According to
this study (Greeley and Schneid 1991), the total volume of extrusive and intrusive magma
generated over the last ∼3.8 Ga is about 654×106 km3, or 0.17 km3 per year (see Table 2 for
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Fig. 1 Map of volcanic landforms on the basis of morphological observations. Background is a shaded digital
elevation model derived from MOLA altimetry data in Mollweide projection. Low shields after Hauber et al.
(2009), ancient volcanoes after Xiao et al. (2012), pyroxene-bearing surfaces after Ody et al. (2012)

are located at the Tharsis and Elysium rises (Hodges and Moore 1994), around the ancient
Hellas impact basin (Williams et al. 2009), and at Syrtis Major (Fig. 1). By far the vol-
umetrically largest of these provinces is the Tharsis bulge (∼3 × 108 km3; Phillips et al.
2001), a huge topographic rise centered near the equator which dominates almost the en-
tire western hemisphere. Elysium is the second largest province, but its volume is much
smaller than that of Tharsis (∼3.5 × 106 km3; Platz et al. 2010). Isolated volcanic edi-
fices outside the large volcanic provinces are sparse and restricted to the cratered highlands
(Xiao et al. 2012). The most prominent example is Apollinaris Mons, but there are a few
dozen isolated highland massifs that are also interpreted to be of volcanic origin (Scott and
Tanaka 1981). The spatial correlation between exposures of mafic minerals and morpho-
logical evidence of lava flows is not systematic, but does exist in the case of Syrtis Major
and the circum-Hellas-Volcanic province (Fig. 1). However, the Elysium and Tharsis rises
are covered by dust, generally precluding the detection of primary mineral phases other
than those in the dust. Exposures of mafic materials also exist outside the major volcanic
provinces (e.g., Valles Marineris, Noachian terranes). These mafic exposures may be asso-
ciated with ancient magmatic systems whose surface expressions have been largely eroded,
or they may also be attributed to reworked volcanic material that has preserved mafic signa-
tures.

2.2 Styles of Volcanic Eruptions

Volcanic landforms can be subdivided into two broad categories: central volcanoes and vol-
canic plains. Central volcanoes on Mars have a size range covering at least two orders of
magnitude. About 15 large shield volcanoes with diameters greater than 100 km are lo-
cated in Tharsis and Elysium, the largest of which, Olympus Mons, has a basal diameter of
∼600 km and a height of ∼23 km. The morphometry of these large shields (Fig. 2(a)) is
summarized by Plescia (2004). They share many morphological characteristics with large

(Grott et al., 2013)

Resurfacing by subsequent early magmatism?

LETTERRESEARCH

One possibility is an andesite-like source, because rocks with such 
evolved compositions have been identified on Mars based on in situ  
observations24. Moreover, some magma ocean crystallization models6,7 
predict basaltic-to-andesitic compositions for the primary Martian 

crust produced by decompression melting of rising cumulates, follow-
ing overturn of the gravitationally unstable stratified mantle. We note 
that recent estimates that suggest a low crustal bulk density for Mars 
(2,582 ± 209 kg m−3, ref. 25) could, in principle, also be consistent with 
a more evolved average crustal composition. Using an andesite-like 
176Lu/177Hf ratio of about 0.011 estimated from terrestrial rocks23,26 
defines a minimum formation age of 4,547 Myr for the source reservoir.  
An andesite-like composition for the nature of this source reservoir 
is further reinforced by the observation that the initial Hf isotope 
compositions of the approximately 4,450-Myr-old and 4,430-Myr-old  
zircons are also consistent with extraction from the same source 
(Fig. 2b). Indeed, taking the data at face value for each of the age groups 
returns a slope corresponding to an andesite-like 176Lu/177Hf ratio of 
about 0.011. The fact that more evolved compositions for a primor-
dial crust are not predicted by any model provides confidence that 
the formation age of this reservoir cannot be younger than 4,547 Myr. 
Therefore, this minimum age for the source of the NWA 7034 zircons 
represents the oldest differentiated silicate reservoir yet identified on 
Mars. Ancient Martian zircons with ages comparable to that reported 
here have been identified in igneous, evolved lithologies that are inter-
preted to reflect re-melted primary Martian crust4. The enriched com-
position for the NWA 7034 zircon source reservoir inferred from the 
andesite-like 176Lu/177Hf ratio is consistent with this interpretation. 
Thus, our data require that a primordial crust existed on Mars by 4,547 
Myr ago and that it survived for about 100 Myr before it was reworked 
to produce magmas, possibly by impacts4,5, from which the NWA 7034  
zircons crystallized. We infer that this primordial crust represents a 
global reservoir given its longevity and the extended period of reworking  
indicated by the zircon data.

