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Abstract

The Tharsis region is an 8000-km-wide structural dome that incorporates a concentration of the main volcanic and tectonic a
the Planet Mars. The area of structural doming is characterised by giant radial graben-dike systems. Nested on a set of these
to the northern side of Tharsis, is Alba Patera, one of the largest volcanoes in the planetary system. The regional dikes there are
arrangement and imply an E–W to NW–SE regional extension at Alba Patera. To assess the influence of regional and local tec
studied the dike orientations on the volcano with Viking mosaic data and simulated plausible stress fields with finite element mode
found that the influence of a NW–SE regional extension was strong near the volcano centre but decreased rapidly in importance t
northern pole, i.e., far from the Tharsis centre. By combining this regional stress with a broad uplift that is due to a buoyancy zone
1400 km in lateral extent and centred under Alba Patera, we reproduced the radial pattern of dike swarms that diverge from the Th
Regional tectonics may have dominated the early stages of dike injection. During the evolution of Alba Patera, however, local u
controlled the dike pattern, supporting the idea of a hotspot under Alba Patera. The well-expressed dike geometry and charac
Alba Patera provide an ideal example for comparative study with analogue hotspots on Earth where plate tectonics and active e
complicate the reconstruction of volcanic and tectonic history and the understanding of involved geodynamic processes.
 2005 Elsevier Inc. All rights reserved.
Keywords:Mars; Alba Patera; Tharsis; Hotspot; Tectonics
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1. Introduction

Today, the Planet Mars is in a phase of volcanic and
tonic quiescence. However, the 11,000-m high and 8000
wide volcanic dome of the Tharsis region, transected by
ant tectonic features, bears witness to past intense defo
tion activity. At the northernmost boundary of the Thar
dome, the volcanic edifice of Alba Patera has a diam
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up to 2700 km and a 7000-m-maximum elevation (Fig. 1).
Up until now, the tectonics of Alba Patera have been
particular object of attention. The volcano and its envir
ment are intensely breached by grabens (e.g.,Raitala, 1988).
We distinguish the grabens of Alba Patera into two c
egories including: (a) north to northeast trending grab
that converge at Alba Patera and connect to Tharsis in
south, and (b) concentric grabens that circumscribe the s
mit of Alba Patera (Fig. 2). The concentric grabens forme
during later stages of Alba Patera and various volca
tectonic models were proposed to explain this concen
ity (e.g., McGovern et al., 2001; Scott and Wilson, 200

Cailleau et al., 2003).

In this study, we focus on the earliest formation of
grabens with a radial orientation on Alba Patera. These
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Fig. 1. The Tharsis region. The features extending 3000 km radial from the Tharsis plume centres are grabens related to underlying giant dike swarmhe stars
represent tectonic centres identified byMège and Masson (1996). Tharsis is characterised by the 27-km-high Olympus Mons and the three Tharsis M
At the northern periphery of the Tharsis bulge, Alba Patera represents an important feature in this highly fractured landscape. This volcano develoed in three

main stages; a widespread volcanic unit is superposed by the centralised main shield about 1300 km across and 5 km high(Scott and Tanaka, 1986). The last
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unit is the steeper summit cone about 400 km across and 2 km high
science team(Neumann et al., 2001).

grabens may be regarded radial relative to Tharsis and
dial relative to Alba Patera, which poses the problem of th
origin. The grabens were generally attributed to regional
tension related to the activity of Tharsis (e.g.,Tanaka et al.
1991) or defined as a Tharsis peripheral rift that deflec
around Alba Patera’s volcanic centre(Raitala, 1988). Wise
(1976)combined low regional extension with a volcanic lo
on a thick plate, and estimated the graben orientations
km depth to be generally E–W and diverted around the s
mit. The method produced no radial structures and thus
other process is implied.Watters and Janes (1995)acknowl-
edged that radial grabens could have formed by uplift du
a diapir. However, by modelling the ascent of a 224-km
ameter diapir, they predicted radial stresses as being h

than hoop stresses beyond a 400-km distance from Alba Pa
tera’s centre, which cannot explain the radial patterns of the
extensive Tantalus Fossae (Fig. 2). Although they attributed
ring part of the concentric grabens. The shaded relief of Tharsis is f

r

the radial grabens to regional tectonics, they added no
gional stress in their modelling.Turtle and Melosh (1997
varied the direction of the regional stress around a cen
point off to the southeast and added a volcanic load o
thin elastic lithosphere overlying a fluid mantle. Regard
the southern radial grabens and part of the northern ra
grabens situated near the summit cone, the angles bet
predicted and observed orientations of radial structures
in the range of 0 to 15◦. However, the discrepancies i
crease up to 30◦ towards the pole.McGovern et al. (2001
combined three stress fields: a regional constant exten
a growing volcano and uplift from a deep buoyant load
320 km radius. The models partly fit the concentric grab
near the summit but do not match the radial grabens to

