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Abstract. We present a theoretical treatment of the 
ascent, emplacement, and eruption of magma on 
Mars. Because of the lower gravity, fluid convective 
motions and crystal settling processes driven by pos- 
itive and negative buoyancy forces, as well as overall 
diapiric ascent rates, will be slower on Mars than on 
Earth, permitting larger diapirs to ascend to shallower 
depths. This factor also favors a systematic increase in 
dike widths on Mars by a factor of 2 and, conse- 
quently, higher effusion rates by a factor of 5. As a 
result of the differences in lithospheric bulk density 
profile, which in turn depend on differences in both 
gravity and surface atmospheric pressure, magma res- 
ervoirs are expected to be deeper on Mars than on 
Earth, by a factor of about 4. The combination of the 
lower Martian gravity and lower atmospheric pressure 
ensures that both nucleation and disruption of magma 
occur at systematically greater depths than on Earth. 
Although lava flow heat loss processes are such that 
no major differences between Mars and Earth are to be 
expected in terms of flow cooling rates and surface 
textures, the lower gravity causes cooling-limited 
flows to be longer and dikes and vents to be wider and 
characterized by higher effusion rates. Taken together, 
these factors imply that we might expect composition- 
ally similar cooling-limited lava flows to be about 6 
times longer on Mars than on Earth. For example, a 
Laki type flow would have a typical length of 200-350 
km on Mars; this would permit the construction of 
very large volcanoes of the order of 500-700 km in 
diameter. For strombolian eruptions on Mars the main 
difference is that while the large particles will remain 
near the vent, the finer material will be more broadly 
dispersed and the finest material will be carried up into 
a convecting cloud over the vent. This means that 
there would be a tendency for broader deposits of fine 
tephra surrounding spatter cones on Mars than on 
Earth. On Mars, strombolian eruption deposits should 
consist of cones that are slightly broader and lower 
relative to those on Earth, with a surrounding deposit 
of finer material. Martian hawaiian cones should have 

diameters that are about a factor of 2 larger and heights 
that are, correspondingly, about a factor of 4 smaller 

than on Earth; central craters in these edifices should 
also be broader on Earth by a factor of up to at least 5. 
Grain sizes in Martian hawaiian edifices should be at 

least 1 order of magnitude finer than in terrestrial 
equivalents because of the enhanced magma fragmen- 
tation on Mars. Differences in the atmospheric pres- 
sure and temperature structure cause Martian plinian 
eruption clouds to rise about 5 times higher than ter- 
resthal clouds for the same eruption rate. Essentially 
the same relative shapes of eruption clouds are ex- 
pected on Mars as on Earth, and so the cloud-height/ 
deposit-width relationship should also be similar. This 
implies that Martian fall deposits may be recognized as 
areas of mantled topography with widths in the range 
of several tens to a few hundred kilometers. A conse- 

quence of the lower atmospheric pressure is that Mar- 
tian plinian deposits of any magma composition will be 
systematically finer grained than those on Earth by a 
factor of about 100, almost entirely subcentimeter in 
size. Basaltic plinian eruptions, rare on Earth, should 
be relatively common on Mars. The production of 
large-scale plinian deposits may not signal the pres- 
ence of more silicic compositions, but rather may be 
linked to the enhanced fragmentation of basaltic 
magma in the Martian environment or to the interac- 
tion of basaltic magma with groundwater. The occur- 
rence of steep-sided domes, potentially formed by 
viscous, more silicic magma, may be largely precluded 
by enhanced magma fragmentation. Pyroclastic flow 
formation is clearly inherently more likely to occur on 
Mars than on Earth, since eruption cloud instability 
occurs at a lower mass eruption rate for a given magma 
volatile content. For a given initial magma volatile 
content, eruption speeds are a factor of at least 1.5 
higher on Mars, and so the fountains feeding pyroclas- 
tic flows will be more than twice as high as on Earth. 
Pyroclastic flow travel distances may be a factor of 
about 3 greater, leading to values up to at least a few 
hundred kilometers. Martian environmental condi- 

tions thus operate to modulate the various eruption 
styles and the morphology and morphometry of result- 
ing landforms, providing new insight into several vol- 
canological problems. 
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1. INTRODUCTION 

Analysis of the images returned from the Mariner 
and Viking missions has produced abundant evidence 
for a variety of volcanic landforms on Mars [e.g., 
Carr, 1973, 1981; Carr et al., 1977; Greeley, 1973; 
Plescia and Saunders, 1979; Greeley and Spudis, 
1981; Schaber et al., 1978; Schaber, 1982; Hodges and 
Moore, 1994]. One approach to understanding the 
styles of Martian volcanic activity represented by 
these landforms has been to compare the morpholo- 
gies of Martian volcanic structures with those of ter- 
restrial analogs. While useful, this method may over- 
look the potentially dramatic effects of differences 
between the terrestrial and Martian environments on 

eruptive processes [Wilson and Head, 1983; Wilson, 
1984; Mouginis-Mark et al., 1992]. As a result, we 
concentrate here on a different approach, that of ini- 
tially considering the processes of ascent and eruption 
of magma on Mars from first principles and developing 
predictions of the types of volcanic landforms ex- 
pected to be produced in the Martian lithospheric and 
atmospheric environment. We then compare these 
predictions with observed landforms [e.g., Hodges 
and Moore, 1994]. We follow the basic approach that 
we have utilized in analyzing the ascent and emplace- 
ment of magma on the Earth and Moon [Wilson and 
Head, 1981a, 1983; Head and Wilson, 1992a], and 
Venus [Head and Wilson, 1987, 1992b]. We first 
examine modes of magma production in the Martian 
interior and then assess processes of magma ascent, 
analyzing the shallow density structure of the crust 
and lithosphere and its potential influence on the pro- 
duction of zones of neutral buoyancy. Following this, 
we examine processes of gas exsolution at shallow 
depths and methods by which the range of eruption 
products is manifested in the creation and growth of 
deposits and landforms. Finally, we compare theoret- 
ical predictions with the range of landforms that have 
been revealed by Mars exploration and use these ob- 
servations as a basis to investigate a number of prob- 
lems in the thermal and volcanological history of 
Mars. 

On the basis of an assessment of the crustal config- 
uration of Mars and a theoretical treatment of the 

ascent and eruption of magma through this crust in the 
Martian gravity and atmospheric environment, we find 
that the full range of volcanic eruption styles observed 
on Earth is to be expected. It is clear, though, that 
Martian environmental conditions operate to modulate 
the various eruption styles and the morphology and 
morphometry of resulting landforms. Using these the- 
oretical predictions as a basis, we compare observed 
deposits and landforms and find general agreement, as 
outlined above. In several cases we find that theory 
provides new insight into Martian volcanological prob- 
lems. For example, the effects of gravity and cooling 
should cause compositionally similar cooling-limited 

flows on Mars to be about a factor of 6 longer than 
those on Earth, thus providing a potential explanation 
for the flows several hundred of kilometers long that 
build the major Martian edifices. Similarly, theoretical 
analysis of plinian air fall and pyroclastic flow em- 
placement provides a basis to distinguish these types 
of deposits in Martian volcanoes, and analysis of the 
geologic record supports the view that both types of 
eruptions took place around several Martian volcanic 
centers. This analysis also provides some perspective 
on several other problems in Martian geology and 
history. 

GLOSSARY 

Aa flow: lava flow characterized by a rough, 
jagged, and clinkery surface. 

Allochthonous breccia: rock or deposit formed of 
angular fragmental material derived from nonlocal 
sources and transported to present location. 

Autochthonous breccia: rock or deposit formed of 
angular fragmental material derived from local 
sources. 

Carbonatite: a rock of magmatic origin containing 
at least 50% carbonate minerals and usually associated 
with alkalic rocks and kimberlites. 

Hawaiian eruption: a type of basaltic volcanic 
eruption characterized by fountains of molten magma 
particles fragmented by expanding magmatic gas and 
forming fire fountains over the vent. The pyroclastic 
fragments may cool and form cinder cones and/or 
recollect to form effusive flows. 

Kimberlite: an alkalic peridotite containing abun- 
dant phenocrysts of the minerals olivine and phlogo- 
pite mica in a fine-grained matrix; often associated 
with diamond deposits in continental areas on Earth. 

Komatiite: a suite of igneous basaltic and ultrama- 
fic lavas and rocks with very high magnesium content; 
generally restricted to early Earth history. 

I. ahar: a mudflow or landslide of hot pyroclastic 
material on the flanks of a volcano. 

Maar: a broad, low-relief volcanic cone formed 
by multiple shallow explosive volcanic eruptions. 

Megaregolith: a thick outer fragmental soil layer 
formed from upper crustal rock comminuted and re- 
distributed primarily by intense impact cratering pro- 
cesses typical of early planetary history. Grades down 
into autochthonous breccia and fractured in situ crust. 

Pahoehoe flow: lava flow characterized by a ropy 
and billowy surface; smooth, relative to an aa flow. 

Plinian eruption: explosive volcanic eruption 
characterized by magma which disrupts into very 
small fragments that become locked to an expanding 
gas plume rising buoyantly from the vent and produc- 
ing widely dispersed ash and pumice deposits. 

Pseudocrater: a small cratered cone which is not a 

primary volcanic vent but instead forms from explo- 
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sive disruption of lavas as they flow over a volatile- 
rich substrate. 

Pyroclastic flow: a turbulent flow of hot gas and 
disrupted magmatic fragments (pyroclasts). 
These often form during the collapse of plinian erup- 
tion columns. 

$NC meteorites: a group of differentiated meteor- 
ites for which the parent body is thought to be the 
planet Mars. SNC designates the key named members 
of the group (shergottites, nakhlites, and chassignites). 

$trombolian eruption' a type of basaltic volcanic 
eruption in which magma erupts upon the intermittent 
explosive emergence of large gas bubbles from the 
vent. Forms spatter cones around the vent. 

lholeiite: a basalt characterized by the minerals 
orthopyroxene and pigeonite in addition to clinopyrox- 
ene and calcic plagioclase feldspar. Commonly found 
on the Earth's ocean floor. 

2. PRODUCTION AND ASCENT OF MAGMA 

2.1. Background 
Whenever magma is produced by partial melting at 

depth in the Martian interior, it will tend to ascend to 
the surface as long as its density contrast with the 
surrounding materials is such as to produce positive 
buoyancy. As is the case on Earth, the ascent may 
occur in stages, with the magma pausing to form in- 
trusive bodies within which it may undergo chemical 
and physical evolution, leading to a diversification of 
the range of possible eruption product compositions. 
Ascending magma may also interact and mix with the 
crust through which it passes. 

Estimates of the composition of surface volcanic 
and crustal deposits, and thus melts, on Mars have 
been made from several approaches. First, the general 
density characteristics of Mars permit estimates of 
Martian mantle composition, which is suggested to 
have 2-3 times the iron content of the Earth's mantle, 
possibly resulting in partial melts emerging as iron- 
enriched basic or ultrabasic lavas [McGetchin and 
Smyth, 1978; Goettel, 1981]. Second, remote sensing 
data and laboratory analyses have provided evidence 
that many bright and dark albedo units [Soderblom et 
al., 1978; Arvidson et al., 1982] are best interpreted as 
basalts characterized by varying degrees of oxidation 
[Adams and McCord, 1969; McCord et al., 1982]. In 
addition, more recent spectroscopic measurements 
show that the characteristics of the dark areas differ 

down to the limits of resolution, with variations con- 
sistent with a variety of pyroxene types and abun- 
dances (predominantly clinopyroxene) and almost no 
evidence for abundant olivine [Singer et al., 1990; 
Pinet and Chevral, 1990; Bibring et al., 1990; Mustard 
et al., 1993]. Third, chemical analyses of surface soils 
at the two Viking lander sites did not fit any known 
terrestrial rock types and were interpreted to be soils 

modified by exogenous salts [Toulmin et al., 1977] or 
volcanic gases [Settle, 1979]; the parent rocks were 
interpreted to be distinctly mafic in composition [Clark 
et al., 1982]. Fourth, analysis of the characteristics of 
lava flows on Martian shield volcanoes and interpre- 
tation of their rheological properties suggest flows with 
yield strengths and viscosities which have been cited 
as evidence for mafic basalts [Hulme, 1976; Moore et 
al., 1978; Cattermole, 1987] and basaltic andesites 
[Zimbelman, 1985a, b]. 

Information obtained through analysis of the char- 
acteristics of SNC meteorites interpreted to have been 
derived from Mars [Wood and Ashwal, 1981] represent 
a fifth approach. These matehals are very similar to 
terrestrial basaltic and ultramafic rocks, and some can 
even be classified as komatiitic [Baird and Clark, 
1981], leading to the conclusion that ultrabasic volca- 
nism is more important on Mars than on the Moon and 
present-day Earth [Treiman, 1986]. On the basis of the 
characteristics of the SNC meteorites, the Martian 
mantle is also thought to have a high Fe/Mg ratio 
relative to the Earth [Dreibus and Wanke, 1984]. Ex- 
perimental petrologic studies on melts derived from 
such mantle compositions showed evidence for thole- 
itic, picritic, and komatiitic melts with increasing de- 
grees of partial melting, but the relative abundances of 
these compositions could not yet be determined; at 
lower pressures and in the presence of carbonate, 
carbonatitic and possibly kimberlitic, primary magmas 
may form [Bertka and Holloway, 1989, 1990]. Analysis 
of the SNCs from the point of view of magmatic 
processes [Longhi, 1990] shows the parent magmas to 
be high-Fe, low-A1 liquids with high densities (2750- 
2960 kg m -3) and low viscosities (0.4-12.8 Pa s) 
[Longhi and Pan, 1988] and with the possible presence 
of CO2. Longhi and Pan [1988] suggested that some of 
the SNCs could be related to each other by assimila- 
tion of a component rich in K and other incompatible 
lithophile elements; this and the lack of negative Eu 
anomalies in the parent magma compositions have 
been interpreted to favor interaction with an Earth 
continentallike crustal component on Mars during 
magma ascent. Apparently, flows and shallow intru- 
sions represented by the SNC meteorites did not un- 
dergo significant hydrothermal alteration, and the par- 
ent magmas contained less H20 than a typical 
terrestrial basalt [Longhi, 1992]; however, some sam- 
ples show evidence of more abundant H20 [Ruther- 
ford, 1991; Johnson et al., 1991; McSween and 
Harvey, 1993]. Martian mantle chemical heterogeneity 
is hinted at by the isotopic heterogeneity of the SNC 
meteorites [Jones, 1986]. Finally, evidence for plinian 
eruption deposits [Mouginis-Mark et al., 1982; Gree- 
ley and Crown, 1990; Crown and Greeley, 1993] sug- 
gests the possibility of silicic volcanism, although ar- 
guments have been made against the existence of 
silicic volcanism on Mars [Francis and Wood, 1982]. 