The new timescales reported here for stabilization of the primordial 
Martian crust have far-reaching implications for understanding the 
accretion and differentiation history of Mars. Given that the formation 
of a stable primordial crust is the end product of the initial planetary dif-
ferentiation, our data require that accretion, core formation and magma 
ocean crystallization on Mars was completed within 20 Myr of the for-
mation of the Solar System. Such short timescales for primary accretion 
are predicted by planet formation models invoking pebble accretion 
where growth is fuelled by the gas-drag-assisted accretion of millimetre- 
sized objects, which leads to the efficient formation of Mars-sized 
embryos within the approximately 5-Myr lifetime of the protoplanetary 
disk27,28. Moreover, these timescales are also consistent with estimates 
based on the short-lived 182Hf–182W decay system for the timing of core 
formation, which is inferred to have occurred within 10 Myr of the for-
mation of the Solar System29. By contrast, some recent studies have sug-
gested that magma ocean crystallization was protracted on Mars, perhaps 
lasting up to 100 Myr after differentiation of the planet, on the basis of 
model ages deduced from the abundances of short-lived radionuclides in 
young Martian meteorites10,15,16. Such a protracted magma ocean crys-
tallization is inconsistent with the data presented here and with thermal 
models suggesting that the solidification history of Mars must have been 
completed within about 10 Myr of accretion7. As such, the timing of 
silicate differentiation inferred from short-lived radionuclides in young 
Martian meteorites may not reflect primary differentiation of the planet 
but rather a younger, mantle-scale, fractionation event. Finally, our data 
and interpretation are fully consistent with models suggesting rapid 
magma ocean crystallization leading to a gravitationally unstable strati-
fied mantle, which subsequently overturns, resulting in decompression 
melting of rising cumulates and extraction of a primordial basaltic-to- 
andesitic crust6,7. The extensive resurfacing of Mars by volcanism over 
the planet’s history suggests that if any primordial crust is preserved, it 
will be deeply buried and may only be exposed in deep craters.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
018-0222-z.
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Fig. 2 | Hf isotope evolution diagrams. a, The initial εHf values (εHfT) for 
the seven individual NWA 7034 zircons calculated with their corresponding 
207Pb–206Pb ages using a λ176Lu value of 1.867 ± 0.008 × 10−11 yr−1 (ref. 30) 
and chondritic uniform reservoir parameters of ref. 18. The upper boundary 
of the forbidden region represents a reservoir with 176Lu/177Hf = 0 and a 
formation age defined by the age of the Solar System31 at 4,567 Myr such that 
no data should plot in this field. b, The time evolution of basaltic and 
andesitic crustal reservoirs required to account for the average initial Hf 
isotope compositions of the three concordant 4,475-Myr-old zircons (S24b4, 
S24b7 and S25b10) using 176Lu/177Hf ratios of 0.020 and 0.011 for the 
basaltic and andesitic crusts, respectively23,25. Considering the upper 
uncertainty of the zircon average εHfT value (–1.35 ± 0.22), it is not possible 
to account for the initial Hf isotope composition of these grains if they 
formed from the reworking of a basaltic crust, because extraction ages older 
than the Solar System are required. By contrast, using a more evolved, 
andesite-like 176Lu/177Hf ratio returns a minimum extraction age of 
4,547 Myr. Using the mean of the concordant grains at face value and a 
176Lu/177Hf ratio of 0.011 yields an extraction age of −

+4, 562 15
5  Myr. We note 

that the time evolution of this reservoir can account for the Hf isotope 
composition of the younger, approximately 4,450-Myr-old and 4,430-Myr-
old zircons. Indeed, a regression of the mean of the approximately 
4,475-Myr-old, 4,450-Myr-old and 4,430-Myr-old zircons yields a slope 
corresponding to an andesite-like 176Lu/177Hf ratio of 0.011. Uncertainty on 
the εHf values reflects the internal precision (2 standard errors) or the 
external reproducibility of 22 p.p.m., whichever is larger. Uncertainty on the 
207Pb/206Pb ages (2σ) are smaller than symbols.
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Predictions from 
thermal history models

