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Abstract: On Earth, most tectonic plates are regenerated and recycled through convection.
However, the Nubian and Antarctic plates could be considered as poorly mobile surfaces of
various thicknesses that are acting as conductive lids on top of Earth’s deeper convective
system. Here, volcanoes do not show any linear age progression, at least not for the last 30 myr,
but constitute the sites of persistent, focused, long-term magmatic activity rather than a chain of
volcanoes, as observed in fast-moving plate plume environments. The melt products vertically
accrete into huge accumulations. The residual depleted roots left behind by melting processes
cannot be dragged away from the melting loci underlying the volcanoes, which may contribute
to producing an unusually shallow depth of oceanic swells. The persistence of a stationary thick
depleted lid slows down the efficiency of melting processes at shallow depths. Numerous charac-
teristics of these volcanoes located on motionless plates may be shared by those of the giant vol-
canoes of the Tharsis province, as Mars is a one-plate planet. The aim of this chapter is to undertake
a first inventory of these common features, in order to improve our knowledge of the construction
processes of Martian volcanoes.

The near-‘one-plate planet’ evolutionary history of
Mars has led to the formation of its long-lasting
giant shield volcanoes, which dominate the topog-
raphy of its western hemisphere. Unlike Earth,
Mars would have been a transient convecting
planet, where plate tectonics would have possibly
acted only during the first few hundreds of millions
of years of its history (e.g. Sleep 1994; Bouvier
et al. 2009). Most Martian magmatic activity is
probably very old (Noachian) and has been pre-
served in the near-absence of crustal recycling, in
contrast to Earth (Phillips et al. 2001; Taylor et al.
2006; Werner 2009; Carr & Head 2010). Recent
volcanic resurgence occurred in the main Martian
volcanic provinces, Tharsis (Fig. 1) and Elysium,
during the Amazonian Period (Werner 2009).

Although the large igneous provinces of Mars
bear some geomorphological similarities with ter-
restrial oceanic plateaus, they distinguish themself
by their larger scales. Martian volcano heights com-
monly reach three times those of Hawaiian volca-
noes (Plescia 2004; Carr 2006), while they are
generally many hundreds of kilometres in breadth.
Their accretion, which is vertical due to the absence
of lateral plate movement and crustal recycling,
loads the lithosphere, and causes lithospheric flex-
ure, deformation and edifice flank compressional

failure (e.g. McGovern & Solomon 1993; Phillips
et al. 2001; McGovern et al. 2002; McGovern &
Morgan 2009; Byrne et al. 2013). Underlying
these huge volcanoes, the lithosphere might reach
a thickness of up to 150 km to provide isostatic
support (Zuber et al. 2000; McGovern et al.
2002). Thickening of the lithosphere (17–25 km
Ga21) occurs over time as a result of decreasing
mantle potential temperature (30–40 K Ga21) (Bar-
atoux et al. 2011). This thickening of the litho-
spheric lid increases the final depth of melting
and thereby reduces the mean degree of melting.
Such a process leads to less efficient melt extraction
and subsequent mixing, favouring mantle–melt
interaction and high-pressure melt fractionation.
Such lithospheric processes are commonly observed
in near-stationary plate plume settings (velocity
,25 mm a21).

We note, however, that while Hawaiian islands
are located on a fast-moving plate (i.e. the Pacific
plate, 65 mm a21: Argus et al. 2011), Hawaiian
hotspot intraplate magmatic activity has commonly
been considered as some of the best analogues to
that observed on Mars (e.g. Zuber & Mougins-Mark
1992; McGovern & Solomon 1993; Plescia 2004;
Carr 2006; Bleacher et al. 2007; Byrne et al.
2013). However, intraplate oceanic volcanism of
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slow-moving plates such as the Crozet or Cape
Verde islands might represent a better analogue.
As on Mars, volcanoes at slow-moving plates do
not show any linear age progression, but constitute
the sites of persistent, long-term magmatic activity.
Because the lithosphere lid is near-stagnant in these
areas, the melting mantle region concentrates its
products in a single area rather than them being
spread out, as observed in fast-moving plate plume
environments such as the Hawaiian–Emperor sea-
mount chain on the Pacific seafloor. The melt pro-
ducts vertically accrete into huge accumulations,
and oceanic swell heights are unusually shallow
for their ages (Fig. 2). Processes of thermal reheat-
ing and mechanical weakening of the lithosphere
might also be enhanced. The loading of the

lithosphere by the volcanic accumulations might
ultimately cause edifice collapse and/or flexural
deformation. These processes are probably similar
to those observed on Mars.

The goal of this paper is to describe the essential
characteristics of intra-oceanic plumes on slow-
moving plates on Earth and to compare them
to large shield volcanoes in the Tharsis region
of Mars. Specific similarities will be described,
whereas some peculiar features, either composi-
tional or morphological and common among these
terrestrial volcanoes but not yet detected on Mars,
will be emphasized as main objectives for fut-
ure research. Speculations on deep processes that
could have controlled the construction and devel-
opment of large shield volcanoes on Mars are also

Fig. 1. Topographical map of the Tharsis province produced from Mars Orbiter Laser Altimeter (MOLA) data, with the
labels showing the location of major volcanic edifices.
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made on the basis of what is known and soundly
hypothesized for plumes located on slow-moving
oceanic plates.

The Tharsis magmatic province

The Tharsis volcanic province is one of the most
noticeable global-scale physiographical feature on

Mars, covering about 20% of its surface area in
the western hemisphere (Fig. 1). Its areal extent
(.6.5 × 106 km2) is far greater than that of the
largest terrestrial igneous provinces. This mag-
matic province is located near the boundary of the
Martian crustal dichotomy between the northern
lowland and the southern uplands. It extends from
the northern lowland plains southwards to Solis
Planum, and from Arcadia Planitia eastwards to
Lunae Planum. Its topography describes a bulge-
like structure, above which rest massive shield
volcanoes (e.g. .500 km wide and up to 25 km
high: Fig. 1). Both effusive lava flows and pyro-
clastic activity have built up these edifices (e.g.
Wilson & Head 1994).

