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Abstract. Morphological and structural data from the 
whole Tharsis province suggest that a number of shal- 
low grabens radially oriented about the Tharsis bulge 
on Mars are underlain by dykes, which define giant 
radiating swarms similar to, e.g. the Mackenzie dyke 
swarm of the Canadian shield. Mechanisms for graben 
formation are proposed, and the depth, width, and 
height of the associated dykes are estimated. Structural 
mapping leads to define successive stages of dyke 
emplacement, and provide stress-trajectory maps that 
indicate a steady source of the regional stress during the 
whole history of the Tharsis province. A new tectonic 
model of Tharsis is presented, based on an analogy 
with dyke swarms on the Earth that form inside hot 
spots. This model successfully matches the following 
features : (1) the geometry d the South Tharsis Ridge 
Belt, which may have been a consequence of the com- 
pressional stress field at the boundary between the 
uplifted and non-uplifted areas in the upper part of 
the lithosphere at the onset of hot spot activity ; (2) 
extensive lava flooding, interpreted as a consequence 
of the high thermal anomaly at the onset of plume (hot 
spot) activity ; (3) wrinkle ridge geometry in the Tharsis 
hemisphere, the formation of which is interpreted as a 
consequence of buoyant subsidence of the brittle crust 
in response to the lava load ; (4) Valles Marineris lim- 
ited stretching by preliminary passive rifting, and uplift, 
viewed as a necessary consequence of adiabatic mantle 
decompression induced by stretching. The geometrical 
analysis of dyke swarms suggests the existence of a 
large, Tharsis-independent extensional state of stress 
during all the period of tectonic activity, in which the 
minimum compressive stress is roughly N-S oriented. 
Although magmatism must have loaded the lithosphere 
significantly after the plume activity ceased and be 
responsible for additional surface deformations, there 
is no requirement for further loading stress to explain 

surficial features. Comparison with succession of mag- 
matic and tectonic events related to hot spots on the 
Earth suggests that the total time required to produce 
all the surface deformation observed in the Tharsis 
province over the last 3.8 Ga does probably not exceed 
10 or 15 Ma. Copyright 0 1996 Elsevier Science Ltd 

1. Introduction 

The stresses in the Martian crust in the Tharsis province 
(Fig. 1) have been much investigated during the past I5 
years (see reviews in Banerdt et ul.. 1992; Mege and 
Masson, 1996a). Topography and gravity data were used 
as a basis for elastic stress models, which indicate that 
loading forces are capable of predicting numerous tectonic 
structures associated with Tharsis (Banerdt et al., 1982, 
1992 : Sleep and Phillips, 1985 ; Tanaka et ui., I99 1). The 
agreement between the models and observations is how- 
ever still imperfect (Banerdt et al.. 1982 ; Schult?, 1985 ; 
Watters, 1993 ; Mege and Masson, 1996a), maybe because 
modelling has got taken a number of rock mechanics laws 
into account (Golombek, 1985 ; Schultz and Zuber, 1992, 
1994 ; McGovern and Solomon, 1993). 

Among the most used structural constraints on theor- 
etical modelling of lithosphere support and related state 
of stress. are series of grabens radial about Tharsis (Carr, 
1974 ; Frey, 1979a ; Wise et al., 1979 ; Plescia and Saun- 
ders, 1982 ; Scott and Dohm, 1990a.b ; Tanaka and 
Dohm. 1993). Tanaka et al. (1991) noted that the regu- 
larity of graben widths is a powerful argument in favour 
of the interpretation of dykes underneath the grabens. 
However. when dykes are lacking, displacement on a sin- 
gle normal fault generates an area of provisionally com- 
pressional stress in the surroundings of the lower part of 
faults (e.g. Price and Cosgrove, 1990, pp. 186-189). The 
state of stress in the surroundings of the fault favours the 
initiation of a conjugate fault at a constant distance from 
the first one (Melosh and Williams. 1989). More sig- 
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Fig. 1. Simplified structural map of the Tharsis province, displaying the location of Valles Marineris, 
the main radial pattern sets, the wrinkle ridges (grey patterns, from Watters, 1993), and the caldeiras 
of Olympus Mons, Alba Patera, and the Tharsis Montes. Approximate location of the centres of the 
magma chambers responsible for dyke swarm injection, deduced from the geometry of the swarms 
and topographic data (U.S.G.S., 1991) : A : Solis Planum ; B, C : successive stages for Syria Planum, 
from deflation-related patterns according to chronological relationships in Tanaka and Davis (1988) ; 
D : Tharsis (location subject to large uncertainty) ; E : Alba Patera 

nificant characteristics of the Tharsis radial grabens are 
(1) continuous extensional tectonic patterns over thou- 
sands of kilometres radially around a dome, and (2) no 
displacement gradients along the boundary fault as a func- 
tion of distance to the fault centre (e.g. Walsh and Watt- 
erson, 1989), as observed in most extensional systems on 
the Earth. These striking characteristics suggest that the 
mechanism of graben formation has something unusual, 
that dyke emplacement underneath may help under- 
standing. 

This paper uses morphostructural data to propose that 
many grabens formed more or less directly in response to 
dyke emplacement, confirming previous suggestions in the 
Alba Patera (Tanaka and Golombek, 1989) and Tempe 
Terra (Davis et al., 1995) regions. Dyke emplacement 
was also suggested by Tanaka et al. (1991) as a possible 
widespread mechanism for radial graben formation over 
the Tharsis province, but no evidence for this mechanism 
has been reported except in the Alba Patera and Tempe 
Terra regions. 

Here we present both geomorphological and structural 
evidence of dykes throughout the Tharsis province (Sec- 
tion 2). The possible mechanisms of graben formation in 
relation to dyke emplacement are then discussed (Section 
3), some of them allowing to deduce some of the charac- 
teristics of the dykes (Section 4). Giant radiating dyke 
swarms are reliable indicators of broad-scale stress tra- 
jectories. Consequently, structural mapping in the Tharsis 
region can directly provide reliable stress-trajectory maps 
(Section 5), which are used to define a plume tectonics 
model (Section 6) whose validity is demonstrated by the 
successful prediction of Valles Marineris formation, wrin- 
kle ridge formation in the Tharsis hemisphere, and the 
formation of the South Tharsis Ridge Belt. It is also in 
agreement with most magmatic observations. “Plume tec- 
tonics” refers to the definition given by Hill et al. (1992), 
i.e. “the entire process of thermal and structural working 
above mantle plumes”. The model does not require the 
help of loading stress to explain the Tharsis structural 
record. It is therefore very different from the detached 
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crustal cap model by Tanaka et al. (1991), both of them 
are compared and discussed in Section 7. 

1501 

2. Morphologic and structural evidence of dykes 

This section considers both the radial patterns around 
Tharsis and the elliptical fault network around Syria 
Planum (Fig. 1). The radial structures around the Tharsis 
centre are usually called grabens, despite that many of 
them do not display any evidence of faulting. We show 
that radial-pattern analysis indicates dyke propagation, 
which contributed to graben formation, subsurface water 
destabilization, mass wasting processes, and collapse fea- 
tures. Numerous images were analysed in order to empha- 
size that the processes discussed are likely to be the same 
ones (sometimes at different evolution levels) in the whole 
Tharsis region. Examples are taken from Alba Fossae, 
Tantalus Fossae, Ceraunius Fossae, Mareotis Fossae, 
Tempe Fossae, Valles Marineris, Noctis Labyrinthus, 
Claritas Fossae, and Memnonia Fossae. We distinguish 
between simple grabens, whose morphology is primarily 
guided by tectonics, and pitted troughs, displaying pits, 
pit chains, and coalescing pits. Tectonic structures are 
frequent around the pitted trough ; conversely linear 
troughs, commonly “U”-shaped in cross-section, are nor- 
mally not surrounded by tectonic structures. This classi- 
fication, based on a work by Mige (1994), has several 
features in common with that independently suggested by 
Davis et al. (1995) in Tempe Terra. 

2.1. Simple grabens 

Simple grabens are as long as 3000 km, commonly 5 km 
wide, and less than 200 m deep (e.g. U.S.G.S., 1980). The 
boundary faults dip 60”-70” in the Noctis Lab- 
yrinthus/Valles Marineris area (Davis and Golombek, 
1990). Grabens have commonly an en Pchelon arrange- 
ment, and systematic right stepping in the northeastern 
region (between Alba Patera and Lunae Planum, Figs 
1 and 15~) suggests fracture propagation under varying 
horizontal stress trajectories (e.g. Pollard, 1987). Grabens 
have often been affected by further mass wasting pro- 
cesses. However, when they are well preserved (e.g. u, Fig. 
2), as far as image resolution can suggest, they merely 
consist of two main boundary faults. This characteristics 
is important when separating the simple grabens from the 
other radiating patterns, of greater structural complexity. 

2.2. Pitted troughs 

A wide range of morphologies exists in the Tempe and 
Mareotis regions (Fig. 2); some are also common in the 
other radially fractured regions. These features include 
pits, pit chains, and coalescing pits. Two kinds of pits are 
observed : those with conical shape (e.g. Fig. 3) and those 
with flat, shallow and smooth floor (M on Fig. 6). 

Some pit chains are preferentially located on the graben 
boundary faults (e.g. on Tl’s northern boundary fault on 

Fig. 8), whereas others occur close to the graben centre 
(e.g. Figs 4 and 6). Some pits follow linear trends that 
differ up to 15” from the graben trends (e.g. in the middle 
of area on Fig. 5 a pit chain formed inside a graben, near 
fault 1, and follows a boundary fault southward, near 
fault 3). Other pits are not located within grabens (e.g. the 
pit chains at the bottom of Fig. 4a and on the upper right 
corner of Fig. 19). These observations indicate that pit 
formation is probably not the result of graben formation ; 
instead both features should result from the same cause. 
Graben geometry is more complex where the grabens 
display inner pits. Below are reported some observations 
in Figs 4-8 that help understand the links between grabens 
and pits. 

l Most simple grabens have straight boundary faults. 
The occurrence of pits can be correlated with curved 
boundary faults (features 1). Additional faults, close to, 
and often connected with the boundary faults, are also 
observed. They form nested grabens and present strong 
similarities to rotational faults separating tilted blocks 
resulting from limited gravitational sliding. 

l Other faults parallel with the boundary faults occur 
within the grabens to their centre (features 2). These 
faults are generally rectilinear, in contrast with the 
boundary faults. 

l Avoid shallow secondary troughs, partially or fully 
developed, form within some grabens (features 3). In 
some cases they occupy the whole graben width. If the 
inner troughs are bounded by normal faults origin, they 
increase the vertical offset of the graben boundary faults 
(features 4). 

2.3. Linear troughs 

2.3.1. Linear troughs resulting from pit evolution. Some 
linear troughs may result from coalescing pits, as sug- 
gested on Figs 2 (radial pattern b and small arrows), 5 
(north of fault 1) and 6 (near fault 4), and the small pit 
chain between the two pitted grabens Tl and T2 on Fig. 
7a. Grabens Tl and T2 on Fig. 7a have likely the same 
origin, but have evolved differently. The pit morphology 
at both ends of T2 indicates that probably it firstly wid- 
ened by processes similar to those that formed Tl, and 
then broadened by further geomorphological processes 
leading to the current “U”-shape cross-section. The histo- 
gram of the high albedo slope of Tl has been stretched in 
order to enhance the contrasts on the slope. The resulting 
image (Fig. 7b) indicates that the processes of graben 
widening include mass wasting, leading to mid-slope land- 
slides responsible for the circular or ovoid scars. T2 on 
Fig. 7a might have evolved from a “Tl stage” sub- 
sequently to such mechanisms. 

Morphological comparisons between linear troughs in 
the Noctis Labyrinthus and the Valles Marineris regions 
(Figs 4 and 8, respectively) suggests the same mechanisms 
of trough widening occurred : compare Tl and T2 on Figs 
4 and 8 with Tl and T2 on Fig. 7a. T3 on Fig. 8 is a trough 
chain which is wider than T2 still, it might represent a 
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deep tension cracks developing into shallower grabens is 
not strongly supported by terrestrial observations, nor 
rock mechanics since the Coulomb failure criterion (Byer- 
lee’s law) is not met at such shallow depths (Byerlee, 
1978). Carter and Tsenn’s study (Carter and Tsenn, 1987) 
questions the application of this law to Martian depths 
greater than a few km. Tension cracks beneath the pitted 
grabens should systematically focus the location and 
development of collapse features on the graben boundary 
faults (Fig. 6 of Tanaka and Golombek (1989)). Clearly, 
the observations reported above (Section 2.2) are not con- 
sistent with such a relationship. Also mass wasting pro- 
cesses would dominate wall morphology, in contradiction 
with the widespread faceted spur outcrops (Lucchitta, 
1977 ; Mege and Masson, 1994a,b ; Peulvast et al., 1996). 

Tanaka and Golombek (1989) suggested that, contrary 
to the pits and troughs observed in the Valles Marineris 
region, those in the Alba Patera region should be related 
to dyke emplacement. However the difference between the 
two series of features may simply result from a difference 
in intensity of erosional processes (compare Fig. 8 with 
Figs 5, 6 and 7a). Peulvast et al. (1996) have pointed 
out geomorphological evidence of erosional susceptibility 
increase of the Valles Marineris slopes during trough evol- 
ution. Surface observations show that the higher intensity 
in the Valles Marineris region cannot be correlated to 
special climatic conditions in the past. A reason for more 
pronounced erosion in the Valles Marineris area is given 
by a model of the hydrologic cycle on Mars which predicts 
subsurface desiccation in the equatorial regions (e.g. Fan- 
ale et al., 1992). Such an evolution would decrease the 
cohesion of the bedrock in the Valles Marineris region, 
leading, together with the pronounced tectonic activity 
in Valles Marineris which produced high wallslopes, to 
increase the erosional efficiency compared with higher 
latitude regions. As an additional reason for greater 
erosion, anomalous magmatic heating in Valles Marineris, 
(see Section 6) would have melted the permafrost, desic- 
cated the bedrock, lowered its cohesion and strength, 
increasing the erosional efficiency as well. 

Therefore, if cracks exist beneath the Valles Marineris 
grabens, we expect them to be more likely filled by dykes. 
Such an hypothesis would be supported by the following 
simple reasoning: Tharsis is a magmatic region, and, 
consequently, if the state of stress in extensional, crustal 
stretching around the region of magma storage should be 
utilized for dyke emplacement. 

further stage of geomorphologic evolution involving fur- 
ther mass wasting. 

2.3.2. Other linear troughs. In the following examples 
pit formation and subsequent widening processes are sup- 
posed to have played a possible role in the first stages 
of linear trough formation. But the systematic smooth 
characteristic of many linear trough slopes over distances 
higher than 100 km suggests that a mechanism inde- 
pendent of pit formation should also exist. For instance 
the radial pattern on Fig. 10 gradually changes from a 
graben geometry southward, with clearly observed bound- 
ary faults, to a “W-shaped trough, first bordered with 
one fault, then, northward, without any trace of faulting. 
No indication suggests that pits were involved in the pro- 
cess that led to the “W-shaped morphology. 

On Fig. 2, the c trough may be unrelated with pit 
formation mechanism. However, like on Fig. 10, its for- 
mation is clearly related to graben formation, since a 
graben structure is observed at both ends. 

The common en echelon geometry of grabens also ech- 
oes the en echelon geometry of some flat-floored linear 
troughs (larger arrows on Fig. 2). 

2.4. Origin qf graben and trough morpholog? 

The variety and complexity of the radial patterns is necess- 
arily due to various combinations of extensional stress, 
and material (magma, water, bedrock) removal. Four 
possible mechanisms able to predict the morphological 
variety of the radial patterns are given and discussed 
below. 

1. Collapse of material in deep tension cracks. It is a 
means to form troughs of various characteristics 
(Tanaka and Golombek, 1989). Collapse mostly 
involves bedrock material, with a possible major role 
of water in assisting gravity movements. 

2. Pressure drop in dyke and collapse. 
3. Hydrovolcanic explosions, and subsequent magma, 

water, and bedrock removal. Bedrock ejection is the 
far more efficient removal mechanism. This hypothesis 
requires the existence of dykes underneath (Lorenz, 
1986). 