Small volcanoes in s. hem. (Xiao et al. 2012)

N. hem.+ Syrtis etc.（Head et al., 2002)



A numerical model of magmatism & mantle-convection with water-circulation
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Mantle-differentiation by magmatism in small planets (e.g. the Moon)

Figure 1 of “Morota, T. et al. (2011) Timing and characteristics
of the latest mare eruption on the Moon, Earth Planet. Sci. Lett.,
302, 255-266
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(Ogawa & Yanagisawa, 2012)

(1) crustal formation & mantle layering within 20 Myr
(2) the dormant era
(3) episodic plume magmatism & degassing
(4) decline of magmatism & degassing
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The Moon: by the MO-curst?

Extrapolation from the Moon to the Earth
Why are vestiges of the MO so scarce in the Earth?

Mars: by flood basalt?
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! Fig. 3 Schematic timeline of Martian volcanism as derived from crater statistics. It is not possible to deter-
mine the onset of volcanism for a particular area (i.e. the age of completely buried surfaces), so the start of
volcanic activity is uncertain for all regions. Volcanism first ended in the southern highlands (isolated mas-
sifs, circum-Hellas province), and focused afterwards at Tharsis and Elysium, where it continued almost until
present. The lengths of bars in the upper panel represent diverse ages in the respective volcanic provinces,
i.e. they do not represent error bars. The lower panel shows the dated ages of Martian meteorites and some
key events in Martian history that might have been related to volcanism. The lengths of bars of SNC mete-
orites represent error bars, since a given meteorite has, theoretically, a unique age. References: (1) (Xiao et al.
2012); (2) (Williams et al. 2008); (3) (Williams et al. 2007); (4) (Williams et al. 2010); (5) (Werner 2009);
(6) (Platz and Michael 2011); (7) (Vaucher et al. 2009); (8) (Hauber et al. 2011); (9) (Platz et al. 2011); (10)
(Lillis et al. 2008); (11) (Werner 2008); (12) (Lapen et al. 2010); (13) (Bouvier et al. 2008); (14) (Borg et al.
2005); (15) (Misawa et al. 2006); (16) (Park et al. 2009); (17) (Fassett and Head 2008); (18) (Neukum et al.
2010); (19) (Loizeau et al. 2010); (20) (Wray et al. 2009)

Fig. 4 Crustal production rate as a function of time as obtained from photogeological estimates based on
Viking data (Greeley and Schneid 1991). The total amount of produced crust has been calculated using
terrestrial ratios of extrusive to intrusive volcanism between 1:5 and 1:12 (White et al. 2006). For comparison,
crustal production rates for two numerical models assuming melt generation in a global melt layer (solid line)
and melt generation in localized plumes (dashed line) are also shown (Grott et al. 2011; Morschhauser et al.
2011). Total average thickness of produced crust in these models is ∼50 km

in the Tharsis region), radar instruments will not be able to detect any interface, and to date
SHARAD has identified only a few subsurface interfaces in volcanic settings (Simon et al.
2012). The Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) on
board Mars Express has a longer wavelength than SHARAD and can probe the subsurface
to greater depths, but the strong attenuation of radar signals in basalt prevents the large pen-
etration depths required to see the base of km-thick lava sequences. For large-scale analyses
it is therefore necessary to infer the thicknesses and volumes of geologic units from circum-
stantial evidence, such as the record of ancient crater populations not fully buried by more
recent deposits (De Hon 1974). Another difficulty concerns the distinction between intrusive
and extrusive materials. In the absence of subsurface knowledge, their volumetric ratio can-
not be determined. Geophysical methods such as the analysis of the topography and gravity
fields can help to assess magmatic volumes at very large scales (e.g., Phillips et al. 2001;
Grott and Wieczorek 2012), but the limited spatial resolution of geophysical data sets pre-
vents their application on more local scales.