These large shield volcanoes, such as Olym-
pus Mons, may have been emplaced on very
thick elastic lithosphere (Te of more than 100 km)
(Zuber et al. 2000; McGovern et al. 2002; Grott
et al. 2013), meaning that the Tharsis region over-
lies some of the thickest lithosphere of Mars.
But lithospheric thicknesses of less than 50 km
also support a few volcanoes in the Tharsis region
(Grott & Breuer 2009; Grott et al. 2013). Their
crustal thickness is highly variable at a regional
scale (Zuber et al. 2000). The old Alba Patera
volcano (3.02 Ga: Robbins et al. 2011) is under-
lain by thick crust, whereas the region beneath the
younger shields such as Olympus and Tharsis
Montes (Arsia, Pavonis and Ascraeus) would have
experienced apparent crustal thinning (Zuber et al.
2000). The major volcanic loading exerted by
Tharsis volcanoes, with concomitant effects on
deformation of the Martian lithosphere that is mir-
rored by a broad free-air anomaly, would help
define the present-day long-wavelength gravity
field of Mars (Phillips et al. 2001; Golle et al. 2012).

The gravity, topography and tectonic attributes
of this region have been ascribed to one or more
of the following processes: (1) a large-scale mantle
convective upwelling (e.g. Schubert et al. 1990;
Zhong & Zuber 2001; Roberts & Zhong 2006;
Keller & Tackley 2009), inducing dynamic topo-
graphy; (2) regional uplift due to lateral migra-
tion and intrusion of material thermally eroded
from the base of the crust of the lowlands (Wise
et al. 1979) or due to massive intrusion (i.e. 85%
of the total magmatic products; Phillips et al.
1990) in the crust and upper mantle; (3) flexural
loading from volcanic construction (Solomon &
Head 1982; Phillips et al. 2001), possibly com-
pensated by a depleted root (Finnerty et al. 1988);
(4) preferential concentration of volcanism along
early impact-basin ring structures (Schultz et al.
1982); and (5) edge-driven convection (King &
Redmond 2005).

Among these processes, the first appears to be
the main building mechanism for the Tharsis
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Fig. 2. (a) Mean swell height (m) as a function of
absolute plate motion velocity (mm a21) for 21 oceanic
islands. The velocities were calculated with the
NNR-MORVEL56 model of Argus et al. (2011).
Filled dots denote locations with plate velocities of
.25 mm a21, while open dots denote those of
,25 mm a21. The mean swell heights are from
Monnereau & Cazenave (1990). (b) Mean swell height
(m) as a function of the age of oceanic lithosphere (Ma).
Mean swell heights and ages are from Monnereau &
Cazenave (1990). The mean swell height for Tharsis was
calculated from Mars Orbiter Laser Altimeter (MOLA)
data, as described in Figure 9.
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province through time. The formation of large-
scale mantle plumes may be driven by viscosity
layering in the mid-mantle (Zhong & Zuber 2001;
Roberts & Zhong 2006), an endothermic phase
change near the core–mantle boundary (Zhong
2009; Šrámek & Zhong 2012) or an early impact-
induced thermal anomaly (Golabek et al. 2011).
Large-scale upwelling driven by degree-1 mantle
convection (i.e. whereby one hemisphere is domi-
nated by an upwelling, while the other encom-
passes a downwelling), which is induced by
layered mantle viscosity, is predicted to be short
lived with a timescale development ranging from
1 to several hundred million years (myr) (Zhong &
Zuber 2001; Roberts & Zhong 2006). These large-
scale upwellings would tend to migrate towards
regions of lower lithospheric thickness, which can
account for the location of the Tharsis province
at the dichotomy boundary (Zhong 2009; Šrámek
& Zhong 2012). Convection driven by endothermic
phase transition near the core–mantle boundary
may also promote the formation and focusing
of long-lived plumes at Tharsis, as well as late-
stage volcanism (Harder 2000; Grott et al. 2013).
In this case, the development of a degree-1 pat-
tern would require at least 5 billion years (Wenzel
et al. 2004; Roberts & Zhong 2006), but recent
three-dimensional (3D) convection models with
temperature-dependent rheology instead require a
shorter formation timescale (Buske 2006). Another
potential mechanism for stabilizing long-lived
plumes at Tharsis is provided by a thick, low-density
depleted mantle layer with non-linear conductiv-
ity (Schott et al. 2001), where minima in thermal
conductivity values promote the reoccurrence of
thermal instabilities. However, such a model fails
to predict the generation of the Tharsis province at
the dichotomy boundary (Grott et al. 2013). Excess
mantle heat arising from an early giant impact,
which would have first created the southern high-
lands crust, might also have triggered the for-
mation of a transient superplume underneath the
impacted hemisphere, inducing massive volcanism
at Tharsis (Golabek et al. 2011). After more than
100 myr, the impact-induced plume is predicted to
slowly regress, while new upwellings would form
throughout the mantle (Golabek et al. 2011).

Most magmatic activity in the Tharsis region is
Noachian (.3.7 Ga) in age, but the large shield vol-
canoes continued to grow up to the Amazonian
(,3 Ga) to a lesser degree (Hartman & Neukum
2001; Werner 2009). In particular, the average erup-
tion rate would have dropped from approximately
0.04 km3 a21 in the Noachian and Hesperian to
approximately 0.01 km3 a21 in the Amazonian
(Greeley & Schneid 1991). Hence, Tharsis volca-
noes were probably built up by eruptions widely
spaced over a large timespan (Fig. 3). The clustering

of ages defined by lava flows and caldera floors
(Neukum et al. 2004; Werner 2009; Robbins et al.
2011) confirms that magma supply was highly epi-
sodic (Fig. 3). The large shield volcanoes were
characterized by very active periods with high effu-
sion rates (as indicated by the large volume of many
lava flows), separated by long periods of quiescence
(e.g. Hiesinger et al. 2007; Giacomini et al. 2009;
Hauber et al. 2011). During the Amazonian, a focus-
ing of volcanism has been recorded between 1.6
and 1 Ga (Werner 2009), whereas the most recently
erupted lava flows and the last caldera collapses
are, indeed, very young (200–100 Ma) (Neukum
et al. 2004; Werner 2009; Robbins et al. 2011;
Pozzobon et al. 2014).

Shallow magma plumbing architectures fed by
dykes probably constructed the major volcanic edi-
fices of Tharsis (Wilson & Head 1994). Early esti-
mates of magma chamber depths in Tharsis shields
range between 9 and 16 km below the summit
(Zuber & Mouginis-Mark 1992; Wilson & Head
1998). However, a recent study of Ascreaus Mons
suggests a two-level architecture of the underground
magma plumbing system, with some fractionation
of magmas occurring within the uppermost mantle
(Pozzobon et al. 2014). In addition, some of the
nested calderas on the Tharsis Montes imply the
existence of several shallow and large magma
reservoirs, which are thermally viable for only a
limited period of time (Wilson et al. 2001). The
morphology of some late-stage lavas erupted near
Jovis Tholus also suggests short-duration crustal
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storage (Wilson et al. 2009). Other evidence for
multiple stages of magma ascent and withdrawal
are provided by the complex geometry of sum-
mit calderas at Olympus and Ascraeus Montes
(Mouginis-Mark & Robinson 1992; Crumpler
et al. 1996; Scott & Wilson 2000; Byrne et al. 2012).