-north-western part of Alba Patera, nor the regional struc-
tures with pit craters to the east (see Fig. 9 inMcGovern et
al., 2001). The results were not superimposed to the grabens
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Fig. 2. Lineaments of Alba Patera. The volcano is characterised by sets of grabens: N–S to the south (oldest Ceraunius Fossae), radial to the northermediate
aged Tantalus Fossae), and concentric around the summit (young Alba Fossae to the west and Tantalus Fossae to the east). The Catenae (black linrabens
with pit craters related to giant dike swarms that initiated from the Tharsis centres (e.g.,Scott et al., 2002). The Catenae on the eastern flanks of Alba Pa

display a northeast trend that corresponds to a deviation of dike swarms observed at the northern and southern periphery of the Tharsis dome (Fig. 1). The
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western Catenae are curved similar to the Alba Fossae on the upper fl
on the summit can be seen. The shaded relief of Alba Patera is from M

beyond 50◦ latitude, which in this study are of primary im
portance.

Recent studies showed the difficulty of linking Alba P
tera radial grabens purely to Tharsis tectonics. The gra
differ from Tharsis models of surface loading(Banerdt and
Golombek, 2000). Based on converging patterns, the str
tures were assigned to the Alba Patera centre(Mège and

Masson, 1996; Anderson et al., 2001). Moreover, gravity
anomalies at Alba Patera point to a low density zone of
about 1200 km in diameter, a size that may be explained
suggesting a local influence on regional structures. Two large calderarmed
science team(Neumann et al., 2001).

by a hotspot (e.g.,Janle and Erkul, 1991) that likely exerted
an important influence on the graben geometry. Using
merical modelling and structural observations, we prop
a model of interplay between regional and local proces
leading to an Alba Patera hotspot interpretation. To as
full understanding of the processes involved, the nume
resolution is decomposed into the following steps: dom

alone, addition of an E–W regional extension and use of a
more complex regional stress field. We demonstrate that the
pattern of the tectonic structures adds constraints to the lat-
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Radial grabens

eral dimension of a plausible hotspot in the mantle. Fina
our results are compared with geophysical data. Similar
with hotspot tectonics and volcanism on Earth strengthen
model of the origin of Alba Patera.

2. Regional stress fields and radial structures

2.1. Tharsis structural dome

The Tharsis dome is attributed to intense crustal in
sion and volcanic activity(Smith et al., 2001). Wide uplift
from a rising plume may also contribute to the present top
raphy (Harder, 2000). The tectonic activity in the Tharsi
region was predominant in the early history of Mars bef
3.7 Ga ago and decreased until the middle-late Amazo
1.4–0.3 Ga ago(Anderson et al., 2001). The relationship
between martian epochs and ages indicated in this stu
derived fromHartmann and Neukum (2001).

Tharsis is characterised by a giant system of grab
formed by tensile stresses (Fig. 1). Radial to arcuate graben
may be induced by isostatic or flexural stresses due
Tharsis volcanic loading(Turcotte et al., 1981; Sleep an
Phillips, 1985; Banerdt et al., 1992)and/or by spreading o
the load in presence of a ductile layer between the e
tic upper crust and the strong upper mantle(Tanaka et al.
1991). On the other hand, the extensive grabens are p
ably the surface expression of dikes controlled by a d
source (e.g.,McKenzie and Nimmo, 1999). Doming above
plumes, or inflation of a wide deep reservoir and a regio
stress dominant at the periphery, account for a radial to a
ate arrangement of giant grabens(Mège and Masson, 1996
Wilson and Head, 2002)(Fig. 1). Thus, the Tharsis stres
field was not constant in time and location. Its magnitu
probably waned with time. Decrease of magnitude from
dome centre to the surroundings is likely for such a c
tralised rise. At a greater distance from the Tharsis cen
the orientation of fractures is also not constant. At the no
ern periphery, the orientation of extension passes from E
to NW–SE, which has important implications for the Al
Patera tectonics.

2.2. Structures on the Alba Patera local dome

North of the Tharsis rise, the volcano Alba Patera (Figs. 1
and 2) developed in three main stages defined byScott and
Tanaka (1986). The edifices sizes are constrained by the
cent MOLA data(Neumann et al., 2001; McGovern et a
2001). The first stage consists of the formation of a wid
spread plateau followed in the second stage by centra
volcanism that gave rise to the main volcanic shield, wh
is as large as 1300 km across and 5000 m high. On to

this, the construction of the 2000-m-high summit cone oc-
curred in the third stage. Abundant grabens with radial and
concentric orientations dissect the broad volcanic region. In
lba Patera volcano 47

early stages, two sets of radial structures formed: the
est Ceraunius Fossae to the south and the Tantalus F
to the north (Figs. 1 and 2). During later stages, concentr
grabens, which were fully described inCailleau et al. (2003
and are not further considered here, developed around
summit region.