In summary, these data and approaches suggest 
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Figure la. Geography of Mars. Map of the major physiographic provinces and features on Mars, including 
the southern heavily cratered terrain, the northern lowlands, and the Tharsis and Elysium volcanic 
provinces. Solid black patches represent many of the major volcanic edifices on Mars. Tharsis Montes 
include Arsia, Pavonis, and Ascraeus. Modified from Mutch et al. [1976]. 

that the observed lava flows are likely to have basaltic 
to ultramafic compositions, with perhaps some of the 
shield volcano flows being more evolved in composi- 
tion. Although remote sensing data suggest that basalt 
is widespread on the surface, there is some circum- 
stantial evidence that the crust might contain more 
granitic components. For our analyses, we adopt a 
basaltic composition for mantle-derived melts and en- 
tertain the possibility of melts ranging out to komatiitic 
in composition. We also consider the possibility of 
compositionally evolved magmas derived from either 
(1) evolution in magma reservoirs (in situ processes) or 
(2) crustal contamination and mixing (ab initio pro- 
cesses). The well-established presence of the volatiles 
CO2 and H20 on the surface and in the atmosphere of 
Mars [Owen, 1992] suggests that it is appropriate to 
explore the consequences of at least these two vola- 
tiles being present in the variety of chemical types of 
ascending and erupting magma. 

The crustal and lithospheric structure of Mars (Fig- 
ures l a and lb) has been studied by a variety of 
techniques. Using the global gravity field, Bills and 
Ferrari [1978] inferred a mean global thickness of crust 
of assumed basaltic composition of 34-40 km, with 
maximum thicknesses under Tharsis (61-77 km) and 
minimum thicknesses under Hellas (8-10 km). The 
derivation of this thickness of basalt from the upper 
mantle strongly implies that upper mantle source re- 
gions for later partial melts will be more depleted than 
earlier ones and that there may be an evolutionary 
trend of compositions as a function of time and degree 
of upper mantle depletion. Indeed, the SNCs are 
known to be derived from a depleted mantle on the 
basis of isotopic [Nakamura et al., 1982] and petro- 

logic [Longhi and Pan, 1989] evidence, and they have 
young crystallization ages (probably <1.3 Ga). Schu- 
bert et al. [1992] link thermal evolution models to the 
derivation of crust as a function of time, estimating a 
maximum crustal thickness of 154 km for a fully dif- 
ferentiated Mars. We will return to the question of the 
relation of volcanic flux and thermal evolution. 

The basic crustal configuration is modified by exo- 
genic and surface processes (Figure lb). These in- 
clude the production of a megaregolith during the early 
bombardment history of Mars which, on the basis of 
the lunar analogy [Short and Forman, 1972; Hart- 
mann, 1973; Head, 1976], would be characterized by 
an outer layer of allochthonous breccias (basin and 
crater ejecta-1-2 km thick) [Fanale, 1976], an inter- 
mediate layer of autochthonous breccias (highly frac- 
tured and brecciated substrate up to about 10 km 
depth), and a deeper layer of fractured and cracked 
crustal material (down to about 25 km on the Moon). 
The depth to unmodified, compacted, or annealed 
crustal material is in the range of 8-12 km [Clifford, 
1981, 1984, 1993] (Figure 2). There is clear evidence of 
water and water ice in the subsurface of Mars, and its 
presence will influence the structure of the uppermost 
crust, filling in voids and causing alteration of crustal 
mineralogy and production of clays and carbonates, 
etc., perhaps extending the porosity down to depths of 
16 km [Squyres et al., 1992]. This presence of ground- 
water and ground ice will also be important if magma 
resides in this realm or passes through it (Figure 3a), 
an issue discussed in section 2.4. In addition, in the 
uppermost layers of the crust, eolian, fluvial, volcanic, 
and mass-wasting deposits, will provide local to re- 
gional perturbations [Carr, 1979] to the megaregolith 
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lowlands are illustrated schematically. Impact cratering on the ancient crust produces a megaregolith 
composed of autochthonous (in situ) and allochthonous (transported) breccias. This outer fragmental layer 
is then reworked by mass wasting and eolian processes and is further modified by the intrusion and 
extrusion of volcanic deposits. Ground ice and groundwater in the outer crust further add to the 
modification of the crust through chemical alteration, outflow and channel erosion, deposit emplacement, 
and the formation of fractured ground. The increase in pressure with depth causes the fractured basement 
to be annealed. The upper portion of the mantle is likely to be chemically depleted due to the derivation 
of the crust. Layer thicknesses are approximate. See Figure 2 for quantitative estimates of crustal density 
variation with depth. 
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Figure 2. Variation of the density of the upper crust with 
depth (modified from Clifford [1981, 1984] and Squyres et al. 
[1992]). (a) Porosities of 20% and 50% voids without water 
(V20 and V50, respectively) and with water (W20 and W50, 
respectively) are shown. (b) Porosities of volcanic rocks on 
Mars of 25% (M25), 50% (M50), and 75% (M75) are shown, 
as well as a porosity of volcanic rocks on Earth of 24% 
(E24). 

and outer crustal structure (Figure 1). Thus for indi- 
vidual regions the distribution of mapped geological 
units [Tanaka et al., 1992a, b] is the best guide to the 
shallowest crustal structure. 

Thermal history models predict a systematic thick- 
ening of the Martian lithosphere as a function of time 
[Stevenson et al., 1983], but estimates of lithospheric 
thickness from the tectonic response to individual 
loads [Comer et al., 1985] show spatial, as well as 
temporal, variations in elastic lithospheric thickness, 
with distinctly lower values beneath regions of major 
volcanic provinces. Thus although lithospheric thick- 
ness is generally increasing as a function of time and 
influencing the position of the brittle-ductile transition 
and the level of diapiric rise versus dike emplacement, 
prolonged phases of regional volcanism can clearly 
affect the regional thermal gradient and the position of 
the brittle-ductile transition as a function of time [So- 
lomon and Head, 1990]. 

2.2. Magma Production, Ascent, and Creation 
of Primary and Secondary Reservoirs 

We assume that the basic processes controlling par- 
tial melting of mantle materials and magma segregation 
at depth are the same on Mars as on Earth [Elder, 
1987]: Rayleigh-Taylor instabilities [Elder, 1976] due 
to self-regenerating chemical, physical, and hence 
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Figure 3. Relationship between ascending magma and the presence of groundwater and ground ice. (a) 
Magma and ground-ice/groundwater interactions. On the right, passive interactions are illustrated, in 
which a pluton radiates heat to the su•oundings and locally creates an aureole of alteration (A). Lava 
flows eraplaced on the su•ace (D) can conve• underlying ground ice into water to create melting and 
channel formation or into steam to create locM explosions and pseudocraters (shown as small cratered 
cones on the top of the flow). Sills eraplaced at depth (B) can cause melting and release of groundwater 
at sca•s to create outflow channels (C). Similar relations occur at shadow intrusions in crater floors (E). 
Active interactions result when magma rising in a dike inco•orates groundwater into the conduit (F) and 
draws down the local groundwater table in the course of the eruption, often at very high flow rates. This 
enhances the formation of plinian eruption plumes (G) which can yield fallout deposits or extensive 
pyroelastic flows, and the formation of highland paterae. (b) Calculated column depth of liquid and liquid 
plus vapor generated by extrusion of a lava flow over an ice-rich (25% ice) permafrost, as a function of lava 
flow thickness, for (c) injection of a 10-m-thick sill, as a function of depth of burial, and for (d) injection 
of sills of various thicknesses at a depth of 1• m [after Squyres et al., 1987]. 

thermal inhomogeneities cause localized regions of the 
mantle to ascend diapirically. The sizes, shapes, and 
spacings of these regions and their ascent rates are 
determined by the overall advective heat flux they 
represent and the physical properties of the bodies 
themselves and the surrounding materials [Marsh and 
Carmichael, 1974; Fedotov, 1977; Marsh and Kantha, 
1978; Spera, 1980]. Partial melting occurs as a result of 

adiabatic decompression [Oxburgh, 1980] of the as- 
cending mass, and melt segregation is driven by gra- 
dients in density, compaction, or deviatoric stress 
[Sleep, 1988]. 

Relatively deep magma reservoirs can form in sev- 
eral mantle environmental settings [Head and Wilson, 
1992b]. Some of the most important ones result from 
the fusing of the head of a rising diapir or hot spot as 
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the adiabatic temperature reaches the melting point 
curve and voluminous pressure release melting oc- 
curs, producing a large, partially molten magma 
source region (a deep reservoir). The history of the 
reservoir is related to the evolution of the diapir or 
plume, the thermal and density structure of the mate- 
rial in which it occurs, and the instabilities that de- 
velop in the deep reservoir. Deep reservoirs also occur 
in conjunction with rift zones as a result of crustal 
thinning, localized mantle upwelling, and pressure re- 
lease melting, related to regional extension or deeper 
patterns of mantle convection. Factors other than den- 
sity can exert controls on the upward migration of 
plumes and magma batches. Ascending diapirs may 
stall upon encountering the rheological barriers of 
cooler more viscous surroundings such as the outer 
thermal boundary layer, the lithosphere. If the magma 
is still buoyant, instabilities may develop in the source 
region or the viscous lid and smaller diapirs may as- 
cend; or, depending on the rheological properties of 
the country rock [Rubin, 1993], dikes may propagate 
from the stalled diapir or deep magma reservoir. In 
some cases, this material may migrate to the surface, 
causing eruptions; alternatively, it may stall in the 
crust, creating intrusions. Commonly, however, 
magma reaches shallow levels where it achieves a 
neutral buoyancy with the surrounding country rock 
because of the decreased density of the shallow crustal 
materials (Figures 1 and 2). If sufficient material 
reaches this level, a secondary reservoir centered on a 
neutral buoyancy level can be created, as is the case 
for Kilauea volcano [Ryan, 1987]. 

The details of the above processes depend on the 
exact nature of the physicochemical inhomogeneity of 
the Martian interior. Even though this knowledge is 
incomplete and sketchy, it is important to point out 
some general differences to be expected between Mars 
and the Earth. First, all conductive heat transfer pro- 
cesses in the Martian interior will occur at the same 

rate as on Earth, since these depend only on the 
thermal diffusivities of the constituent silicates, which 
are almost independent of composition. Second, at 
any given spatial size scale, all fluid convection mo- 
tions (and consequent convective heat transfer) and 
crystal settling processes driven by positive or nega- 
tive buoyancy will be slower on Mars than on Earth 
owing to the lower gravity; overall diapir ascent rates 
for bodies of a given size will also be slower for the 
same reason. Since heat loss from diapiric bodies is 
limited mainly by conductive heat transfer into the 
surrounding rocks, it is likely that the size scale of 
diapirs able to ascend to a given (shallow) level in the 
Martian lithosphere will be systematically larger than 
on Earth. We will return later to investigate the pos- 
sibility that such bodies might form the nucleus of the 
major volcanic centers on Mars, such as the Tharsis 
volcanoes. 

On Earth, magma from deeper sources ascends 

through the outermost ten to a few tens of kilometers 
of the lithosphere by generating brittle fractures in the 
surrounding rocks. The magma occupies these frac- 
tures to form dikes (which may or may not reach the 
surface) and sills. In zones where the country rock 
density variations cause large numbers of dikes to be 
localized, shallow magma reservoirs (commonly called 
magma chambers, though their geometry may be com- 
plex) may be formed. The temperatures, temperature 
gradients, and country rock physical properties ex- 
pected in the outer parts of the Martian lithosphere 
[Elder, 1987; Schubert et al., 1992] are sufficiently 
similar to those of the Earth to imply that similar 
processes should be involved; however, the difference 
in gravity between Mars and the Earth produces a 
number of systematic differences in the properties of 
dikes and ascent rates of magmas within them. 

The width of the fissure system which opens to the 
surface in any particular eruption will be controlled by 
the amounts and spatial gradients of accumulated 
strain in the case of eruptions which are initiated by 
extensional regional tectonic forces or by the excess 
pressure in the magma reservoir in the case where this 
pressure initiates the eruption by exceeding the 
strength of the surrounding rocks. Rubin and Pollard 
[1987] have summarized the factors controlling the 
sizes, shapes, and stabilities against migration of dikes 
in planetary lithospheres, drawing on earlier work by 
Weertman [1971], Johnson and Pollard [1973], Secor 
and Pollard [1975], Pollard and Muller [1976], and 
Pollard [ 1976]. 