The most comprehensive analysis of erupted volumes to date was performed using Viking
data, i.e. prior to the detailed global topographic information from MOLA. According to
this study (Greeley and Schneid 1991), the total volume of extrusive and intrusive magma
generated over the last ∼3.8 Ga is about 654×106 km3, or 0.17 km3 per year (see Table 2 for

(Grott et al., 2013)

Small volcanoes in s. hem. (Xiao et al. 2012)
N. hem+ Syrtis etc.（Head et al., 2002)
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Fig. 1 Map of volcanic landforms on the basis of morphological observations. Background is a shaded digital
elevation model derived from MOLA altimetry data in Mollweide projection. Low shields after Hauber et al.
(2009), ancient volcanoes after Xiao et al. (2012), pyroxene-bearing surfaces after Ody et al. (2012)

are located at the Tharsis and Elysium rises (Hodges and Moore 1994), around the ancient
Hellas impact basin (Williams et al. 2009), and at Syrtis Major (Fig. 1). By far the vol-
umetrically largest of these provinces is the Tharsis bulge (∼3 × 108 km3; Phillips et al.
2001), a huge topographic rise centered near the equator which dominates almost the en-
tire western hemisphere. Elysium is the second largest province, but its volume is much
smaller than that of Tharsis (∼3.5 × 106 km3; Platz et al. 2010). Isolated volcanic edi-
fices outside the large volcanic provinces are sparse and restricted to the cratered highlands
(Xiao et al. 2012). The most prominent example is Apollinaris Mons, but there are a few
dozen isolated highland massifs that are also interpreted to be of volcanic origin (Scott and
Tanaka 1981). The spatial correlation between exposures of mafic minerals and morpho-
logical evidence of lava flows is not systematic, but does exist in the case of Syrtis Major
and the circum-Hellas-Volcanic province (Fig. 1). However, the Elysium and Tharsis rises
are covered by dust, generally precluding the detection of primary mineral phases other
than those in the dust. Exposures of mafic materials also exist outside the major volcanic
provinces (e.g., Valles Marineris, Noachian terranes). These mafic exposures may be asso-
ciated with ancient magmatic systems whose surface expressions have been largely eroded,
or they may also be attributed to reworked volcanic material that has preserved mafic signa-
tures.

2.2 Styles of Volcanic Eruptions

Volcanic landforms can be subdivided into two broad categories: central volcanoes and vol-
canic plains. Central volcanoes on Mars have a size range covering at least two orders of
magnitude. About 15 large shield volcanoes with diameters greater than 100 km are lo-
cated in Tharsis and Elysium, the largest of which, Olympus Mons, has a basal diameter of
∼600 km and a height of ∼23 km. The morphometry of these large shields (Fig. 2(a)) is
summarized by Plescia (2004). They share many morphological characteristics with large

現在



episodic magmatism ⇒ episodic temperate environment?
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Figure 2 | Topography, geology and distribution of valleys and deltas onMars. a, Topography of Mars with superimposed deltas connected to the

northern plains (red squares) and in closed basins (green triangles and blue diamonds, see the Methods section). Some of the 52 deposits are located too

close to each other and thus overlap at this map scale (see Supplementary Table S1 for the complete list of deposits); the white contour indicates the

equipotential surface S . b, Martian valley networks (black lines)
8
in relation to the three main geological epochs

30,31
(main craters in yellow). c, Elevation

of the deltas as a function of longitude and the equipotential surface S (red line) inferred by considering only open deltas (S0, red dashed line, indicates the

mean highstand level of all of the 52 deltas); the error bars indicate the maximum water excursion for each delta. The grey dots represent elevation values

extracted from the ‘Arabia shoreline’
4
and the black dashed line the linear trendline of these values.
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Figure 1 |Data and methodology used for the analysis of the martian deltaic deposits. Left: Context image of a sedimentary deposit in Nepenthes

Mensae (No 14 of Supplementary Table S1). The dots indicate the location of the available MOLA-shot measurements. Right: The topographic profile AB

shows the morphometry of the deposit (left panel for location). The bottom schematic diagram illustrates the morphometric indicators used for the

extraction of the elevation values for each delta. The error bar defines the maximum water level excursion; the black square corresponds to the delta front

(mean water highstand). See the Methods section for explanations.