The Ceraunius Fossae are radial to Alba Patera and r
to the Tharsis bulge(Raitala, 1988). Exact ages of grabe
formation are difficult to determine owing to possible re
tivation at different stages.Tanaka (1990)found that a first
tectonic episode formed northeast striking grabens par
to the Tharsis Montes. A later and main tectonic episo
probably related to a Syria Planum or Claritas centred ra
faulting in the Noachian or in the early Hesperian perio
more than 3.6 Ga ago, formed the north-striking grabe
The northern part of the Ceraunius Fossae, cutting acros
main shield unit was reactivated—or continuously active
until the early Amazonian (2.9–2.1 Ga)(Tanaka, 1990). The

Fig. 3. Lineament analysis of Alba Patera. The orientations of tectonic s
tures are used to constrain the responsible stress fields and the int
between local and regional stresses. Grabens or the underlying dikes f
the orientation of maximum compressive horizontal stress or are norm
the minimum compressive horizontal stress. The N–S set of grabens
to both the Tharsis centre and Alba Patera indicates strong regional
trol by an E–W extension. To the north, giant dikes are strictly radial to
volcano showing that a local doming existed at Alba Patera. The chan
dyke trend observed on the northern upper flanks of the main shield
area) evidences the influence of a NW–SE regional extension that dec
in magnitude toward the north. The grey area contours the lava flows

the main shield of Alba Patera(Scott and Tanaka, 1986). Concentric struc-
tures are younger than the radial grabens and imply other processes not
studied here.
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Fig. 4. Numerical modelling of local doming and regional extension. (a) Displacements and stresses arising from local doming are calculated in axmmetric
finite elements models. The elastic model is fulfilled in an elastic half-space; part of the mesh is presented here. The source of deep upward forcesknown

and ideally modelled by an elliptic area that has a densityρ lower than the density of surrounding rock. (b) The effect of a regional extension is also tested.
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The surface axisymmetric stresses calculated previously are transferr
(Twiss and Moores, 1992).

N–S oblong topography of the Ceraunius Fossae, rel
to linear intrusion and fissure-fed flows, differs from t
Alba Patera centralised construction. Owing to this par
ular volcanic shape as well as their orientation relative
the regional tectonics and their older age, the Cerau
Fossae were thought to originate from the volcanic and
tonic activity of Tharsis (e.g.,Raitala, 1988; Tanaka, 199
Anderson et al., 2001).

The Tantalus Fossae are deep grabens extending n
ward from the upper flanks of Alba Patera up to 1000
far into the north polar plains. Owing to the long distan
beyond the uplifted Tharsis region, the grabens are pr
bly the surface expression of dikes (e.g.,Mège and Masson
1996; Ernst et al., 2001). These lineaments are oriented
dial to Alba Patera and arose at an intermediate tect
and volcanic stage at the time of widespread volcanism
ter the formation of the Ceraunius Fossae(Anderson et al.
2001). The dike intrusions responsible for the Tantalus F
sae probably fed part of the widespread flow field(Parfitt
and Head, 1993; Mège, 2001). The southern part of the Tan
talus Fossae is observed on the more recent main shield
may imply continual intrusive and tectonic activity. How
ever, dike injection is thought to occur within a short per
of a few tens of days (e.g.,McKenzie and Nimmo, 1999
Wilson and Head, 2002), which contrasts with the time spa
between the formations of the plateau and main shield. T
reactivation late in Alba Patera’s history, as suggested
Tanaka (1990)for the Ceraunius Fossae, is more likely. T
northern and southern parts of the radial Tantalus Fossa
continuous and thus genetically connected but present a

nificant change of direction. The orientation of the structures
nearer to the summit is parallel to regional tectonic structures
(eastern Catenae), and is compatible with a NW–SE exten-
to the (, y) coordinates system using the method of Mohr diagram before add

-

d

,

e
-

sion. At farther distance, the structures fan out radial to
Alba Patera centre implying a major influence of the lo
stress field.

2.3. Interplay between local and regional stress fields

Structural studies of Alba Patera are extensive and t
is a general consensus that regional and local stress
were both involved in the graben formation on Alba P
tera (e.g.,Wise, 1976; Raitala, 1988; Turtle and Melos
1997). However, as shown in the Introduction, the structu
were explained differently. In the following, we describe t
main observations that indicate interplay between Tha
and Alba Patera and that allow us to develop a new m
for Alba Patera’s early history (Fig. 3).

A regional control on Alba Patera is evidenced by th
main tectonic characteristics. The Ceraunius Fossae bet
Alba Patera and the Tharsis centre shows an early E
regional-tensile-stress field radial to Tharsis (e.g.,Tanaka,
1990; Turtle and Melosh, 1997) (Fig. 2). Tantalus Fos-
sae are confined to the north-eastern side of Alba Pa
which is also the north-eastern side of Tharsis where g
dike swarms propagated from the Tharsis centre(s)(Raitala,
1988; Scott et al., 2002)(Fig. 1). The southern part of the ra
dial Tantalus Fossae that cuts across the flanks of the
shield is parallel to the north-east regional Catenae(Raitala,
1988). For simplification, we use the term Catenae to
scribe not only the craters’ chains but also their bound
normal faults and the underlying dikes that were injec
from the Tharsis region.
However, local influences also exist. During the forma-
tion of the Tantalus Fossae and the volcanic plateau, there
was no comparable activity in the area of Ceraunius Fossae,
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Radial grabens

although this area is closer to the Tharsis centre(Anderson
et al., 2001). Thus, dike injection underlying Tantalus Fo
sae arose from the Alba Patera centre and not from Tha
To the north, the Tantalus Fossae does not properly
low the Tharsis regional trend, but is rather radial to
volcano centre(Mège and Masson, 1996; Anderson et
2001) (Fig. 1). On the western lower flanks of Alba Pa
era, the regional Catenae have a concentric pattern sim
to the local Alba Fossae on the upper flanks(Mouginis-
Mark et al., 1988; Raitala, 1988)(Fig. 2). The western
Catenae likely formed after the eastern Catenae when s
fields responsible for concentric grabens on Alba Pate
mid and upper flanks became dominant(Cailleau et al.,
2003).