Average surface heat flux values for individual
Tharsis volcanoes derived from the effective
elastic thickness since the time of loading range
from 14 to 35 mW m22 (McGovern et al. 2002).
When considering the superficial distribution of
heat-producing elements, other estimates of heat
fluxes encompass this range and show a similar
geographical pattern, with gradually increasing
values from 22 to 24 mW m22 in the north to
more than 26 mW m22 in the south, along the
Tharsis Montes (Grott & Breuer 2010). It is inter-
esting to note that Olympus Mons exhibits the
smallest heat flux of the volcanoes from the
Tharsis province (McGovern et al. 2002; Grott
et al. 2013). However, when hot mantle upwelling
underneath these regions is taken into consideration,
these local heat flow values are predicted to be at
least twice as great (Grott & Breuer 2010; Grott
et al. 2013).

At the planetary scale, recent comprehensive
geochemical mapping of the Tharsis region by
gamma ray spectrometer (GRS: Boynton et al.
2007; Newsom et al. 2007; El Maarry et al. 2009;
Taylor et al. 2010; Baratoux et al. 2011) has
shown that this region distinguishes itself in exhib-
iting some of the most depleted patterns in K, Th,
Fe, Si and Ca among the geochemical composi-
tion spectrum exhibited by the six provinces of
the Martian crust (Taylor et al. 2010). Although Si
and Fe concentrations are depleted relative to
those of other regions on Mars, they are lower and
higher, respectively, than those of any terrestrial
primary magma compositions (El Maarry et al.
2009). GRS chemical imaging reveals two distinct
provinces (Boynton et al. 2007; El Maarry et al.
2009, Gasnault et al. 2010; Taylor et al. 2010;
Baratoux et al. 2011), the boundary of which
would lie to the north or south of Pavonis Mons.
The Arsia, Pavonis and Olympus Montes have a
lower Si, Th and Fe content than has Ascraeus
(Fig. 4). Alba Mons is also distinct in that it exhib-
its the lowest Th, and some of the highest Fe,
content of the Tharsis volcanoes (Fig. 4). The model-
ling of SiO2–FeO systematics of these edifices
shows that Ascraeus lavas can be produced by a
slightly lower melting pressure (c. 1.6 GPa) and a
higher degree of melting (c. 9%) than other Tharsis
volcanoes (1.7–1.9 GPa, 5–8%). This implies the
presence of a slightly higher mantle potential temp-
erature underneath Ascraeus Mons (1384 8C) rela-
tive to other individual edifices from the Tharsis
province (1340–1382 8C: Baratoux et al. 2011).

Terrestrial volcanoes at near-stagnant

plates

On Earth, oceanic magmatism on a near-stagnant
plate (less than 20 mm a21: Argus et al. 2011) is
geographically restricted to the Antarctic plate,
which has moved at an extremely slow velocity
for the past 30 myr (15.2 mm a21: Argus et al.
2011) (Fig. 5). However, with the exception of the
Kerguelen archipelago, very few data are available
for most volcanoes emplaced on this plate (i.e.
Bouvet, Marion and Crozet). We thus extend our
study to volcanoes from the Nubian plate, which
has an absolute motion of less than 25 mm a21

according to Argus et al. 2011 (Fig. 5). This rate
might be much lower, as another investigation
suggests that the Nubian plate’s absolute motion to
the NE abruptly slowed at 30 Ma from 22 to about
10 mm a21 (Silver et al. 1998). In addition, our
interest includes volcanoes from archipelagos, for
which geophysical and geochemical characteristics
have been fully investigated (e.g. Canary, Madeira
and Cape Verde). The emphasis will be placed
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mainly on those volcanoes atop an old and thick
oceanic lithosphere (.50 Ma).

A near-stationary-lid regime, such as that of the
Antarctic plate, should probably be much less effi-
cient in transferring heat out of the planetary interior
than a mobile-lid regime. The low buoyancy fluxes
of some plumes located on slow-moving plates will
further reinforce this effect. Plumes with less than
0.5 Mg s21 (i.e. Crozet: Sleep 1990), if rising from
the core–mantle boundary, should have cooled so
much by heat diffusion that they would not melt
beneath an old lithosphere (Albers & Christensen
1996). Weak plumes with a buoyancy flux of
about 0.5 Mg s21 have a 150 K or lower tempera-
ture anomaly in the upper mantle due to thermal
diffusion (Steinberger & Antretter 2006). There-
fore, such plumes may be sourced from shallower
depths than the core–mantle boundary.

The majority of hotspots on slow-moving plates
(i.e. less than 25 mm a21) exhibit topographical
swell heights greater than those observed at faster
plates for a given oceanic lithospheric age (Fig. 2)

(Monnereau & Cazenave 1990). Sitting atop these
swells, their islands in each archipelago often
define a horseshoe-like shape (Cape Verde, Crozet
and Canary for the last 30 myr). As the melting
region remains geographically fixed with time, the
melts are focused and seem to be pooled, forming
huge accumulations. Consequently, the Azores,
Cape Verde and Crozet bathymetric swells possess
some of the greatest amplitudes among hotspot-
influenced regions (Monnereau & Cazenave 1990)
(Fig. 2). The scatter of gravity and bathymetric
data for the Northern Kerguelen Plateau also pro-
vides evidence for a swell’s signature (Sandwell &
MacKenzie 1989; Wallace 2002). Other hotspots,
such as those from the Canary and Madeira
islands, appear to be associated with less substantial
swell anomalies (Filmer & McNutt 1989; Monner-
eau & Cazenave 1990; Marks & Sandwell 1991;
Canales & Danaobeitia 1998; Grevemeyer 1999;
Ito & van Keken 2007) (Fig. 2) but with prominent
geoid anomalies (Jung & Rabinowitz 1986; Caze-
nave et al. 1988). However, in the Canary Islands,
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as shown by seismic data, a thick sedimentary cover
masks the buried moat (Watts et al. 1997; Canales &
Danaobeitia 1998).