4. Heating, then rising and release of volatiles contained 
in groundwater or permafrost along linear trends. This 
hypothesis is also consistent with dyke emplacement. 
It is reinforced by observations related to outflow and 
sapping channels. 

2.6. Subsurface pressure drop and collapse 
2.5. Collapse qf material in tension cracks 

This hypothesis was suggested by Le Dain (1982) in Mar- 
eotis and Tempe Fossae and by Tanaka and Golombek 
(1989) in the Valles Marineris region. According to 
Tanaka and Golombek (1989), all the Valles Marineris 
troughs, from individual pits to chasmata, could be explai- 
ned by successive stages of trough widening corresponding 
to the growth of tension cracks at depth in which part 
of the lacking material would have collapsed. Schultz 
(1992a,b) questioned this approach, pointing out that 

As suggested by Schultz (1988) for the formation of the 
Valles Marineris pit crater chains, some pits may result 
from pressure drop in a magma conduit - which must be 
a dyke since the pits are aligned - and bedrock collapse, 
following the mechanism of Icelandic-type pit crater for- 
mation. This mechanism may be exemplified by the largest 
pit on Fig. 3. Pit crater formation on Earth is accompanied 
by ring faulting, which is observed on Figs 4-8 (faults 1). 

The inner troughs observed within some of the grabens 
(bounded by faults 3 on Figs 4-8) may also represent such 
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Fig. 2. Types of radial patterns in the Tharsis region. a : simple graben ; b : simple graben changing 
to a deeper, “U”-shaped trough northeastward ; c : “U”-shaped trough with flat floor, wider than b ; 
d: elliptic troughs aligned with the radial patterns ; e, 1; g : volcanic constructs aligned with radial 
patterns. Arrows : examples of en Pchelon geometry. Tempe region. NASA-JPL Viking Orbiter image 
857 A 30,200 m pixel-‘. Width of the area displayed : 230 km. North is toward the top 
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Fig. 3. Close-up on pits in the Alba Patera region. NASA-JPL Viking Orbiter image 341 A 13, 
m pixel-‘. Distance across the area displayed : 16 km 
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Fig. 4. (Caption owrlrof’) 
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(b) _ 

Fig. 4. (a) Graben and pits in the Noctis Labyrinthus/Syria Planuzegion. NASA-JPL Viking 
Orbiter images 643 A 84-86-88, 220 m pixel-‘. The area displayed on this image is 300 km wide. (b) 
Close-up on a pitted graben in Noctis Labyrinthus/Syria Planum (location on (a)). The pitted grabens 
display the following features : 1 : sinuous border faults, sometimes splitting or nested ; 2 : secondary, 
smaller offset normal faults within the main graben ; 3 : curved normal faults bounding secondary 
troughs within the grabens, suggested to have formed in response to subsurface pressure drop; 4: 
graben border faults with high vertical throws resulting from both graben and secondary trough 
formation 
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._. 
Fig. 5. Graben and pits on the eastern flank of Alba Patera (Phlegethon Catena). Symbols : same as 
on Fig. 4b. NASA-JPL Viking Orbiter image 254 S 40, 66 m pixel-‘. Width of the area displayed : 
90 km 
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Fig. 6. Grabens on the western flank of Alba Patera. Symbols: same as on Fig. 4b. Most of the 
pits seem to be conical, but the pits near the top of the image (M) have a shallow and smooth floor, 
and are strongly similar to maars on Earth. NASA-JPL Viking Orbiter images 252 S 17 to 22. 
70 m pixel-‘. Width of the area displayed : 160 km 
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(a) 
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Fig. 7. (a) Pit chains within a graben (Tl), and graben strongly widened to large ovoid and coalescing 
troughs by morphological processes (T2) on the southwestern flank of Alba Patera (Ceraunius 
Fossae). Symbols: same as on Fig. 4b. NASA-JPL Viking Orbiter images 253 S 50-52-54. 
70 m pixel-‘. Width of the area displayed : 90 km. (b) Part of Tl western slope on (a), after histo- 
gram stretching of the high albedo pixels. Circular features are interpreted as mid-slope landslide 
scars. Length of the slope displayed : 80 km 
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Fig. 8. Radial features (mostly catenae) on the Valles Marineris plateau, and one of the main grabens 
(northward), Coprates Chasma. The tectonic structures observed on the plateau can be analysed 
exactly the same way as in the Alba Patera region, and suggest a similar origin. Symbols : same as on 
Fig. 4b. The linear troughs on the plateau may be explained exactly as in the Alba Patera region as 
well : compare troughs Tl and T2 on this image with Tl and T2 on Fig. 7. Trough T3 formed by 
further mass wasting processes from troughs T2 and T3, it represents an evolution stage that was not 
followed in the Alba Patera region. Conversely, the formation of Coprates Chasma was chiefly 
completed by tectonic processes. NASA-JPL Viking Orbiter image 610 A 07, 180 m pixel-‘. Width 
of the area displayed : 250 km. North is toward the upper right corner 
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Fig. 9. (a) Set of radial patterns south of Uranius Patera. Viking Orbiter image 229 A 32, 
44 m pixel-‘. (b) Interpretation of (a) emphasizing evidence of joint growth by mixed I and II 
mode (Pollard rt ul., 1982) and possible magma extrusion around a joint tip (lava fronts dis- 
played by dashed lines. and supposed main flow direction indicated by arrows) 
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Fig. 10. Radial features belonging to Mareotis Fossae. A small graben southward (G) gradually 
changes to a trough without any trace of tectonic structures (T). NASA-JPL Viking Orbiter image 
254 S 47, 70 m pixel- ‘. Width of the area displayed : 90 km 
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Fig. 11. Memnonia Fossae in the Mangala Valles (mv) area. R : ridge in the Noachian regolith (see 
Zimbelman, 1989) ; V : Hesperian, probably volcanic, materials (Scott and Tanaka, 1986). Two sets 
of grabens are observed. Grabens Gl are not Riedel joints because strike slip movements are never 
observed on the border faults of grabens G2. The border faults of grabens Gl are still observed both 
in regolith and volcanic materials. Grabens G2, lO’~-15’ apart, were modified to linear troughs in the 
Hesperian terrains by mass wasting processes. If dykes lie underneath both graben sets, then the 
grabens GI should have formed before water trapping in the hydrolithosphere, because no interactions 
between magmatic heat and permafrost occurred. Grabens G2 formed after water trapping in the 
hydrolithosphere. The absence of linear troughs in the ridged regolith may result from less efficient 
heating of the hydrolithosphere due to the higher distance between the top of the dykes and the bottom 
of the hydrolithosphere. White arrows indicate three grabens whose width variations depending on 
the Young’s modulus of the host rock are especially clear. NASA-JPL Viking Orbiter images 637 A 
8 l-82. Width of the area displayed : 300 km 
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Fig. 18. (a) Minor magma centres in Tempe Terra and associated graben swarms maybe underlined 
by dykes. Interpretation on (b) and (c). NASA-JPL Viking Orbiter images 704 B 54 and 704 B 56, 
172 m pixel-‘. Width of the area displayed: 300 km. North is toward the top. (b) Structural 
interpretation of (a). Plain lines : faults ; plain lines with barbels : normal faults ; circles with squares : 
impact craters ; dotted ovals : topographic dome (patera, extrusive dome?) ; double-lined ovals : trough 
(collapse caldeira?). (c) Sketch interpretation of (a) and (b). Same symbols as for (b); the features 
associated with local magma centres are displayed with heavy lines, and independent fault sets with 
thin lines. A and B : the two local magma centres ; Cl, C2 : two graben sets from the Tharsis graben 
swarm ; D : later faulting 

Fig. 16. Extrapolation of Fig. 15 in terms of stress trajectories. (a) Hesperian: (b) upper Hesperian 
+ Amazonian. Plain lines are dyke patterns inferred from graben trends and represent cr, or G? 
trajectories. Dashed lines are o’3 trajectory, deduced from the other horizontal principal stress traject- 
ory. The dichotomy is drawn with the thickest line (inferred below recent volcanics). For each stage, 
the terrains younger than grabens are displayed. They are mostly volcanic flows (from: AP: Alba 
Patera ; OM : Olympus Mons ; ThM : Tharsis Montes), except the Medusae Fossae formation (MF). 
Argyre Planitia (API) and Syria Planum (SP) acted as hard cores during stage (a) and (b) respectively 
because of the strength of the Argyre mascon and the strengthening of the Syria Planum region by 
intrusions of stage (a). Alba Patera and Valles Marineris (VM) were extensional regions, mostly 
during upper Hesperian (VM) and Amazonian (AP). Boxes show the regional (r3 direction during the 
Syria (a) and Tharsis/Alba (b) magmato-tectonic periods 
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Fig. 18. (Continued) 
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Fig. 19. Other example of the influence of local magma centre (a) in graben formation. The arcuate 
grabens northward and southward of the magma centre might have been influenced by dyke swarm 
trends underneath. Note that pits in the upper right corner of the image follow the trend of a graben 
southward but are not located within a graben. Claritas Fossae. NASA-JPL Viking Orbiter image 
56 A 52. 200 m pixel-‘. Distance across the area displayed : 150 km. See also Mariner 9 image DAS 
05635983 for an oblique view of some grabens associated with a 
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I 80 150 120 90 60 30 0 

180 150 120 90 40 30 0 
Fig. 20. Selected geologic mapping of the Tharsis hemisphere during Syria Planum magmatic activity. 
The recent lava fields correspond to the building of Tharsis, Alba Patera. and Olympus Mons, and 
also lowland formations. SP : location of the Syria Planum magma centre ; VM sketches the trend of 
Valles Marineris. The arrows indicate the proposed boundary of the plume, based on the boundary 
between uplifted and non-uplifted parts of the Valles Marineris region. The thinnest lines separate 
the limits of terrains ; the intermediate line separates the cratered highlands and Hesperian volcanic 
fields southward, and the more recent terrains northward; the thickest lines show the dichotomy 
boundary. AA’ : location of the cross-section on Fig. 22; BB’ : location of the cross-section on 
Fig. 23 

40 
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collapse features. Some of them display striking simi- 
larities with normal fault scarps around the Mauna Loa 
caldeira in Hawaii (Carr and Greeley, 1980, p. 27). 

Figure 9 displays further evidence of a dyke underlying 
the pits. It is a close-up view of two en echelon morpho- 
tectonic patterns in the northeastern part of Tharsis, south 
of Uranius Patera. The trough evolution is midway 
between the present stages of Tl and T2. Two key obser- 
vations are : (1) the evidence of overlapping patterns. Each 
tchelon tip is deflected toward the other in the overlapping 
area, but this geometry is only underlined by pits, and not 
by tectonic patterns ; (2) the lava flows extruded from at 
least one of the troughs (arrows). Deflected patterns are 
observed on Earth in various environments at all scales. 
At kilometric scale, like on Fig. 9, such patterns are 
observed in overlapping rift zones. Although an alter- 
native view was published (Lonsdale, 1983), most 
interpretations are similar to interpretations made by Pol- 
lard et al. (1982) at a much smaller scale, involving pro- 
pagating crack tips following a mixed I and II mode 
(McDonald et al., 1984, 1986 ; Gudmundsson and Bryn- 
jolfsson, 1993). Owing to the observation of lava flows at 
joint tip, the grabens on Fig. 9 must be underlain by dykes. 
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2.7. Hydrovolcanicpits and other features related to 
magma and bedrock water interaction 

Explosive hydrovolcanic craters (maars) form above 
dykes and involve water in the bedrock (e.g. Lorenz, 
1986). They are consequently expected on Mars since 
Hesperian (Carr, 1979; Clifford, 1993 ; Costard, 1993). 
The existence of maars on Mars and comparisons with the 
Earth have been investigated in several works (McGetchin 
and Ullrich, 1973 ; Sharp, 1973 ; Mutch et al., 1976; Gree- 
ley and King, 1977 ; Carr and Greeley, 1980). Fagents and 
Wilson (1995) expect them to be even more common on 
Mars than on the Earth. M on Fig. 6 is a possible example 
of maar, which should be filled in with sediments slid from 
the walls, and smoothed because of their deposition in a 
provisional lake. Some maars, however, have also been 
filled in with smooth lavas erupted from the feeder dyke, 
depending on explosion characteristics (Lorenz, 1986). 

The craters produced this way present analogies with 
pit craters discussed above. However a difference is that 
maars are surrounded by ejecta blankets, and the mor- 
phology of pit craters is more conical. No ejecta blankets 
are found around the Martian pits on the Viking images, 
and this may be attributed to the resolution of the avail- 
able images, which in most cases roughly corresponds to 
the expected thickness of ejecta. Also this may result from 
ashfall dispersion over distances greater than in Earth 
cases owing to the lower gravity on Mars (McGetchin 
and Ullrich, 1973 ; Wilson and Head, 1994 ; Fagents and 
Wilson, 1995). In addition, although wind erosion is weak 
on Mars, it may have significantly contributed to ejecta 
removal over the past hundred million years during the 
periodic dust storms, especially because maar ejecta are 
poorly indurated (Wohletz and Sheridan, 1983 ; Fagents 
and Wilson, 1995). 

The expected Martian maars (e.g. M on Fig. 6) have a 

size consistent with typical sizes of hydrovolcanic pits on 
Earth (Lorenz, 1986). Most of the Tharsis maars are a 
few kilometres in diameter - 5 km at most, and the largest 
ones Lorenz reported are about 3 km in diameter. This 
small difference, if significant, may be due to the lower 
Martian gravity and the poor cohesion of regolith, which 
favours easier ejecta removal than on the Earth (McGet- 
chin and Ullrich, 1973). 

Formation of explosive pits is expected when the water/ 
magma mass ratio is close to 0.35 (Sheridan and Wohletz, 
1981). Lower (~0.35) or higher (>0.5 and ~5) ratios 
should give rise to cinder cones or tuff cones, respectively 
(Wohletz and Sheridan, 1983; Kokelaar, 1986). Other 
small edifices, such as spatter cones (akin to cinder cones) 
are indeed observed, especially in Tempe Terra (e.g. g on 
Fig. 2). Scott and Dohm (1990a) suppose that in Tempe 
Terra they formed a little time before the radial grabens. 
A wide range of other edifice morphologies of similar age 
are also observed in the same region (e and f on Fig. 2 see 
also Cattermole (1992), pp. 121-122, and Moore (1995)). 

2.8. Groundwater release 

2.8.1. Thermokarstic depressions. Interaction between 
subsurface water and dyke propagation does not necess- 
arily result in dyke eruption. It may result in thermokarstic 
depressions. The volume of volatiles released involves 
both bedrock volatiles and part of the volatiles located at 
dyke tips (Lister, 1990 ; Lister and Kerr, 1991; Hoek, 
1994, 1995). Squyres et al. (1987) carried out some cal- 
culations relating to the effect of sill emplacement in a 
permafrosted area with 25% ground ice, and showed that 
the layer thickness of ice melted or vaporized by magmatic 
heat is thicker than the sill, and can lead to significant 
depressions. The case for dyke intrusion was briefly dis- 
cussed, but similar results are expected. Water or vapour 
release is favoured by increase of dyke thickness and 
increase of intrusion depth. Rubin (1993) and Bonafede 
and Olivieri (1995) have emphasised the role of suction in 
the fractured area above dyke tips in groundwater con- 
centration (an effect not considered by Squyres et al. 
(1987)), which increases the efficiency of thermokarstic 
and hydrovolcanic processes. Linear troughs like on Figs 
2,lO and 11 may result from such thermokarstic processes. 
In particular, the aligned depressions d on Fig. 2 have 
morphological characteristics and dimensions presenting 
great similarities to thermokarstic depressions (alases) on 
Earth and elsewhere on Mars (Costard, 1990 ; Costard 
and Kargel, 1995). 

2.8.2. Outflow channels. We report observations sug- 
gesting that dykes may have played a role in outflow 
channel formation, from upper Hesperian (Scott and 
Tanaka, 1986) and upper Amazonian (Mouginis-Mark, 
1990). 