Wilson and Head [1988] and Wilson and Parfitt 
[1989, 1990] addressed the question of the influence of 
gravity on dike widths and eruption rates on the plan- 
ets. They found that when dike propagation is limited 
by the requirement that the stress intensity at the dike 
tip overcomes the effective fracture toughness of the 
country rocks, the above treatments of dike shape and 
propagation imply that the mean width of a dike should 
be inversely proportional to the cube root of the ac- 
celeration due to gravity and its length perpendicular 
to the direction of magma motion should be inversely 
proportional to the gravity raised to the power 2/3. 
When motion is laminar, flow velocities of magmas in 
dikes are proportional to the total pressure gradient 
acting on the magma and to the square of the dike 
width; in turbulent motion the velocity is proportional 
to the square root of the product of the pressure 
gradient and dike width. Mass fluxes moving through 
dikes are proportional to the flow velocity and to the 
cross-sectional area perpendicular to flow. These re- 
lationships are discussed for eruptions on Earth, the 
Moon, and Venus by Wilson et al. [1980], Wilson and 
Head [1981a], and Head and Wilson [1986]. Collect- 
ing together all of the above relationships and the 
dependencies on gravity, it is implied that for the 
commonest circumstance of a magma being erupted to 
the surface from an overpressured magma reservoir, 
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the dike connecting it to the surface will be 1.35 times 
wider on Mars than on Earth and 1.8 times longer in 
outcrop. The magma flow speed when conditions are 
laminar will be 1.8 times greater than on Earth for the 
same excess reservoir pressure, and the discharge rate 
will be just less than 5 times greater. The correspond- 
ing figures when the magma motion is turbulent are a 
factor of 1.17 for flow speed and almost exactly 3 for 
eruption rate. Clearly, this will influence lava flow 
lengths and other eruption factors. 

A lower limit on ascent speed is set by the require- 
ment that the magma must not cool so much during its 
rise that its yield strength becomes large enough to 
prevent it moving through the fissure system [Wilson 
and Head, 1981 a; Delaney and Pollard, 1982]. If 
Martian magmas erupt from shallow reservoirs in the 
upper several kilometers of the crust, the minimum 
mass effusion rates will be similar to those calculated 

for the Earth, since they are independent of the plan- 
etary gravity and magma viscosity [Wilson and Head, 
1981a]: about 50 kg s -• for eruptions through circular 
conduits and about 150 kg s -• m -• of fissure for 
dikelike conduits. If eruptions were to take place from 
the base of a thick (-50 km) Martian lithosphere, 
however, these estimates would increase in proportion 
to the travel distance [Wilson and Head, 1981a] to 
about 500 kg s -• and 1500 kg s -• m -x, respectively. 

The upper limit on magma ascent speed is set by the 
mean width of the widest dike that can be formed in a 

given stress environment. The above relationships 
suggest that if regional stress regimes are similar on 
Earth and Mars, eruption rates may be systematically 
higher on Mars by a factor of 5 for magmas of similar 
viscosity flowing in a laminar fashion and by a factor of 
3 (independent of magma rheology) for very high dis- 
charge rate events where magma motion is turbulent; 
we show later that this will have a bearing on both the 
likely range of lengths of lava flows and on the likely 
rise heights and dispersal areas of explosive eruption 
clouds. 

Secondary magma reservoirs commonly evolve 
with their centers at neutral buoyancy levels [Rubin 
and Pollard, 1987], that is, at depths where the magma 
density is equal to the density of the country rocks. 
Implicit in this statement is the idea that, on average, 
the magma in a chamber is less dense than the country 
rocks surrounding it in the lower part of the chamber 
and is more dense than the country rocks in the upper 
part of the chamber. In general, silicate mineral phases 
expand on melting, and so, the positive buoyancy of 
magma in the lower part of a chamber is to be ex- 
pected. The negative buoyancy at higher levels is due 
to the fact that the shallower layei's of country rock in 
volcanic areas are likely to consist of ancient lava 
flows, ash deposits, and other low-density material 
(Figures 1 and 2) which are either vesicular or poorly 
compacted (or both) and so have a significantly lower 

bulk density than they would have if completely com- 
pacted. 

Shallow magma chambers are enlarged by the in- 
jection of melt from below. The melt bodies rise buoy- 
antly from deeper zones of partial melting and accu- 
mulation as equant diapiric bodies or as much more 
elongated dikes. The geometry of the rising body is 
controlled by the rheology of the country rocks and 
the stress distribution in its vicinity, in turn a function 
of the density difference between the melt and its 
surroundings and the rise velocity. Each new melt 
body added to the existing reservoir brings with it a 
finite volume and a finite internal pressure in excess of 
the ambient lithostatic pressure. The new size, shape, 
and pressure state of the reservoir reflects a constantly 
readjusting balance between its internal volume and 
the stress state of the surrounding rocks [Blake, 1981]. 

One method of adjustment to the addition of new 
melt is a general enlargement of the chamber and the 
compression of its contents and the surrounding rocks. 
An alternative is the propagation away from the cham- 
ber wall of a dike or sill. If the distal end of a dike 

reaches the surface, causing an eruption, or if the 
proximal end of a dike or sill disconnects from the 
chamber wall and the magma propagates away as a 
separate intrusive body, the reservoir volume is re- 
duced. But if a dike or sill remains connected to the 

wall and fails to intersect the surface, the net effect is 
simply a readjustment of the magma body to a new 
shape which involves a reduction in total stress. 
Clearly, the depths and detailed shapes of magma 
reservoirs are not controlled by hydrostatic forces 
alone. However, on average, the center of a reservoir 
is likely to reside at the level of neutral buoyancy. 

2.3. Density Structure of the Shallow Crust 
and Lithosphere and Development 
of Neutral Buoyancy Zones 

The density structure of the crust in which a reser- 
voir forms and on which a volcano builds is crucial to 

the determination of reservoir depth and edifice 
growth [Head and Wilson, 1992a, b]. On the Moon 
the density barrier represented by the anorthositic 
highlands causes magma reservoirs to stabilize at the 
base of the crust at depths of about 60 km; shallow 
reservoirs are unimportant, and because of this, no 
major shields are found on the lunar surface [Head and 
Wilson, 1991, 1992a]. On Venus the anomalously 
high atmospheric pressure influences the gas exsolu- 
tion of rising magma and thus the density structure of 
the shallow crust; at the lowest elevations and highest 
pressures, no neutral buoyancy levels are predicted to 
form, and magmas are likely to emerge directly from 
deep reservoirs to the surface, whereas at lower pres- 
sures, typical of higher elevations, neutral buoyancy 
zones are predicted to form and to favor the develop- 
ment of shallow reservoirs and volcanic shields [Head 
and Wilson, 1992b]. On Mars we need to consider 
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both the crustal composition and structure and the 
influence of the low atmospheric pressure (relative to 
Earth) on the degassing of rising magma and the den- 
sity of the erupted products in the crustal column. The 
crust is apparently predominantly basaltic. The shal- 
lowest crust is complicated by various processes (Fig- 
ures 1 and 2), but in general, the basic crust should 
have been constructed predominantly from earlier 
eruptions, in which case it could be•mafic or ultramafic 
and its primary density influenced by the atmospheric 
pressure and near-surface degas sing history. Once an 
edifice begins to grow, the surface layers are a mix of 
vesicular lava flows and pyroclastics modified by in 
situ weathering and surface activity (Figure 1). We 
assume both types of volcanic deposits are more ve- 
sicular than on Earth because of late stage degassing in 
the low-pressure atmosphere. The early stage degas- 
sing of the magma nearing the surface in the conduit 
will encourage formation of pyroclastics rather than 
lava flows under almost all conditions, but it is the late 
stage degassing at atmospheric pressure which deter- 
mines the final porosity of the material deposited. 

The variations of density 0(h) with depth h for 
basaltic volcanic regions on Earth have been obtained 
from seismic wave propagation measurements in Ice- 
land and Hawaii [Hill, 1969; Gudmundsson, 1987] and 
can be conveniently modeled [Head and Wilson, 
1992b] using a continuous density function derived by 
assuming that the compaction of void space is a func- 
tion only of pressure. Assuming an exponential decay 
of fractional void space, V(P), with increasing pres- 
sure P, 

V = Vo exp (-XP), (1) 

where Vo is the void space fraction at the surface and 
h is a constant. If 0• is the density of the country rock 
in its completely compacted state, it follows from the 
definitions of bulk density and void space that 

o(V) = po•(1 - V) (2) 

and that the bulk density of surface country rocks, 
O•u•f, is given by 

Psurf = po•(1 - V0). (3) 

Since any increase dP in the pressure P due to an 
increase dh in the depth h is given by dP = Otl dh, 
equations (1), (2), and (3) can be combined to give 

p(h) = pod[1 + {Vo/(1 - Vo)} exp (-Xpo•#h)] (4) 

and 

P(h) = •.-1 In IV0 + (1 - V0) exp (Xpo•#h)]. (5) 

Thus the density and pressure variations with depth 
can be specified in terms of the three model parame- 
ters p•, h, and Vo. 

The variation of density with depth in basaltic re- 

gions on the Earth can be well fitted with Oo• = 2900 kg 
m -3 and X = 1.18 x 10 -8 Pa -• [Head and Wilson, 
1992b]. We see no reason to expect the value of X to 
vary systematically between the terrestrial planets as 
long as we are concerned with broadly similar silicate 
rocks. However, the value of •o• depends on the typi- 
cal chemical composition of the material accumulating 
to form the volcanic edifice. For the Earth the value 

2900 kg m -3 (consistent with an unvesiculated melt 
density of the same composition of 2600 kg m -3) is 
appropriate for typical basaltic rocks, and a similar 
pair of values was assumed for Venus by Head and 
Wilson [ 1992b]. As described above for Mars, mor- 
phological evidence and Viking lander chemical data 
have generally been interpreted as implying a basaltic 
composition for much of the surface, for which a melt 
density of 2600 kg m -3 and O• - 2900 kg m -3 would be 
appropriate. However, recent arguments described 
above [e.g., Longhi and Pan, 1989; Longhi, 1990] 
based on the chemistry of the SNC meteorites suggest 
the possibility of a more ultramafic composition, with 
a melt density of 2900 kg m -3, so that O• - 3200 kg 
m -3. 

The value to be adopted for Vo, the surface void 
space fraction of volcanic products, on Mars is also 
debatable. For Earth an average of Vo = 0.24 is 
consistent with the seismic data [Head and Wilson, 
1992b], so that Osu•f = 2200 kg m -3. For Venus, where 
the high atmospheric pressure at the surface reduces 
gas release from magmas [Head and Wilson, 1986; 
Head and Wilson, 1992b], the fact that exsolved gas 
is not released during explosive lava fountaining but is 
instead retained in the erupted lavas leads to the pos- 
sibility of a very wide range of surface void space 
fractions. Head and Wilson [1992b] found that Vo 
could lie anywhere in the range 0.02 to 0.65 for a 
plausible spread of combinations of magmatic H:O 
and CO 2 contents, leading to values of Psurf between 
2940 and 1045 kg m -3. For Mars we assume that the 
low atmospheric pressure generally leads to enhanced 
magma vesiculation and fine-grained pyroclast forma- 
tion [Wilson et al., 1982], and we adopt Vo over the 
wide range 0.25 to 0.75, coupled with a compact basalt 
density at great depth of •o• = 2900 kg m-3; this implies 
that Osurf lies between 2175 and 725 kg m-3; for a more 
ultramafic composition with •o• = 3200 kg m -3, Osurf 
lies between 2400 and 800 kg m -3. 

These assumptions lead to the variations of country 
rock density with the depths given in Table 1. From 
these, depths of neutral buoyancy levels (given in 
Table 2) are derived by interpolating to find the depth 
at which the country rock density is equal to the 
unvesiculated melt density. The table also shows the 
depths of neutral buoyancy levels on Mars and Venus 
calculated on the assumption that this depth is propor- 
tional to the planetary gravity; the calculations show 
that because of the nonlinear variation of density with 
depth, magma reservoirs on Venus will be shallower 
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TABLE 1. Variation of Country Rock Bulk Density With Depth in the Shallow Lithosphere on Earth, Mars, and Venus 
Using the Stated Surface Void Fractions Vo and the Value p• -- 2900 kg m -3 for the Density of Fully Compacted Country 
Rocks 

Depth, Earth Mars Venus 
km ( Vo = 0.24) Vo = 0.25 Vo = 0.325 Vo = 0.5 Vo = 0.75 Vo = 0.125 Vo = 0.15 Vo = 0.2 Vo = 0.25 

0 2200 2175 1958 1450 725 2538 2465 2320 2175 
1 2364 2244 2039 1545 798 2623* 2566* 2448 2327 
2 2496 2308 2116 1639 875 2691 2646* 2552 2454 
3 2600* 2367 2189 1732 957 2742 2708 2635* 2557* 
4 2680 2422 2257 1822 1042 2782 2756 2700 2639* 
5 2739 2472 2320 1909 1130 2812 2792 2749 2703 
8 2840 2597* 2481 2148 1408 2864 2856 2837 2817 

11 2878 2688 2604* 2345 1688 2885 2882 2875 2866 
17 2897 2800 2757 2618' 2182 2898 2897 2896 2894 
20 2899 2831 2802 2704 2372 2899 2899 2898 2898 
25 2900 2863 2847 2792 2598* 2900 2900 2900 2900 

Density values are in kilograms per cubic meter. 
*Values close to the density assumed for the melts resident in magma chambers, 2600 kg m -3. 

than is implied by pure gravity scaling, while those on 
Mars will be deeper. 

A further level of detail can be introduced into these 

calculations by taking account of the fact that at the 
depths found above for neutral buoyancy levels, mag- 
mas containing appreciable amounts of CO2 will have 
begun to exsolve some of this gas, reducing their 
densities. We have used the pressure solubility law 
adopted by Head and Wilson [1992b] to calculate 
densities as a function of depth to be compared with 
the crustal densities in Table 1. For the crustal density 
structures implied by the surface void fractions used in 
Table 2, the effect can be very important on Venus, 
where it would cause neutral buoyancy levels to be 
progressively shallower than 1.4 km for total CO2 
contents in excess of 0.1 wt %. In the case of Mars and 

the Earth, however, the effect is much smaller. On 
Earth, no change in the neutral buoyancy level of 3 km 
occurs until the total magma CO2 content exceeds 0.2 
wt %, and a value of 0.35 wt % is needed to reduce the 
depth of the neutral buoyancy level to 2500 m. On 
Mars, changes from the 11-km depth given in Table 2 

TABLE 2. Best Estimates of the Surface Void Fractions, Vo, 
for the Earth, Mars, and Venus and the Depths on Each 
Planet to the Centers of Magma Chambers Residing 
at the Neutral Buoyancy Level When the Density of 
the Magma They Contain Is 2600 kg m -3 

Earth Mars Venus 

Surface void fraction, Vo 0.24 
Chamber center depth, km 3 
Chamber center depth 3 

based on gravity scaling, km 

0.325 0.15 
11 1.4 
7.7 2.7 

Country rock density variations with depth are those given in 
Table 1. Also shown are the neutral buoyancy level depths which 
would be expected on the naive assumption that all pressures and 
densities scaled linearly with the planetary gravity. 

would start if the CO2 content exceeded 0.25 wt %, 
and 0.35 wt % would reduce the depth to 10.4 km. 