The building and evolution modes of bathy-
metric swells have essentially been modelled in
Hawaii, and have been ascribed to one or more of
the following processes: (1) thermal rejuvenation
(e.g. Detrick & Crough 1978), whereby the oce-
anic lithosphere is heated as it passes over the
hotspot and is therefore thinned, producing isostatic
uplift of the swell; (2) dynamic pressure (e.g. Olson
1990; Sleep 1990), whereby the upwards buoyancy
flux through the asthenosphere from the swell cen-
tre supports it; and (3) compositional and ther-
mal buoyancy in a higher-viscosity depleted swell
root (Morgan et al. 1995; Yamamoto et al. 2007).
Upon melting, the dense minerals garnet and clino-
pyroxene in the residue are exhausted, leading to a
decrease in Fe relative to Mg, which forms an intrin-
sically less dense depleted root and produces the
swell uplift.

Morgan et al. (1995) ascribed the unusually
shallow oceanic swells such as those of Cape
Verde and Crozet (Fig. 2) to the persistence of a
stationary, thick and depleted root, which has not
been dragged away from the hotspot in the virtual
absence of plate motion since 30 Ma. Indeed, evi-
dence of the presence of low-velocity, low-density
upper-mantle material at depths ranging from 40
to 81 km at Cape Verde, Canary, Kerguelen and
Crozet islands are provided by deep seismic refrac-
tion and gravity data (Marks & Sandwell 1991;
Recq & Charvis 1987; Charvis et al. 1995;
Canales & Danaobeitia 1998; Lodge & Hellfrich
2006). These anomalies were interpreted by
Morgan et al. (1995) to reflect the spreading, thin-
ning and slight melting of a thick sublithospheric
swell root.

However, the mechanisms that govern the gener-
ation and evolution of swells under a slow-moving
plate have been investigated in detail in only a few
localities. In the Cape Verde Islands, Lodge & Helf-
frich (2006), using seismic data to a depth of
120 km, highlighted the existence of low-density
material with a non-radial flow distribution, spread-
ing from separate melting loci under the swell. In
the case of a dynamic pressure model, a flow field
of homogeneous-viscosity material would emanate
from the buoyancy flux centre with a radial aniso-
tropic fabric. However, some investigators (Pim
et al. 2008; Wilson et al. 2010) argue against the
depleted root assumption, as no lateral variations
in P-wave velocities are recorded in the upper 2 km
of the mantle. Using measured heat flow, and geoid,
seismic and bathymetric data, Wilson et al. (2010)
have recently favoured dynamic upwelling (50–
70%) as the main mechanism to sustain the swell,
with minor contributions from thickened oceanic

crust and partial thermal rejuvenation of the litho-
spheric mantle. We note that all studies of the
Cape Verde Islands concluded that lithosphere
reheating processes alone cannot account for the
observed uplift (Courtney & White 1986; Ali et al.
2003; Lodge & Helffrich 2006; Pim et al. 2008).
Several investigators at other locations (e.g. Liu &
Chase 1989; Ribe & Christensen 1994) have also
pointed out the inefficiency of thermomechani-
cal erosion processes in sustaining a bathymetric
swell. Even if endogenous growth of volcanoes
is accompanied by intrusive accumulation of neu-
trally buoyant magma at the base of the crust, under-
plating also appears to play a minor role at best
(although may be absent entirely) in elevating the
seafloor (Grevemeyer 1999; Pim et al. 2008). In
turn, seismic modelling does not show any evidence
for underplating at the base of the crust (Pim et al.
2008). At the Crozet Islands, measured heat flow,
geoid and bathymetric data suggest that the swell
is dynamically supported, with a minor contribu-
tion coming from crustal thickening (Courtney &
Recq 1986; Recq et al. 1998). Although the swell is
masked by some sedimentary cover at the Canary
Islands, Ye et al. (1999) identified underplating pro-
cesses under Gran Canaria at depths of 17–26 km,
with a thickness ranging from 8–10 km, but it is
unclear whether thermal lithospheric rejuvenation
played a role in its development (Canales & Danao-
beitia 1998; Grevemeyer 1999). The weak swell
observed at Madeira has been ascribed to reheating
of the lower lithosphere (Sandwell & MacKenzie
1989; Grevemeyer 1999). At least for the archipela-
gos, for which the swells are well pronounced,
dynamic pressure is favoured over thermal rejuve-
nation as the main mechanism to account for their
formation. However, we caution that the role of a
buoyant depleted swell root has been poorly investi-
gated, although this mechanism may be far from
negligible in such motionless environments.

For volcanoes emplaced on motionless plates,
widely spaced heat-flow determinations have only
been published for two oceanic swells: Crozet
(96 mW m22: Courtney & Recq 1986) and Cape
Verde (63 mW m22: Courtney & White 1986).
These values are the only measurements of world-
wide oceanic swells that are higher than the pre-
dicted values of reference models for the thermal
evolution of oceanic lithosphere (Harris & McNutt
2007). If loss of heat by advection occurs, these
values may underestimate the actual mantle flux
(Harris & McNutt 2007). In addition, at low-degree
melting environments, where a thick lithosphere lid
is present, heat flow anomalies are less affected by
the buffering effect of melting (Courtney & White
1986). When a rock melts, the latent heat of fusion
consumes energy, inducing a temperature drop and
causing a decrease in heat flow at the surface.

NEAR-STAGNANT PLATE VOLCANOES

 by guest on February 22, 2014http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/
http://sp.lyellcollection.org/


Wide-angle refraction seismic data for the
Northern Kerguelen Plateau, Cape Verde, Crozet
and the Canary Islands suggest the presence of a
thickened crust for islands located on slow-moving
plates ranging in thickness from 11–19 km
(Banda et al. 1981; Recq & Charvis 1987; Recq
et al. 1990, 1998; Charvis et al. 1995; Lodge &
Helffrich 2006). At Tenerife, seismic and gravity
data suggest that up to 1.5 × 105 km3 of magmatic
material has been added to the surface of the
flexed oceanic crust that, assuming an age of
6–16 Ma for the shield-building stage on Tenerife,
implies a magma generation rate of about 6 ×
1023–2 × 1022 km3 a21 (Watts et al. 1997). Using
K–Ar ages, the average eruption rate for the entire
Canary archipelago has been estimated at
6.8 × 1023 km3 a21 by Hoernle & Schmincke
(1993) (Fig. 6). Based on bathymetric, gravity and
radiometric data, the mean magmatic rate at Cape
Verde has been estimated at about 2 × 1022–
2.6 × 1022 km3 a21 (Fig. 6) (Morgan 1995; Holm
et al. 2008). Madeira is characterized by some
of the lowest eruption rates, ranging from 2 ×
1026 to 1.5 × 1024 km3 a21, with an average rate
of 9.5 × 1025 km3 a21 for the subaerial part of
the shield stage at the Madeira and Desertas
islands (Fig. 6) (Geldmacher et al. 2000). The
rates determined for the Canary and Madeira
islands are substantially lower than those calculated
for the Hawaiian volcanoes (Fig. 6) (Bargar &
Jackson 1974).