Mangala Valles (MV) partly originate from a linear 
trough from Memnonia Fossae. Fluidized ejecta crater 
studies (Costard, 1990a, 1993) show that a permafrost 
developed in the Mangala Valles region 500 m below 
the surface. Tanaka and Chapman (1990) proposed that 
Mangala Valles formed from water release due to inter- 
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action of groundwater, tension fractures (following 
Tanaka and Golombek, 1989), and Tharsis magmatic 
heat. A problem is that the Mangala flows have several 
sources ; some flows initiated 1.50 km northward of the 
above mentioned linear trough, in an apparently non- 
fractured area. It is unlikely that the Tharsis magmatic 
heat can be channelled up to this area so far away from 
the tension cracks. The mechanism proposed by Tanaka 
and Chapman (1990) becomes more realistic if the cracks 
are filled by magma. Mangala Valles flows would have 
been essentially triggered by hydrothermal flow in the 
dyke surroundings, as well as dramatic pore pressure 
increase above the dykes. This interpretation is consistent 
with the evidence for dykes and lower Hesperian sills given 
by Squyres et al. (1987) and Wilhelms and Baldwin (1989) 
in the lowlands close to Mangala Valles. 

In details, the mechanism generating and sustaining the 
flows in Mangala Valles would have been the following. 
The occurrence of groundwater along a dyke pathway 
lowers the dyke propagation speed. The thermal con- 
ductivity and the thermal diffusivity of the host rock 
increase, and the temperature of the dyke margins 
decreases by some 75°C (Delaney, 1987). Thermal expan- 
sion of groundwater increases pore pressure, favouring 
hydrovolcanic activity, but only weakly affects dyke 
propagation because thermal expansion is poorly efficient 
for heat transport (Delaney, 1982). Hydrothermal flow 
sets up after the pore pressure has decreased, and trans- 
ports heat more efficiently. Hydrothermal flow is likely 
for dykes a few tens of metres thick, i.e. for typical plaus- 
ible radial dykes in the Tharsis region (Section 4, Table 1). 
The thickness of the dykes in the Tharsis region strongly 
suggests that they result from many pulses. Flow in a dyke 
resulting from multiple pulses can be sustained for weeks, 
years, and maybe thousands of years (Gudmundsson, 
1984, 1995b). This duration is enough for discharge in the 
catastrophic scenarios of Mangala Valles and Kasei Vallis 
formation (Tanaka and Chapman, 1990 ; Robinson and 
Tanaka, 1990), and also in scenarios suggesting flow dis- 
charge for a longer time arising from comparison with 
Siberian outburst valleys (Costard, 1990a,b). 

Frozen dykes may also have played a role in outflow 
channel formation. Water freezing in aquifers increases 
pore pressure. Sudden water release can occur when the 
pore pressure reaches the lithostatic pressure (Carr, 1979). 
The existence of frozen dyke barriers can help this mech- 
anism to occur by laterally confining the aquifers, like the 
dyke barriers in Hawaii (Kochel and Piper, 1986). 

2.8.3. Sapping channels. Groundwater heating by dykes 
and hydrothermal flow may also explain the formation of 
some sapping channels. Two small sapping channels seem 
to originate from a linear trough in the Memnonia region 
(Fig. 6 of Tanaka and Chapman (1990)), and, similar to 
Mangala Valles, may be a consequence of dyke emplace- 
ment beneath this trough. 

Louros Valles, a series of sapping channels located 
south of Valles Marineris, have been shown to follow 
structural trends (Kochel and Capar, 1982). Local high 
reliefs follow the Louros Valles trends in the Valles Mari- 
neris chasmata trends. They have been interpreted as the 
summit of eroded dyke that were preserved owing to 
differential erosion (Lucchitta, 1981 ; Mtge, 1994, p. 94 ; 

Table 1. Depth range for the dyke tops below the Tharsis radial 
faults and elliptic faults around Syria Planum from relations on 
Fig. 13. When one value is reported it means that the graben 
widths were quite the same in the study area ; when two values 
are reported they are the lower and upper bounds ; “max” indi- 
cates that all the widths, from the picture resolution bound to 
the indicated value, were observed. Symbols as on Fig. 13 

h CI L (m) z, = L/2 (m) z2 = L/3 (m) 

Valles Marineris 
IuslTithonium plateau (MTM - 05077) 

h = 200 m CA = 60” 1230 61.5 410 
c( = 80” 1070 535 360 

h=50m c( = 60” 1060 530 350 
tl = 80” 1020 510 340 

TithoniumlEchus plateau (MC 18 NW) 
h = 200 m CI = 60” 1560-2900 78Cl450 520-970 

c( = 80” 1400-2740 70&l 370 47G910 
h=50m c( = 60” 1390-2720 695-l 360 460-905 

tl = 80” 1350-2680 675-l 340 450-895 
South Valles Marineris plateau (MC 18 SE) 

h = 200 m CC = 60” 900-3560 45@1780 300-I 190 
tl = 80” 740-3400 370-1700 25&l 135 

h=50m LY = 60 720-3390 36&l 700 240-l 130 
t( = 80” 680-3350 34G1675 230-l 120 

East Valles Marinerisplateau (MC 19 SW) 
h = 200 m a = 60” 3560 1780 1190 

c( = 80” 3400 1700 1135 
h=50m c( = 60” 3390 1695 1130 

tl = 80 3350 1675 1120 
bounds 680-3560 340-1780 3404190 

Claritas Fossae - Noctis Labyrinthus 
Claritas Fossae (MC 17 SE) 

h = 200 m CI = 60” 2900 1450 970 
c( = 80” 2740 1370 910 

h=50m ~1= 60” 2720 1360 905 
c( = 80” 2680 1340 895 

Claritas Fossae (MC 25 SW) 
h = 200 m GI = 60” 156G2900 780-1450 52@970 

c( = 80” 140&2740 70&l 370 47&910 
h=50m c( = 60” 139&2720 695-1360 460-905 

c( = 80” 1350-2680 675-l 340 450-895 
Noctis Labyrinthus (MC 17 NE) 

h = 200 m c( = 60” max. 2900 max. 1450 max. 970 
CI = 80” max. 2740 max. 1370 max. 910 

h=50m CI = 60” max. 2720 max. 1360 max. 905 
tl = 80” max. 2680 max. 1340 max. 895 

bounds O-3560 O-1780 O-970 

Icaria Fossae 
MC 25 NW 

h = 200 m CI = 60” 900 450 300 
c( = 80” 740 370 250 

h=50m t( = 60” 720 360 240 
tl = 80” 680 340 230 

MC 24 NE 
h = 200 m t( = 60” 900-l 560 45&780 300-520 

LY = 80” 74&1400 370-700 25&470 
h=50m a = 60” 72&l 390 36&695 240-460 

c! = 80” 680-1350 34&675 23G-450 
MC 24 SE 

h = 200 m o! = 60” 156G-2230 78&1115 520-740 
c( = 80” 1400-2070 700-1035 470-690 

h=50m CI = 60” 1390-2060 695-1030 460-690 
tl = 80” 135&2020 675-1010 45&670 

bounds 680-2230 340-1115 23&740 
(Continued) 
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Table 1. (Continued) 

h 

h = 200 m 

h=50m 

h = 200 m 

h=50m 

bounds 

h = 200 m 

h=50m 

bounds 

h = 200 m 

h=50m 

h = 200 m 

h=50m 

bounds 

h = 200 m 

h=50m 

h = 200 m 

h=50m 

bounds 

h = 200 m 

h=50m 

bounds 

a L (ml z1 = L/2 (m) z-2 = L/3 (m) 

Sirenum Fossae - Memnonia Fossae 
S~~6n$Memnonh (MC 16 SE - SW) 

0 max. 1560 max. 780 max. 520 
c[ = 80” max. 1400 max. 700 max. 470 
c( = 60” max. 1390 max. 695 max. 460 
a = 80’ max. 1350 max. 675 max. 450 

Sirenum Fossae (MC 29 NE) 
a = 60” 900-2230 45&l 115 300-740 
t( = 80” 740-2070 370-1035 25C690 
51 = 60” 72CL2060 36&1030 24ib-690 
~1 = 80” 68S2020 340-1010 230-670 

O-2230 o-1115 O-740 

North Alba Patera (Vastitas Borealis) 
(MC3NE-NW) 

c1 = 60” max. 2900 max. 1450 max. 970 
tl = 80’ max. 2740 max. 1370 max. 910 
c( = 60’ max. 2720 max. 1360 max. 905 
do = 80’ max. 2680 max. 1340 max. 895 

O-2900 O-1450 O-970 

West and East Alba Patera 
West(MTM35117-MTM40117) 

01 = 60’ 900-5560 450-2780 300-1850 
CL = 80 740-5400 37k2700 25&l 800 
c( = 60 72&5390 36&2695 24&l 800 
z = 80” 680-5350 34&2675 230-I 780 

East (MC 3 SW) 
2 = 60’ max. 2900 max. 1450 max. 970 
a = 80” max. 2740 max. 1370 max. 910 
tl = 60’ max. 2720 max. 1360 max. 905 
a = 80” max. 2680 max. 1340 max. 895 

O-2900 O-1450 u-970 

West and East Alba Patera 
West (MTM 35117 - MTM 40117) 

c1 = 60” 90&5560 450-2780 300-1850 
c( = 80’ 74G5400 370-2700 250-l 800 
GI = 60’ 72e.5390 36k2695 240-I 800 
a = 80’ 680-5350 34&2675 230-I 780 

East (MC 3 SW) 
c( = 60” max. 2900 max. 1450 max. 970 
c( z.z 80”’ max. 2740 max. 1370 max. 910 
a = 60” max. 2720 max. 1360 max. 905 
tl = 80” max. 2680 max. 1340 max. 895 

O-5560 O-2780 O-1850 

Tempe Terra 
(MC3SE-MC4SW-MCIONE) 
c( = 60” max. 2900 max. 1450 max. 970 
CI = 80” max. 2740 max. 1370 max. 910 
c( = 60” max. 2720 max. 1360 max. 905 
o! = 80” max. 2680 max. 1340 max. 895 

O-2900 O-1450 O-970 

compare with similar, morphology on the Earth, e.g. 
Greeley, 1989, p. 59). 

like pit craters, which is not considered here, is a further 
mechanism which explains the formation of some pits and 
troughs without involving water. For dyke emplacement 
in the crust below watertable, driving pressure favours 
simple graben formation (Fig. 12A). At shallower depth, 
dykes are able to heat the groundwater and induce water 
and vapour release. Fracturing around dyke tips would 
help buoyant ascent of water and vapour to the surface 
(Fig. 12B). The escape of both bedrock and magma vol- 
atiles would induce surficial collapse and linear trough 
formation. At shallower depths, dykes can directly inter- 
act with water, producing hydrovolcanic eruptions if the 
pressure conditions are suitable (Fig. 12C). Otherwise lin- 
ear troughs form similarly to the B case. Propagation 
closer to the surface would probably lead to dyke erup- 
tion. 

3. Graben formation 

In this section the case that grabens lie above subsurface 
dykes is considered. Their length, up to 2500 km, is similar 
to the length of dykes observed in a number of giant 
mafic swarms on the Earth (e.g. Ernst et al., 1996) and 
explaining such large horizontal propagation distances 
does not cause mechanical problems (e.g. Delaney, 1987). 
Consequently, arguing on the length of the Tharsis gra- 
bens against the dyke interpretation (Cyr and Melosh, 
1993) is defensible with difficulty. Delaney (1987) showed 
that the main factors favouring propagation over large 
distances are magmatic crystallization heat (that may 
increase the wall temperature by 100°C and delay the 
solidification isotherm by three times) and dyke thickness 
e (increasing e increases the flow rate but has no influence 
on heat transfer toward the host rock, so that the propa- 
gation distance is a function of e”). McDonald et al. (1988) 
calculated that if cooling did not occur, the 20 m wide 
Cleveland dyke in Scotland would have been able to travel 
over 4600 km with a constant 400°C wall temperature. 
Lister (1990) considered that the long propagation dis- 
tances can be explained by primary dependence of dyke 
propagation on fluid mechanics laws (except near the dyke 
tip). All the terrestrial dyke swarms are mafic (Halls, 
1987), and this plays a key role in explaining their lengths. 
Since Mars is smaller than the Earth, magma generation 
is easier (McKenzie and O’Nions, 1991) and is probably 
another factor favouring great propagation distances. 
Another reason, although not frequently observed on the 
Earth, is the possibility for melting of the nearby host 
rock when the rate of magma supply in a dyke is high, 
resulting in very long propagation time and distance 
before solidification (Bruce and Huppert, 1989). In fact, 
it appears that the length of the Tharsis grabens is not a 
barrier to the interpretation of dykes being underneath; 
it rather provides a formation mechanism which seems to 
cause far less trouble than other mechanisms, as also noted 
by Tanaka et al. (199 1) and Mege and Masson (1996a). 

2.9. Summary of grabts and pit formation 
3.1. Why non-feeder dykes.? 

Figure 12 shows that when subsurface water exists it is 
possible to explain a variety of radial features as a function 
of dyke and watertable depths. Formation of Iceland- 

It may seem surprising that many Tharsis dykes did not 
reach the surface. Numerous grabens on Venus are also 
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suspected to have formed above dykes (McKenzie et al., 
1992 ; Parfitt and Head, 1993 ; Grosfils and Head, 1994 ; 
Ernst et al., 1995b), and most of them are non-feeders. 
Geochemical analyses in Labrador (Cadman et al., 1994) 
structural evidence in Iceland (Gudmundsson, 1983, 1984, 
1995a), and geomorphological observations in Greenland 
(Peulvast, 1991) suggest that in these areas most of the 
dykes were non-feeders. First, dykes should be injected 
laterally from magma chambers. This is expected for crus- 
tal chambers when the density of the roof of the chamber 
is less than the density of the crust along the pathway of 
the dyke (Gudmundsson, 1987a). This situation should be 
common in large dyke swarms because of their mafic 
composition. Then. once dykes have begun to propagate 
laterally, they should continue doing so until magma flow 
stops. Several reasons for the propagation of non-eruptive 
dykes have been given, but only the two last ones from 
the list below seem to explain the formation of non-erup- 
tive dyke swarms in virtually all the situations. 

6. 

tip solidification provides a cause for the arrest of ver- 
tical dyke propagation in the crust. 
Early dyke emplacement in the crust generates com- 
pressional stress at shallow depth, so that they create 
a compressional stress barrier for dykes propagating 
later, which should then transform into sills at this 
crustal level (Gudmundsson, 1990a). 

3.2. Origin qf stress 

That dyke emplacement may be responsible for graben 
formation is an old idea (Walker, 1965). Anderson (1951, 
pp. 152-153) had already noted the wedging effect of 
dykes. Field work indicates that tension cracks may occur 
around dyke tips (Delaney et al., 1986). The “process 
zone” concept has been used to conveniently define the 
volume of rock around the dyke tip in which brittle failure 
occurs and graben formation may be predicted. It has to 
be noted, however, that other modelling concepts exist 
which cannot predict graben formation - see Pollard 
(1987) and Rubin (1993). In perfectly elastic material the 
process zone is spherical (Fig. 13) and its size depends on 
the driving pressure AP, which is the sum of P,,,, the 
magma pressure, and or, the remote stress : 

5. 