In summary, despite the influence of numerous 
complicating factors, magma reservoirs are expected 
to accumulate, on average, at levels of neutral magma 
buoyancy in the lithosphere. The bulk density of sur- 
face rocks in a volcanic region on any planet is a 
function of the amount of gas released by magmas 
approaching the surface and hence of the surface at- 
mospheric pressure. If the bulk density of subsurface 
rocks is controlled mainly by pressure-dependent 
compaction of void space, then the low compaction 
state expected for surface rocks on Mars (where the 
low atmospheric pressure allows high efficiency of 
volatile release) (Figures 1 and 2) and the probable 
high compaction state of surface rocks on Venus 
(where the high atmospheric pressure suppresses vol- 
atile release) should lead to lithospheric density pro- 
files that are significantly different from that of the 
Earth (see Table 1 for examples). As a result of the 
differences in lithospheric bulk density profile, which 
in turn depend on differences in both gravity and 
surface atmospheric pressure, magma reservoirs are 
expected to be shallower on Venus than on Earth, by 
a factor of about 2, and deeper on Mars than on Earth, 
by a factor of about 4 (see Table 2). These findings will 
need to be combined with information on the lateral 

and vertical growth of magma chambers to model the 
long-term development of the internal plumbing sys- 
tems and topography of planetary volcanoes. 

2.4. Influence of Ground Ice and Groundwater 

on Ascent and Eruption of Magma 
As magma ascends through the shallow crust on 

Mars, it will interact with groundwater and ground ice 
with several potential consequences (Figure 3), exam- 
ples of some of which are known on Earth. In a 
passive mode the magma simply advects heat to a 
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TABLE 3. Gas Bubble Nucleation and Magma Fragmentation Depths on Mars and the Earth, Given as a Function of Total 
Magma Volatile Content for Three Magma/Volatile Combinations 

Total Volatile Nucleation Depths, m Fragmentation Depths, m 
Content, wt % H20 in Basalt H20 in Rhyolite C02 in Either H20 in Basalt H20 in Rhyolite C02 in Either 

Earth 

5 8200 5000 74,000 678 546 336 
3 3400 1800 44,000 387 287 196 
1 815 200 15,000 116 65 62 
0.3 140 15 4400 28 7 23 
0.1 27 ... 1500 6 ... 3 
0.03 2 ... 440 ......... 

Mars 

5 21,000 13,000 196,000 1800 1460 901 
3 10,000 4800 118,000 1000 771 713 
1 2100 530 39,000 318 181 173 
0.3 380 48 12,000 83 29 51 
0.1 80 5 4000 24 4 17 
0.03 14 0.4 1200 6 0.3 5 

Note that the solubility of CO 2 is similar in basalts and rhyolites. A null entry implies that the relevant event does not occur. 

different part of the crust, where it is then passively 
conducted to the surroundings; interaction with the 
water/ice is minimal. If magma stalls at depth in a 
reservoir, or locally as dikes or sills, it can change the 
geothermal gradient and, depending on the geometry 
and heat input, can potentially cause melting of ground 
ice and release of groundwater. In a more active mode, 
intimate interaction of magma and water-enriched sub- 
strate can cause vaporization leading to a range of 
more explosive interactions. Terrestrial examples are 
pseudocraters (resulting from flows over water-rich 
substrates [Thorarinsson, 1953]), maars (resulting 
from shallow intrusions [Lorenz, 1973]), and situations 
where large quantities of groundwater are cycled 
through the substrate to the vicinity of the magmatic 
plumbing system to produce a variety of explosive 
eruption styles (the basaltic plinian eruptions of 
Tarawera [Walker et al., 1984] and the eruptions of 
Heimaey and Surtsey [Thorarinsson, 1967]). Ground- 
water and permafrost are known to be an important 
part of the upper crust of Mars [Clifford, 1981, 1984] 
and to have changed with time [Cart, 1990], and thus 
this factor must be considered throughout Martian 
history. The theory of large-scale volcano-ice interac- 
tion for a number of situations on Mars (Figure 3) has 
been treated [Squyres et al., 1987], and a variety of 
Martian features thought to involve groundwater or 
ground ice interactions have been studied [Frey et al., 
1979; Mouginis-Mark, 1985; Mouginis-Mark et al., 
1982, 1988; Wilhelms, 1986; Wilhelms and Baldwin, 
1988; Greeley and Crown, 1990]. 

2.5. Gas Exsolution at Shallow Depth 
and Eruption Styles 

Gas release from Martian magmas will lead to a 
similar range of eruption styles as that encountered on 
Earth. The terminology used for these eruption styles 

is essentially identical to that employed to classify 
eruptions on Earth [e.g., Fisher and Schmincke, 1984], 
but we emphasize that the classification is based on 
physical processes, not on the characteristics of the 
eruption deposits or the landforms produced [Wilson 
and Head, 1981a, 1983; Head and Wilson, 1986]. 

Two critical events may occur as a volatile-bearing 
magma nears the surface and the total pressure acting 
on it decreases: (1) gas nucleation, where gas bubbles 
may begin to nucleate if the amount of the volatile 
present is enough to ensure a small degree of super- 
saturation before the magma reaches the surface, and 
(2) magma disruption, where the magma may disrupt 
into a mixture of pyroclasts and released gas if the 
volatile content is greater than a second limiting value 
[Sparks, 1978]. Table 3 shows the depths at which gas 
nucleation and magma disruption will occur in steady 
eruptions on Mars (and, for comparison, the Earth) for 
various volatile/magma type combinations and ex- 
solved volatile fractions. Values are calculated using 
the methods given by Wilson and Head [198 l a]. As 
long as gas exsolution does not occur over a large 
fraction of the total travel distance of a magma from its 
source reservoir to the surface, the vesiculation pro- 
cess does not greatly affect the mass eruption rate, 
since most of the frictional energy losses occur in the 
regions where the liquid is nonvesicular; gas exsolu- 
tion does, however, critically control the near-surface 
magma rise speed [Wilson et al., 1980]. 

Table 3 shows that the combination of the lower 

Martian gravity and lower atmospheric pressure en- 
sures that both nucleation and disruption of magma 
occur at systematically greater depths than on Earth. 
An erupting magma cannot contain a given amount of 
a volatile unless the depth at which the magma has 
most recently resided is greater than the nucleation 
depth listed for that amount of volatile. The solubility 
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Figure 4. The important physical processes occurring in the vicinity of the vent on Mars (expanded block) 
and how their relative importance can result in a wide array of eruption styles: (1) Essentially gas-free 
magma erupts to produce a low, liquid fountain, feeding flow. (2) Strombolian eruption: Gas rise exceeds 
magma rise; bubbles grow and coalesce, causing intermittent disruption of lava lake surface and the 
near-vent accumulation of spatter. (3) Hawaiian eruption: Steady explosive eruption creates a pyroclastic 
fire fountain; most clasts decouple from gas and fall back to feed flow. Some cool and create scoria, 
building the cone; others are convected upward and create ash deposits. (4) Plinian eruption: Magma 
disrupts into small fragments that are locked to the gas stream; the atmosphere is incorporated and heated, 
and rises convectively to produce a convecting plume, which can spread laterally and deposit tephra. If 
insufficient atmosphere is incorporated, the density of the column exceeds that of the atmosphere, collapse 
occurs, and pyroclastic flows (ignimbrites) stream down slopes. (5) Pelean eruption: Low magma rise 
speed causes cooling and formation of a viscous dome with solid carapace; catastrophic disruption of 
carapace causes the formation of small convecting plume and pyroclastic flow. The aftermath, shown 
here, is a crater often inside a caldera. (6) Vulcanian eruption: Solidification of magma and resultant gas 
buildup in near-surface conduit causes an explosive disruption of solidified cap and adjacent country rock. 

of CO2 is much less than that of H20 in all silicate 
melts [Mysen, 1977], and so CO2 (or any other low- 
solubility volatile) is likely to be largely degassed from 
any Martian magmas which have resided for signifi- 
cant periods at shallow depths in the lithosphere; H20 
would then be the dominant volatile released from 

such magmas on eruption. 
Whenever a relatively steadily erupting magma con- 

tains sufficient volatiles to ensure that it disrupts into 
pyroclasts at depths of at least a few meters (•0.1 wt 
% on Mars or •0.3 wt % on Earth (see Table 3)), the 
kinetic energy produced by expansion of the released 
gas automatically ensures that the smaller pyroclasts 
and the gas emerge from the vent at eruption speeds of 
at least a few tens of meters per second [Wilson, 1980] 
and either a hawaiian-style, a plinian-style, or an ig- 
nimbrite-forming explosive eruption occurs. The im- 
portant physical processes occurring in the vicinity of 

the vent on Mars and the ways in which their relative 
importance can result in a wide array of eruption styles 
are shown in Figure 4. 

If the proportion of released gas is much less than 
the figures given above, there is little disruption of the 
magma and its exit velocity is small, less than about 10 
rn s-• and comparable, in fact, to the velocity it would 
have had owing to buoyancy or excess pressure forces 
[Wilson and Head, 1981 a] if it had been volatile-free. 
In such cases magma overflows quietly from the vent, 
possibly forming a low, domelike, liquid fountain at 
most a few meters high, and feeds directly into a lava 
flow. 

A special case (Figure 4) occurs when a gas-poor 
magma rises at a low speed (less than about 1 rn s-• for 
mafic magmas on all of the terrestrial planets [Wilson 
and Head, 1981a]). There is then time for significant 
coalescence of gas bubbles to occur in the rising mag- 
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ma; since large bubbles rise buoyantly faster than 
smaller bubbles, a runaway process can develop in 
which large bubbles emerge intermittently from the 
vent, each bubble having swept a vertical column of 
magma almost clean of other bubbles. This is the 
origin of the strombolian eruption style in which 
magma erupts quietly during the intervals (from as 
little as one to many tens of seconds) between the 
explosive emergence of the large gas bubbles. 

In relatively steady explosive eruptions, the style 
(hawaiian, plinian, or ignimbrite forming) is deter- 
mined by a combination of the size distribution of the 
erupted clasts and the mass fraction of released vola- 
tiles in the eruption products (Figure 4). These factors 
in turn control the degree of coupling between the 
motions of clasts and gas, and control the bulk density 
of the eruption products relative to that of the sur- 
rounding atmosphere. Large clasts (whether magmatic 
pyroclasts or accidental lithic blocks) have a larger 
terminal fall velocity through the gas than smaller 
clasts with the same density, and high-density clasts 
have a larger terminal velocity than lower-density 
clasts of the same size; as a result, there is always a 
maximum size of clast of a given density which can be 
transported out of the vent [Wilson, 1976]. 

Hawaiian eruptions occur in hot, mafic magmas 
when most of the magma is disrupted into clots not 
much smaller than this maximum eruptable size, so 
that they decouple quickly from the gas stream to form 
a fire fountain and fall relatively near the vent (Figure 
4). The fate of the accumulating clasts depends on 
their sizes and on the details of their passage through 
the fire fountain [Head and Wilson, 1989]. They may 
reach the ground cold enough to form brittle scotia 
deposits, hot enough to form spatter deposits, or vir- 
tually uncooled to coalesce into a lava pond which can 
in turn feed one or more lava flows. The upwardly 
directed mixture of smaller erupted clasts and mag- 
matic gases together entrain the surrounding atmo- 
spheric gases into a convecting eruption cloud over the 
vent. 

In contrast to hawaiian eruptions, plinian eruptions 
can occur in any magma type as long as most of the 
magma disrupts into clots so small that they are effec- 
tively locked by drag forces to the gas stream emerging 
from the vent. There is then no equivalent of a near- 
vent fire fountain. Provided the bulk density of the 
eruption products becomes less than the density of the 
atmosphere as a result of the incorporation and heating 
of atmospheric gases, essentially all of the eruption 
products ascend into an eruption cloud over the vent. 
It is an accidental (but very important) corollary that 
the small pyroclasts can transfer heat efficiently to the 
atmospheric gases entrained dynamically into the 
eruption cloud and thus maximize the buoyant con- 
vection of the cloud into the atmosphere [Wilson, 
1976]. In cases where the bulk density of the eruption 
products leaving the vent is much greater than the 

atmospheric density, it can happen (especially if the 
vent is very wide [Sparks and Wilson, 1976]) that 
insufficient atmospheric gas is entrained and heated to 
overcome the effects of gravity; the erupted mixture 
then collapses back to the surface to form pyroclastic 
flows (ignimbrites). 

For magmas of intermediate to silicic composition 
on Earth, it is commonly the case that the rise speed of 
the magma nearing the surface is small. This leads to 
extensive cooling of the parts of the magma in contact 
with the fissure walls and, if the event is extrusive 
rather than intrusive, those parts exposed at the sur- 
face, often in the form of an extrusive dome. There can 
then be quite efficient retention of gases released from 
the decompressing magma; also, the slow ascent speed 
allows time for the release of essentially all of the gas 
which must be exsolved to reduce the supersaturation 
to zero. These factors can lead to the slow buildup in 
the interior of a near-surface magma body or extrusive 
dome of a significant pressure in excess of the local 
hydrostatic pressure. The eventual failure in tension of 
the cooled carapace leads to the explosive decompres- 
sion of the gas and its enclosing liquid matrix as an 
expansion wave spreads into the magma [Eichelberger 
and Hayes, 1982], driving a pelean eruption (Figure 4). 
The main characteristic of pelean explosions is that the 
maximum excess pressure in the trapped gas is limited 
(to values less than • 10 MPa) by the tensile strength of 
the cooled carapace retaining it [Wilson, 1980]. Similar 
characteristics apply to any other explosion driven by 
gas accumulation beneath a retaining layer. 