Although their eruption rates are among the
lowest observed on Earth, the magmatic activity at
least at the Canaries and Madeira islands dis-
tinguishes itself by its longevity, with volcanoes

often remaining active for tens of millions of years
(Fig. 7) (Carracedo 1999; Geldmacher et al. 2000,
2001). However, this activity is sporadic, with
chronological gaps of up to 12 myr at Selvagen
Islands (the Canary archipelago), periods of quies-
cence that are much longer than those observed in
Hawaii (Fig. 7) (Geldmacher et al. 2001). Large
time gaps also constitute a noteable feature of the
Cape Verde Islands, where a period of 5 myr
without activity has been documented at Maio
(Fig. 7) (Holm et al. 2008).

Owing to high rates of subsidence, the individual
islands of the Hawaiian archipelago have a rela-
tively short lifespan. Most of the Hawaiian volca-
noes have subsided by between 2 and 4 km since
their emergence (Moore & Campbell 1987). The
bulk of this subsidence occurred rapidly, probably
within 1 myr of the end of the shield-building
phase (Moore & Campbell 1987). In contrast,
islands on motionless plates can be characterized
by a near-absence of post-emergence subsidence,
as observed at the Kerguelen, Cape Verde and
Canary islands (Filmer & McNutt 1989; Carracedo
1999; Wallace 2002). Those islands of the Canary
Islands older than 20 Ma are still emergent (e.g.
Fuerteventura, at 25 Ma: Geldmacher et al. 2001),
while islands in the Hawaiian–Emperor volcanic
chain submerge by subsidence after about 7 myr
(Fig. 7). All of these islands rest on a lithosphere
older than that of Hawaii. As proposed by Funk &
Schmincke (1998) for the Canary Islands, this stab-
ility may be due to a combination of minor recent
volcanic loading and to a greater flexural rigidity
of the old lithosphere beneath these islands. In
addition, the compositional and thermal buoyancy
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Fig. 6. Eruption rates (km3 a21) from different oceanic islands and from the Tharsis province. Eruption rates for
Hawaii, Canary, Madeira and Cape Verde are, respectively, from Bargar & Jackson (1974), Hoernle & Schmincke
(1993), Geldmacher et al. (2000) and Holm et al. (2008). Those for the Tharsis province are from Greeley & Schneid
(1991).
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in a higher-viscosity depleted swell root (Morgan
et al. 1995; Yamamoto et al. 2007) may aid in
maintaining a low subsidence rate. The emergent
phase of these islands will end because of cata-
strophic mass-wasting processes and subsequent
erosion (Carracedo 1999). Indeed, their long-term
activity may result in the formation of high-relief
volcanoes with steep slopes, which may evolve
with time towards unstable configurations (Carra-
cedo 1999). When unloading the lithosphere, such
mass-wasting events will also strongly alter the
lava chemistry and the plumbing system geometry
(Manconi et al. 2009).

Intraplate volcanoes, such as those of the Ker-
guelen, Madeira and Canary islands (e.g. La
Palma, El Hierro and Fogo), which are located on
slow-moving plates, have a similar underground
magma plumbing system geometry, with major
fractionation of magmas occurring within the
uppermost mantle (Fig. 8) (Amelung & Day 2002;
Damaceno et al. 2002; Schwarz et al. 2004; Klugel
et al. 2005; Scoates et al. 2006; Longpré et al.
2008; Stroncik et al. 2009). Magma storage and
fractionation in the crust play only a minor role.

Their low magma supply rates govern the geometry
and the short-term longevity of the plumbing
systems by controlling the thermomechanical prop-
erties of the lithosphere (Stroncik et al. 2009). All of
these intraplate volcanoes are characterized by
multistage magma ascent, with most of the fraction-
ation processes occurring in the uppermost mantle
and only short-term stagnation at shallower levels.
Hence, at the Madeira and Canary islands, the
plumbing systems are manifest as a plexus of
small, ephemeral, partly interconnected magma
chambers, sills and dykes extending from upper-
most to crustal-level depths (at 430–1100 MPa:
Klugel et al. 2005; Klugel & Klein 2006; Stroncik
et al. 2009) (Fig. 8a).

The Cape Verde and Canary archipelagos have
primary magmas, which are characterized by a
wide spectrum of alkali magmatism, with a pre-
dominance of basanite–tephrite and alkali basal-
tic magmas, and insignificant amounts (if any) of
tholeiitic melts (Kogarko & Asavin 2007). On
Madeira Island, limited tholeiitic magmatism also
occurs, and primary melts are mainly alkali basalts
(Kogarko & Asavin 2007). The same seems to be

Mantle

Moho

Old sediment

0

10

20

30

km

(a) (b)

0

10

20

30

40

50

60

Crust

Earth Mars

Old crust

km

Old crust

Mantle

Fig. 8. Plumbing system model beneath (a) a terrestrial volcano from a slow-moving plate and (b) a Martian volcano.
The magma storage systems are represented as plexuses of interconnected magma pockets and sills/dykes in the
uppermost mantle and crust.

C. M. MEYZEN ET AL.

 by guest on February 22, 2014http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/
http://sp.lyellcollection.org/


true for the Crozet (e.g. Gunn et al. 1970) and Ker-
guelen islands (e.g. Scoates et al. 2006). Most slow-
moving plate hotspots seem to predominantly
produce alkali lavas, which may be related to the
presence of a thicker lithosphere in these environ-
ments. The lithosphere might be thicker as a result
of its age and/or the heat loss experienced by the
upwelling diapir due to intrinsically low buoyancy.
Alkalic basalts may, thus, be produced by lower
degrees of melting at higher pressures relative to
tholeiitic basalts (Chen & Frey 1983), as the final
depth of melting under a thick lithosphere will be
deeper. The differentiation of tholeiitic magmas at
high pressure may also be another mechanism for
producing alkalic basalts under specific conditions
(Albarède et al. 1997). Alternatively, partial melt-
ing of silica-deficient garnet pyroxenite could also
be responsible for producing strongly nepheline-
normative compositions (Hirschmann et al. 2003).