Watertable can help to freeze dykes at shallow levels 
(Gudmundsson, 1984). The efficiency of this mech- 
anism is however limited since it does apparently not 
affect eruptions on the Earth’s sea floor. 
Dykes propagating upwards in a high Young’s modu- 
lus layer tend to thin upwards (Gudmundsson, 1984) 
so that most of the magma may remain below this layer 
if it is continuous over large distances. 
Rubin (1990) suggested that the probability of dyke 
eruption decreases when the regional context is 
strongly extensional, resulting in high driving pressure 
but low magma pressure. 
Lister (1991) and Lister and Kerr (1991) showed that 
a level of neutral buoyancy in the crust might exist, 
above which the vertical propagation of dykes is im- 
peded and stops. It would be located at the depth 
where the vertical gradient of magma pressure becomes 
greater than the gradient of horizontal stress in the 
host rock. Furthermore, Bonafede and Olivieri (1995) 
have shown that when the level of neutral buoyancy 
has been reached, most of the magma may remain 
below the upper tip if the dyke is shallow enough. How- 
ever, if a level of neutral buoyancy exists in the crust, it 
does not explain field observation that dykes from a 
given swarm appear to stop propagating upwards at 
various crustal depths. 
Lister (1995) has recently shown that solidification is 
an important mechanism for determining the height of 
ascent of melts in the lithosphere, suggesting that dyke 

hP= P,-ko, (1) 

3.2.1. Role oJ’ magma pressure. Pollard et al. (1983) 
showed that the elastic stress field generated by dyke 
magma pressure can focus extensional strain on both sides 
above the dyke, and may therefore encourage graben 
initiation. The limitations of elastic modelling could not 
give information on graben formation (evolution, 
geometry) once the boundary faults have been initiated. 
Pollard et al. found field examples of slip on graben faults 
during dyke emplacement in Hawaii and in Iceland, how- 
ever these faults already existed before dyke emplacement. 
Numerical modelling of fault slip induced by dyke 
emplacement was investigated by Rubin and Pollard 
(1988) and Rubin (1992) in incorporating a fault and a 
Coulomb-type friction law in elastic models. They showed 
that the tensile stress induced above the top of a dyke 
propagating between 4.4 and 0.4 km below the surface 
without remote stress is a few MPa; it is less than 1 MPa 
2 km in front of the dyke. Such values are large enough 
to produce brittle failure or slip along pre-existing faults 
in jointed volcanic rocks, that Schultz (1993) estimates to 
have a tensile strength ranging from 0.2 to 2 MPa. Simi- 

Fig. 12. Influence of dyke depth and presence of groundwater (including permafrost) on trough 
formation. The influence of pressure drop in dyke is not taken into account ; pressure drop may be 
responsible for either additional normal faults and increasing the border fault throws (following 
mechanisms described in Section 1.2 and Figs 4-8). Initial state : extensional remote stress is applied 
and lasts throughout the trough formation mechanism. A : If the dyke intrudes deeply enough not to 
have any influence on groundwater and surficial tectonics, the process zone above the dyke helps 
focusing the remote stress on both sides of the dyke. B : If the dyke intrudes at shallower depth and 
heats the groundwater, volatiles escape. and contribute to trough formation above the dyke, or 
graben widening if the addition of remote stress and magma pressure reach the tensile strength of the 
bedrock. C : If the dyke reaches the watertable, pit formation (Cl) results from hydrovolcanism under 
adequate pressure conditions. Ring faults are used as weakness planes during further explosion (C2) 
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Fig. 13. Definition of parameters relating to dyke and graben, and relationships between dyke 
thickness, dyke depth, and graben width according to Pollard et al. (1983), Mastin and Pollard (1988), 
and Rubin and Pollard (1988) 

larly, in situ measurements of tensile strength in volcanic 
rocks of Iceland give values between 1 and 6 MPa. Such 
values should also apply to the widespread Tharsis vol- 

Mastin and Pollard (1988) compared numerical experi- 
canic flows in which many grabens formed. 

ments of dyke emplacement with small-scale analogue 
modelling, and for the first time confirmed the prediction 
of graben formation suggested by the elastic models. They 
simulated multiple increments of dyke thickening by 
inserting successive rigid slides from the bottom of a floor 
and sugar-filled in box, each slide separating the previous 
ones at the middle. This mechanism mimics typical cases 
of dyke emplacement, whose final thickness results from 
numerous successive pulses (e.g. Gudmundsson, 1984). 
Mastin and Pollard found that surficial deformation 
migrates inward during dyke thickening. The firstly for- 
med structures are open vertical cracks at the surface and 
vertical joints on both sides of the dyke top. In later stages 
new cracks form at the surface within the area bounded 
by the previous cracks, whereas normal faults gradually 
join the cracks and the joints. Some cracks evolve to 
normal faults. In these experiments strain is distributed 

among numerous structures, and no simple grabens 
develop. Although Mastin and Pollard’s (1988) small- 

3.2.2. Role of remote stress. Extensive field work in 
Iceland could not succeed in finding any dyke that trig- 
gered graben formation (Gudmundsson, 1983, 1984, 

scale dykes are non-feeders, they should correspond to 
feeder dykes in reality because of their so shallow depth. 

1995a,b). Therefore most of the extension at the surface 
in the intruded rift zones can be related to plate move- 
ments. That magma pressure appears to be negligible in 
surface extension can be partly explained by the usual 
scenario of dyke emplacement. In general, multiple pulses 
occur. Successive sheets of magma intrude the centre of 
the dyke, and at each stage, the sheet is able to reach an 
upper level in the crust. Therefore, during the successive 
stages of dyke thickening (and before the dyke reaches the 
surface in case of feeders), the dyke thickens over much 
of its height, but does not significantly thicken near its 
top, whose thickness is roughly equal to the thickness of 
the latest sheet. Graben formation is thus difficult because 
when multiple pulses occur, instantaneous high exten- 
sional stress is not produced, instead there is a succession 
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of low magnitude stresses that may be released in a differ- 
ent way from that of high extensional stress instan- 
taneously produced. 

Seismic response to dyke intrusion in the south flank of 
Kilauea, Hawaii, on 2 January 1983 (Dvorak et al., 1985) 
suggests that several pulses occurred within a few days, but 
most of the extension (tension cracks, small-scale normal 
faults) recorded at the surface along a line perpendicular 
to the dyke occurred within less than one day, at the end 
of the intruding event. Shortening contemporaneous to 
extension was recorded closer to the ocean, at a lower 
topographical level, in a landslide area. All the stress pro- 
duced by dyke emplacement was thus not instantaneously 
released. Such a delay in the release of stress resulting 
from dyke emplacement has also been observed in Iceland 
(Sigurdsson, 1980). 

In Hawaii, seismic activity associated to extension and 
landsliding of the south flank of Kilauea is more or less 
continuous, contrary to dyke emplacement. Conse- 
quently, it appears that dyke intrusion is a minor factor 
in surface extension, although it is a quite common 
phenomenon (Delaney and Wallace, 1995). 

3.2.3. Origin of extensional stress in the Tharsis case. 
The geometry and location of faults 2, e.g. on Fig. 7a, are 
analogous to those of the structures obtained in Mastin 
and Pollard’s experiments (Mastin and Pollard, 1988). 
Although other mechanisms of formation can be sug- 
gested, they might indicate migration of deformation 
toward the graben centre, like in Mastin and Pollard’s 
experiments, indicating an important role of magma pres- 
sure in graben formation. However, most radial grabens 
in the Tharsis province do not display similarities to 
Mastin and Pollard’s grabens. If magma pressure plays 
an important role of graben formation, then a mechanism 
for focusing most of deformation on two conjugate faults 
should be found. The simpler mechanism that may be 
suggested consists in releasing the stress generated by dyke 
emplacement after the end of the dyke emplacement, like 
in the Hawaiian case. 

However, the basic problem if the magma pressure 
played a significant role in Tharsis graben formation is 
that the grabens induced by dyke emplacement on the 
Earth have depths I 1 m, some hundred times less than 
the Tharsis grabens. This suggests that, in a general way, 
the remote stress should have played a major role in 
graben formation. Moreover, the formation of pit chains 
without grabens suggests that the magma pressure in a 
number of dykes somewhat similar to other dykes associ- 
ated to graben formation was unable to cause significant 
surface deformation. 

Schematically, qr may be analysed in the following way : 

0, = oTH+@~E~ (2) 

where aTH is the part of the stress field generated by Tharsis, 
and CREG is Tharsis-independent. 

We consider three possible Tharsis-generated sources 
of stress. 

1. Inflation events in magma chambers produce exten- 
sional stress favouring radial extension, and sub- 
sequent deflation favours concentric extension (e.g. 
McKenzie et al., 1992). Succession of inflation/ 

1525 

deflation events may thus explain the formation of both 
radial grabens and the concentric grabens around 
Syria Planum. In particular, dyke emplacement 
decreases the pressure in the magma chamber, and 
consequently should by itself induce remote exten- 
sional stresses (e.g. Bonafede and Olivieri, 1995). Since 
the magma chambers of the Tharsis province are prob- 
ably larger than magma chambers on the Earth, this 
source of stress may have played a greater role in exten- 
sion and may contribute to explain, to some extent, 
why some Tharsis grabens are deeper than the Earth’s 
ones. However, numerous Tharsis grabens may be too 
far from the magma centres to have undergone a sig- 
nificant influence of these stresses. 
Gravitational stresses generated by the Tharsis top- 
ography may have also contributed to produce exten- 
sion at the surface (Chadwick and Dieterich, 1995). 
Similarly, they could not affect the longest grabens 
over their whole length. 
Loading stresses may have contributed to produce the 
grabens (Banerdt et al., 1982, 1992; Sleep and Phillips, 
1985). Broad-scale loading stress on the Earth first 
follow rifting events (and thus early dyke swarm 
emplacement), and then the ending of all thermal and 
tectonic processes related to the rift activity (Grana 
and Richardson, 1996 ; Zoback and Richardson, 1996). 
Thus dyke swarm emplacement would likely be sep- 
arated from crustal loading by an interval of at least a 
few tens of million years. Consequently, such stresses 
are not expected to have played a crucial role during 
dyke swarm intrusion within the framework of the 
plume tectonics model presented in Section 6, nor prior 
to dyke swarm emplacement, because they are gen- 
erated by magma once frozen. Loading is an important 
source of stress on the Earth. If such stresses are 
involved in Tharsis graben formation, we expect them 
to have focused above the dykes because of the density 
and strength contrast between dyke and bedrock (e.g. 
Zoback, 1992). Nevertheless, the graben boundary 
faults are often deflected by pits and other kinds of 
troughs, but the latter appear to have never been affec- 
ted by faults. The pits and troughs appear not to have 
been deformed by later tectonic processes. Thus the 
exact role of loading stress in graben formation cannot 
be clearly established. See M&ge and Masson (1996a) 
for a discussion on sources of stress in the tectonic 
evolution of Tharsis, and Tanaka et al. (1991) and 
Banerdt et al. (1992) for alternative views. 

Two other sources of stress can also be discussed : 

1. Radial fracturing may have resulted from mega- 
impacts in the Tharsis region. Evidence of ancient 
impact basins in the Tharsis history have been dis- 
covered by Schultz and Glicken (1979) in the Syria 
Planum area, by Craddock et al. (1990) in the Daedalia 
Planum area, and by Frey and Roark (1995) in the 
Thaumasia Planum area. However, stratigraphic stud- 
ies (e.g. Scott and Tanaka, 1986) clearly show that 
most of the grabens formed later than the possible 
impacts these authors have considered. Furthermore, 
grabens similar in dimensions to the simple grabens 
around Tharsis are not observed around large impact 
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2. 

basins on Mars nor on the Moon, so that formation of 
grabens following impact basin formation prior to 
dyke swarm emplacement is unlikely. Nevertheless, it 
is possible that radial fracturing produced by the mega- 
impacts guided later dyke propagation. 
Geometrical analysis of dyke swarms given in Section 
5 demonstrates the existence of a steady Tharsis-inde- 
pendent regional extensional stress source over the 
whole Tharsis hemisphere. We think that the mag- 
nitude of this source of stress, which is interpreted to 
be behind the formation of Valles Marineris, should 
have been high enough to have produced much of the 
extension observed in the Tharsis province. Graben 
location would be influenced by stress anisotropy or 
fracturing (without graben formation) on both sides of 
the dykes resulting from dyke propagation and 
emplacement (e.g. Pollard et al., 1983), since the 
regional stress field was contemporaneous to dyke 
emplacement. If this regional field lasted for a long 
time after dyke swarm emplacement, the late stresses 
should have also focused on dykes because of the den- 
sity and strength contrast between the frozen dykes 
and the bedrock, and also on earlier graben boundary 
faults. 

4. Thickness, depth, and height of dykes 

4.1. Theor_v 

Some works mentioned above provide results that can be 
used to estimate the depth and thickness of dykes (Pollard 
et al., 1983 ; Mastin and Pollard, 1988 ; Rubin and Pollard, 
1988 ; Rubin, 1992), and were used by Head and Wilson 
(1994) to determine the depth and thickness of dykes on 
the Moon. These results can be used if P, was strong 
enough to influence the location of the boundary faults. 
They are valid only if the grabens formed con- 
temporaneously to the dykes, or if dyke emplacement was 
responsible for immediate formation of brittle structures 
that were reworked later. 

It is convenient to summarize the results obtained by 
these works in classifying them as a function of the ratio 
r between the height and the depth to centre of the dyke 
(Fig. 13). An agreement has been found that the graben 
width is about 3 times the depth of the dyke top when 5 
is close to I, and its width decreases to 2 times when 5 
decreases. There is conversely a noticeable discrepancy 
between the dyke thickness predicted by numerical and 
analogical models. When more than two structures form 
at the surface, the relations presented on Fig. 13 should be 
applied between the outermost surficial structures (Mastin 
and Pollard, 1988). 

4.2 Depth and thickness of the Tharsis dykes 

The relations on Fig. 13 were used to define the dyke 
depths and thicknesses in the Tharsis region. Nevertheless, 
it should be pointed out that these relations do not take 
into account the influence of the density contrast between 
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the magma and host rock (Halls, 1982) or the Young’s 
modulus of the host rock (Gudmundsson, 1984) in graben 
width, although this factor clearly plays a role in the 
simple grabens of the Tharsis province. Indeed, obser- 
vation on U.S.G.S. mosaics shows that the simple grabens 
are systematically wider in the regolith than in the Hesp- 
erian lava flows, e.g. in the Memnonia region (Fig. 11). 
This difference is consistent with the smaller value of the 
Young’s modulus E in regolith than in lavas : 0.1 < 
Landstone < 0.6 x 10” MPa and 0.6 < Ebasalt < 0.8 x 10” 
MPa (Turcotte and Schubert, 1982). 

Relations on Fig. 13 are convenient since both dyke 
depths and thicknesses may be deduced from aerial obser- 
vations. It is, however, impossible to choose the best value 
for 5. In addition topographic data are not accurate 
enough to allow precise estimation of vertical and hori- 
zontal throws of the boundary faults (h and E). The 
amount of erosion of the graben walls is also unknown, 
so that fault dips c( cannot be defined either, neither the 
observed graben widths, nor the horizontal throws F. are 
representative of the real structure of the grabens. Based 
on observation, we made the rough approximation that 
slopes constitute l/3 of the observed graben widths Lobs, 
and the floors constitute the remaining 213 of Lobs_ Thus 
we considered that : 

L z 2/3LOb, + E (3) 

where L is the real (structural) distance between the 
boundary faults and E = 2h/tan CL In Iceland, vertical ten- 
sion cracks horizontally grow up to a length of a few 
hundred metres, and then vertical throws develop. Eighty 
per cent of normal faults have 65-79” dips and the mean 
is 73” (Forslund and Gudmundsson, 1992). Consequently, 
in the calculations we assumed that graben faults dip 60” 
to 80”. In the Tithonium and Ius chasmata region of Valles 
Marineris the maximum value of h is less than 200 m 
(U.S.G.S., 1980), and observation of images suggests that 
the grabens in the other regions around Tharsis should 
not be deeper. We estimated that most of the fault throws 
range between 50 and 200 m. The 50 m value was chosen 
partly because few pictures have a better resolution than 
50 m pixel- ’ : without doubt smaller fault throws exist. 
Table 1 gives the ranges of dyke top depths for numerous 
quadrangles in the western hemisphere and Table 2 gives 
the range of plausible dyke thickness for the whole Tharsis 
region, as deduced from the relations on Fig. 13. 