Vulcanian explosions on Earth appear to be the 
consequence of the interaction of juvenile material 
with near-surface layers of water or ice [Self et al., 
1979]. They differ from pelean explosions mainly in 
that far more coarse, nonjuvenile, lithic material is 
incorporated into the ejecta (Figure 4). We confidently 
expect vulcanian activity to occur on Mars in view of 
the presence of significant amounts of near-surface 
ices in many regions (Figures 1-3) [Clifford, 1981, 
1984, 1993; Squyres et al., 1992] and assume that 
pelean activity will occur when (and if) high-viscosity 
magmas approach the surface. 

There is a third mechanism by which discrete ex- 
plosions may occur. Whenever a lava flow advances 
onto ground which contains water or ice in its near- 
surface layers, heat from the flow may evaporate the 
volatiles to produce a trapped layer of compressed 
gas. The pressure will rise to a value at least as large as 
the weight per unit area of the overlying flow, and the 
subsequent explosion will produce a pseudocrater in 
the flow [Thorarinsson, 1953] (Figure 3). Again, this 
mechanism should be at least as common on Mars as 

the Earth. We now review in detail each of the possi- 
ble effusive and explosive eruption styles which are 
expected on Mars in the light of its known lithospheric 
and atmospheric environmental properties. 
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Figure 5. Heat loss mechanisms from a simple lava flow. 
Either natural or forced convection will eventually dominate 
the radiation and substrate conduction processes. The solid 
crust will increase with time, and therefore distance from the 
vent and flow motion will cease when cooling fronts have 
penetrated to a sufficient fraction of the flow thickness. 

3. EFFUSIVE ERUPTIONS 

3.1. Lava Flows: Background and Theory 
Lava flows can be produced either by direct over- 

flow of volatile-poor magma from a vent or by coales- 
cence of hot magma clots falling from a fire fountain 
(Figure 4). The main difference between the two cases 
is that directly effused magma will be systematically 
hotter and hence less viscous as it leaves the near-vent 

region than that processed through a fire fountain 
(even if only by a small amount in the case of a dense 

fountain). When interpreting the morphological prop- 
erties of lava flows, this effect may be confused with 
the other likely source of magma rheological varia- 
tions, namely, bulk magma chemistry. 

3.1.1. Flow cooling rates. Heat loss processes 
from the base of lava flows into the underlying surface 

(Figure 5) ar e controlled by the thermal diffusivity of 
the substrate and are essentially the same on all sili- 
cate planets [Hulme, 1982]. However, upper surface 
cooling is influenced by the properties of the atmo- 
sphere, if one exists. Head and Wilson [1986] have 
presented calculations of the forced and natural con- 
vection heat loss rates, and of the radiative loss rates, 
from the upper surfaces of lava flows on the Earth and 
Venus. We have used the same methods, modified for 
the Martian atmospheric properties, to calculate the sur- 
face temperatures and cooled skin thicknesses (defined 
as the depth below the surface at which the solidus 
temperature is reached) shown in Table 4. Values are 
also given for flows on the Earth for comparison. 

The Martian atmosphere is seen to be about 100 
times less efficient at removing heat from exposed hot 
surfaces by both forced and natural convection than 
the Earth's atmosphere, so that radiation losses dom- 
inate on Mars even at quite low excess temperatures. 
Graphs of flow surface temperature and cooled skin 
thickness as a function of time (Figure 6) show that for 
times between 1 hour and 1 month after eruption, a 
Martian lava flow surface will be at least 40 K hotter 

than its terrestrial counterpart. However, at times 

TABLE 4. Thermal Characteristics of Lava Flows on Mars and Earth 

T O ,K F F, Wm -2 Fly, Wm -2 F R, kWm -2 F r, kW m -2 t, s C 

Mars 
1400 64.7 179.0 163.200 
1300 61.3 162.2 121.296 
1100 52.1 129.9 62.098 
900 42.9 98.9 27.736 
700 32.4 66.9 10.045 
500 19.0 32.7 2.492 
400 12.5 18.3 0.923 
300 4.3 4.5 0.178 
280 2.6 2.3 0.095 
260 0.9 0.5 0.028 

163.379 5.82 1.44 mm 
121.458 2.91 x 10 • 4.71 mm 
62.228 3.21 X 10 2 21.1 mm 
27.835 3.10 x 103 76.5 mm 
10.112 3.76 X 10 4 0.29 m 
2.525 8.86 x 105 1.53 m 
0.941 7.55 X 10 6 4.60 m 
0.183 2.38 x 108 26.3 m 
0.098 8.52 x 108 50.1 m 
0.029 9.87 x 109 171.3 m 

Earth 

1400 6470 11,100 162.4 173.5 5.13 1.36 mm 
1300 6100 10,000 121.0 131.0 2.54 x 10 • 4.38 mm 
1100 5120 7880 61.9 69.8 2.53 X 10 2 18.8 mm 
900 4140 5850 27.5 33.4 2.14 x 103 63.4 mm 
700 3010 3760 9.9 13.6 2.08 X 10 4 0.22 m 
500 1590 1600 2.3 3.9 3.73 x 105 0.99 m 
400 870 700 0.7 1.6 2.61 X 10 6 2.69 m 
330 270 150 0.16 0.43 4.02 X 10 7 10.8 m 
310 90 34 0.05 0.14 3.90 X 108 33.8 m 

Note that t is the time required for the surface of a flow erupted at 1450 K to cool to a given absolute temperature To. The ambient 
temperature is taken as 300 K on Earth and 250 K on Mars. C is the corresponding thickness of solidified crust. FF, F•v, and FR are the 
rates of heat loss from the surface by forced convection, natural convection, and radiation, respectively; Fr is the total heat loss rate, being 
the sum of Fn and whichever is the greater of Fe and F•v. 
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Figure 6. Comparison of lava flow 
cooling behavior on Mars and the 
Earth. (a) Flow surface tempera- 
tures as a function of time, showing 
the temperature difference at sev- 
eral times; between 1 hour and 1 
month after eruption, Mars flows 
have hotter surfaces by >40øC. (b) 
Cooled skin thickness (outer ther- 
mal boundary layer) as a function of 
time. The dashed line illustrates the 

Venus case [Head and Wilson, 
109 1986], and the solid line represents 

Mars. Because the curve for Earth 

is so close to that of Mars, the Earth 
is illustrated by four points (solid 
circles). Mars lava flow crust thick- 
ness is only about 2% less than that 
of the Earth after 10 s, and is even 
more similar later on. 

TIME IN SECONDS 

greater than 10 s after eruption, the thickness of the 
cooled skin on a Martian flow is almost identical to 

(less than 2% smaller than) that on a terrestrial flow. It 
is almost certainly the cooled skin thickness (and the 
effect of cracks [Crisp and Baloga, 1990]), as the 
indicator of the extent to which the interior of the flow 
has lost heat and the flow as a whole has suffered a 

modification of its bulk rheology, which is the relevant 
thermal control on the motion of a flow. We therefore 

conclude that surface cooling differences are not in 
themselves a significant factor in causing systematic 
differences between the lengths and widths of lava 
flows on Mars and the Earth. 

3.1.2. Flow surface textures. Even so, cooling 
effects may in principle influence the small-scale prop- 
erties of lava flows, such as the pahoehoe-aa surface 
texture transition [Peterson and Tilling, 1980; Kilburn, 
1981] and the size scales of the surface folds (ropes) 
which characterize pahoehoe flows. We note, how- 
ever, that the pahoehoe to aa transition appears to 

depend on the development of the bulk rheology of a 
flow [Kilburn, 1981]. The above comments on cooled 
skin thicknesses then imply that the transition might 
be expected to occur at a similar time after eruption on 
Mars and the Earth. 

The wavelengths and growth rates of folds on flow 
surfaces are influenced by thermally controlled rheo- 
logical changes in the outer layers of a flow and by the 
local gravity [Fink and Fletcher, 1978]. Head and 
Wilson [1986] used the model of Fink and Fletcher 
[1978] to show that the differences between the envi- 
ronments of Venus and the Earth were such as to 

encourage somewhat longer wavelengths and more 
vigorously growing folds on the surface of flows on 
Venus for the first few hours after their eruption. We 
have applied the same techniques to the data in Figure 
6 and find that the parameters g and R introduced by 
Fink and Fletcher [1978] are essentially identical on 
Mars and the Earth, whereas the parameter S •, which 
contains the acceleration due to gravity, is about 2.5 
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Figure 7. Summary of flow morphologies ob- 
served in several situations [after Head et ah, 
1993]. In cooling-limited flows, effusion from the 
vent is relatively steady, and the flow front 
thickens and eventually stops because of cool- 
ing; the channel does not drain in this example 
[see Pinkerton and Wilson, 1994]. If the vent 
remains active, a breakout flow will form from 
some point on the margins of the initial flow unit 
(perhaps from the flow margin or central chan- 
nel). In some cases, preexisting topography 
(e.g., a graben) may capture the flow and dictate 
flow geometry, while in others the central chan- 
nel can become roofed over to form lava tubes, 
thus insulating the flow and modifying its cooling 
history. 

times smaller on Mars. The consequence is that the 
growth rate of folds should be about 40% greater on 
Mars than on Earth; however, the dominant wave- 
length of the folds should be only about 15% longer 
than on Earth, an essentially negligible difference 
when the range of rope sizes on a typical terrestrial 
flow is considered. As a result, we endorse the findings 
of Theilig and Greeley [1986] that major "festoon" 
folds, forming ridges at •100-m spacing arranged 
transverse to flow directions on flows extending many 
hundreds of kilometers from their sources, are proba- 
bly the result of a combination of distal cooling, lead- 
ing to apparent viscosities in excess of 108 Pa s, cou- 
pled with horizontal stresses developed when the 
flows ponded against obstacles or against their own 
terminal levees. 

3.1.3. Flow morphology: Predictions from theory. 
The morphological features of lava flow deposits de- 
pend on several factors: the composition- and temper- 
ature-dependent rheological properties of the erupted 
materials; environmental variables such as the flow 
cooling rate under the ambient atmospheric conditions 
and surface temperature; and the physical parameters 
of the eruption, such as vent size and shape, total lava 
effusion rate, slope of the ground over which the flow 
advances, and planetary gravity. Effusion rate com- 
monly varies during an eruption, flows advance down 
slopes which often vary systematically with distance 
from the vent, and lava rheology changes with pro- 
gressive cooling. Thus there are many interdependen- 
cies among the above parameters. 

However, some common factors appear to apply to 
all planetary lava flows (Figure 7). Flows generally 
spread laterally by a much smaller amount than they 
extend downslope, implying that their bulk rheology is 
not that of a Newtonian fluid. At relatively high effu- 
sion rates, most lava motion occurs in a central chan- 
nel bounded by stationary levees; the thicknesses and 
widths of the levees can be characterized by a param- 

eter with the units of stress called the yield strength. 
Hultne [1974] therefore suggested that lavas can be 
modeled as having the simplest non-Newtonian rheo- 
logy, that of a Bingham plastic, characterized by two 
parameters: the yield strength, which must be ex- 
ceeded for any deformation to occur, and the (con- 
stant) plastic viscosity, which is the ratio of strain rate 
to stress in excess of the yield strength. 

This model has been applied to several Martian lava 
flow deposits [Hulrne, 1976; Moore et al., 1978; Zirn- 
beltnan, 1985a b; Cattertnole, 1987; Fagents and 
Wilson, 1990], producing a wide range of yield strength 
estimates (Table 5) that generally correspond with 
values deduced for flows on Earth of basaltic to andes- 

itic composition at various distances from the vent. 
Hulme [1974] showed that a combination of measure- 
ments of levee and central channel geometry could be 
used to infer the product of the plastic viscosity of the 
lava and its effusion rate. Using the known rheological 
properties of terrestrial melts [Shaw, 1969; Murase 
and McBirney, 1973], it is possible (with caution) to 
use the yield strength estimated from levee geometry 
to infer the plastic viscosity and hence the effusion rate 
of a flow. Again, a wide range of values, generally 
consistent with mafic compositions, has been inferred 
for Martian lavas in this way (Table 5). 

Modeling of channel-levee morphology is only pos- 
sible where these features can be recognized in images 
of flow fields (Figure 7). Flow fields may fail to show 
such features because the original central channel 
morphology has been lost (or at least rendered unre- 
solvable in available images) because of late stage 
channel overflow caused by an enhanced eruption rate 
or because the flows were sheetlike and fed from long 
fissure vents, such as may have been the case for some 
flood basalt eruptions on Earth [Swanson et al., 1975] 
and for some ocean floor eruptions. No theoretical 
models of these conditions exist, though they probably 
imply high total effusion rates supplying the flows. 
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TABLE 5. Yield Strength and Viscosity Estimates for Lava Flows on the Earth, the Moon, and Mars 

Location Yield Strength, Pa Viscosity, Pa s -• Lava Type Source* 

Mauna Loa, Hawaii 
Columbia River, N. Am. 
Makaopuhi, Hawaii 
Mount Etna, Italy 
Mount Etna, Italy 
Kilauea, Hawaii 
Mauna Loa, Hawaii 
Meru, Tanzania 
Hawaii 

Mount Saint Helens, 
Wash. 