The complex patterns of the radial Fossae imply a d
ing local to Alba Patera and a decrease of regional st
into the northern regions (Fig. 3). The next sections demon
strate the close relationship between the local and regi
stress fields on the Alba Patera area in the early tect
stages.

3. Numerical models

3.1. Method

In order to reproduce the radial grabens of Alba Pat
we investigate the interactions of local updoming and a
mote stress field. The radial dikes underlying the grab
were probably feeders to the widespread plateau (see
tion 2.2). It is possible that the plateau resulted from s
eral phases of dike injection since the formation of flo
basalt provinces extends across a period of one million y
(Mège, 2001; Wilson and Head, 2002). However, the ab
sence of crosscutting and the regular fanning of the d
indicate that the stress field did not change significantly d
ing their injections and that the plateau growth did not aff
the dike patterns. Moreover, the radial dikes formed be
the main shield and the summit cone (see Section2.2). Thus,
we think that the topographic loading effect of the three e
fices was negligible so the topography is not included in
models.

The modelling procedure consists of two steps. First,
placements and stresses arising from local doming are
culated using the finite element program TEKTON(Melosh
and Raefsky, 1983). Uplift caused by lighter or hot mate
rial and/or input of magma, is simulated by a decreas
density relative to the surrounding rocks (Fig. 4). The re-
gion of density difference is modelled elliptically in for
and, for simplification, is called the “buoyant zone.” T
physical meaning of this region, i.e., plume, underplati
magma chamber or intrusive complex, can be determ
a posteriori from the characteristics of the model that b

correlate with the observed structures as discussed furthe
below. The results are sensitive to density contrasts be-
tween the buoyant zone and the surroundings. Hence, the
lba Patera volcano 49

.

r

s

l

-

density of surrounding rocks is fixed to the value of
crustal density. Models are axisymmetric and are produ
with an elastic flat half-space.Figure 4 presents part o
a mesh. The bottom and lateral sides are distant eno
from the buoyant zone to avoid boundary effects. Vert
boundaries of the model are fixed in a horizontal directi
The bottom of the grid is fixed. The density of the crus
rocks is 2900 kg/m3 (Zuber, 2001), the Young’s Modulus
is 50 GPa and the Poisson ratio is 0.25 (e.g.,Turcotte and
Schubert, 1982). Gravitational acceleration on Mars’ surfa
is 3.7067 m/s2.

Second, uplift is combined with an E–W or NW–SE r
gional extension. With a regional stress, the models
no longer axisymmetric. Surface stresses from the pr
ous models of subsurface loading are transformed in
(xy) plane view before addition to the regional extensi
following the method of the Mohr diagram(Twiss and
Moores, 1992). The studied grabens are related to d
intrusions. We are thus interested principally in (a)
orientation of maximum compressive horizontal stre
and (b) the magnitude of stress difference (σ1 − σ3).
These two parameters condition the directions followed
dikes.

Fig. 5. Example of axisymmetric surface stresses and displacemen
duced by a deep buoyancy zone. The horizontal and vertical radii o
core areRx andRz. d is the depth to its top,�ρ the difference of density
relative to the surroundings. On the surface, the vertical stresses are
Dikes follow the orientation of maximum compressive horizontal str
which corresponds here to the radial stress. Hence, dikes propagate ra

rthe summit. Around the summit, however, the difference between the hoop
and radial stresses is so little that no preferential orientation in absence of
regional stress is detected.
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3.2. Pure doming

Here, we describe the stresses that may form fro
decrease in density within the buoyant zone only. No
gional stresses are applied. Doming of Alba Patera is cha
terised by maximum tensile stresses at the axis of symm
(Fig. 5). Hoop and radial stresses are equal near the
of symmetry, thus no preferential orientation of fracturi
can be predicted on the summit part of the dome. W
the hoop stress exceeds the radial stress, dike injectio
radial to the doming centre. Varying the dimensions of
buoyant zone does not change the radial-hoop stress
tionship, but does affect the wavelength and amount of
deformation. Widening the horizontal or the vertical size
the source or increasing its depth enlarges the region
faulting on the free surface. Higher density difference
tween the buoyant zone and surrounding rocks augment
magnitude of stress but does not modify the wavelengt
the deformation on the surface. Greater stresses are als
tained for shallower buoyant zones. These results are sim
to precedent numerical experiments (e.g.,Stofan et al., 1991
Banerdt et al., 1992).

