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We have undertaken a theoretical analysis of the formation and evolution of magma reservoirs on Mars and a 
comparison to observed edifices and fahues. Here we report on a preliminary analysis of magma reservoir formation 
and evolution. 

Ascent of Magma and Formation of Reservoirs. Primary magma source reservoirs will form above 
zones of partial melting in the upper parts of mantle plumes or other instabilities as melt segregation occurs. 
Buoyant melt bodies of various sizes will ascend as equant diapirs or as dike-like bodies until they encounter the 
surface or some kind of trap. Equant diapiric bodies, rising by deforming the surrounding rocks in a plastic fashion, 
are most likely to be trapped at rheological boundaries at depths, dictated by the thermal structure of the lithosphere. 
Buoyant dikes, penetrating the surrounding rocks by elastic fracture mechanisms, may be halted by thermal losses if 
they are sufficiently narrow, but otherwise penetrate to the surface unless they encounter a neutrally buoyant level. 
Neutral buoyancy levels may exist wherever there is a profile of significantly increasing country rock density with 
depth, such that the density of ascending magma lies within the country rock density range. Such crustal density 
profiles will be influenced by h t u r i n g  of near-surface rocks by impact cratering events and also the compaction, 
during progressive burial, of surface materials deposited in a loosely packed state. Such materials could be sediments 
or volcanic matcxhls accumulating in situ from successive eruptions. 

Squyres et al. (I) summarize models of self-compaction in which surface porosities of 20% to 50% are 
assumed. These models adopt an exponential decline of porosity with depth, for which a decay constant of 6.5 km is 
found to be appropriate to the martian gravity. Head and Wilson (2) proposed an analogous model of the self- 
compaction of volcanic sediments. If martian magmas contain volatile contents similar within a factor of 2 to 3 to 
those of magmas on Earth, secondary, shallower reservoirs are likely to form in growing edifkes at levels of neutral 
buoyancy at depths between about 6 and 15 km, with a concentration near 8 to 12 km. 

Magmas which are not buoyant in the overlying rocks may still ascend in dikes from a melt source region if a 
sufficient excess pressure exists in the source region. Excess pressures on the order of a few to a few tens of MPa, 
are likely to be present in any partial melt produced at a greatenough rate that the surrounding rocks cannot 
accommodate the volume changes by plastic flow. Such pressures are quite adequate to compensate for the negative 
buoyancies of rnafic melts ascending for 100 to 200 km through the anorthositic lunar highland rocks (3). Magma 
ascending in a long, continuous dike from an overpressured source at great depth is very much less sensitive to the 
density and stress structure of the lithosphere through which it passes than magma rising in an isolated, buoyant 
body. Dense magmas rising in this way may erupt at the surface or, if there is insufficient excess pressure to allow 
the dike tip to reach the surface, may form intrusions. When eruptions occur, it is likely that they will take place at 
high effusion rates, since dikes which penetrate great vertical distances through the lithosphere will be driven by high 
excess pressures and induced stress fields which ensure that they are relatively wide and have relatively great 
horizontal extents (3). There is little reason to expect successive intrusive events of this sort to concentrate magma 
in a small region, or over a small range of depths, to begin to form a reservoir. Thus, discrete volcanic edifices 
showing evidence of a central, shallow magma reservoir are most likely to be associated with the less vigorous rise 
of buoyant magma. 

Evolution of Reservoirs and Edgices. The lateral and vertical sizes of magma reservoirs will evolve in 
response to several factors: the episodic injection of new magma from deeper primary reservoirs, causing the 
reservoir to expand elastically and increase its internal pressure to accommodate the new volume (4); the intermittent 
loss of magma into vertical and lateral intrusions (which may or may not lead to surface eruptions) when the 
reservoir walls fail due to the accumulated stresses; and the continuous cooling of magma against the reservoir walls. 