Discussion

On Earth, most of the tectonic plates are continu-
ously regenerated and recycled through convection.
The Antarctic and Nubian plates could be con-
sidered as slow surfaces of various thicknesses
that are essentially not participating in the convec-
tion process but, instead, act as conductive lids on
top of the much deeper convective system. This situ-
ation resembles that observed on Mars, which is
characterized by a stagnant-lid regime that has
been present for at least the past 4 gyr (Moresi &
Solomatov 1998; Lenardic et al. 2004). The pres-
ence of an immobile layer, which can be model-
led as a response to large viscosity contrasts in a
temperature-dependent viscosity mantle, makes
heat transfer out of the planetary interior dramati-
cally less efficient than in a mobile plate tec-
tonic regime (Reese et al. 1998; Hauck & Phillips
2002). Its hampering effect on mantle overturn
would mainly depend on the buoyancy ratio of the
system (i.e. a proxy of the relative importance of
chemical to thermal buoyancy), whose consistency
over the planetary evolution of Mars is doubtful.
During the primordial evolution of Mars, high buoy-
ancy values (.0.8) would have led to a thickening
of the stagnant lid in response to decreasing con-
ductive heat transfer, drastically reducing mixing
efficiency compared to an isoviscous case (Tosi
et al. 2013). However, such a stage would not last
owing to the increase in compositional instability
at the bottom-heated boundary layer causing a new
rise in temperature, and hence activating convec-
tion until the mantle overturn stage (Elkins-Tanton
et al. 2003; Tosi et al. 2013). Recent Martian man-
tle evolution is expected to be characterized by a
lower buoyancy ratio (,0.5). When considering

such buoyancy values and Rayleigh number
expected for Mars (7.26 × 106: Folkner et al.
1997; McGovern et al. 2002), mixing times are
longer for a stagnant-lid regime in respect to an iso-
viscous case (Tosi et al. 2013). A recent investiga-
tion of mixing times in thermochemical models of
mantle convection, using the finite-element ther-
mal convection code Ellipsis, confirmed that the
recycled mixing time of a compositional anomaly,
also with a strong contrast in viscosity (.50) com-
pared with the ambient mantle, is over an order of
magnitude less efficient in a stagnant-lid mode
rather than in a mobile-lid mode (Debaille et al.
2013). On Earth, the near-immobility of the Nubian
and Antarctic plates might, thus, account for the less
chemically homogenized nature of South Atlantic
and Indian upper-mantle reservoirs. In turn, the iso-
topic variability of ocean island basalts in these
two provinces is much higher than that of their
Pacific counterpart (Meyzen et al. 2007). In addi-
tion, without significant plate motion, mantle flow
is primarily laminar (Bercovici et al. 2000). Such
flow in stabilizing convective cells reduces their
lateral mixing (Schmalzl et al. 1996). On Mars,
several chemical provinces have been identified by
GRS measurements at the surface (Boynton et al.
2007; Taylor et al. 2010; Baratoux et al. 2011),
suggesting poor lateral mixing between convection
cells. Such a distribution could be a direct conse-
quence of the stagnant-lid regime. The existence of
two isotopically distinct mantle provinces (South
Atlantic and Indian) over the Antarctic and Nubian
plates begs the question of whether this distribution
also arises from a more laminar than toroidal mantle
flow pattern in this area.

Owing to the stagnant-lid regime on Mars,
residual depleted mantle that is left behind by the
melting processes cannot be swept away from the
melting locus underlying the giant Martian volca-
noes. As suggested by 2D thermodynamical model-
ling, the residual mantle buoyancy should oppose its
advection away from the top of the plume (Manglik
& Christensen 1997). This situation is similar to
what has been deduced from gravity and bathy-
metric studies for slow-moving plate hotspots by
several investigators (Morgan 1995; Lodge &
Helffrich 2006). The bulge observed at Tharsis
could be generated due to the persistence of a sta-
tionary thick depleted layer, as suggested by Finn-
erty et al. (1988). The coupled association of both
a residual layer and a thick lithosphere acts as a
resistant barrier to melting processes. The final depth
of melting over time is forced to higher depths
and, hence, the melt production rate is reduced.
Another concomitant effect of this depleted keel
could be a lateral flow deflection, which would
shift future melting sites (Manglik & Christensen
1997). Such a mechanism could account for the
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widespread distribution of volcanic centres within
the Tharsis region. Finally, the formation of a
depleted root at the bottom of the lithosphere
might inhibit thermal erosion of the plate over
time (Manglik & Christensen 1997).

Alternatively, the generation of the Tharsis bulge
may be related to edge-driven convection processes.
Both the Canary and Cape Verde islands lie on the
same continuous basement ridge paralleling the
African craton line (Patriat & Labails 2006), the for-
mation of which has been ascribed to edge-driven
convection processes (King & Ristema 2000).
Such a form of convection develops as a response
to large lateral gradients in lithospheric thickness
and thermal structure (King & Redmond 2005).
Interestingly, the Tharsis province exhibits a NE–
SW-trending rise (from 508S to 208N) supporting
the Tharsis Montes (Arsia, Pavonis and Ascraeus
Montes), which is roughly parallel to the dichotomy
boundary (Zuber et al. 2000). Its association with
a broad, high aeroid anomaly (Zuber et al. 2000)
probably mirrors the locus of upwelling of material
hotter than average mantle (King & Redmond
2005). In addition, the sharpness of the dichotomy
boundary suggests a short length-scale variation in
crustal thickness, as observed at the West African
cratonic boundary. Hence, if the early forma-
tion of the southern hemisphere domain on Mars
led to the underlying development of a cratonic
keel-like structure, the difference in lithospheric
thickness between the northern and southern hemi-
spheres may have led to the nucleation of small-
scale, edge-driven convective instabilities, resulting
in the formation of the Tharsis bulge (King &
Redmond 2005).

When compared with the mean heights of
Earth’s hotspots as a function of lithospheric age,
the Tharsis Montes (Ascraeus, Pavonis and Arsia)
lie in the extension of the trend defined by motion-
less plate hotspots (less than 25 mm a21: Figs 2 &
9). To first order, one could infer that in the
absence of plate movement, the melting region
remains geographically fixed with time, and melts
accumulate to form large swell heights (Figs 2 &
9). However, the crustal thickness is variable
beneath the Tharsis Montes. It is more likely that
these large swells, as well as those observed for
motionless plate hotspots, are supported both by
the presence of a thick, stationary, residual-depleted
layer/keel, produced by melting processes, and by
large-scale mantle upwellings. Therefore, under-
standing the mechanisms that generate oceanic
swells at motionless plates is pivotal to future pro-
gress in our knowledge of plume-fed building pro-
cesses at Tharsis.