The results presented on Table 1 suggest that some dyke 
tops may be at depths of 2-3 km. Great depth discrep- 

Table 2. Range of dyke thicknesses in the Tharsis region for the 
range of parameters discussed in the text. Symbols as on Fig. 
13. Estimated realistic thicknesses are in bold italic 

& e= 1.56 e=2.4E e=4.58 
Dyke thickness (m) (m) (m) (ml 

Ir = 200 m CI = 60” 230 345 555 1040 
a = 80’ 70 105 170 320 

h= 100m c( = 60’ 115 175 275 520 
a = 80” 35 53 85 160 

h=50m c( = 60” 58 87 140 260 
a = 80” 18 27 43 81 
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ancies exist among the values displayed on Table 1, and 
if 5 is very close to 1 and dips close to vertical, a few 
hundred metres depth is in general sufficient to fit the 
graben characteristics. Table 2 shows that dyke thick- 
nesses range from a few tens of metres to 1 km, but only 
three configurations predict thicknesses over 400 m. The 
best relation should be e = 1.5 E because it results from 
analogical modelling which explicitly accounts for brittle 
rock failure. The dyke thickness beneath the Tharsis gra- 
bens would thus be chiefly within the range 30-300 m, 
very close to the dyke thicknesses in the Mackenzie swarm 
(e.g. Fahrig, 1987). 
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4.3. Dyke height 

The results obtained by Pollard ef al. (1983) and Mastin 
and Pollard (1988) on dyke heights are subject to con- 
siderable error bars. However, according to their results, 
5 tends toward 0.7 for deep dykes, and for shallow dykes 
< tends toward 1. Thus c for the deepest dykes on Table 
1 should be quite close to 0.7. The deepest dykes (2-3 km) 
appear to have intruded the crust near Alba Patera. The 
diameter of hydrovolcanic pits directly gives the dyke 
depth during the first pulse (Lorenz, 1986) and similar 
values (-2 km) are given by the hydrovolcanic pits dis- 
played in the northernmost part of the area on Fig. 6. 
Assuming 5 = 0.7 and d = 2 km, the dykes below the 
grabens of the western flank of Alba Patera should be 
about 2a = 15 km high. If t: were 0.8 or 0.9, 2a would 
be close to 24 or 54 km, respectively. For comparison, 
according to Wilson and Parfitt (1990) dyke thickness is 
mainly a function of AP and the dyke depth to centre d, 
and AP = 30 MPa would be required to get a dyke more 
than a few tens of metres thick. Their calculations also 
show that the maximum possible dyke widths on Mars is 
200 m, corresponding to a 30 MPa driving pressure and a 
depth to centre d = 40 km. 

On Earth, dyke swarms can originate from shallow- 
level crustal magma chambers, e.g. in the Spanish Peaks 
case (Smith, 1987) and possibly for the Mackenzie swarm 
(Halls, 1987). Dyke swarms originating from chambers 
at the crust/mantle boundary are also common, e.g. the 
regional dyke swarms in Iceland (Gudmundsson, 1990b, 
1995b), and the Scourie dyke swarm in Scotland (Halls, 
1987). The thickness of Martian crust at the beginning of 
the Tharsis history is estimated to be 50 km in the crustal 
differentiation model by Schubert et al. (1992). Thus the 
dykes west of Alba Patera could have propagated over 
much of the crust. 

5. Dyke swarms 

5.1. Geometry and succession 

Figure 14 shows regional dating of the Hesperian and 
Amazonian radial faults and elliptical faults around the 
Syria bulge. Dating is derived from the geologic map of 
Tharsis (Scott and Tanaka, 1986), studies by Tanaka and 
Davis (1988) Scott and Dohm (1990a), and personal 

observations on 1: 2 M and 1: 500 K photomosaics from 
U.S.G.S. in the Tharsis region. Dating is also fully con- 
sistent with those more recently obtained by Dohm and 
Tanaka (1995). Since dyke emplacement is far quicker 
than the time span between terrain resurfacing, the gra- 
bens that could not be precisely dated from stratigraphic 
studies were attributed the age of grabens whose orien- 
tation and location suggest that they formed above the 
same dykes. To this end the grabens located close to 
Tharsis were especially helpful owing to the occurrence of 
recent lava flows. For instance some grabens in the crat- 
ered uplands of Memnonia were assumed to have the same 
age as some grabens of Daedalia Planum that formed 
on Amazonian Tharsis lava flows. This methodology is 
probably a chief difference between our mapping and 
those by Plescia and Saunders (1982) Tanaka and Davis 
(1988), and Scott and Dohm (1990a). It explains why 
we have not attempted to establish refined chronological 
relationships between graben sets. 

We classified each continuous and discontinuous 
graben (as defined above) in four categories. The first 
graben category (Fig. 15a) includes structural features 
that could not be dated, and various Noachian graben 
sets. Among these structures is expected to be the first dyke 
swarm of the Tharsis history, centred on Solis Planum. It 
would correspond to the upper Noachian/lower Hesp- 
erian Thaumasia Fossae. Evidence comes from (1) the 
fan-like geometry of Thaumasia Fossae, typical of radi- 
ating dyke swarms (see several examples in Fahrig 
(1987)) ; (2) the high topography (11 km, one of the highest 
parts of the Tharsis area without the volcanoes) of the 
magma chamber that would have fed the dykes (A on Fig. 
1). This interpretation is consistent with Frey’s (1979a) 
interpretation of an early stage of Tharsis uplift. 

Further indications would arise from pits and troughs, 
but dykejwater interactions are not expected so early in 
the Martian history. No material removal from grabens, 
nor collapse features, can be shown to have formed prior 
to upper Hesperian on the basis of the stratigraphic map 
by Scott and Tanaka (1986). This agrees with the works 
by Carr (1979) and Pollack (1979) who suggest that the 
grabens modified by geomorphological processes formed 
later than the others, after hydrolithosphere trapping in 
the porous regolith (Battistini, 1984) probably close to 
the Noachian/Hesperian boundary. 

The three other graben categories are (1) Hesperian 
grabens formed prior to the Tharsis Montes volcanic fields 
(Fig. 15b), (2) upper Hesperian/Amazonian grabens 
clearly linked with the Tharsis Montes (Fig. 15c), (3) gra- 
bens in the Alba Patera area (Fig. 15d). The grabens east 
and north of Tharsis were rather easy to classify, but for 
the southern and western grabens we additionally took 
geomorphological criteria into account. We based our 
interpretations on the observation that some grabens have 
kept their structural morphology whereas some others, 
10-15” apart, were intensely modified by geomorpho- 
logical processes involving groundwater release (Gl and 
G2, respectively, Fig. 11). The angle between the two 
graben sets would not be significant in terms of stress if 
the grabens had formed in response to purely tectonic 
processes, however it clearly corresponds to a modifica- 
tion of principal stress trajectories in a dyke swarm context 
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Fig. 14. Stratigraphic and geographic classification of Hesperian and Amazonian grabens in the 
Tharsis region. 

(Halls, 1987). Therefore we classified some of the Mem- 
nonia Fossae on Fig. 15b and some others on Fig. 1%. 

5.2. Direction of propagation 

Figures 16a and b are extrapolations of graben trends on 
Figs 15b, c, and d the same way May (197 1) did for dykes 
in the North Atlantic region before oceanization. Giant 
dyke swarms provide reliable broad-scale stress trajectories 
on Earth. The mean dyke trends propagate perpendicular 
to the least compressive stress (cr3), as flaired by Geikie in 
1893 and suggested by Stevens in 1911 (references in 
Pollard (1987)). Geologists have found that this is correct 
even in fractured regions (Halls, 1987; Gudmundsson, 
1995a). The direction of propagation is not much influ- 
enced by weakly extensional stress states nor by stress 
states encouraging strike-slip faulting (Halls, 1987). 

Delaney et al. (1986) studied the conditions required 
for a propagating dyke to reactivate previous joints. Most 
of their results are difficult to apply without field work. 
Nevertheless, two clues to dyke propagation along pre- 
vious discontinuities can be used in remote sensing studies 

such as the present one. First, splay faults should be 
observed, similar to those observed by Segall and Pollard 
(1983) should denote an attempt to reorganize the dyke 
trend perpendicularly to c3 (Delaney et al., 1986). 
Secondly, individual dykes in dyke swarms that do not 
follow the same trend as most of the others may be sus- 
pected to have been influenced by previous fractures 
(although this could also arise in the case of small-scale 
variations of remote stress trajectories). From observation 
of Fig. 15, these two reasons confirm that dyke emplace- 
ment was perpendicular to CJ~. 

5.3. Stress field analysis 

5.3.1. The Syria Planum-related stressjeld. The swarm 
trends present analogies with stress patterns due to super- 
imposition of an isotropic field induced by events in a 
magma chamber and a non-null regional field (Ode, 1957 ; 
Muller and Pollard, 1977 ; McKenzie et al., 1992). During 
magma inflation episodes, in the absence of a regional 
field, dykes injecting perpendicular to c3 are radial. This 
is not observed on Mars : the western part of Valles Mari- 
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Fig. 15. Graben sets used to define Tharsis dyke swarms. The location of the Ascraeus, Pavonis, 
Arsia, Alba, and Olympus caldeiras is indicated. The approximate location of the centre of the 
magma chambers responsible for dyke swarm emplacement is shown (A-E). (a) Various grabens 
(Noachian features, including the possible Thaumasia dyke swarm centred on Solis Planum, and 
other sets inconsistent with the graben sets displayed on (b), (c), and (d) ; (b) grabens related to the 
Syria Planum centre (dashed line underlines Argyre basin) ; (c) grabens related to the Tharsis centre ; 
(d) grabens related to the Alba Patera centre 

neris strikes E-W whereas the eastern part of Valles Mari- 
neris strikes Nl05”E oriented. This observation can be 
explained considering the stress field generated by a cham- 
ber beneath Syria Planum during an inflation period. 
Close to Syria Planum, the local stress field dominates. 
Eastwards, another stress field dominates, and geometric 
rdationships show that in this field the cr3 trajectory trends 
about N020”E. Thus, one could speculate that the Tharsis 
rise in lower Hesperian consisted chiefly of the Syria 
Planum rise, located within a regional (wider) stress field. 
Elliptical grabens around Syria Planum are consistent 
with injection of new magma in the Syria chamber after 
magma withdrawal (McKenzie et al., 1992). The diffi- 
culties for dating most grabens in the Syria region from 
crosscutting relations (Masson, 1980 ; Tanaka and Davis, 
1988) may fundamentally arise from this mechanism: 

since many episodes of magmatic inflation/deflation cycles 
occur in usual chambers (all the more in a large one such 
as in Syria Planum), many tectonic episodes may exist. A 
single graben may have formed in several stages. At least 
two major deflation episodes occurred corresponding to 
two ehiptical graben annuli with different axis lengths 
(graben sets IVa and IVBl of Tanaka and Davis (1988)). 
The great scarp of Claritas Fossae (fault set VIA of 
Tanaka and Davis) might have formed by roof collapse 
after a late withdrawal stage of the Syria chamber, from 
a striking analogy with the great Mauna Loa scarp (Carr 
and Greeley, 1980). Graben dating obtained by Tanaka 
and Davis suggest that the whole swarm mostly formed 
during lower and upper Hesperian. Consistent results 
have been obtained by Dohm and Tanaka (1994). 

5.3.2. The Tharsis-related stress field. The Tharsis and 
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Alba swarms are interpreted on Fig. 16b since both evol- 
ved at the same time (upper HesperiamAmazonian). The 
major difference between the Tharsis swarm here and the 
one modelled (and ruled out) by Carr (1974) (Fig. 3) is that 
Carr considered the three volcanoes as three interacting 
circular centres. Here, dyke swarm mapping reveals a 
single chamber located somewhere beneath the three 
Tharsis Montes. Consequently, one deep and three shal- 
lower magma reservoirs are required below the Tharsis 
central area. The wide chamber might lie at, e.g. the crust/ 
mantle boundary, and would have been responsible for 
the emplacement of the Tharsis dyke swarm, whereas the 
formation of the three giant volcanoes would result from 
three individual chambers located, e.g. at the ductile/ 
brittle crust boundary (Bonin, 1982) or at shallower 
depths, as a result of merging sills above dykes reaching 
a compressional stress barrier in the crust (Gudmundsson, 
1990a). Zuber and Mouginis-Mark (1992) suggested that 
a magma chamber could exist within the Olympus Mons 
edifice. 

The Tharsis swarm appears to be influenced by a 
regional stress field which slightly differs from the earlier 
one : CT) is N340”E. Systematic mapping reveals that about 
all the Cchelon patterns of radial grabens show right-lateral 
steps (Fig. 1%) and most are included in this swarm. 
This is interpreted as evidence of broad-scale tendency of 
reorientation of the propagating dykes from the domain 
where the Tharsis-related stress is dominant to a domain 
where the regional stress is dominant (propagation fol- 
lowing a mixed I and III mode). 

The deflection of the Tharsis stress patterns around 
Alba Patera (Fig. 16b) suggests that the dykes in this area 
were injected during a deflation event in the Alba Patera 
centre (McKenzie et al., 1992). 

5.3.3. The Alba Patera-related stress field. No graben 
in the vicinity of Alba Patera shows evidence of dyke 
emplacement (except the catenae that are interpreted as 
part of the Tharsis swarms). Close to Alba Patera, the 
grabens are also significantly wider than typical grabens 
associated with dyke emplacement in other areas of Mars. 
Their formation requires a purely tectonic extension 
mechanism. However, a few hundred kilometres north- 
wards, in the Vastitas Borealis lowlands, the Alba Patera 
grabens display morpho-structural characteristics (“I-l”- 
shaped depressions, spatter cone chains ; en tchelon seg- 
ments) suggesting dyke propagation. The transition in 
graben characteristics occurs after about 3 km topo- 
graphic lowering from the caldeira (U.S.G.S., 1991). 

For comparison, in Icelandic fissure swarms like that of 
Krafla, the role of horizontal plate movements compared 
with bending stresses above magma reservoirs in the for- 
mation of extensional structures is unknown, but surface 
extension (through normal faults and open tension frac- 
tures) is due to some combination of both processes (Fig. 
17) (Gudmundsson, 1987b ; Opheim and Gudmundsson, 
1989 ; Forslund and Gudmundsson, 1991). At deeper cru- 
stal level above magma chambers, extension would be 
mainly achieved through dyke intrusion. 

Similar reasoning might apply to Alba Patera. Deep 
dykes from an Alba Patera swarm would have propagated 
horizontally up to Vastitas Borealis, where topographic 
lowering would have induced a shallower propagation 

Fig. 17. Schematic cross-section of an Icelandic fissure swarm, 
due to horizontal plate movements and magmatic stresses (For- 
slund and Gudmundsson, 199 1) 

depth, leading to dyke/water interactions. The en Pchelon 
geometry of the grabens may reflect the geometry of dyke 
underneath. These dykes and grabens correspond to the 
Alba Patera swarm indicated by the dotted lines on Fig. 
16b. Like in Iceland, dyke injection from the Alba Patera 
chamber would have been favoured by magma reservoir 
bending. The dykes could have also participated to deep 
extension above the reservoir. 

Neither reservoir bending nor the regional stress field 
can explain the existence of the grabens far from the 
reservoir, like in Vastitas Borealis. The latter trend N-S 
to NNE-SSW, consistent with regional stress orientation, 
but alone it would have produced transtensional move- 
ments, in contradiction with the observation that the faul- 
ted lava flows are unsheared. Furthermore, in the absence 
of an additional stress source, the Alba Patera dyke swarm 
would tend to converge toward the horizontal stress tra- 
jectory perpendicular to the regional o3 (i.e. N070E), in 
contradiction with observations. 

The existence of this additionally required stress field 
has been pointed out for a long time (Wise, 1976). It was 
recently considered again by Cyr and Melosh (1993) and 
Turtle and Melosh (1994). These authors supposed that 
this stress field could be linked with the Tharsis centre, 
and emphasized that it could have been disrupted by a 
stress field generated by the Alba Patera flexural load. The 
superimposition of both fields would have resulted in the 
deflection of grabens around the volcano. Existence of 
an Alba Patera-centred dyke swarm indicates that Alba 
Patera was located above a hot plume, an interpretation 
supported by the results of a gravity study carried out by 
Janle and Erkul (1991). In this interpretation, the ring 
grabens around Alba Patera can be alternatively produced 
by reservoir deflation stress. Reservoir deflation and later 
volcanic loading may have both contributed to ring 
graben formation. 

5.4. Other dyke swarms in the Tharsis hemisphere 

Locally some small magma centres should have also been 
responsible for radiating dyke swarm emplacement and 
subsequent graben formation. Two possible small swarms 
(more than 100 km long however) located in Tempe Terra 
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are shown on Fig. 18. No pits nor linear troughs are 
observed, however the graben sets shown with thick lines 
on Fig. 18~ are local and centred on ovoid topographic 
lows and heights (A and B) interpreted to be volcanic 
troughs and constructs. Analysis of the trends of the local 
graben sets indicates that dyke emplacement occurred 
during a period of extensional remote stress field. The 
inferred stress trajectories are oblique to the stress tra- 
jectories inferred from the Tharsis graben swarm (grabens 
displayed with thin lines). This difference can be explained 
by the difference in graben age. The Tharsis swarm is 
dated upper Hesperian/Amazonian, whereas the two local 
graben sets have been dated middle to upper Noachian 
by Scott and Dohm (1990a). They would have formed 
during a period of early major extension of the palaeo- 
Tharsis province, which is not considered in the present 
paper (see Crumpler and Aubele, 1978 ; Scott and Tanaka, 
1981). This early major tectonic activity produced the 
“Tharsis rift line” (Crumpler and Aubele, 1978) which 
denotes a least compressional stress trajectory roughly 
trended NW/SE, consistent with the bulk trend of the two 
local graben sets around the centres A and B on Fig. 18~. 