Figure 6superposes the observed structures of Alba
tera and the predicted directions followed by dikes, i.e.,
orientation of minimum compressive stress. Note that
models are transformed into planetary coordinates and

ted in Mercator projection to be compared with the Viking

40◦ latitude and 250◦ longitude. In order to compare the numerical results wi
meters to degrees and from the aerocentric to the areographic system (the
The GMT plot is given in Mercator projection.
s 176 (2005) 44–56

-

-

f

e

-

not fit the linear Ceraunius Fossae on the southern sid
Alba Patera (Fig. 2), which requires that a further (regiona
stress field was active there. Whatever the dimensions o
Alba Patera dome, the model reproduces the radial cha
ter of the Tantalus Fossae to the north and also the patte
the regional Catenae and Mareotis Fossae to the north
However, some discrepancies for the radial structures
found at a distance of 200–400 km from the summit (Fig. 6).
In addition to the local source, a regional stress may h
influenced the structures on the flanks of the main sh
which is investigated further in the following section.

3.3. E–W regional extension

A regional extension of constant magnitude is adde
the mechanism of buoyancy-driven doming. Where the
gional stress is oriented dominantly E–W, the orientation
likely faulting or dike propagation is N–S. Regional stre
may have contributed solely to the N–S Ceraunius Fos
Subsequent reactivation may have occurred with local d
ing.

Figure 7is the combined result of two distinct nume
cal models. In both models, a buoyant zone uplifts the cr
On the right-hand side, the influence of regional tecto
stress is added. For a combination of regional extension
local doming of Alba Patera, we predict a change from

ear N–S fractures near the summit to radial orientation at

” to
-

reso
n with the
l reprodu
re i

position
images. Models of doming are compared to the northern side
of Alba Patera; the fan shape of the predicted structures does

the east and west flanks, giving an “hourglass shape
the structural pattern (Fig. 7). At the periphery, the frac

Fig. 6. Predicted dike orientation induced by doming centred on Alba Patera superposed with the northern part of the volcano (Viking mosaic with alution
of (1/256◦)/pixel, about 230 m). Radial directions are predicted independent of buoyancy zone dimension and depth. There is striking correlatio
fan shape of Tantalus Fossae at a distance far from the summit, indicating control by the local stress field. Near the summit, however, the modeces
the structures poorly, i.e., the observed bend on the northern upper flanks and the direction of the north-east regional structures to the east. Thes also no
agreement with the concentric structures close to the summit. These are younger grabens that imply a different process. The doming centre ised at
th the observed structures, the coordinates (x, y) of the models are changed from
planetographic system). Mars is understood as a sphere of 3386 km mean radius.
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Fig. 7. Doming (left) and combination with an east–west regional exten
(right). The dashes indicate the predicted surface orientation of maxi
compressive horizontal stress followed by dikes (top). Black lines jo
some of these dashes to better represent the dike pattern. The max
of differential stressσ1 − σ3 indicates a preferred area of magma inje
tion (bottom contours). The inflation or buoyancy-driven upward mag
migration is simulated by a density decrease of 200 kg/m3 relative to the
surrounding in a core of 1000 and 25 km horizontal and vertical rad
a 120-km depth to its top. At the centre, the radial and hoop stresse
doming have a maximum magnitude of 10 MPa, compared to the
trary 3 MPa regional stress. The corresponding differential stress wit
regional stress is also 10 MPa, the minimum stress at the centre bein
vertical stress, i.e., zero on the surface. The black dashed ellipse show
contour of a volcano representative of Alba Patera’s main shield.

tures follow the regional N–S trend again. Thus, there
two areas influenced by the regional stresses for two
sons. First, around the axis of symmetry, local upwarp
induces no preferred orientation of faulting because ra
and hoop stresses are nearly the same (Fig. 5). Second, a
the periphery, the stress field due to local doming wa
and the regional stress becomes dominant. Regarding
position of maximum stress difference, the combination
regional stresses with local doming augments the chanc
faulting or dike injection in the northern or southern p
of the volcano compared to the eastern or western po
(Fig. 7). The linear pattern predicted around the summit
still not explain the north-east graben pattern observed
the flanks of the main shield. The eastern occurrenc
the Tantalus Fossae also departs from the symmetric re
found with an E–W regional stress. In the next section,

test the hypothesis that the regional stress is oriented NW–
SE and of decreasing magnitude with distance from Thar-
sis.
lba Patera volcano 51
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3.4. NW–SE regional extension

Based on the observation that the trend of the radial T
talus Fossae on the northern upper flanks is similar to
pattern of the eastern regional Catenae, we investigate m
els of doming with a NW–SE extension with a magnitu
that decreases towards the north (seeFig. 3). The correlation
between numerical models and the Alba Patera struct
depends on the regional stress, i.e., the amplitude and
style of magnitude decrease. A linear decrease of regi
stress towards the north was tested and was found to
few effects on the northern upper flanks and too much in
ence on the lower flanks. A cosine decrease from 40 to◦
latitudes was chosen to approximate partly the waning in
ence of regional stress radial to the Tharsis centre and p
the change of extension direction—here the orientation
regional extension is kept constant. The functional form
length scale of the regional stress was successful in exp
ing the complex geometry of younger concentric graben
Alba Patera(Cailleau et al., 2003).