complete closure within and along the margins of the northern
lowlands (Fig. 2 and Supplementary Fig. S2), delineating the
boundary of the basin within which the deposits formed. The
standard deviation (177m) of S is remarkably small if spread across
the entire length of the global contour, comparable to the total
variation of the terrestrial geoid (⇠200m), and significantly smaller
(up to one order ofmagnitude) than the dispersed values previously
obtained for the elevations of Contact 1 (Arabia shoreline, Fig. 2c)
and Contact 2 (Deuteronilus shoreline)3. Therefore, the deposits
topographically connected to the site occupied by the putative
ocean define the closest approximation of an equipotential surface
as would be expected if they formed in a single large body of
standing water encompassing the northern hemisphere of Mars.
Moreover, the S level is consistent with large portions of the
‘Arabia shoreline’ previously identified from geomorphologic and
topographic analyses1,4 (Fig. 2c) and is also close to its average
value (�2,499m, compare the trendline of this contact with
S in Fig. 2c). In particular, S is consistent with the previous
observational evidence at (1) Terra Sirenum, (2) in the northern
part of Tempe Terra, (3) along the circum-Chryse Planitia
region, (4) within northern Arabia Terra and the fretted terrain
regions of Deuteronilus Mensae and finally (5) across the crustal
dichotomy along the Nepenthes and Aeolis Mensae regions and the
surroundings of Gale crater (Fig. 2).

Notably, a further twelve deltas that formed in closed basins
(green triangles in Fig. 2) fall within the error bars of the S level.
However, to include these deposits in the same group of the
S level, thus totalling ⇠55% of the present global database, it
must be assumed that a water table should have intersected the
surface at this base level all over the planet. Indeed, the S level
(�2,540± 177m) is virtually the same as the �2,550m elevation
suggested by theoretical calculations for the global distribution of
water during the Noachian4. Moreover, the latter value was derived
from thermophysical properties of Mars with the assumption
that water was saturating the crust and ponding in hydrostatic
equilibrium on the surface of the planet4. Therefore, the analysis

of 29 sedimentary deposits (⇠55% of total deltas) supports
this thermal-hydraulic reconstruction, implying that a vast ocean
and large seas were present in the northern hemisphere and in
Argyre and Hellas basins, respectively. Several groundwater-fed
palaeolakes would have contemporarily emerged within a region
of a few hundreds of kilometres wide upslope from the S ocean
boundary and the crustal dichotomy and around the rim of
Argyre and Hellas within craters deep enough to reach the S
level (Fig. 2a and Supplementary Fig. S2). The palaeolakes would
have been almost entirely concentrated in the topographically
gradational zone of Arabia Terra, a province where sedimentary and
morphological studies support the occurrence of palaeolakes19,20
and indicate that putative spring deposits exist within craters21.
Furthermore, an anomalous concentration of craters with extensive
exposures of eroded layered sedimentary deposits19–22 and other
distinguishable spectral and elemental properties (including also
an elevated hydrogen content) have been reported for Arabia
Terra and interpreted to be the results of a past volatile-rich
history19–22. Similar layered sequences and other evidence suggestive
of past lacustrine activity have also been suggested for Hellas and
Argyre4,22,23 and increasingly reported during the past years also for
craters along the rim of the main Hellas basin24,25, thus making
the case for the occurrence of a Noachian basin-wide sea within
Hellas23 and a series of surrounding palaeolakes within a range
of elevations compatible with the S level24,25. Finally, although the
analysis of deltas cannot uniquely confirm the occurrence of large
seas in Hellas and Argyre, if there was an ocean on the northern
plains as a component of a martian global hydrosphere, water must
have ponded also in these two basins4.

The reconstructed equipotential surface is also generally con-
sistent with the distribution and terminations of martian valley
networks8 excluding the region between 30� W and 60� E, that
is, the topographically gradational zone of Arabia Terra (Fig. 2).
Arabia Terra is characterized by smooth elevation variations5 and
it is possible that the S surface may mark a different level of the
same ocean previously mapped here at slightly higher elevations
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The effects of water on mantle evolution

vigorous magmatism that generates a thick basaltic crust and
makes the dry mantle compositionally layered; the following
evolution of the mantle occurs as a relaxation of this layered
structure (see below for more detail). We calculated Case S7-
18-1 to see how the overall features of dry mantle evolution
are affected by water.
[15] As shown in Figure 2b, a GPML develops at