Mono Craters, Calif. 
Oldoinyo Lengai, Tanzania 
Columbia River, N. Am. 
Mauna Loa, Hawaii 
Paricutin, Mexico 
Arenal, Costa Rica 
Teide, Tenerife 

Earth 
3.5 x 102-7.2 x 103 1.4 x 102-5.6 x 106 basalt 10 

<7 x 103 basalt 6 
70-8 x 103 7 x 102-4.5 x 103 basalt 14 

9.4 x 103 9.4 x 103 basalt 5 
103-5 x 104 basalt 11 

1.5 x 103-5 x 104 basalt 8 
0.4 x 104 basalt 4 
6.6 x 104 phonolite 12 

0.23-1.1 x 105 trachyte 4 
1.5 x 105 andesite 4 

1.2-3.3 x 105 

Moon 

rhyolite 4 
1 0-100 carbonatite 13 

5.0-4 x 103 basalt 16 
1.7 x 105 basalt 2 
3.6 x 106 andesite 2 
1.0 x 107 basaltic andesite 14 
4.4 x 107 phonolite 2 

Mare Imbrium 1.5 X 102 1 
Mare Imbrium 4.2 x 102 3 
Aristarchus 1.3 x 104 3 
Aristarchus 1.94 X 104 4 
Necho 2.25 X 104 4 
King 2.41 x 104 4 

Mars 

Arsia Mons 0.39-3.1 X 103 4 
Alba Patera 1.9 X 103-2.8 X 104 1.7 x 105-1.9 x 106 9 
Ascraeus Mons 3.3 x 103-8.3 x 104 6.5 X 105-2.1 X 108 7 
Olympus Mons 8.8 X 103-4.5 X 104 2.3 x 105-6.9 x 106 2 
Olympus Mons 1.8-5.3 X 104 4 

Table is after Cattermole [1989]. 
*Sources are 1, Moore and Schaber [1975]; 2, ttulme [1976]; 3, ttulme and Fielder [1977]; 4, Moore et al. [1978]; 5, Pinkerton and Sparks 

[1976]; 6, McBirney and Murase [1984]; 7, Zimbelman [ 1985a, b]; 8, Fink and Zimbelman [1986]; 9, Cattermole [1987]; 10, Moore [1987]; 
11, Kilburn [1985]; 12, P. Cattermole (unpublished data, 1993); 13, B. Dawson (unpublished data, 1993); 14, Cigolini et al. [1984]; 15, Shaw 
et al. [1968]; 16, Murase and McBirney [1973] and Fink et al. [1981]. 

Theoretical studies of lava cooling rates [e.g., Pieri 
and Baloga, 1986; Crisp and Baloga, 1990] and field 
measurements of temperatures within active flows 
clearly show that the apparent (i.e., bulk) rheological 
properties are those of some part of the cooled, outer 
layers of the flow and not the well-insulated interior. 
This fact is of great importance in considering the 
morphologies of flows fed from tube systems (Figure 
7) formed by the roofing-over of the channels of earlier 
channel-fed flows [Greeley, 1970]. Flows of any kind 
fed from mature tubes can have the morphological 
properties of flows fed directly from a vent. However, 
tube formation, often with attendant breakouts of 
small flows from fractures in the tube roof at times of 

enhanced eruption rate, makes it difficult to identify 
the structure of a flow which develops into a tube, and 
so only the most distal parts of a compound flow field 
formed in this way may be reliably interpreted without 
high-resolution (meter scale) images. 

The latter point is even more important when con- 
sidering flows fed at low effusion rates, whether from 

primary vents or tubes. The deformation of lava at 
low-volume fluxes and hence low strain rates [Row- 
land and Walker, 1990; Peterson and Tilling, 1980; 
Kilburn, 1981, 1993] causes minimal disruption of the 
outer layers of the lava surface and produces the 
characteristic folded pahoehoe surface texture on net- 
works of small (submeter) toes and larger (1-3 m) flow 
units fed essentially by self-generating tube systems. 
Mouginis-Mark [1992] has pointed out that it may be 
very difficult without very high-resolution images to 
distinguish compound pahoehoe flow fields produced 
by long-lived, low effusion rate events from sheet 
flows fed at much higher rates, though work on the 
possibly fractal nature of the plan form of flow unit 
margins [Wadge and Lopes, 1992; Bruno et al., 1992] 
suggests an alternative approach. 

The above considerations illustrate the pressing 
need for high (meter scale) resolution images of Mar- 
tian lava flow fields which can be used to delineate 

unambiguously the boundaries of individual flow units 
and to detect the edges of central channel structures, 
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where these exist. Also, more detailed flow unit thick- 
ness values are needed to allow apparent yield 
strengths and, indirectly (see below), other rheological 
properties and emplacement conditions to be deduced. 
The difficulties associated with using shadow lengths 
to infer flow thicknesses [Fagents and Wilson, 1990] or 
photoclinometric methods to obtain cross-sectional 
profiles of flows [Efford, 1991] highlight the need for 
the use of high-resolution altimeter profiles to deter- 
mine flow thickness variations. 

3.1.4. Length of flows. Lava flow lengths clearly 
measure some combination of effusion rate, flow du- 
ration, and magma rheology and, as a result, must give 
some indication of the subsurface conditions within a 

volcano. It has been suggested on the basis of field 
data that flow length is controlled mainly by lava 
effusion rate [Walker, 1973] or flow volume [Malin, 
1980], though it is clear that flow length should depend 
in some way on most of the variables involved 
[Hulme, 1974] and will be ultimately limited by cooling 
if no other factors intervene. This suggests [Hulme 
and Fielder, 1977] that the dimensionless Grfitz num- 
ber, Gz, which is the square of the ratio of the thick- 
ness of a flow to the distance that a thermal cooling 
wave will have travelled into it since the material in the 

flow left the vent, may be a useful parameter to char- 
acterize lava cooling. Gz is defined as 

Gz = de2/Kt = n2Ed/(KwcL), (6) 

where n is the lava thermal diffusivity, E is the volume 
effusion rate from the vent, d is the average flow 
thickness, wc is the width of the central channel within 
which lava is moving, L is the flow length, and n is the 
ratio of the equivalent hydraulic diameter of the flow 
to its actual average thickness (for most flows, n is 
---2). Both Hulme and Fielder [1977] and Pinkerton 
and Wilson [1994] found that flows cease to move 
when Gz has decreased from an initially high value at 
the start of an eruption to a critical value Gzc, •300. 
Using this relationship and treating the rheology of 
flows as that of a nonisothermal Bingham plastic 
[Pinkerton and Wilson, 1994], it is found that the 
maximum length, Lmax, of most cooling-limited lava 
flows can be predicted from 

Lma x = [1.34/(nGzc)] 

ß (,r/•l)2/llE9/ll[,r/(@•l)]6/11 sin 3/• (7) 

where, and •1 are the apparent values of the yield 
strength and plastic viscosity, respectively, of the lava 
flow at its distal end, p is the density of the lava, •7 is 
the acceleration due to gravity, and a is the slope of 
the surface on which the flow is emplaced; it is found 
empirically that (,/•1) 2/11 has a value close to 0.38 s -2/11 
near the distal ends of flows for a wide range of lava 
compositions [Pinkerton and Wilson, 1994]. 

This relationship is used in Figure 8 to predict the 

lengths of basaltic flows on Mars and Earth for a wide 
range of effusion rates and for three values of the slope 
of the substrate on which the flow is emplaced. A 
distal lava yield strength of 2000 Pa is used in all cases; 
this value is consistent within a factor of 2 with the 

thicknesses of most basaltic flows on Earth and Mars 

[Moore et al., 1978; Fagents and Wilson, 1990]. Figure 
8 shows that the lower gravity causes cooling-limited 
flows to travel about 1.7 times further on Mars than on 

Earth for the same effusion rate, mainly because they 
are thicker for a given lava yield strength and substrate 
slope. Wilson and Head [1988] and Wilson and Parfitt 
[1989, 1990] showed that other subsurface magma res- 
ervoir conditions being equal, higher effusion rates by 
a factor of 5 might be expected on Mars as a result of 
the up to twofold greater dike widths implied by the 
lower gravity (L. Wilson et al., manuscript in prepa- 
ration, 1994). Taken together, these factors imply that 
we might expect compositionally similar cooling-lim- 
ited lava flows to be about 6 times longer on Mars than 
on Earth. 

3.2. Lava Flows: Summary of Predicted 
Deposits and Edifices 

Although heat loss processes are such that no major 
differences between Mars and Earth are to be ex- 

pected in terms of flow cooling rates and surface tex- 
tures, the effect of lower gravity causes cooling-limited 
flows to be longer and dikes and vents to be wider and 
characterized by higher effusion rates. These factors 
map out into flow lengths that are about a factor of 6 
longer on Mars than on Earth. This means, for exam- 
ple, that Laki type flows (with lengths of 35-60 km 
[Thorarinsson, 1970]) would have typical lengths of 
200-350 km on Mars. If such flows built up an edifice, 
this would permit the construction of very large vol- 
canoes of the order of 400-700 km in diameter. 

3.3. Lava Flows: Comparison With Observations 

3.3.1. Individual lava flows. Lava flows are 

ubiquitous in the Tharsis and Elysium region of Mars 
and originate mainly from the central volcanic edifices 
and their rift zones. A wide variety of flow types and 
morphologic features have been mapped [Schaber et 
al., 1978]. For example, three main types of flows have 
been documented on the same volcano, Alba Patera 
(Figure 9): (1) short (up to about 100 km long), narrow 
leveed flows concentrated near the summit, (2) longer 
(up to about 300 km long) sheetlike flows which show 
terminal broadening, and (3) very long tube-fed flows 
[Carret al., 1977; Cattermole, 1987]. The very long 
tube-fed flows are interpreted to be flows whose chan- 
nels have been roofed-over, thus retaining heat and vol- 
atiles and enhancing their extreme length. The sheetlike 
flows are interpreted to be large-volume high effusion 
rate fissure-fed flows analogous to flood basalts on 
Earth. The short, narrow, leveed flows produce a net- 
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Figure 8. Lava flow lengths as a function of effusion rate for Earth and Mars for three different ground 
slopes (0.5 ø, typical of the flanks of Alba Patera; 2.0 ø, the East Rift Zone of Kilauea, Hawaii, measured 
along the rift axis; 5.0 ø, most parts of Mauna Loa and also the steeper parts of the Kilauea East Rift Zone, 
measured across the rift axis, and the flanks of the Tharsis shields). A distal lava yield strength of 2000 Pa 
is used in all cases. The left column shows details near the origin (the lower end of the full range); the full 
range of data is shown in the right column. Pu'u 'O'o type events typically have effusion rates in the range 
of 100-200 m 3 s -1. The Icelandic Laki fissure flow peaked at just over 4000 m 3 s -1 from a fissure about 
2.5 km long. Lower Martian gravity causes cooling-limited flows to travel about 1.7 times further on Mars 
than on Earth for the same effusion rate, mainly because they are thicker for a given lava yield strength 
and substrate slope. 

work of anastomosing flows in the vicinity of the vent 
areas. The vast majority of the flows form an overlapping 
network of individual flow segments and cannot be dif- 
ferentiated into specific flow types (Figure 9). 

On Arsia Mons, Carr et al. [1977] mapped a series 
of flow units which showed increasing age as a func- 

tion of distance from the summit. Length of individual 
flows making up the units varied inversely with eleva- 
tion, as did flow width, with widths of 5-6 km close to 
the summit and 40-50 km at distances greater than 
about 400 km from the summit. Individual flows can be 

traced for up to 300 km and some emerging from 
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Figure 9. Spectrum of morphologies of individual lava flows 
on Mars as illustrated by the three main types of flows 
documented on Alba Patera [after Cattermole, 1989]. Short 
(up to about 100 km long), narrow leveed flows are concen- 
trated near the summit. Longer (up to about 300 km long) 
sheet like flows show terminal broadening. Very long flows 
appear to be tube-fed flows. 

underneath younger flows may have traveled as much 
as 800 km from the summit region. Carr et al. [1977] 
also defined discrete rift zones and associated flows on 
the flanks of Arsia and Pavonis Montes. 

On the basis of the fact that the total volume of lava 

erupted to produce single flows in these cases was 
orders of magnitude greater than that in terrestrial lava 
flows, Carr et al. [1977] suggested that the magma 
generation model for these Martian examples must be 
rather different from any current models for Earth. On 
the basis of our theoretical treatment, however, the 
differences between the terrestrial and Martian exam- 

ples may not be sufficiently different to require signif- 
icantly different magma generation models. For exam- 
ple, the 6-times greater length expected for Martian 
cooling-limited flows would mean that the two shorter 
Alba flow types up to 100 and 300 km long (Figure 9) 
would map out into terrestrial flows with maximum 
lengths of about 17 and 38 km, respectively, values not 
unusual for basaltic volcanism on Earth. Although the 
fact that the longer flows on Alba, Arsia, and Olympus 
(up to 800 km) are largely tube-fed, and thus would be 
expected to be longer than a typical channel-fed flow, 
they still are only equivalent to a terrestrial flow with 
a length of about 133 km. Flow lengths in the Columbia 
River flood basalts lie within this range, with the Roza 
Member being of the order of 300 km in length [Swan- 
son et al., 1975]. 

We thus conclude that eruption rates may actually 
be closer to terrestrial values than previously thought. 
Therefore flow length alone is not a sufficient reason to 
require different models of magma generation and em- 

placement for Mars. Other factors, such as litho- 
spheric structure and mobility, thermal evolution, 
crustal structure, and evolving edifice-reservoir dy- 
namics, may be at least as important in explaining the 
differences in morphology of volcanic deposits and 
edifices on Earth and Mars. 

3.3.2. Lava floods. Often lava flows take the 

form of flood lavas, losing the distinctive high aspect 
ratio of narrow flows and extending over large areas. 
Plescia [1990] has identified a very young flood lava 
deposit in the Cerberus Plains, covering > 100,000 km 2 
in southeastern Elysium and western Amazonis. 
These deposits (Figure 10) are characterized by lobate 
flow boundaries, and where high resolution is avail- 
able, there is some evidence of festoons and other 
surface texture but little evidence of channels and 

levees. They have thicknesses up to about 10 rn and 
clearly embay older terrain. They appear to originate 
from six eruptive vents which are interpreted to be low 
shields with elongate, elliptical, and symmetrical 
shapes, with summit vents in the 1- to 2-km-diameter 
range for circular vents and up to 15 km in length for 
elongate vents. Some of the deposits may represent 
late stage plains volcanism. 