As stated in the previous section, there are two area
fault orientation influenced by the regional stress. The lat
extent of these areas depends on the horizontal size o
doming source. The horizontal radius of the buoyant zon
first tested for 300 and 500 km. At the northern periphe
the faulting follows the regional trend. To avoid this, the
gional stress must be zero at lower latitudes, i.e., below◦.
However, a 300–500 km radius for the source is ruled
for the following reason. On the volcano summit, local do
ing leads to hoop stresses much higher than radial stre
so that the addition of a regional stress does not significa
affect the faulting orientations. On the other hand, when
uplifted area is too large, i.e., beyond 900 km, the cen
area of faulting influenced by the regional stress is too br
and reaches the strictly radial pattern on the lower flan
This is true even if the regional stress magnitude is lo
ered. Increasing the lateral size of the doming source d
not proportionally augment the stress magnitude becaus
deformation or stresses are distributed over a larger w
length.

Correlation between predicted and observed orientat
of grabens is better when modelling a buoyant zone
horizontal radius around 700 km (Fig. 8). The estimated
horizontal radius is strikingly similar to the 650 km E–
radius of the Alba Patera main shield, although the v
canic topography has not been included. This is howe
much larger than the 350 km N–S radius of the main shi
The corresponding upward displacements are found t
realistic, i.e., from 500 to 2000 m, similar to swell el
vations associated with terrestrial plumes(Crough, 1983;
Sleep, 1990). In this work, constraints can be obtained on
on the horizontal extent of the buoyant zone. We tested
vertical extent and depth to the top of the buoyancy z

within realistic values: about 50–200 km for vertical extent
and 20–100 km for depth. We found that these parameters
have few effects on the geometrical results because their
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Fig. 8. Addition of local doming and a NW–SE regional stress with south–north decrease of magnitude. To simulate uplift, a density decrease of 2/m3

relative to the surrounding is applied within an elliptic core. The core has a horizontal radius of 700 km and a vertical radius of 50 km. The depthop
of the core is 50 km. The maximum tension and maximum upward displacement are found to be 28 MPa and 930 m at the axis of symmetry in 2
correlation with the direction of the dikes, the local doming is added with a regional NW–SE extension. The magnitude of the regional extension dses in
a cosine form from 6 MPa at 40◦ latitude to zero at 60◦ latitude. Best results are obtained when the centre of uplift is situated at 40◦ latitude and at 100 km

east of the 250◦ line of longitude. To the right, the differential stress is presented. The minimum is found to the west in agreement to the absence of radial
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structures there. The maximum matches the eastern Tantalus Fossae
well as from the aerocentric to the areographic system (the planetogra

magnitudes are much lower than the horizontal extent o
buoyancy zone.

An overall good correlation in the orientation of faults
obtained when the maximum regional stress at 40◦ latitude
represents about 25% of the maximum local stress indu
by updoming and when the centre of doming is situate
40◦ latitude and 100 km east of 250◦ longitude. The cal-
culated maximum stress difference predicts the positio
likely failure or preferred area of dike intrusion (Fig. 8). This
shows that radial structures should be confined to the e
ern side in accordance with the observations on the nort
side of Alba Patera. The maximum of differential stress
situated in the region transected by the regional Cate
Our axisymmetric models simulate a buoyancy zone ci
lar in planform. Other (non-circular) shapes of the buoy
zone may result in a slightly different position of maximu
differential stress that would better correspond to the N
Tantalus Fossae. The match between observed and pre
dike orientations is generally good. We have reduced
maximum angle of discrepancy down to 5◦ compared to pre
vious models (see Introduction;Turtle and Melosh, 1997
McGovern et al., 2001).

4. Discussion

A comparison between the dike orientations predicted
the numerical models and the geometry of lineaments
served on Alba Patera leads to a better understanding o

remote volcano. Based on the crosscutting relationship of
grabens,Cailleau et al. (2003)suggested recently that Alba
Patera was the location of local subsidence in later stages o
Catenae. The coordinates (x, y) of the models are changed from meters to degree
system). The GMT plot is given in Mercator projection.

-

.

d

volcano-edifice evolution. The concentric fracture format
in the later stages is related to a long-term increase in
sity in the crust by accumulation of intrusive material a
cooling (Cailleau et al., 2003). In this paper we studied th
early stages of Alba Patera, and the formation of the ra
graben system. Our study suggests a combination of reg
and local loading mechanisms, which provides a consis
model for Alba Patera’s early and later stages of evolutio

Below we discuss the use of the flat plate approxima
in our models followed by a comparison of our structu
results with gravity data that support a hotspot mechan
for Alba Patera. Finally, we show that Alba Patera sha
multiple characteristics with hotspots on Earth and Venu