Owing to the low gravity on Mars, fluid convec-
tion flows (and consequent convective heat transfer)
and crystal settling processes will be slower than on

Earth (Wilson & Head 1994). Consequently, upwel-
lings will have an intrinsically low buoyancy flux,
and their ascent rates will be slow. Such features
are shared by some slow-moving plate plumes,
such as the Crozet hotspot, because of their low
buoyancy fluxes. Uranium disequilibrium studies
indicate that these weaker hotspots will also be
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characterized by lower excess temperatures than
stronger hotspots such as Hawaii (Bourdon et al.
2006), as they cool more during upwelling (Albers
& Christensen 1996). Their upwelling ascension
rates will even be more reduced if water is pre-
sent. Melting induces a dehydration of the mantle
upwelling, which increases its viscosity by a factor
of 7 and drastically reduces its velocity (Bourdon
et al. 2006). Such inferences may also partially
hold for the Tharsis volcanoes, for which the esti-
mated mantle potential temperatures (i.e. the temp-
erature that mantle peridotite would have if it
ascended adiabatically to the surface without
melting; 1335–1380 8C: Baratoux et al. 2011) fall
in the range of those calculated for average
ambient mantle and weak plumes (Herzberg &
Gazel 2009). This factor could then be superim-
posed on Martian mantle cooling over time (Bara-
toux et al. 2011).

A major difference between terrestrial and
Martian edifices concerns the greater depth interval
between the depths of melting and crystallization
for volcanoes on Mars relative to those on Earth.
On Mars, melting terminates at much greater
depths owing to the presence of a thick lithosphere
(110–160 km: Baratoux et al. 2011). Two processes
may contribute to the thickening of the Martian
lithosphere: (1) the lithosphere may thicken over
time due to the formation of a residual depleted
layer in the absence of plate movement; and (2)
the low buoyancy of upwelling leads to enhanced
heat loss and, thus, to a termination of melting at
deeper levels and the formation of a thick litho-
sphere. Such a situation would be similar to that of
terrestrial plumes rising below an old and thick
oceanic lithosphere (e.g. at the Canary or Crozet
archipelago). As a consequence, quantifying the
lithospheric thickness and its influence on melt-
ing processes in these environments will help to
understand the shape of the mantle melting regime
on Mars.

Again, owing to the lower gravity on Mars,
magma chambers are expected to be much larger
and deeper than their counterparts on Earth in
order to avoid cooling and solidification, and to
supply magma to the surface (Wilson & Head
1994). Intrusives are expected to be common, but
have yet to be discovered. The lower buoyancy
forces and the deeper levels of neutral buoyancy
would seem to favour the development of magma
diapirs and dykes at depth. Loss of heat by diffusion
of the rising diapir will also favour the retention and
crystallization of melt in the uppermost mantle.
Such a mechanism has been inferred for Ascraeus
Mons by Pozzobon et al. (2014) through fractal
analysis of alignments of pit craters. Interestingly,
the plumbing system of Ascraeus appears to
be similar to that observed for motionless plate

volcanoes, where most of the fractionation occurs
in the uppermost mantle. A second level of fraction-
ation proceeds in the lower crust and minor crystal-
lization develops at shallow depths within the
volcano, just underneath the summit (Fig. 8).

Another common characteristic between volca-
noes on slow-moving plates and those on Tharsis
is their great volcanic longevity, inherited from
their stationary position relative to the assumed
melting source. Hence, some Canary (e.g. Gomera:
Geldmacher et al. 2001) and Cape Verde volcanoes
(e.g. Sal: Holm et al. 2008) are active for more than
10 myr (Fig. 7), while the longest period of pro-
longed though episodic activity for volcanoes of
Tharsis is up to 1 gyr (Robbins et al. 2011; Grott
et al. 2013) (Fig. 3). The volcanic lifetimes of
Martian shields are much longer than those of the
prototypical Hawaiian Islands (Fig. 7). The early
history of Mars was marked by intense volca-
nism at least during the late Noachian, with the
activity gradually weakening over time. This over-
all decline was punctuated by episodic periods
of high volcanic intensity (Wilson et al. 2001;
Neukum et al. 2004). In particular, Tharsis volca-
noes might have been built episodically with
active phases lasting less than 1 myr alternating
with 100 myr quiet phases (Wilson et al. 2001).
The occurrence of long periods of quiescence,
which separate magmatic stages, also seems to
be a defining characteristic of the evolutionary
histories of volcanoes from motionless plates.
Indeed, most volcanoes at Cape Verde (e.g. Holm
et al. 2008) and the Canary Islands (e.g. Geldmacher
et al. 2001) have histories of sporadic activity with
chronological gaps of up to 12 myr (e.g. Selvagen
Island: Geldmacher et al. 2001), much longer than
those observed at Hawaii (Fig. 7). Understanding
the evolution of volcanoes at motionless plates on
Earth will, thus, help to decipher the mechanisms
governing the effusion history at Tharsis.

Effusion rates primarily reflect spatial and tem-
poral variations in melting extents, which can be
induced by changes in mantle potential temperature,
thickness of the overlying lithosphere and/or
mantle composition. The effusive rate of approxi-
mately 0.04 km3 a21 (Greeley & Schneid 1991)
determined for early activity (Noachian–Hesper-
ian) in Martian volcanic provinces is higher than
that calculated during the Amazonian (c. 0.01 km3

a21: Fig. 6). When the eruption rate for this latter
period is compared to those of present-day plumes
on Earth, it is found to be drastically lower than
that of Hawaiian Islands and closer to some of the
values observed for slow-moving plate hotspots
(e.g. Canary, Madeira: Fig. 6).

Some volcanoes at near-stationary plates tend
to be rugged with steep slopes, such as those
observed on the Crozet and Canary islands. Owing
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to their steeper slopes, these high-relief volcanoes
may develop with time towards unstable configur-
ations (e.g. Carracedo 1999). Catastrophic flank
failures and collapses may thus occur more fre-
quently than in the Hawaiian Islands, with their
concomitant effects on lava chemistry and plumbing
system geometry (Manconi et al. 2009). Conver-
sely, large Martian volcanoes were primarily
affected by pronounced sagging due to load-induced
lithospheric flexure (McGovern & Solomon 1993;
Byrne et al. 2009, 2013). This led to a general
compressional environment on the flanks of the vol-
canoes, preventing mass-wasting events and gener-
ating typical imbricate lobate terraces bounded
by thrust faults (Thomas et al. 1990; Byrne et al.
2009). Actually, prominent gravitational collapses
have been documented only at the foot of Olym-
pus Mons, which might have spread over a basal
décollement causing oversteepening of lower
slopes; meanwhile, upper flanks continued to be
shortened due to edifice sagging (Byrne et al.
2013). However, such characteristic net compres-
sion on Martian volcanoes is not likely in the later
stages of their development (Amazonian age) as a
result of the lithosphere thickening over time. This
is well proven for Ascraeus Mons, where com-
pression transitioned to extension (not necessarily
related to gravitational collapse) through time
(Byrne et al. 2012).