Several of the vents and shields are elongated along 
the strike of the Cerebrus Rupes, surface structures 
which are interpreted here to mark the near-surface 
manifestation of subsurface dike emplacement [see 
Head and Wilson, 1993] (Figure 10c). As described 
earlier in this section, the influence of lower Martian 
gravity on increasing dike widths by up to a factor of 2 
and effusion rates by a factor of 5, suggests that the 
very extensive and floodlike nature of these deposits 
may be readily understood in terms of fissure-fed flood 
eruptions associated with dike emplacement. 

3.3.3. Small lava shields and edifices. Numerous 

examples of small lava shields and edifices have been 
mapped on Mars [Hodges and Moore, 1994; Plescia, 
1981; Scott, 1982]. A number of these ranging up to 
150 km in diameter are located in the Martian western 

hemisphere [Scott, 1982] (Figure 11). Some small 
shields and edifices are related to linear fissures and 

graben (Figure 11) and may be the surface manifesta- 
tion of dike emplacement. Others appear to represent 
the locations of larger central sources, with individual 
flows arrayed around a summit vent [Scott, 1982]. On 
the basis of their diameter range, and the likelihood 
that flows on Mars will be typically longer than on 
Earth, it is clear that these structures represent a 
variety of sources similar to those seen around small- 
to intermediate-sized lava shields on Earth. 

3.3.4. Large lava shields and edifices. The Tharis 
Montes and Olympus Mons (Figure 12) are classic 
shield volcanoes built from thousands of lava flows 

over extended periods of time [Carr et al., 1977; 
Schaber et al., 1978; Carr, 1981; Greeley and Spudis, 
1981; Zimbelman and Edgett, 1992]. Schaber [1982] 
has mapped a large low-relief shield volcano in Syrtis 



32, 3 / REVIEWS OF GEOPHYSICS Wilson and Head- VOLCANIC ERUPTION THEORY ß 241 

a) 

150N 

205øW 

c) 

180øW 

Figure 10. Lava floods in the Cer- 
berus region of Mars. (a) Geo- 
logic sketch map of southeastern 
Elysium showing the distribution 
of Cerberus Plains, Cerberus 
Rupes, and adjacent units (white 
unit is undifferentiated Elysium 
volcanic units and ridged plains; 
hatched unit is heavily cratered 
and undifferentiated terrain; and 
stippled unit is Cerberus volcanic 
plains) [after Plescia, 1990]. (b) 
Candidate vent structure in the 

vicinity of Cerberus Rupes (VO 
385S48); location is marked as V 
in Figure 10a, and the width of 
the image is about 72 km. (c) 
Block diagram illustrating the in- 
terpreted relationships between 
linear fractures and faults, volca- 
nic vents and deposits, and dike 
emplacement [see Head and Wil- 
son, 1993]. 

small shield volcano graben, fractures 

Major with two central calderas and associated small 
domes and apparent vents. Syrtis Major, along with 
Alba Patera [Catterrnole, 1987], is typical of extensive 
volcanoes built of widespread flows emanating from a 
central source but where the edifice itself has not 

achieved and maintained heights anywhere near those 
of the Tharsis Montes. 

In all these cases, flows emanate from near the 
summit region, which is often characterized by a mul- 
tiple caldera structure, and extend down the flanks of 
the structure into the surrounding lowlands. Some of 
the edifices are marked by distinctive rift zones, and 
there is evidence for flows being emplaced on the 
volcano flanks at later stages than the summit regions 
[Crumpier and Aubele, 1978]. Perhaps the most re- 
markable aspect of these features is the extreme length 
of the vast majority of their flows (typically several 

hundreds of kilometers). A further remarkable aspect 
is the extreme height of many of these edifices (up to 
25 km above the surrounding terrain). The flow 
lengths, extreme by terrestrial standards, are plausibly 
interpreted to be due primarily to the combination of 
Martian conditions (described in section 3.1.4) which 
result in Martian lava flows having lengths up to a 
factor of 6 greater than analogous terrestrial flows. The 
edifice elevations and volumes, also extreme by ter- 
restrial standards, appear consistent with mantle 
source regions operating over hundreds of millions of 
years beneath a stable Martian lithosphere. Thus the 
combination of eruption conditions in the Martian en- 
vironment, and the stable tectonic environment, may 
explain the characteristics of these edifices without 
recourse to unique petrogenetic situations or to lavas 
of unusual viscosity. 
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Figure 11. Examples of small lava shields and edifices from the Tempe Volcanic Province [Plescia, 1981]. 
(a) Elongate shield volcano with radiating flows; note linear nature of vents (VO 627A22); width of the 
image is about 48 km. (b) Equidimensional shield volcano about 20 km in diameter with radial flows 
emanating from a central vent area (VO 627A41). 

4. EXPLOSIVE ERUPTIONS 

4.1. Explosion Mechanisms 
The origins of explosive activity connected with the 

release of magmatic volatiles (strombolian, hawaiian, 
plinian, and ignimbrite-forming eruption styles) and 
with the interaction between magma and near-surface 
volatiles (vulcanJan and pelean styles) have been out- 

lined (Figure 4). A common denominator that applies 
to all explosive eruptions on planets with appreciable 
atmospheres is that some of the clastic eruption prod- 
ucts may become entrained in a mixture of released 
magmatic gases and atmospheric gases (and, possibly, 
gases derived from the thermal vaporization of near- 
vent volatile deposits) in such a way as to produce a 
convecting eruption cloud which rises into the atmo- 

Figure 12. Oblique view of a portion of Olympus 
Mons, one of the large lava shields and edifices in 
the Tharsis region. Flows emanate from near the 
summit region, which is characterized by a multi- 
ple caldera structure, and extend down the flanks 
of the structure, often cascading over the major 
several-kilometer-high scarp at the base and onto 
the surrounding lowlands. The extreme flow 
lengths, edifice elevations, and volumes appear 
consistent that mantle source regions operating 
over hundreds of millions of years beneath a stable 
lithosphere in a Mars environment favoring wide 
dikes, high effusion rates, and extremely long lava 
flows (VO 641A52). 
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sphere over the vent. We first treat the general prop- 
erties of eruption clouds on Mars and then consider in 
more detail the expected products of the various types 
of explosive eruption in the Martian environment. 

4.2. Fruption Cloud Formation 
An eruption cloud is a system in which atmospheric 

gases are entrained in sufficiently large amounts into 
the mixture of pyroclasts and magmatic volatiles re- 
leased from a vent that a net positive buoyancy is 
created as the pyroclasts heat the atmospheric gas 
components. The entrainment process is most efficient 
when the magmatic materials emerge from a vent at 
high speed in a narrow jet [Wilson, 1976]; however, as 
long as most of the pyroclasts have the opportunity to 
transfer most of their heat to the atmospheric gas 
somewhere in the cloud before they are released from 
its edge, the details of the transfer process appear to be 
relatively unimportant [Wilson eta!., 1978; Settle, 
1978], and the cloud behaves as though it were driven 
solely by the buoyancy generation [Morton eta!., 
1956]. In all cases, the amount of heat injected into a 
cloud is proportional to the mass of material leaving 
the vent and to its absolute temperature. 

4.3. Heights of Eruption Clouds 
The maximum rise height of a cloud from a point 

source (conduit type) vent is then found to be propor- 
tional to the fourth root of the erupted mass flux for a 
maintained eruption cloud or to the fourth root of the 
total erupted mass for a cloud produced from a dis- 
crete explosion [Morton eta!., 1956]. Where the vent 
has an elongate geometry, the height is proportional to 
the mass flux or total mass, as appropriate, raised to 
the power one third [Stothers eta!., 1986; Stothers, 
1989]. The constants of proportionality in these rela- 
tions are functions of the temperature and density 
variations in the atmosphere into which the cloud 
rises. Numerical calculations [Wilson et al., 1982] 
show that in the Martian atmosphere, eruption clouds 
should rise higher than in the Earth's atmosphere by a 
factor of about 5 for a given set of eruption conditions: 
detailed examples of plinian eruption cloud heights are 
given in section 4.6. 

4.4. Strombolian Eruptions 

4.4.1. Theory and predictions. These occur 
whenever gas bubbles can rise through a magma at a 
speed comparable to the ascent rate of the magma 
itself through the lithosphere (Figure 4). Runaway co- 
alescence of bubbles leads to the intermittent explo- 
sive emergence of large bubbles (up to 10 m size on 
Earth) through a lava lake in the vent [Blackburn et 
a!., 1976]. Generally, the low viscosity of basaltic 
magma is needed to permit this process to occur if 
there is appreciable effusion, though it can take place 
in a nearly static lake of basaltic andesite magma; 

comparison of the details of this eruption style on the 
Earth (which has a higher atmospheric pressure and 
gravity than Mars) and the Moon (lower pressure and 
gravity) shows that the conditions under which strom- 
bolian explosions occur on Mars are very similar to the 
corresponding conditions on Earth [Wilson and Head, 
1981a] (Figure 13). 

Blackburn [1977] calculated the pressures in rising 
gas bubbles of various sizes in the Martian environ- 
ment and found that pressures in large bubbles reach- 
ing the surface of a lava lake may be up to 2 or 3 times 
larger than the ambient atmospheric pressure. If the 
dynamics of the bubble-bursting process are the same 
on Mars as on Earth, the ejection velocities of gas and 
small pyroclasts from Martian strombolian bursts (cal- 
culated using the methods given by Blackburn et al. 
[1976]) will range up to about 250 m s -•, almost ex- 
actly the same speed range as on Earth. Computation 
of the terminal velocities of pyroclasts in water vapor 
or carbon dioxide at magmatic temperatures and under 
Martian surface atmospheric pressure conditions (us- 
ing the equations given by, for example, Wilson [ 1976]) 
then implies that pyroclastic fragments larger than a 
few centimeters in size will collect within 100 m of the 

vent, while smaller clasts, especially in the subcenti- 
meter size ranges will be carried up into a convecting 
eruption cloud and widely dispersed (Figure 13). 

Thus for strombolian eruptions on Mars, the nucle- 
ation depth is greater than on Earth, and the bubble 
size and pressure is greater at the surface, but the 
velocity range for large particles is about the same as 
for the Earth (Figure 13). The range of velocities as a 
function of particle size distribution is different, how- 
ever. The main difference is that while the large par- 
ticles (> a few centimeters) will remain near the vent, 
the finer material will be more broadly dispersed and 
the finest material will be carried up into a convecting 
cloud over the vent. This means that there would be a 

tendency for broader deposits of fine tephra surround- 
ing spatter cones on Mars than on Earth. On Mars, 
strombolian eruption deposits should consist of cones 
that are slightly broader and lower relative to those on 
Earth and with a surrounding deposit of finer material. 

4.4.2. Comparison to observations. Candidates 
for Martian spatter cones have been mapped by Cat- 
termole [1986] in a 100- to 150-km-wide zone on the 
north and east flanks of Alba Patera. Here aligned 
ridge elements between 0.3 and 10 km in length and 
100-500 m in width are characterized by small 
ventlike structures and associated short flows (Figure 
14). Shadow measurements indicate heights of about 
15 m. Interpreted by Cattermole [1986] as spatter 
ridges, these features fall in the range expected for 
strombolian activity and deposits. Some of the larger 
features, particularly those associated with flows, 
could represent hawaiian activity. Indeed, when fis- 
sure eruptions are initiated, spatter cones are com- 
monly formed along the curtain of fire and the eruption 
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Figure 13. Strombolian eruptions on Mars. (a) Relationship between clast diameter and range. (b) 
Strombolian eruption cloud and clast behavior and comparison to Earth. 

soon centralizes around a smaller number of vents, 
where a hawaiian eruption commonly continues, 
building a larger edifice and associated flows. Higher- 
resolution images of features such as these would 
permit delineation and distinction of strombolian de- 
posits and their transition to hawaiian type deposits. 

4.5. Hawaiian Eruptions 

4.5.1. Introduction. As noted earlier, on Earth, 
hawaiian eruptions have fairly high effusion rates, with 
moderately gas-rich mafic magma forming high fire 
fountains [Wilson and Head, 198 la]. They represent 
eruption conditions which just fail to produce high 
plinian convection clouds, mainly because of the rel- 
atively large size of the clots into which most of the 
magma disrupts. For the same reason, the outer parts 
of the fire fountains from such eruptions are commonly 
optically thin on Earth [Head and Wilson, 1989], and 
significant cooling of the clots occurs before they reach 
the ground to form cinder or spatter cones around the 
vent (Figure 4). However, the central parts of such 
fountains can be optically dense, and magma clots land- 
ing near the vent commonly coalesce to form either 
rootless flows or a pond from which a lava flow issues. 

Figure 14. Examples of features interpreted to be spatter 
cones on Mars. (a) Linear constructional feature on the 
flank of Alba Patera (part of VO 253S44; width of the image 
is 12.5 km) [Cattermole, 1986]. (b) Linear chains of spatter 
cones no more than 50 m wide along a fissure in the Uranius 
Patera North region (part of VO 626A69; width of the image 
is about 20 km) [Hodges and Moore, 1994]. 
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Figure 15. Formation of sinuous rilles and 
associated lava pools and source depres- 
sions on the Earth, Moon, and Mars. M is 
mass eruption rate and n is exsolved vol- 
atile content. Solid lines show maximum 

radii of liquid lava pools which can be 
formed from accumulation of hot pyro- 
clasts at any combination of M and n. 
Dashed lines are contours of equal Reyn- 
olds number for the motion of lava in the 

pools. (a) Typical lunar basaltic erup- 
tions; the dots represent the eruption con- 
ditions deduced for a number of lunar sin- 

uous rilles [Wilson and Head, 1981b]; (b) 
Terrestrial eruptions with a size distribu- 
tion of magma clots identical to that of the 
scoria erupted in the 1973 eruption of He- 
imaey [Self et al., 1974]; (c) Terrestrial 
eruption with magma clots 10 times 
coarser than those used in Figure 15 b; (d) 
Best estimate of magma clot sizes in Mar- 
tian basaltic eruptions. In Figures 15b, 
15c, and 15d, the boundary beyond which 
most of the pyroclasts would be incorpo- 
rated into a convecting eruption cloud is 
shown. 