4.1. Flat plate approximation

Membrane stresses are invoked when a load displa
large size in comparison to the planet’s radius.Turcotte et
al. (1981)inferred an approximate threshold of 1300-k
horizontal extent beyond which membrane stresses bec
important. Although the size of the Alba Patera buoy
zone determined from the graben geometry approaches
threshold, the models using a flat plate developed in
study fit with the observed structures (Fig. 8). Based on this
correlation, we suppose that for the case of Alba Patera
surface load, planet curvature had negligible effect. Since
consider the plate to be very thick, the result is compar
with the findings byJanes and Melosh (1990)(Fig. 9). For
a 1400-km-wide load, the elastic thickness must be as
f

as 20 km to be in the transition zone where both membrane
stresses and bending stresses support the load. Otherwise,
the plate model is suitable(Janes and Melosh, 1990). For
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Fig. 9. Ranges of load width and lithosphere thickness on Mars for w
the lithosphere can be treated as a flat plate, a shell or is in the tran
zone where both membrane stresses and bending stresses supports
(afterJanes and Melosh, 1990). The width of Alba Patera subsurface loa
ing determined in our study is around 1400 km. For such a width a
half-space as used in our models, planet curvature is expected to hav
ligible effect. In Janes and Melosh’s study, Mars’ radiusRp is understood
to be 3398 km, andq is the support parameter: the ratio of buoyancy
flexural support. Cases for surface loadings of Tharsis region and Th
Montes volcanoes are indicated by the dotted lines.

such a comparison, loading by a buoyancy zone is un
stood to be similar to surface unloading for which the s
of stresses are inversed and the domains of different fau
remain unchanged. This does not take into consideration
possible effect of loading depth.

As demonstrated byWatts (2001), the lithosphere’s elas
tic thickness depends on the time-scale of loading. For s
periods of loading, the relaxation processes of the ma
are not significant and the elastic plate is thick. But
lithosphere behaves as a thin plate if a loading proces
long. In our models we used a thick plate. Therefore the
served correlation between the Alba Patera graben-geom
and our elastic half-space models may imply not onl
negligible effect of planet curvature but also a short tim
scale of loading. From gravity data, the large low-den
zone may still be visible today(Janle and Erkul, 1991
McGovern et al., 2001; Arkani-Hamed and Riendler, 200.
The buoyant zone evidenced in our study might rapidly re
a stationary state, possibly at the level of neutral buoya
(e.g.,Wilson and Head, 2002).

4.2. Comparison with gravity modelling

The lineament study and our numerical models reinfo
the idea that Alba Patera was the centre of a hotspot. A c
parison of our results with gravity modelling follows. Th
Viking Orbiter II and MGS missions show a large low
density zone (e.g.,Janle and Erkul, 1991; McGovern et a
2001). The origin for such a gravity anomaly may be due
(a) a sediment pile, (b) a thickened crust, (c) flexure, (d

altered lithosphere of reduced density, or (e) an anomalous
upper mantle and/or lower crust (plume, hotspot)(Crough,
1983).
lba Patera volcano 53

ad

-

Fig. 10. Comparison of the plume model proposed byJanle and Erkul
(1991)based on gravity data from the Viking Orbiter II mission with o
model of buoyancy zone derived from the geometry of radial lineamen
Alba Patera. The top layer represents the crust. Where the plume inte
with the crust, the density was understood to be 3120 kg/m3. See Discus-
sion section for further details.

Figure 10presents a plume model for Alba Patera dev
oped byJanle and Erkul (1991). Good correlation betwee
observed and calculated gravity anomalies along a S–N
file was found for a plume radius of 600 km, a vertical e
tent of 300 km, a density contrast of−10 kg/m3 with the
mantle and+120 kg/m3 with the crust, and a mean crust
thickness of 50 km. An uplift of 1 km was estimated fro
calculating the volume expansion induced by excess t
perature. This corresponds strikingly to the 700-km rad
and 50-km-deep buoyancy zone that we modelled base
the geometrical characteristics of radial dikes (Fig. 8). We
emphasise that two very different methodologies sugge
similar mechanism with similar geometries. The size a
depth strongly supports the idea of a buoyant mantle an
aly underneath Alba Patera. To simulate buoyancy, we u
a density contrast in the range between 100 and 200 kg/m3

similar to the mantle plume density contrast for Haw
(Richards et al., 1989). Other studies assumed density co
trast from 1 to 10% (e.g.,Lachenbruch and Morgan, 199
Sleep, 1990). The discrepancy of one order of magnitude
the chosen density contrast does not affect the compa
with the geophysical model. Density contrast modifies st
magnitude. However, it does not change the stress orie
tion that gives the theoretical dike geometry. In our stu
a 5% density contrast, the presence of flexural stresses

smaller hotspot volume (due to an elliptic form and a smaller
vertical radius) lead to a 930-m uplift (model ofFig. 9). This
is very similar to the 1 km inferred from gravity modelling
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by Janle and Erkul (1991). Similar results obtained in tw
different methods would then constrain the magnitude
the regional stress and local doming to be, at 40◦ latitude,
around 6 and 28 MPa, respectively. Based on MGS g
ity data and flexural models of volcanic loading,McGovern
et al. (2002)suggested the estimated 40–60-km-thin ela
lithosphere to be indicative of a domal rise for Alba P
era. This was supported by negative density perturbat
combined with topography and elastic stresses within a t
shell(Arkani-Hamed and Riendler, 2002).