Parfitt et al. (5) point out that intrusions which do not lead to eruptions essentially represent extensions of the 
reservoir until such time as they solidify. If many intrusions occur within a short space of time from the same part 
of a reservoir wall, the accumulated heating of the country rocks reduces the rate at which the later intrusions cool. 
Provided enough events occur within a short enough time, the reservoir wall migrates outwards in a stochastic 
manner. The relative amounts of lateral and vertical growth of a reservoir therefore depend on the relative frequencies, 
and these depend in turn on the relative ease with which the walls will fail as a function of position around the 
reservoir edge. Parfitt et a2. (5) show that, as a reservoir grows, initially with equal probability in all directions, it 
requires an ever larger internal excess pressure in the magma to cause failure at the top (and bottom) of the reservoir 
relative to the excess pressure needed to cause failure around the center-line. Vertical growth must essentially stop 
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when the difference between these two excess pressures, APB, becomes too great. Let a be the stress required to 
cause wall failure (by overcoming either the tensile strength or the fracture toughness of the wall rocks); then 
equations (229, (3a) and (6) in Parfitt et al. (5) can be combined to show that the magma excess pressure PB required 
to cause wall failure at a depth h below the roof of a reservoir whose top is a distance D below the surface is 
PB = a + pc g @ + h) - pm g h, where g is acceleration due to gravity, pm is density of the magma and pc is 
density of the country rocks. The difference between excess pressures required at the top of the reservoir and at its 
center-line is the difference between the values of the above expression evaluated at h = 0 and h = R, where R is the 
half-height of the reservoir, i.e., APB = g R @c - pm). APEl can depend only on the mechanical and thermal 
properties of the magma reservoir wall rocks and, to the extent that these are likely to be similar for all mafic 
silicates, will be the same for reservoirs on all planets. The implication is thus that the maximum vertical size to 
which a mafic reservoir is likely to grow is inversely proportional to the density contrast between the magma and 
host rocks and also inversely proportional to the planetary gravity. Rock densities and density contrasts in mafic 
environments are not likely to vary systematically between Mars and Earth, but the gravities differ by a factor of 
about 2.6. Thus, magma reservoir vertical sizes of 3 to 4 km which typify the hawaiian volcanoes on Earth would 
imply martian equivalents in the 8 to 10 km range. 

There is no obvious equivalent constraint on the likely maximum lateral size of a growing magma reservoir. 
The lateral extent is most likely to reflect the average rate of injection of new magma into the reservoir (5),  since 
this in turn determines the rate of stress accumulation, the average interval between lateral dike injection events, and 
consequently the time interval available for cooling between events. Although no detailed models have yet been 
published, the controlling parameters are clearly likely to be the elastic and thermal properties of the rocks involved, 
implying that there will be no strong dependence of reservoir horizontal dimensions on planetary gravity. 

Edifices grow as a result of the accumulation of the products of explosive and effusive eruptions ftom vents 
distributed near the summit and around the flanks. These vents could be fed by dikes extending down to primary 
reservoirs in the mantle; however, it is more likely that the vast majority of eruptions taking place on a shield are 
fed from its shallow reservoir. The overall morphology depends on the volume of magma erupted in each event, the 
area over which it is dispersed, the frequency with which eruptions occur as a function of distance from the summit, 
and the azimuthal distribution of vents, strongly controlled on Earth by the presence or absence of rift zones. 

Blake (4) developed a model of the elastic response of the rocks surrounding a shallow reservoir to the addition 
and removal of magma and showed that, if the wall response remained elastic, only a few percent of the volume of 
the reservoir was likely to be removed in a single eruptive or intrusive event. Even if part of the response of the 
surrounding rocks is inelastic, the melt fraction capable of being removed only increases a few %. However, the 
likely large volumes of martian magma reservoirs (at least up to 2000 km3) imply that individual eruptions could 
involve magma volumes up to 200 km3, consistent with the volumes of some of the larger flows on the Tharsis 
volcanoes which have lengths up to 300 km (6). 

A further aspect in this simple relationship occurs when one considers lateral magma transport in dikes from a 
central reservoir to a flank eruption. Unless magma is being fed to the reservoir from the mantle at a high enough 
rate during the activity to buffer the reservoir pressure, only a finite volume of magma can be withdrawn from the 
reservoir before its elastic relaxation reduces the dike driving pressure to the point where intrusion must cease. By 
analogy with an analysis of this process for intrusions on Earth and Venus (7), individual lateral dike segments 
would probably extend for no more than -10 km from the reservoir in unbuffered conditions. However, the existence 
of dike swarms extending for at least 1000 krn from identifiable source areas on both these planets implies that 
buffering by such high mantle supply rate episodes does occur. Not enough is yet understood about the mantle 
conditions allowing such events to infer if they should have been common on Mars, but the existence of martian rift 
zones with lengths in excess of 200 km cannot currently be explained by any other mechanism. By analogy, 
volcanoes which do not possess major rift zones could nevertheless have had vents capable of delivering large 
volumes of melt to the surface dismbuted widely over their flanks - certainly out to distances up to 200 km. 
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