Figure 19 shows another example of tectonic features 
possibly related to local dyke swarm emplacement, in 
Claritas Fossae. The timing of tectonic structure devel- 
opment in this area is extremely complex (Masson, 1980, 
1986 ; Tanaka and Davis, 1988) and, like in the case of 
the Syria Planum swarm, the dyke swarm interpretation 
may help to overcome the problem caused by contra- 
dictory crosscutting relationships between structural 
features. Although which grabens formed above dykes on 
Fig. 19 and which did not cannot be accurately defined 
because the area is pervasively faulted, the fan grabens 
north and south of centre A (roughly the late Hesperian 
III 1 fault set of Tanaka and Davis, 1988) might have 
been influenced by dyke swarm trends. Other local magma 
centres should be expected in the area of Fig. 19 and 
in other places of Claritas Fossae from observed local 
disturbances and superimposition of small-scale and 
broad-scale strain fields. Small-scale dyke swarm emplace- 
ment also seems to have occurred in Acheron Fossae 
(Mdge, 1994, p. 184). 
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6. Geodynamical implications 

6.1. Plumr tectonics : the Syria Planurn example 

6.1.1. Basic considerations and summary of the model. 
Giant radiating dyke swarms on Earth are commonly 
interpreted as direct consequences of hot plumes, above 
which further rifting may take place (e.g. Fahrig, 1987; 
recently Radhakrishna et al., I994 ; Zoback et al., 1994; 
Ernst et al., 1995a). The dyke swarms in the Tharsis prov- 
ince are consequently expected to have been also due to a 
hot mantle plume. On Earth the crust above plumes is 
thermally weakened and uplifted, and, provided that the 
regional context is suitable, may focus triple junctions. 
Intrusions occur within the three rift arms, two of them 
becoming a running rift, and the third one failing. The 
occurrence of crustal extension, and the geometry of 

deformation. depend on the stress induced by plate 
motions. Without plate tectonics, the existence of three 
arms is expected to occur. The Syria Planum and Tharsis 
dyke and graben swarms have only two arms, 180” apart. 

Below is developed a “plume tectonics” model (from a 
definition by Hill et al. (1992) reproduced in the Intro- 
duction). It is powerful in that it is based on some obser- 
vations, both geomorphological and structural ; it pro- 
vides reliable stress patterns and clear indications for a 
lithospheric support, which consequences are shown 
below to predict the formation of all the tectonic struc- 
tures formed during the Tharsis history that were not 
used to constrain the model (i.e. the wrinkle ridges of 
the western hemisphere, Valles Marineris, and the South 
Tharsis Ridge Belt) from simple considerations on ter- 
restrial plume evolution (M&ge and Masson, 1995). 

Like all the swarm centres displayed on Fig. 1, the Syria 
Planum centre lies on a topographic high. The elevation 
of Syria Planum must be partly due to a permanent uplift 
mechanism because the lavas mantling its surface are 2-3 
Ga old (Neukum and Wise, 1976; Hartmann et al., 1981). 
However, in order to be in agreement with terrestrial 
evidence, dynamic uplift, produced by the thermal ano- 
maly of a hot blob (White and McKenzie, 1989) rising 
from the core/mantle boundary (Morgan, 1971), should 
have to have preceded the lava floods by a few million 
years at least (Hill, 1991 ; Hill ef al., 1992). Models predict 
blob flattening below the lower boundary of the mech- 
anical lithosphere, spreading of the hot material and 
formation of a hot mushroom head, and then eruption 
of voluminous basaltic-type lava fows named large 
continental igneous provinces on Earth (White and 
McKenzie, 1989, 1995; Griffiths and Campbell, 1991; 
Coffin and Eldholm, 1994). Stratigraphical studies (Scott 
and Tanaka, 1986) suggest that the lower Hesperian lava 
fields (mostly those affected by the wrinkle ridges) could 
be Martian analogues (Fig. 20). The crust must have been 
intruded with thick plutonic rocks lighter than the host 
rock, in order to induce buoyant crustal uplift and 
counterbalance the subsidence forces induced by the high 
density lavas at the surface (McKenzie, 1984; Finnerty et 
al., 1988; Phillips et al., 1990). An analogy may thus 
exist between (1) the Syria Planum intrusion, the lower 
Hesperian lava floods, and the Syria dyke swarm on Mars, 
and, e.g. (2) the Muskox intrusion. the Coppermine River 
flood basalts, and the Mackenzie dyke swarm on Earth 
(LeCheminant and Heaman, 1989 ; Ernst and Baragar, 
1992). A point of interest arising from the comparison 
between lava floods and non-feeder dyke swarms on the 
Earth and on Mars is that the Tharsis lava floods might 
originate from the same source as the dykes, but could 
have a different composition (Cadman et al., 1994). 

Plumes are responsible for weakening of the crust and 
upper mantle (Hill et al., 1992), which has important 
effects on crustal growth (McKenzie, 1984 ; Warner, 
1990). The Martian highlands in the vicinity of Syria 
Planum are fully compensated (Smith et al., 1993), and 
appear to have an average elevation 1 km higher than 
on the eastern hemisphere (U.S.G.S., 1991), implying a 
thicker crust. However, the topographic error bars are as 
high as this altitude difference. Schultz and Tanaka (1994) 
have already emphasized the 5-9 km elevation of the 
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Syria/Solis/Sinai plana area and the inferences for crustal 
thickness. This increased thickness could be direct conse- 
quence of mantle partial melting and accretion to the 
crust. Crustal uplift above.plumes should generate radial 
compressional stress at the surface at the boundary 
between the uplifted and non-uplifted regions (e.g. Price 
and Cosgrove, 1990). The South Tharsis Ridge Belt 
appears to be correlated with such stress. Possible traces 
of compressional patterns at the boundary between the 
weakened crust and the normal crust can definitely not be 
observed around the outcroping dyke swarms on Earth, 
because of erosion. 

In the following part of the text we consider that the 
number of plumes equals the number of dyke swarms. 
This does not mean that we are considering as many hot 
spots. A number of hot spots have been shown to have 
had a recurrent activity responsible for the emplacement 
of more than one dyke swarm on Earth : the 2.42-1.99 
Scourie dyke swarm in Scotland (Heaman and Tarney, 
1989) ; the 1.27 Ga Mackenzie and 0.72 Ga Franklin dyke 
swarms, the 2.1 Ga Marathon, 2.08 Ga Fort Frances, and 
1.14 Ga Abitibi dyke swarms, and possibly the 1.24 Ga 
Sudbury and 590 Ma Grenville dyke swarms in Canada 
(H. C. Halls, pers. commun., 1995). Although the reason 
for this to occur is speculative, three hypotheses can be 
proposed: (1) thermal instabilities at the core/mantle 
boundary ; (2) plume separation at a viscosity dis- 
continuity in the mantle (Bercovici and Mahoney, 1994) 
and (3) partial melting along the axis of a superheated 
Tharsis mega-plume ; exothermic phase changes in the 
mantle would result in acceleration of the mantle flow, 
and production of distinct melting zones in the mantle 
(Breuer et al., 1996). Consequently, perhaps the Thau- 
masia, Syria Planum, and Tharsis dyke swarms could have 
successively formed in response to the same plume. One 
reason for the occurrence of distinct volcanic centres could 
be lithosphere moving above the hot spot (Plescia and 
Saunders, 1982). Asthenospheric circulation may also 
cause plume deflection (e.g. Corrieu-Sipahimalani, 1995). 
In addition, the Alba Patera plume might represent a 
secondary effect of the major Tharsis plume (Janle and 
Erkul, 1991). Further modelling and observations on 
Earth should help understand these relations. 

6.1.2. Prediction of wrinkle ridgeformation in the western 
hemisphere. A number of compressional structures exist 
on both Martian hemispheres (Chicarro, 1983 ; Chicarro 
et al., 1985; Watters and Maxwell, 1983, 1986; Plescia 
and Golombek, 1986 ; Watters, 199 1,1993). A ridge classi- 
fication was established by Watters (1993). Those that are 
useful to chronologically and geographically constrain 
the Tharsis history are wrinkle ridges, which formed in 
smooth volcanic fields. They are typically a few hundred 
metres high, 10 km wide, and more than 100 km long. 
Most have arbitrary trends, however, in the Tharsis hemi- 
sphere they are roughly concentric about the dome. The 
largest wrinkle ridge concentration is on the eastern Thar- 
sis flank (Fig. 1). Wrinkle ridges mainly occur in lower 
Hesperian lava materials, and probably formed rapidly 
after lava emplacement (Watters and Maxwell, 1983), as 
a result of buckling (Watters, 199 1; Schultz and Watters, 
1995 ; Watters and Schultz, 1995), resulting in either thin 
skin deformation (Suppe and Narr, 1989; Watters, 1991, 
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1993) or thick skin deformation (Plescia and Golombek, 
1986 ; Zuber, 1995). 

Their rough Tharsis-concentric geometry on the eastern 
Tharsis flank has been interpreted as an indication of the 
influence of Tharsis-related stress during their formation 
(Watters and Maxwell, 1983), but a secondary stress 
source is required to account for systematic deviation 
of some of them from a perfectly concentric geometry 
(Watters and Maxwell, 1986; Watters, 1993). Statistical 
analysis of wrinkle ridge trends (Watters, 1993) shows 
that the slightly non-Tharsis-concentric patterns can be 
explained by the presence of a secondary centre around 
which some ridges would have radially formed. The 
location of this centre does not correspond to any striking 
morphologic feature (major magma centre, impact basin, 
etc.). Consequently, we interpret Watters’ results by the 
existence of a coherent Tharsis-independent stress source, 
responsible for a systematic deflection of wrinkle ridge 
trends which is reflected in the results of their statistical 
analysis. The formation of wrinkle ridges in the Tharsis 
hemisphere, which is contemporaneous to the Syria 
Planum dyke swarm formation, is consistent with the 
stress trajectories inferred from the swarm (Fig. 21). 
Therefore, the imperfect concentric geometry of wrinkle 
ridges around Tharsis would be a direct consequence of 
the existence of the regional stress field emphasized by the 
analysis of dyke swarm geometry. 

Wrinkle ridge formation requires cr3 to be vertical, 
which is inconsistent with dyke emplacement. One reason 
for this apparent inconsistency is the influence of litho- 
static pressure at the depth of initiation of the structures. 
Dykes can form at deep crustal levels with c3 horizontal ; 
at shallower depths, lithostatic pressure decrease lowers 
the magnitude of vertical stress, which may switch to o3 
whereas crl becomes horizontal, allowing wrinkle ridge 
initiation. 

The above mechanism can explain simultaneous dyke 
and ridge formation. The scenario must however be 
refined, because (1) wrinkle ridges occur on lava flows 
only, not in the regolith (Watters, 1993), although regolith 
strength should be significantly smaller than that of the 
lava flows, and (2) ridge formation appears to be mostly 
contemporaneous to Syria Planum-centred radial faulting 
(Watters and Maxwell, 1983), which requires stress tra- 
jectories inconsistent with wrinkle ridge formation. 
Graben swarm formation lasted for a long period, thus 
wrinkle ridge formation must correspond to a short tec- 
tonic event either just before graben formation, or inter- 
spersed among the period of graben formation. In both 
cases the regional extensional stress source already existed 
when wrinkle ridges formed since it has been shown to 
have influenced their distribution. 

Similar wrinkle ridges are also observed on the Moon, 
and have been interpreted to result from compressional 
stress induced by isostatic subsidence of the crust loaded 
by volcanic overburden (e.g. Schultz, 1972 ; Melosh, 
1978). This mechanism is plausible on the Moon because 
the wrinkle ridges mostly occur in mare whose crust was 
thinned by giant impacts before lava flooding. Watters 
(1993) noted that some wrinkle ridges in the opposite 
hemisphere may also originate from this mechanism. 
Below we argue that the wrinkle ridges in the Tharsis 
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Fig. 21. Extrapolation of the stress field associated with the Syria Planum centre (Fig. 16a). and 
location of the wrinkle ridges (taken from Watters (1993)). Plain lines follow the horizontal principal 
stress perpendicular to c3. The trend of g3 in the regional stress field is indicated by the arrow. The 
caldeiras of the three Tharsis volcanoes, Alba Patera, Olympus Mons, and the dichotomy boundary, 
are located 

hemisphere may have the same origin, owing to the exis- 
tence of the Syria plume. 

The weakening effect of the Syria Planum plume should 
have increased the viscosity contrast between brittle and 
ductile crust, and thickened the ductile part at the expense 
of the thickness of the brittle part. (Alternatively, the crust 
might have been totally brittle before plume rising to the 
lithosphere, and the plume was entirely responsible for 
weakening part of the brittle crust. Unfortunately, ther- 
mal models are too poorly constrained to decide on the 
correct hypothesis - see Schubert et al. (1992).) Similar 
to the Moon, the lava load could have induced subsidence 
of the brittle crust in the ductile crust (Fig. 22, see also Fig. 
6 in Mege and Masson (1996a)). Wrinkle ridge formation 
would be contemporaneous to, or would have formed 
very rapidly after lava emplacement, similar to wrinkle 
ridges observed in the Columbia River Basalt Group on 
the Earth (Reidel et al., 1989). Rapid subsidence would 
have provided provisional compressional stresses at the 
surface, dominating over the other stress sources. After 
complete lava cooling and reaching of isostatic equi- 
librium, the total stress field in the ridged plains would 
have become extensional again, as before lava flooding, 
owing to the persistent extensional regional field. 

This mechanism for wrinkle ridge origin should be in 
agreement with topographic data. In some cases, wrinkle 
ridges occur in patches of lava flows, frequently cor- 
responding to highly degraded upland craters, which are 
too small for the available topographic information to 
be very helpful (U.S.G.S., 1991). However, most wrinkle 
ridges of the Tharsis hemisphere are located in the larger 

regions of Sinai Planurn, Lunae Planum, and in the 
southern part of Tempe Terra. The most significant 
topographic evidence of subsidence is found in central 
Syria Planum, which is depressed l-3 km compared 
with the surroundings. Gravity data indicates that the 
ridge plains are isostatically compensated, which is also 
in agreement with the isostatic subsidence interpretation 
(Frey et al., 1995). 

There are very scarce indications of wrinkle ridges that 
could be associated with later dyke swarms (especially the 
Tharsis one), in agreement with the plume tectonics model 
which predicts crustal thickening through magma 
accretion during the Syria Planum event. The crust should 
become sufficiently thick to support the lava load without 
significant further subsidence. Planetary cooling may also 
contribute to increase the crustal thickness (Schubert et 
al., 1992). 

6.1.3. Prediction of Valles Marineris formation. Struc- 
tural aspects of the Valles Marineris evolution have been 
developed in several works (Blasius et al., 1977; Masson, 
1977, 1980; Frey, 1979b; Tanaka and Golombek, 1989; 
Schultz, 1991 ; Lucchitta et al., 1992; Chadwick and Luc- 
chitta, 1993 ; Anderson and Grimm, 1994 ; Mtge and 
Masson, 1994a,b, 1996b ; Peulvast et al., 1996 ; Schultz, 
1995). At least the major part of Valles Marineris formed 
after the formation of the ridged plains of the Tharsis 
province (Scott and Tanaka, 1986). On the basis of a work 
by Allemand et al. (1989) Mege and Masson (1996b) have 
emphasized the requirement for a weak crustal level and 
strong crust/mantle decoupling for explaining the for- 
mation of several parallel, roughly symmetric grabens 
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Fig. 22. Cross-section of Syria Planum and wrinkle ridge terrain south of Valles Marineris. (a) Syria 
Planum building and lava flooding above the plume head during lower Hesperian. The upper crust 
above the plume is decoupled from the mantle by a weak layer. In this interpretation, lava flows 
originate from above the area of melt generation and spread downhill, like expected above several 
hot spots on Earth (White and McKenzie, 1995). (b) Upper crustal subsidence after lava cooling and 
wrinkle ridges formation. Vertical axis not to scale. Location of profile on Fig. 20 

instead of a single graben, like in, e.g. the east African 
and Baikai rift systems. 