0.004 Gyr in spite of the low initial temperature, because
of the solidus temperature reduction by water. The GPML
induces a basaltic crust (the blue layer along the surface
boundary in Figure 2d at 0.262 Gyr). The crust is enriched
in HPEs and contains 54% of the HPEs in the entire box
(Figures 4b and 5a). The GPML also makes the mantle
compositionally layered. A layer of the residue of melt
extraction strongly depleted in HPEs develops just beneath
the crust (the orange layer in Figure 2d), while a layer that is

less depleted or is even enriched in basaltic components and
HPEs develops at greater depths (the yellow to blue layer).
Heat is efficiently extracted from the mantle by migrating
magma in GPML till the entire mantle becomes subsolidus
(see the curve of 0.068 Gyr in Figure 4a). The compositional
layering formed by the GPML survives the convective
stirring throughout the history of the mantle (Figures 2d
and 4c).
[16] After the era of the GPML, the internal heating of the

lower layer makes it hotter and less viscous as time elapses
(Figures 4a and 4e), and induces small amount of magma
there (Figure 2b for 0.593 to 1.706 Gyr). The generated
magma transports HPEs and water to the top of the lower
layer (Figures 2c and 2e), but does not penetrate upward into
the compositionally buoyant layer of residual materials
because the buoyancy induced by melting is small at this

Figure 3. Plots of average temperature in the entire box Tmantle, temperature of bottom boundary TCMB,
heat flow on the surface boundary qsrfc and on the bottom boundary qCMB, root mean square average veloc-
ity in the entire box Urms, that on the surface boundary Usrfc, magma eruption rate Mmelt, and dehydration
rate (i.e., the rate of water extraction from the crust and mantle)Mvolt against time for the cases shown. The
orange curves labeled qradio indicate the surface heat flow expected from the total amount of internal heat-
ing in the box when the box is in thermal equilibrium. The magma eruption rate is defined as the volume
flux of magma that crosses the basalt-eclogite phase boundary in an upward direction. The magma eruption
rate, dehydration rate, and velocities are plotted on a log scale.
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The physiochemical conditions for globally widespread Fe,Mg clay
formation imply the existence of widespread low-grade metamorphism/
diagenesis23, hydrothermal systems25,26 or direct precipitation during
cooling of volatile-rich basaltic lavas76. For the final mechanism, sub-
stantial volatile content in lavas could be obtained by assimilation of ice
or liquid water during magma ascent. For the first two mechanisms,
subsurface liquid waters, specifically large-scale groundwater aquifers,
are required. A long-standing model is that of a Martian cryosphere and
melting of subsurface ice at depth77. Several mechanisms existed on
ancient Mars to melt ice and promote hydrothermal circulation of
ground water: large impacts61, especially during early, heavy impact
bombardment78; widespread extrusive and intrusive volcanism79,80;
and a geothermal gradient81 greater than that at present.

Implications of widespread Noachian subsurface aqueous activity in
thick sections of crust include enhanced rates of crustal cooling81, possibly
significant sequestration of volatiles (for example water and carbon
dioxide) in crustal alteration minerals25, and, most importantly, relaxa-
tion of the requirements for atmospheric partial pressures adequate to
maintain continually warm surface conditions that support long-term
liquid water and clay formation by near-surface weathering. Proposed
hydrological models driven primarily by ground water rather than pre-
cipitation20,82 are more consistent with the composition of most Noachian
units, which do not show evidence for globally widespread open-system
weathering. In the subsurface, and largely out of contact with the atmo-
sphere, low-W/R formation of clays took place, occasionally at increased
temperatures. Late-Noachian open-basin lakes16,71, valleys71,72,75 and out-
flow channels15 demonstrate at least the episodic presence of liquid water
on the Martian surface. Although fluvial degradation was widespread, it
implies only local reworking75. For most of the Noachian period, surface
water derived from snow or ice melt may have quickly entered the subsur-
face through basaltic rocks made highly permeable on the macro-
scopic scale by impact- and cooling-induced fractures. This particular
model for an early Mars with a warm, wet subsurface and an icy, arid
surface simultaneously resolves two paradoxes: the scarcity of salts coeval
with clay deposits, in which salts serve as the sink for cations liberated
during weathering32, and juvenile-clay mineralogy, that is, the persistence
of smectite clays, even at great depths rather than their total diagenetic
conversion to illite or chlorite phases83.

On ancient Mars, typical surface conditions may have been domi-
nated by water-ice/water-vapour interactions, much as in the present
day, but punctuated by episodic melting to supply liquid water. In the
thick Noachian crustal units, there is indeed evidence for sustained
diagenesis, the burial-induced transformation of smectite clay minerals,
or hydrothermal activity throughout the Noachian, extending into the
Hesperian (Fig. 5). Chlorite (which forms directly from hydrothermal
fluids or from an Fe(II),Mg smectite precursor) and, more rarely, illite/
muscovite (which forms directly from hydrothermal fluids or from an
aluminium-rich precursor, given a sufficient supply of potassium) are
both found in crustal clays23,41. Abundant salts would not be expected in
subsurface, low-W/R alteration because ions are not removed by trans-
port. The fluids are isolated from atmospherically derived volatiles (for
example HCO3

2 and SO4
22), and saturation with respect to secondary

aluminosilicates and oxides/hydroxides is favoured over the formation
of abundant carbonates, sulphates and chlorides.