4.3. Alba Patera, a classic hotspot?

Alba Patera displays signatures that resemble hots
on Earth and other planets. Using temporal, geometric,
geophysical constraints, we illustrate below that the hot
model is applicable to Alba Patera.

Alba Patera has been a location of persistent volcan
during several 100 Ma time-spans(Tanaka, 1990; Caillea
et al., 2003). Similar time-spans are also discussed for
restrial hotspots and mantle plumes(Jellinek and Manga
2004). The 1000–2000-km extent of Alba Patera’s uplift
region and dike length is comparable to such dimens
on terrestrial hotspots(Mège, 2001). Also the dike con-
figuration on Alba Patera shares strong similarities w
dike swarms related to hotspots or mantle plumes on E
that diverge from a focal centre into two or three dire
tions (Fig. 11) (Ernst et al., 1995). Hence, it is unlikely
that Alba Patera radial tectonics resulted only from regio

rifting as demonstrated in this study. Besides long radial

(GDS) configuration on Alba Patera shares strong similarities with dike swa
directions. The origin of hotspots may include rifting along diverging plates o
the volcanic edifice. The Alba Patera hotspot was, in turn, related to the Tha
s 176 (2005) 44–56

provinces on Earth (e.g.,Richards et al., 1989; Courtillo
et al., 2003). A high-density intrusive core was also ev
denced by the late concentric grabens on Alba Patera an
short-wavelength gravity anomalies(McGovern et al., 2002
Cailleau et al., 2003)analogous to the Muskox intrusion
the Mackenzie plume in Canada(Mège, 2001). The grabens
structures of Alba Patera also show similarities with coro
on Venus(Cyr and Melosh, 1993; Watters and Janes, 19.
Coronae are low-relief features of 100–2600 km in diam
characterised by radial and concentric dikes, and exten
volcanism(Stofan et al., 1992).

The origin of hotspots on Earth and Venus includes
following processes initiating at different depths: (i) Hotsp
may be the result of plumes which originate at depths as d
as the core-mantle boundary(Morgan, 1972). These plumes
may themselves cause secondary plumes at the upper-
mantle boundary(Courtillot et al., 2003). Stofan and Sm
rekar (2005)suggested the coronae on Venus to be
surface expression of secondary plumes. (ii) An alterna
mechanism for hotspot implies subduction processes an
remelting of crust trapped in the upper mantle(Sandwell
and Schubert, 1992; Foulger and Natland, 2003). (iii) The
generation of the low density mantle material may a
be a consequence of shallow crustal processes caus
extensional lithospheric stress, pressure release, and s
quent partial melting(Magee and Head, 1995; Sheth, 199
Anderson, 2000).

Shallow and deep origins were both suggested for A
Patera (e.g.,Janle and Erkul, 1991; Anderson et al., 200).

Rather than an individual plume, the Alba Patera hotspot

ular

rm
dike swarms, Alba Patera displays initial widespread volcan-
ism comparable to flood basalt provinces or large igneous

may be the result of a secondary plume from an irreg
Tharsis mega-plume system(Janle and Erkul, 1991). The

Fig. 11. Hotspots characters. Two structures on Earth (left and centre images, afterErnst et al., 1995) and Alba Patera on Mars (right). The giant dike swa

rms related to hotspots on Earth that diverge from a focal centre into two orthree
r a mantle plume. The GDS of Alba Patera are caused by a local hotspot beneath
rsis mega plume.
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Tharsis mega-plume formed a broad uplift and extension
fecting the area of Alba Patera prior to its growth. The res
ing lithospheric thinning under Ceraunius Fossae may h
influenced the location of the volcano at its northern porti
lithospheric thinning was shown to favour a greater amo
of pressure-release melting(Magee and Head, 1993). Melt-
ing of a detached volcano root was proposed for Alba Pa
and the concentric grabens(Scott and Wilson, 2003). This
theory would be applicable for the late stages once a d
root formed but cannot account for initial radial dike swar
and widespread volcanism. Or Alba Patera may be a co
quence of crustal deformation due to the Tharsis stress fi
passive upwelling and upper mantle decompression. T
the mechanism by which the Alba Patera hotspot form
remains to be determined. Regardless of the Alba Pa
hotspot origin, it likely initiated in response to the Tha
sis mega-plume. However, the further development of
anomaly, as well as the local volcanic and tectonic acti
at Alba Patera, was, in any case, largely uncoupled from
Tharsis dome.

5. Conclusion

Combining numerical modelling and the geometry of
radial structures observed on Alba Patera, we suggest
updoming arose from a buoyancy zone centred at the
cano. The regional stress inferred from the pattern of
northern radial structures is a NW–SE regional extens
whose magnitude decreases from the Tharsis centre. T
in accordance with the arcuate trend of giant dike swa
observed at the northern periphery of the Tharsis bulge
propose that the early stages of Alba Patera were contr
by a local hotspot causing wide doming, flood basalt volc
ism, and radial dike swarm formation.
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