Valles Marineris is located on a secondary topographic 
bulge (U.S.G.S., 1991). Uplifting cannot be precisely 
dated, but appears to be linked with Valles Marineris 
extension. Uplifting did apparently not induce faulting 
and subsequent Valles Marineris extension. This follows 
because Valles Marineris did not form on the summit of 
the uplifted area, as noted by Schultz and Senske (1994), 
and because the amount of uplift cannot by far account 
for the vertical throws in the grabens (Chadwick and 
Lucchitta, 1993 ; Schultz and Senske, 1994). It may be 
argued that the current bulge does not reflect the initial 
thermal uplift at the onset of the Syria Planum plume 
activity, which might have been strong enough to trigger 

the Valles Marineris formation by dynamic rifting (Chad- 
wick and Lucchitta, 1993 ; Mkge, 1994). However, rifting 
above a plume on Earth does not result from this early 
uplift (Hill, 1991 ; Hill et al., 1992). Crustal weakening by 
a plume and thermal uplift merely allow “rifting to either 
proceed more rapidly or result in transfer of the axis of 
spreading to as near as is possible to the plume centre” 
(Hill et al., 1992). We suggest that, like on Earth, both 
faulting and uplift in the Valles Marineris region resulted 
from extension induced by the regional stress field, and 
because of crustal weakening the location of the plume 
would have influenced the location of the graben system. 
The location and geometry of the Syria Planum dyke 
swarm would have guided those of the rift, by comparison 
to the Earth (Fahrig, 1987). Rifting should have been 
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Adiabatic decompression of mantle, partial melting, and uplift induced by Valles Marineris stretching 

Vaks Marineris 
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” 
Fig. 23. Cross-section of the Valles Marineris region during extension, adiabatic mantle decom- 
pression, and partial melting, producing crustal thickening and topographic uplift. The thermal 
anomaly may not have exceeded 100°C above the normal potential temperature of the mantle. 
However a 200 or 300°C anomaly cannot be ruled out owing to uncertainty in lithosphere thickness. 
The early dykes dating back to the onset of the plume are shown with thick lines; most are non- 
feeders. The dykes feeding crustal intrusions induced by mantle decompression (bricked symbols) are 
indicated with thin lines. The location of intrusives in the crust, including dykes and other intrusives, 
is arbitrary. Vertical axis not to scale. Location of profile on Fig. 20 

assisted by uplift-related stress (Houseman and England, 
1986 ; Farnetani and Richards, 1994 ; Griffiths and 
Campbell, 1991). 

Extension should have induced adiabatic decom- 
pression of the mantle, partial melting, and then local 
topographic uplift (McKenzie and Bickle, 1988; White 
and McKenzie, 1989) in the Valles Marineris area (Fig. 
23). The location of the uplift summit would depend on the 
Valles Marineris location, but also on other parameters 
related to thermal plume characteristics. Uplift should 
vary as a function of the distance to the plume centre 
because less decompression occurs in distal parts of the 
plume, in accordance with observations (U.S.G.S., 1991). 
in details, variations of topography around Valles Mari- 
neris cannot be clearly correlated with variations of exten- 
sion in the grabens. This case appears to be similar to the 
case of the Baikal rift on the Earth, where the location of 
magmatic activity is not simply correlated to the geometry 
of extension (Logatchev, 1993). 

Voluminous volcanic materials have been suspected to 
lie within the Valles Marineris grabens under the form of 
stratified deposits, which date back to an early stage of 
Valles Marineris evolution (Nedell et al., 1987). Other 
volcanic materials were emplaced more recently (Luc- 
chitta, 1990). However, the Hesperian age of most of the 
Valles Marineris tectonic activity (Peulvast et al., 1996) 
indicate that the topographic bulge observed is the result 
of a permanent process. We suggest therefore that most 
of the magma should lie within the crust or should be 
underplated (see McKenzie, 1984 ; Phillips et al., 1990), 
as in common cases of rifting above hot spot (Hill et al., 
1992 ; McDonald and Upton, 1993). 

The results by White and McKenzie (1989) show that 
the stretching factor fi should be equal to 3 on Earth to 

induce 1 km topographic uplift in stretched regions above 
plumes, if the thermal anomaly is 200°C. Mbge and Mas- 
son (1996b) and Schultz (1995) showed that the maximum 
value of /I in Valles Marineris does likely not exceed 1.1. 
For comparison, fi is equal to 1.3 and 1.5 in the continental 
Baikal and East African rift system (references in Cloetingh 
et al. (1995)). Although a higher thermal anomaly should 
result in topographic uplift for such a small extension, 
it is not required because the acceleration of gravity 
(3.71 m s-‘) is one-third of that on the Earth. The amount 
of melt produced by the same quantity of adiabatic 
decompression should be significantly higher 
(McKenzie and O’Nions, 1991). The topographic uplift 
of the Valles Marineris area could have resulted from a 
low amount of stretching, limited adiabatic decom- 
pression, but production of a huge quantity of magma 
(Fig. 24). The quantity of molten material, the amount 
of partial melting, the intensity of the thermal anomaly 
generated by the plume, and the depth of the rheological 
boundaries in the lithosphere, are discussed below, 
depending on the current mode of Valles Marineris 
support. Despite uncertainty due to large error bars for 
small wavelengths corresponding to the Valles Marineris 
size, the most recent gravity model suggests that the Valles 
Marineris uplift is in partial isostatic equilibrium now 
(Smith et al., 1993; Frey et al., 1995). Therefore the true 
values of the parameters discussed should be in a tran- 
sitional state between a fully dynamic and a fully com- 
pensated support. 

Dynamic support. Up to at least 5 km uplift was pro- 
duced in the Valles Marineris area (U.S.G.S., 1991), cor- 
responding to a minimum of a 5 km thick melted layer (i.e. 
the uplift is not compensated at all). A 1250°C potentia1 
mantle temperature (the temperature the mantle would 
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Fig. 24. (a) Effect of adiabatic decompression of the Martian mantle at four potential temperatures. 
(b) Melt thickness generated below the depth given on the horizontal axis. Entropy of melting: 
400 J kg-’ "C' ; solid density: 3300 kg rne3; melt density: 2800 kg rne3; acceleration of gravity: 
3.71 m s-* (figure from McKenzie and O’Nions (1991) adapted to Mars) 

have at surface) is able to produce this layer, provided the 
melting depth is 20-30 km. Melting depth values must be 
higher than the crust/mantle boundary ; 20-30 km would 
then be inconsistent with the 50 km crustal thickness 
obtained by Schubert et al. (1992) during the period of 
Valles Marineris formation, 3.5 Ga ago (Hartmann et al., 
1981). If the potential temperature of the normal mantle 
is similar to that on Earth, i.e. Y 13OO”C, the 5 km thick 
layer could have been produced between 140 and 70 km 
depths. Adding a 100°C thermal anomaly generated by 
the plume would allow the mantle to melt between 210 
and 140 km depths. By comparison, theoretical models 
often consider 150 km as a likely current Martian elastic 
lithospheric thickness. At 140 km depth the melt fraction 
would not exceed 10%. 

Fully compensated support. Considering that Valles 
Marineris is fully Airy-compensated, and taking mantle 

and crust densities to be 3300 and 2700 kg mm3, respec- 
tively, the Airy compensation root would be 45 km thick. 
The whole thickness of accreted material would thus be 
50 km. This maximum thickness could have been pro- 
duced below a 100 or 150 km thick lithosphere, requiring 
a 1550 or 1600°C anomalous mantle, i.e. 250 or 300°C 
hotter than the current normal Earth mantle, respectively. 
The latter thermal anomaly would allow the melting of 
270 km of mantle, between 420 and 150 km depths, cor- 
responding to 25% of partial melting. 

On Earth, plumes are generally 1OOCL2000 km in dia- 
meter. The ratio between the head diameter and the dia- 
meter of the central, hottest, region for the plumes taken 
as examples by White and McKenzie (1989) is within the 
range R = 5-l 3. According to the current topography and 
morphology, the size of the Syria Planum plume central 
zone would be 50&1000 km at most (Fig. 20), i.e. the size 
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of the whole 110 Ma old Bermuda plume, but less than 
half the size of the Iceland plume. If the Valles Marineris 
eastern end is taken as the outer boundary of the weak- 
ened crust above the plume head, R ranges within 6 and 
12, a value consistent with terrestrial values. The diameter 
of the weakened zone would be close to 6000 km, three 
times the size of large terrestrial plumes. The surface of 
the zone mantled by the lower Hesperian flood lavas on 
Lunae Planum (Fig. 20) exceeds the diameter of the plume, 
and can be explained by the topographic slope decrease 
toward Chryse Planitia. 

Terrestrial modelling suggests that the duration of mag- 
matic activity due to adiabatic decompression of mantle 
is also of the order of a few million years (White and 
McKenzie, 1989). Moreover, since decompression melting 
should be easier on Mars than on Earth, it may be an 
even faster process, and the Valles Marineris formation 
may have been completed within a very short time span. 

6.1.4. Prediction of the formation of the South Tharsis 
Ridge Belt. Schultz and Tanaka (1994) studied a set of 
Noachian and/or early Hesperian broad compressional 
ridges, the South Tharsis Ridge Belt. The ridges are several 
hundred metres to 2 km high, a few hundred km long. 
Their distribution roughly defines a half-circle located 
south of Tharsis, centred on Syria Planum. The belt 
extends from the Memnonia region westward to the south 
of Valles Marineris eastward. 

The radius of the half-circle is close to the radius of the 
plume head determined from the outer boundary of the 
Valles Marineris bulge. Twenty-nine ridges have been 
found, but only four ridges are clearly not consistent with 
the hemi-circular geometry (Schultz and Tanaka, 1994). 
The upper Noachian/lower Hesperian age of the South 
Tharsis Ridge Belt fits the age of the uplift predating the 
flood lavas above the plume. The uplift above the Syria 
plume should have induced compressional stresses at the 
boundary between the uplifted/non-uplifted areas in the 
upper part of the lithosphere (Price and Cosgrove, 1990, 
p. 190) which could have resulted in the South Tharsis 
Ridge Belt formation. Lithosphere weakening by the 
plume thermal anomaly should have enhanced wrinkle 
ridge formation in the part of the crust undergoing com- 
pression. There is thus a good conceptual agreement 
between the stresses predicted by the plume interpretation 
and the geometry of the South Tharsis Ridge Belt. The 
four ridges that do not fit with the South Tharsis Ridge 
Belt half-circle, together with the absence of ridges north 
of Valles Marineris, may be attributed to crustal hetero- 
geneities and variations of crustal properties due to, e.g. 
buried impact craters or basins (Schultz and Glicken, 
1979 ; Craddock et al., 1990 ; Frey, 1995). The deposit 
of more recent materials (upper Hesperian, Scott and 
Tanaka, 1986) north of the dichotomy boundary may also 
have contributed to this apparent distribution asymmetry. 
It is also possible that formation of the dichotomy early 
in the Martian history worked as an arresting mechanism 
for the ridges to form. The correct reason is, obviously, 
unknown. 

The Noachian compressional ridges observed in the 
Memnonia region by Zimbelman (1989) might correspond 
to traces of early Tharsis bending as well. However, they 
do not display any evidence of curvature around Tharsis. 
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Other clues of tectonic structures which might have 
resulted from early Tharsis crustal bending are given in 
the companion paper (Mtge and Masson, 1996a). 

6.2. Timing of plume activity and dyke swarm 
emplacement 

Tharsis is sometimes considered to have been active as a 
single spot over a long period of time. Consequently, a 
thermal anomaly should have been necessary for as long 
as the magmatic activity lasted in the region, but, in 
contrast, it should have negligible or no effects in the 
other regions of Mars. Nevertheless, there is not any clear 
evidence that Tharsis evolved like a single spot, and over 
the whole time span of its history. The only available data 
on which the interpretation of the duration of the Tharsis 
activity are based are stratigraphic interpretations (Scott 
and Tanaka, 1986). These interpretations make it possible 
to give an age interval separating the formation of the 
outcropping terrains from today from the amount and 
size of impact craters : they have little implications on the 
duration of magmatic and tectonic events. 

Plumes last over several tens of million years at least on 
Earth. The Iceland hot spot may be active for 130 Ma 
(Lawver and Miiller, 1994). They should last for a long 
time on Mars as well. On Earth, formation of one dyke 
may take from hours to thousands of years (Gud- 
mundsson, 1995b). Most of the giant dyke swarms 
emplaced in a few million years at most : for instance those 
linked with the Mackenzie (LeCheminant and Heaman, 
1989), Scourie, Matachewan (Heaman and Tarney, 1989 ; 
Halls, 1991), Franklin (Heaman et al., 1992) Long range 
(Kamo and Gower, 1994), Grenville (Kamo et al., 1995), 
Harp, and Kikkertavak (Cadman et al., 1993) igneous 
events. Although the total period of time covered by the 
Tharsis evolution may have been very long, 3 Ga or so, 
the comparison with the timing of dyke swarm emplace- 
ment on Earth suggests that much of the tectonic activity 
of Tharsis might have been concentrated within a few 
crisis events that did not take more than a couple of 
million years. Existence of several magmatic episodes sep- 
arated by long periods of quiescence is also supported by 
stratigraphic studies (Neukum and Hiller, 198 1 ; Hiller et 
al., 1982). 

Dyke swarm emplacement is usually not triggered by 
mantle decompression. However, because Mars is smaller 
than the Earth, mantle decompression and further partial 
melting around the plume may have been produced earlier 
in the hot spot history than on Earth. A magma layer 
around the plume head may have existed beneath the bent 
area. If for instance the depth of the mechanical boundary 
layer was 150 km, the normal mantle temperature 13OO”C, 
and the thermal anomaly at the Syria Planum plume head 
2Oo”C, the melt layer could be 60 km thick and the amount 
of partial melting 20% at the mechanical boundary layer 
level (Fig. 24). The magma in the melt layer would have 
migrated toward the top of the bent area, i.e. toward the 
main magma chamber, from which the dykes were issued 
at the onset of plume activity. As long as the magma 
chamber could be fed, overpressure would have led to 
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tectonic evolution of silicated planets (e.g. McKenzie et 
al., 1992 ; Head and Wilson, 1994 ; Ernst et al., 1995a,b, 
1996). Previous structural mapping in the Tharsis region 
is also in agreement with our results - the differences 
with the mapping by Frey (1979a), Plescia and Saunders 
(1982), and Scott and Dohm (1990b) result from our map- 
ping hypotheses presented in Section 5. 

Dynamic uplift was considered as unable to produce 
the Tharsis radial structures in previous tectonic models 
(Banerdt et al., 1982, 1992) but these models only con- 
sidered elastic processes and elastic stress. Giant radiating 
dyke swarms on Earth would never be interpreted as 
resulting from hot spots (e.g. LeCheminant and Heaman, 
1989; Ernst et al., 1995a, 1996) if the terrestrial crust were 
modelled as an elastic plate, because such modelling does 
not (by definition) consider stresses resulting from the 
existence of liquid magma. 

The most recent model of Tharsis tectonic evolution 
has been suggested by Tanaka et al. (1991), and is based 
on the “detached crustal cap” model (Banerdt and Gol- 
ombek, 1990). It considers that the peripheral parts of 
Tharsis are flexurally supported by a wholly brittle litho- 
sphere, whereas the crust in the central part is sufficiently 
thicker to be partly ductile. The brittle crust would thus 
behave as a “detached cap” undergoing support stresses 
akin to isostatic stresses. Many tectonic features can be 
explained by this composite “quasi-isostasy” and flexural 
support (Tanaka et al., 1991). Nevertheless, several struc- 
tural concerns remain. Below is a discussion pointing out 
similarities, differences, difficulties and positive points of 
both Tanaka et al.‘s model and the present one. 

The first point is that the South Tharsis Ridge Belt was 
discovered too recently to be included in the detached 
crustal cap model, and its consistency with the latter has 
still to be checked. 