Average surface heat fluxes for Tharsis volca-
noes (22–26 mW m22: Grott et al. 2013) are
much lower than those observed on Earth for slow-
moving plate hotspots (63–96 mW m22: Harris &

McNutt 2007). However, if hot mantle wells up
under the Tharsis province, the size and strength
of such a plume, as predicted from the modelling
of the elastic thickness and maximum average heat
flux of Tharsis Montes (8–24 mW m22), would
yield central peak heat flux values ranging from 40
up to 120 mW m22 (Grott & Breuer 2010). These
calculated values clearly encompass the range of
those measured at terrestrial hotspots located on
motionless plates. The Discovery-class mission
InSight (Banerdt et al. 2012), scheduled to launch
in 2016 to perform in situ measurements of heat
flow at the Martian surface, may allow the validity
of this assumption to be tested (Spohn et al. 2012).

Although in situ measurements do not exist for
the Tharsis province, widespread GRS and thermal
emission spectrometer (TES) data and soil analyses
(e.g. Gusev Crater, Meridiani Planum: McSween
et al. 2009) suggest that volcanism on Mars is pre-
dominantly of tholeiitic nature, and results from
extensive partial melting. Such a composition con-
stitutes a primary difference to intraplate volcanism
at slow-moving plates, which mostly consists of
erupted Ne-normative alkali basalts (Kogarko &
Asavin 2007). However, recent analyses performed
by the Mars Science Laboratory at Gale Crater
may challenge this view, as a mugearite-like rock
was identified (Stolper et al. 2013). This rock may
have fractionated either from a primary alkaline or
a transitional magma, which has been produced by
the melting of a mantle source distinct from those
of other known Martian basalts (Stolper et al.
2013). Future exploration may document other

Table 1. Similarities and differences between volcanoes from slow- and fast-motion plates and the volcanic
provinces on Mars

Features Slow-motion
plate hotspots

Mars volcanic
provinces

Fast-motion plate
hotspots

(Tharsis) (Hawaii)

Great height of volcanic bulge/swell Yes Yes No
Sagging processes due to self-loading and

lithospheric flexure
No? Yes (only at the

early stage)
Yes

Age-progressive chains of volcanoes No (,30 Ma) No Yes
Long-lasting volcanic activity punctuated by

large temporal gaps
Yes Yes No

Alkali volcanism Yes Possible Yes (except for the
shield stage)

Two-level architecture of the plumbing system
during the shield stage with most fractionation
in the uppermost mantle

Yes Yes No

Lithosphere thickening due to:
– The formation of a stationary residual

mantle lid
Yes Yes No

– Low buoyancy of upwelling
Slow convection mixing Yes Yes No
High heat fluxes Yes Yes No
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alkaline suites on Mars, which could further
reinforce the appropriateness of viewing volcanoes
on motionless plates as analogues to Martian
volcanoes.

Conclusion

On Earth, many geodynamic features of young
volcanism (less than 30 myr old) in motionless
intraplate oceanic island environments resemble
those of Mars, where plate tectonics plays no mean-
ingful role in shaping planetary geodynamics.
Mars can effectively be considered as a one-plate
planet, where geodynamics processes occur within
a stagnant-lid regime. Several features of volcanism
both on Earth and on Mars can be related to the
(near-) absence of plate tectonic motion (Table 1).

The dividing of the mantle into several distinct
chemical provinces, as proposed for Mars and
over the Antarctic and Nubian plates on Earth,
reflects a more efficient intracell rather than cross-
cell convection mixing, allowing preservation of
large-scale mantle chemical heterogeneities. Such
a pattern reflects a mantle flow regime dominated
by laminar flow, as expected in the (near-) absence
of plate tectonic motion.

In these geodynamic environments, poor
residual mantle lateral-flowing traction from the
melting site will lead to the formation of a near-
stationary depleted layer, which will thicken with
time. The low buoyancy of upwelling in enhancing
conductive heat loss during mantle rising will also
lead to the formation of a thicker lithosphere relative
to that of overlying higher-buoyancy plumes, such
as Hawaii. These two thickening effects add to
that due to planetary cooling (Baratoux et al.
2011). Both planetary cooling and depleted lid for-
mation will lead to a cessation of melting, pro-
gressively forced towards greater depths over
time, while the average extent of melting will be
reduced. In both environments, low melt supply
will lead to the development of a two-level fraction-
ation architecture of the plumbing system, with
most of the fractionation occurring in the upper-
most mantle.

The widespread distribution of the Tharsis vol-
canoes, as well as the horseshoe-like shape of
some volcanic islands on slow-moving plates (e.g.
Cape Verde, Crozet), could be inherited from
lateral-flow deflection induced by the presence of
a residual mantle keel, shifting future melting loci
around the keel. The pronounced topographical
swells/bulges observed in this environment may
also be supported both by large-scale mantle upwel-
ling and by their residual mantle roots.

Another similarity between volcanoes on slow-
moving plates and those in Tharsis is their great

longevity, which is due to their stationary position
relative to the melting source. Both sets of vol-
canoes also have a history of protracted activity
punctuated by long periods of quiescence. The
accumulation of refractory material at the rim of
their melting zones might play a role in the fluctu-
ations of their long-term volcanic activity.

Until now, volcanism on Mars was defined as
being predominantly of tholeiitic composition.
However, recent in situ analyses at Gale Crater
have identified a mugearite-like rock. This raises
the possibility that both intraplate volcanism on
Earth at slow-moving plates and that on Mars
would, instead, be of an alkali nature.

Our knowledge of terrestrial volcanoes from
motionless plates can thus help us to better under-
stand the nature and significance of large-scale
melting and differentiation processes of volcanoes
on Mars. However, the extent of this knowledge is
still insufficiently detailed in many respects, and
requires further investigation. New data from the
Martian planetary record will help to provide new
perspectives on the processes and evolution of vol-
canoes on near-stationary plates. On Mars, the
large range of scales of upwelling, and the influence
of crustal and lithospheric thicknesses in space and
time, are thus relevant to studies of hotspots on
motionless plates.
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