In late-Noachian/early-Hesperian boundary units, there is evidence for a
period of open-system-style alteration by surface water that may have been
intense regionally. Water carved valley networks, eroded and transported
highland clays, and redeposited these in sedimentary basins (Fig. 5). The
incised, better-integrated, late-Noachian valley networks require higher
run-off rates and lower sediment transport, conditions that are re-
producible by flow of water over duricrust or partly frozen ground72,75.
Clays in stratigraphy may have formed by leaching of surface material to
form aluminium clays; after evaporation of water, sulphates and chloride
salts precipitated. The salts are found in basins within the southern high-
lands and—where cation composition can be inferred—seem to be mostly
magnesium rich11,54,84 as expected given relative cation mobilities29,30.

Seasonal changes coupled with orbital and obliquity parameters may
have been sufficient to melt snow and ice and permit surface liquid
waters episodically, especially if waters were briny21 and atmospheric
pressures were slightly higher than at present. Even the densest valley
networks require only arid conditions; flows, once initiated, are stable
against freezing for many hundreds of kilometres82. The key controls on
aqueous environments early in Mars’s history, permitting a geologically
brief period with clement surface conditions at the late-Noachian/early-
Hesperian boundary, seem to be heat supplied from volcanism, impacts,
crustal cooling and, perhaps, effects of the first two on atmospheric
composition (Fig. 4). Temporary release of volatiles by large impacts85

or during volcanism86,87 might have perturbed the climate to permit
liquid surface water over a brief period. Indeed, episodic greenhouse
conditions driven by volcanically degassed H2S and SO2 (ref. 87) from
Tharsis construction and Hesperian plains volcanism might explain
the sulphur-rich salts within some closed-basin lakes dating from that
period47,54.

As heat-supplying processes declined after Mars’s first billion years,
so too did the availability of liquid water. When clay formation on a
global scale ceased by the Hesperian period, some Al and Fe,Mg smectite
clay units were buried to depths of hundreds of metres or more, but little
further diagenesis occurred, probably (as previously proposed83)
because the availability of ground water decreased in most areas of the
planet. By the late Hesperian period, there was neither sufficient surface
water for open-system leaching to form clay and salt assemblages
nor sufficient subsurface liquid water for hydrothermal circulation or
diagenesis, even in the vicinity of the Tharsis volcanoes where evidence
of the last sulphate and silica deposits are found11. Major Hesperian
units including lavas of the Syrtis Major formation and northern plains
are not altered, indicating either that clay formation had ceased by this
time or that subsurface alteration occurred at depths .5–10 km, which
are inaccessible to exposure by later cratering or tectonics.

Continuing exploration
The Mars Exploration Rover Opportunity has, as of this writing, arrived
at the walls and rim of Endeavour crater, where Fe,Mg clay minerals
have been detected using orbital data88; and the Mars Science Laboratory
rover Curiosity, scheduled for launch in late 2011, will investigate sedi-
mentary clays within Gale crater47,89. The hypothesis that early environ-
ments with long-term liquid water were hosted in Mars’s subsurface can
be tested with data from future missions, most directly by in situ invest-
igation of well-defined stratigraphies that include crustal clays. Pre-
dictions for our proposed environmental model include (1) direct
detection of hydrothermal/metamorphic minerals or mixed-layer clays
formed during diagenesis; (2) clay-bearing crustal units with elemental
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Figure 5 | Evolution of aqueous environments during the first billion years
of Mars history. Locations of clay formation are indicated in green. Cold, arid
and icy conditions characterized Mars during most of the Noachian, with clay
formation mostly in a warmer, wetter subsurface environment. During the late
Noachian/early Hesperian, volcanism was widespread and surface waters
intermittently carved valleys, sustained lakes, transported sediments to basins
and sustained near-surface weathering to form clays near the surface.
Conditions from the late Hesperian to the present day have been cold and dry,
resulting in the cessation of clay formation.
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