In Tanaka et al’s model, the radial patterns were pro- 
duced by the stresses associated with the detached crustal 
cap system. The wrinkle ridges were attributed to global 
contraction induced by planetary cooling and a com- 
pressional state of stress near the periphery of the rise, 
Overburden removal could have increased the deviatoric 
stress because it decreases horizontal stress to l/3 of the 
vertical stress. Tanaka et al.‘s model presents analogies 
with ours : both models predict compressional features at 
the periphery of the rise (wrinkle ridges for Tanaka et al. ; 
South Tharsis Ridge Belt for the plume tectonics model), 
and emphasize the role of a weak layer for radiating 
pattern formation. Furthermore, following Schultz 
(1988) dyke injection was also suggested by Tanaka et al. 
as a possible mechanism for the formation of the Tharsis 
grabens. 

However, some inconsistencies between Tanaka et al.‘s 
model and structural observations exist. Some were poin- 
ted out by Watters (1993): (1) Some wrinkle ridges are 
buried by more recent lava flows (Watters and Maxwell, 
1986), and their location is likely inconsistent with the 
stresses predicted by the detached crustal cap. (3) Over- 
burden removal would produce disorganized patterns 
because it tends to equalize the horizontal stress mag- 
nitudes (provided the material is isotropic and homo- 
geneous). Moreover, according to Tanaka et ul. the 
wrinkle ridges should have formed all around Tharsis, 

dyke intrusion. Thus, contrary to the Earth dyke swarms, 
the Tharsis swarms might have intruded the crust around 
the same centre as long as the plume was active and 
allowed magma to ascend to the magma chamber. 

6.3. Arresting mechanisms for dyke propagation : 
consequences for the models of lowland formation 

Stiffness contrasts in the host rock affect dyke propa- 
gation, and can play a role as arresting mechanism (e.g. 
Pollard, 1987). For instance, the Argyre mascon might 
have stopped propagation of dykes injected from the Syria 
Planum centre (Fig. 16a). The Valles Marineris area may 
have been strengthened during extension by underplating 
and intra-crustal accretion, and may have impeded the 
propagation of dykes injected from the Tharsis centre 
(Fig. 16b). Similarly, the Olympus Mons magmatic 
materials may have impeded propagation of the Tharsis 
dyke swarm westward. The influence of the dichotomy 
boundary as a stiffness discontinuity is more difficult to 
evaluate. The recent huge Olympus Mons volcanic 
deposits prevent observation of a possible effect of the 
dichotomy boundary on the propagation of the Tharsis 
dyke swarm. Eastward, in the Tempe region, the dykes 
appear to have stopped propagating significantly before 
reaching the dichotomy boundary, so that its influence 
cannot be defined there. 

The influence of the dichotomy boundary on the Alba 
Patera swarm cannot be assessed owing to the uncertainty 
on its location compared with the location of the volcano. 
Nevertheless, the Tharsis dykes propagating east and west 
of Alba Patera clearly cut across the dichotomy boundary 
but appear not to have been affected by its occurrence. 
Consequently, the analysis of dyke propagation pathways 
suggests that the stiffness contrast between the lowland 
and highland crusts may have been weak. Similar con- 
clusions are implied by possible evidence of sill propa- 
gation across the dichotomy boundary (Squyres et al., 
1987; Wilhelms and Baldwin, 1989). (Sill emplacement 
requires a state of stress different than that for dyke 
emplacement, however switching between dyke and sill 
emplacement during a single geodynamic event appears 
to be common on Earth and can result from various 
mechanisms, as shown by Fyfe (1992) and Gudmundsson 
(1990a).) If this interpretation is correct, models of low- 
land crust formation from basaltic resurfacing over a 
thinned highland-type crust (e.g. Breuer et al., 1993) 
would be more favoured than models involving an oceanic- 
type crust (Sleep, 1994). 

7. Discussion 

The “plume tectonics model” discussed above is based 
upon (1) the inelastic response of the crust to overpressure 
and underpressure within intrusive bodies, and (2) a non- 
negligible regional stress field. It is furthermore supported 
by common mechanisms on Earth, and is consistent with 
the suggestion that dyke swarm emplacement associated 
to graben formation should be a major process in the 



D. Mkge and P. Mason: A plume tectonics model 

but Watters (1993) showed that the wrinkle ridges occur in 
volcanic terrains only (other kinds of contractional ridges 
are not the so-called “wrinkle ridge” morphology). He 
concluded from the inconsistency between the wrinkle 
ridges and Tanaka et d’s model that further models for 
the origin of the stresses must explain a series of features 
(p. 17057); those relevant for the Tharsis province are 
accounted for by the plume tectonics model. 

Radial graben depths are mostly constant when they 
were not further deepened by geomorphological 
processes. Tanaka et al. presented several models for rad- 
ial graben formation, all of them involve a shallow planar 
discontinuity where grabens initiate above dykes. Such 
discontinuities might be linked with permafrost, with the 
regolith/lava flows boundary, or with bedrock/regolith 
interface. However, the permafrost depth varies con- 
siderably throughout the Tharsis region (Costard, 1993) 
lava flows do not blanket the whole Tharsis province, and 
the depth of the bedrock/regolith interface depends on 
lava flow occurrence. Generally, dyke upper tips cannot 
be correlated with the existence of a planar discontinuity 
level on Earth (Pollard et al., 1983; Mastin and Pollard, 
1988; Rubin and Pollard, 1988; Rubin, 1992; Lister, 
1991; Lister and Kerr, 1991; Schultz, 1992a,b ; Agnon 
and Lyakhovsky, 1995; Bonafede and Olivieri, 1995). 
According to Table 1, the dyke upper tips in the Tharsis 
region should be at crustal depths of several hundred 
metres to a few kilometres, i.e. below the Hesperian lava 
floods that mantle much of the Tharsis hemisphere (Ple- 
scia and Saunders, 1980 ; De Hon, 1982) probably within 
a part of the crust supposedly affected by the intense 
early meteoritic bombardment. These terrains are well 
outcroping on the Valles Marineris walls, where they can 
be shown to have a poor cohesion (Peulvast et al., 1996). 
Similar to some dykes in the Scoresby Sund of Greenland 
which appear to have stopped propagating vertically 
within a weak sedimentary layer, although this layer is 
stratigraphically located just beneath a strong basaltic 
layer (Peulvast, 1991 and pers. commun., 1994). 

The model by Tanaka et al. does not account for the 
Valles Marineris formation, contrary to the plume model 
which considers its formation as a natural consequence of 
simultaneous occurrence of a regional stress field and a 
plume - a phenomenon well documented on Earth. In 
the present model the chasma geometry follows the pre- 
vious dyke “skeleton” (see also Schultz, 1988), like for 
terrestrial rifts. The rift trend was influenced by the bal- 
ance between magma over-pressure and regional stress 
magnitudes. For this reason the chasma trend is E-W 
close to Syria Planum, and N075”W farther (Figs 1 and 
15b). No quantitative model of the detached crustal cap 
is available yet, however the stress trajectories resulting 
from isostatic support were calculated by previous models 
(e.g. Banerdt et al., 1982) and do not predict the E-W 
trend. Consequently isostatic stresses would have been 
responsible for strike-slip movements on these faults, 
which are not observed. Similarly, few tectonic structures 
in Claritas and Thaumasia fossae can be explained by the 
elastic models of loading. 

Several kinds of reasons can be put forward to explain 
why the stresses calculated from elastic models do not fit 
the structural observations : (1) lithostatic pressure (Gol- 
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ombek, 1985) and pore pressure are not taken into 
account, consequently the models are valid only if the 
structures formed at the surface ; (2) no failure criterion 
is taken into account (McGovern and Solomon, 1993 ; 
Schultz and Zuber, 1994). 

The Elysium province, the second major (but smaller) 
volcano-tectonic region of Mars, can provide further 
information on this discrepancy between the predicted 
stresses and strain. Its age corresponds with the first stages 
of the evolution of the Tharsis volcanoes, so that it should 
currently undergo a loading support. Calculations by Hall 
et al. (1986) showed that the deviatoric stress produced 
by the load of the Elysium region is theoretically enough to 
induce brittle failure at the surface. Hall et al. investigated 
various combinations of elastic plate support and the 
resulting stress magnitudes, and all the combinations are 
theoretically suitable to produce major structural patterns 
at the surface. However, tectonic deformations in the 
Elysium province exist, but are very sparse. We conclude 
that most of the loading stresses must have been released 
through other processes during load growth. From strati- 
graphic dating of the lava flows, Tharsis is probably cur- 
rently supported by a loading mechanism. Of course, 
grabens previously formed above dykes may have con- 
tributed to loading stress release; however, clearly, the 
Elysium case underlines that they may not have played a 
fundamental role. For instance, loading stresses, which 
result from body forces, could have primarily produced 
closing of pore discontinuities (due to compressional 
stress) or gravity sliding along these discontinuities (due to 
extensional stress) would have produced regolith packing. 

Our approach considers what should have occurred 
before magma freezing and significant lithosphere load- 
ing. Consequently, our results are in complete agreement 
with classical loading supports (e.g. Banerdt et al., 1982) 
as well the detached crustal cap support as presented 
by Banerdt and Golombek (1990) which are moreover 
supported by gravity and topography data. The plume 
tectonics model aims to describe the early stages of Tharsis 
evolution, during which most of the structures formed, 
and the loading models describe later stages of evolution. 
The Elysium case suggests that loading stress may not 
have played a significant role in the formation of the 
observed tectonic structures ; this expectation is also in 
agreement with the observation that any pit in the Tharsis 
hemisphere seems to have been affected by further tectonic 
activity. Nevertheless, structural geomorphology analysis 
suggests that tectonic deformations in Valles Marineris 
were produced until recently (Mege, 199 1 ; Peulvast et al., 
1996) and the most recent deformations might have been 
induced by the focus of both Tharsis and Valles Marineris 
bulge-related loading stresses in this area (Mege and 
Masson, 1996b). This appears to be in agreement with 
the observation that large-scale loading is an important 
source of stress on Earth (Fleitout and Froidevaux, 1982 ; 
Fleitout, 1991; Zoback, 1992), especially beneath con- 
tinental rifts (Assumpcao, 1992). Nevertheless, the plume 
tectonics model should answer the following difficulties. 

1. The size of the dyke swarms involved would not be 
unrealistic on Earth, but Mars has half the Earth’s 
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it is grounded on morphologic observations, whose 
interpretations are based on processes clearly estab- 
lished on Earth. 

3. Another concern is the number of plumes required in 
the Tharsis hemisphere. The first dyke swarm, centred 
on Solis Planum, might correspond to an early stage 
of plume rising, heralding the onset of the major Syria 
Planum plume and dyke swarm, in accordance with 
cases of two dyke swarm emplacements above a sup- 
posedly single plume on Earth (Heaman and Tarney, 
1989). It can be speculated, furthermore, that the mega- 
plume model by Breuer et al. (1996) could predict the 
formation of a third dyke swarm later (i.e. the Tharsis 
dyke swarm). 

4. The formation of Olympus Mons and Alba Patera is 
not clear. Olympus Mons was not mentioned pre- 
viously in the present paper, because it does not belong 
to the Tharsis structural unit (it was built on the other 
side of the dichotomy boundary). Stratigraphic 
relationships suggest that its activity is mainly con- 
temporaneous to the Tharsis and Alba Patera swarm 
activity. Thus three hot jets are required at the same 
time in a quite small perimeter, whereas only Elysium, a 
small volcanic unit compared with Tharsis. is a possible 
candidate for a contemporaneous hot spot in the 
remaining part of the planet. Alba Patera was already 
suggested to be a secondary plume linked with the 
major Tharsis plume (Janle and Erkul, 1991). Although 
what this physically implies is not well understood, this 
could give some ideas for future research aiming to 
explain the highly atypical shape of the volcano com- 
pared with the other magma centres suggested to have 
formed above a plume (by comparison, the Tharsis 
volcanoes present many morphological similarities to 
the shield volcanoes in, e.g. the Galapagos islands 
(Chadwick and Howard, 1991)). Some similarity 
between Alba Patera and some kind of coronae on 
Venus, interpreted by most authors as formed in 
relation to a hot plume, has already been pointed out 
(Cyr and Melosh, 1993 ; Watters and Janes, 1995). The 
simultaneous activity (Scott and Tanaka, 1986) of the 
major Tharsis and possible Olympus Mons plumes 
may address an even more serious question relating to 
plume stability. Alba Patera might have been an effect 
of Tharsis formation, for instance as resulting from a 
secondary convection induced by the Tharsis plume, 
but Olympus Mons can probably not be assumed to 
be a secondary effect of Tharsis formation (or recipro- 
cally). In order to explain the whole heat released 
through the nearby Tharsis, Olympus Mans, and Alba 
Patera, the possibility of a common origin should be 
investigated, maybe by studies of unstable processes at 
the core/mantle boundary (Morgan, 1971; see illus- 
trations of possible instabilities during plume develop- 
ment in Watson and McKenzie, 1991) or at some depth 
within the mantle (e.g. Anderson, 1994). 

5. The earliest (Noachian) stages of tectonic activity in 
the Tharsis region must be more accurately studied. 
The early Solis Planum fracturing centre appears to be 
unrelated to the possibly contemporaneous NW/SE 
extension event which played a key role in the Tempe 
Terra region and should be responsible for the align- 

diameter and it could be argued that the plumes 
required are too large compared with the planet size to 
be realistic. Breuer et al. (1996) have shown that taking 
the exothermic phase transitions in the mantle into 
account allows formation of megaplumes in the Mar- 
tian mantle. Such megaplumes are expected to produce 
several distinct episodes of magmatic activity, in agree- 
ment with our interpretations. However, the existence 
of megaplumes may not be necessary in the plume 
tectonics model. Analysis of stress trajectories (Figs 16 
and 20) shows that much of the dyke lengths is actually 
due to the favourable regional stress field, not to the 
plume size. 

2. The regional stress field has a major role in the model, 
however its origin has not been discussed. Both thermal 
and non-thermal stress sources may be considered. A 
number of authors have proposed that following 
accretion, planetary expansion occurred in response to 
internal heating of the planet. Then the planet slowly 
cooled down and horizontally hydrostatic retraction 
forces affected the crust (e.g. Toksdz and Hsui, 1978 ; 
also see Schultz, 1985). The timing of events is very 
unconstrained because there is currently no means to 
reliably correlate the timescale of thermal models on 
absolute scale. But the beginning of the magmato-tec- 
tonic activity of Tharsis, as deduced from stratigraphic 
studies (Scott and Tanaka, 1986) is consistent with the 
time span of planetary expansion proposed by Toksoz 
and Hsui (1978). Stevenson and Bittker (1990) have 
suggested that “heating crises” would be normal events 
in the history of planets without plate tectonics. Wat- 
ters (1993) suggested that such a crisis could explain 
the magmatic peak corresponding to widespread resur- 
facing during lower Hesperian and subsequent wrinkle 
ridge formation. A recent model by Schubert et al. 
(1992) assumes that the Martian thermal history is 
dominated by cooling subsequent to very early core 
formation and rapid crustal formation. The wrinkle 
ridges are considered as arguments in favour of early 
planetary cooling, however numerous extensional fea- 
tures formed contemporaneously and prior to the wrin- 
kle ridges (Scott and Tanaka, 1986). Some authors 
have furthermore considered that wrinkle ridge for- 
mation occurred after a global resurfacing event (e.g. 
Watters, 1993), which probably requires early exten- 
sional stress rather than compressional stress. Conse- 
quently these models do not provide adequate back- 
ground to the plume tectonics model. Models 
predicting thermal expansion would not be incon- 
sistent, but they require additional horizontal devi- 
atoric stress. 

Theoretical stress models of global processes that do 
not include the thermal effects of planetary expansion 
(tidal despinning, Melosh (1977) ; tidal distorsion, 
Melosh (1980a) ; planet reorientation, Melosh ( 1980b)), 
do not provide suitable stress trajectories alone to 
explain the regional stress field shown in the present 
study. Perhaps a combination of such stress models 
with thermal models will provide enlightenment on its 
origin. The source of the regional stress is thus pre- 
sently unknown. However, this should not significantly 
affect the validity of the plume tectonics model since 
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ment of many volcanoes in the Tharsis province, 
including the Tharsis Montes. 
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