4.5.2. Formation of sinuous rilles and associated 

pools and source depressions. It has been shown that 
the maximum sizes of gas bubbles (probably of carbon 
monoxide) in lunar magmas at the time of their erup- 
tion should have been sufficiently small that the mag- 
mas were disrupted into clots that were largely sub- 
millimeter in size [Wilson and Head, 1981 a]. 
Resulting fire fountains would have been optically 
dense over a wider range of eruption conditions than in 
the case of terrestrial equivalents, and uncooled 
magma clots would have coalesced on landing to form 
lava flows. It is possible to calculate the size of the 
pool formed around a vent given the mass eruption 
rate and exsolved magma volatile content and also 
deduce the Reynolds number associated with the lava 
motion in the pool as it drains into a lava flow [Wilson 
and Head, 1981 b]. If the Reynolds number is larger 
than the minimum value (•-103) permitting turbulent 
motion, thermal erosion of the substrate on which the 
lava is moving can occur and a sinuous rille, together 
with its characteristic source depression, can be 
formed [Hulme, 1973, 1982]. 

We investigate whether the same kind of activity 
can occur on the Earth or is likely to occur on Mars. 
The calculations involve keeping track of the thermal 
state and motions of coarse magma clots which are not 
entrained into the eruption cloud over the vent and of 
smaller clots which are partially sorted in the cloud 
before deposition. The methods described by Wilson 

and Head [1981a] were used to produce the results 
shown in Figure 15. Figure 15a is for typical lunar 
basaltic eruptions; Figure 15b is for terrestrial erup- 
tions with a size distribution of magma clots identical 
to that of the scoria erupted in the 1973 eruption of 
Heimaey [Selfet al., 1974]; Figure 15c is for a terres- 
trial eruption with magma clots 10 times coarser than 
those used in Figure 15b; and Figure 15d is for our 
best estimate of magma clot sizes in Martian basaltic 
eruptions (the distribution found for terrestrial rhy- 
olitic pumice eruptions [Sparks et al., 1978] is used, on 
the grounds that the amount of fragmentation of mafic 
magmas on Mars should lie between the extremes for 
the Earth and Moon [Wilson and Head, 1981a]). 

In each part of Figure 15 the maximum radii of 
liquid lava pools which can be formed for any combi- 
nation of mass eruption rate and exsolved volatile 
content is shown by the solid lines. The largest pools 
are formed, in both Martian and terrestrial eruptions, 
for high eruption rates and some intermediate volatile 
content: this is because too high a volatile content 
produces a very strongly convecting eruption cloud, 
and even the larger magma clots fail to fall out in large 
enough numbers over a small enough area to produce 
an optically thick, and hence hot, zone around the 
vent. In contrast, convecting eruption clouds never 
existed on the atmosphereless Moon, and pool size 
increases steadily with volatile content above a thresh- 
old eruption rate [Wilson and Head, 1981a]. 
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The dashed lines in Figure 15 are contours of equal 
Reynolds numbers for the motion of the lava in the 
pools. For all combinations of conditions which give a 
Reynolds number greater than about 1000, sinuous 
rille formation by thermal erosion is potentially possi- 
ble, as long as the eruption continues for long enough 
to allow the underlying ground to heat up to its solidus 
temperature (about 2 weeks [Hulme, 1982]) and then 
for long enough to allow appreciable erosion to occur 
(typical erosion rates are of the order of 0.3 m d -• 
[Hulme, 1973]). The solid circles marked in Figure 15a 
represent the eruption conditions deduced for a num- 
ber of lunar sinuous rilles [Wilson and Head, 1981b]; 
the sizes of these features imply that they were all 
formed in events in which the rate of eruption ex- 
ceeded 107 kg s-•. 

Figures 15 b and 15c show that on Earth, formation 
of a lava pool around the vent by coalescence of hot 
magma clots is to be expected for a wide range of 
eruption conditions and clot size distributions, 
whether or not the erupting material is capable of 
driving a stable, convecting eruption cloud. For erup- 
tion rates up to 10 7 kg s -• (no recorded eruption 
appears to have significantly exceeded this output rate 
from a single vent or single active section of fissure), 
the expected pool radii lie in the range 10 to 400 m, in 
good agreement with observations. However, forma- 
tion of a sinuous rille on Earth with a source depres- 
sion 100 rn in radius would require an output rate of at 
least 3 x 10 7 kg s -•' even a 10-m radius source de- 
pression would require an eruption rate of at least 3 x 
10 6 kg s -•. It seems clear that the larger terrestrial 
basaltic eruptions are capable of forming sinuous rilles 
with source depressions about 10 rn in radius; how- 
ever, such features are either completely hidden by the 
accompanying scoria fall or are not recognized as 
anything other than normal lava flows, because the 
eruptions do not continue long enough for an appre- 
ciable amount of erosion of the substrate to take place. 

Figure 15d shows that conditions in Martian fire 
fountain eruptions are much more like those in terres- 
trial examples than in equivalent lunar events: sinuous 
rille formation with a source depression radius of 30 rn 
would require an eruption rate of at least 3 x 10 6 kg 
s-•, and it is unlikely that sinuous rille source depres- 
sions could ever be larger than about 2 km in diameter, 
even at the optimum eruption rate of about 3 x 108 kg 
s -•. Therefore although capable of forming on Mars, 
sinuous rilles and associated source depressions would 
require very high eruption rates and sustained erup- 
tions. Even if the small hot ponds associated with such 
events are not sustained at high enough rates or suffi- 
ciently long to cause thermal erosion, they may have 
an influence on the nature of the eruption products. 
For example, for a fixed gas content, if an initially very 
high mass flux at a vent is reduced to levels below 
those at which thermal erosion will take place, there 
will still remain a hot pond of lava up to many hun- 

dreds of meters wide surrounding the vent. If this pond 
continues to be fed by pyroclasts, there will be signif- 
icant cooling of the pyroclasts in flight. As rootless 
flows develop, by overflow of the pond and incorpo- 
ration of falling pyroclasts, into larger flows, their 
temperatures upon leaving the pond area may be sub- 
stantially less than those of the pyroclasts leaving the 
vent. This secondary cooling phenomenon could mean 
that large-volume flows leaving the vicinity of pyro- 
clastic-fed lava ponds such as these would be charac- 
terized by lower initial and subsequent flow tempera- 
tures. This could influence the interpretation of their 
morphology and rheology, perhaps leading to the in- 
terpretation that they were less mafic (e.g., more 
andesitic than basaltic) than they actually were. 

4.5.3. Building of edifices. In Martian basaltic 
eruptions with effusion rates less than about 106 kg 
s -•, Figure 15d shows that coalescence of hot pyro- 
clasts could not take place. Instead, a scoria cone 
would be formed around the vent [McGetchin et al., 
1974]. For magma gas contents in the range 0.03 to 0.3 
wt %, the widths of the cones which can be produced 
lie in the range 100 m to 10 km (Figures 15d and 16a). 
For two eruptions with comparable gas contents on 
Mars and Earth, the Martian cones should have diam- 
eters that are about a factor of 2 larger and heights that 
are correspondingly about a factor of 4 smaller than on 
Earth. Central craters in these edifices should also be 

broader than on Earth by a factor of up to at least 5, 
partly because of the wider dispersal of the pyroclasts 
and partly because of the greater lateral expansion, 
just above the vent, of the gas phase as it decom- 
presses to the lower atmospheric pressure. Cone di- 
ameter/crater diameter ratios should be smaller on 

Mars than on Earth, since the vent width increase 
outweighs the overall clast dispersal increase. Grain 
sizes in Martian hawaiian edifices should be at least 1 

order of magnitude finer than in terrestrial equivalents 
because of the enhanced magma fragmentation on 
Mars discussed earlier. 

4.5.4. Comparison to observations: Cones and 
edifices. Five candidate cinder cones have been identi- 

fied near the summit of Pavonis Mons [Wood, 1979; 
Edgett, 1990] and all are within 5 km of the inner caldera 
rim. Such conelike structures are apparently absent on 
other Tharsis Montes. The most prominent of the Pavonis 
cones has a basal diameter of • 1.1 km, a crater diameter 
of •0.45 km, and a height of •0.07 km, and plots in the 
general cinder cone field of Wood [ 1979]. Candidate cin- 
der cones have been identified within Ulysses Patera (Fig- 
ure 17), near Elysium Mons [McBride and Zimbelman, 
1989, 1990], and elsewhere [Scott, 1982; Davis and 
Tanaka, 1988]. Lucchitta [1987, 1990] has interpreted 
dark interior deposits in central Valles Marineris, typically 
occurring along fatfits, to be of pyroclastic origin and has 
identified locally numerous features that she interprets to 
be cinder cones [Lucchitta, 1990, Figure 6c]. On the basis 
of stratigraphic relations, these latter features may repre- 
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Figure 16. Hawaiian eruptions on 
Mars. (a) Fall deposit diameter as a 
function of exsolved gas content and 
mass flux. Contours are basaltic scoria 

cone diameters in kilometers. (b) 
Sketch illustrating the major features of 
hawaiian eruptions on Mars, with a 
comparison to Earth. 

sent some of the youngest volcanism on Mars. All of these 
features identified in the literature are generally within the 
range of values suggested by the theoretical predictions 
for edifices produced by hawaiian eruptions, although 
there is virtually no data on cone heights. In an analysis of 
cinder cones on Earth, the Moon, and Mars, Wood [1979] 
concluded that for a given ejecta volume, Martian cinder 
cones have greater diameters and, on the basis of the one 
available measurement of cone height, that they might be 
only about one third as high as terrestrial cones. 

On the basis of theoretical predictions, cinder cones 
should be relatively common occurrences and accom- 
pany many volcanic eruptions on Mars, particularly 
those forming the multitide of flows associated with 
the major edifices. The absence of high-resolution im- 
ages may be one factor in the lack of detection of 

widespread cinder cones. However, there are several 
other factors that might also contribute to the paucity 
of documented cinder cones. First, cinder cones are 
predicted to be broader and flatter on Mars and thus 
less easily recognizable and distinguishable from small 
shields of effusive origin. Indeed, cinder cones aver- 
aging a factor of 2 broader and a factor of 4 lower than 
typical on Earth will not only be harder to detect, but 
will be much more readily covered by subsequent 
flows. Second, because of the enhanced magma frag- 
mentation on Mars, typical grain sizes in Martian ha- 
waiian edifices should be at least 1 order of magnitude 
finer than on Earth, and this will result in pyroclastic 
material that is very susceptible to eolian erosion. 
These factors, coupled with an altitude effect on the 
major shields that would preferentially enhance dis- 
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Figure 17. Examples of features interpreted to 
be products of hawaiian eruptions. (a) Features 
within the summit caldera of Ulysses Patera 
interpreted to be cinder cones (portion of VO 
49B85; the width of the image is about 36 km). 
(b) Pitted cones in southern Cydonia. Although 
interpreted to be pseudocraters by Frey and 
Jarosewich [1982], these features generally fit 
the morphometric characteristics predicted for 
Martian cinder cones. Note the elongation and 
alignment of cones and summit craters, and the 
parallelism to fractures in the eastern part of the 
image (dark arrow) (portion of VO 070A04). 

ruption and dispersal, may be responsible for the ap- 
parent paucity of cinder cones. 

Despite this apparent general paucity, fields of 
small pitted domes and cones have been mapped lo- 
cally in several places in the northern plains on Mars 
[Frey et al., 1979]. There are two types of features in 
these fields [Frey and Jarosewich, 1982]: (1) small, less 
than 1 km diameter with summit pits that are larger 
relative to their basal diameters than terrestrial cones 

and (2) large, typically 2-5 km diameter (Figure 17). 
Frey and Jarosewich [1982] interpreted the smaller 
features as pseudocraters, because the cone/crater di- 
ameter ratios were similar to those of pseudocraters on 
Earth, even though terrestrial pseudocraters were three 
times smaller. The larger cones clearly fall in the range 
predicted for Martian cinder cones. Indeed, even the 
smaller cones could be cinder cones rather than 

pseudocraters, because their cone/crater diameter ratios 
are larger than those of terrestrial cinder cones and are 
more in the range predicted for Martian cones. 

4.5.5. Comparison to observations: Sinuous rilles 
and source depressions. One problem in the analysis 
of sinuous rilles on Mars is the difficulty in distinguish- 
ing them from the ubiquitous channels thought to be 
linked to an aqueous origin and the possibility that any 

thermal erosion may be enhanced by a substrate con- 
taining water/ice and susceptible to mechanical ero- 
sion. Carr [1974] and Mouginis-Mark et al. [1984] 
described several candidates, particularly in the Ely- 
sium region. Figure 18 shows some possible examples 
of Martian sinuous rilles; the size of the largest re- 
quires eruption rates up to about 108 kg s -•. This is 
comparable to the largest eruption rate yet deduced for 
a terrestrial basaltic eruption: the 1886 eruption of 
Tarawera in New Zealand seems to have had a total 

output rate [Walker et al., 1984] of 1.6 x 108 kg s -• 
(from an elongate fissure). However, the depths of the 
Martian sinuous rille channels would imply that the 
durations of the eruptions which formed them were 
very much greater than the durations of any terrestrial 
eruptions with comparable eruption rates. Although 
such eruptions are possible, the image resolution at 
present is insufficient to distinguish the morphology 
and morphometry of these deposits with enough con- 
fidence to permit a detailed quantitative treatment. 

4.6. Plinian Eruptions 

4.6.1. Background and predictions. Plinian erup- 
tions occur in any magma type as long as most of the 
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Figure 18. A feature described by Carr [1974] as a 
candidate sinuous rille formed by thermal erosion 
on Mars. The channel originates at the summit 
caldera of Ceranius Tholus in the Tharsis region 
and extends north (toward the top of the image) 
down the flank of the volcano (portion of VO 
516A24; the width of the image is about 100 km). 

magma disrupts into clots so small that they are effec- 
tively locked by drag forces to the gas stream emerging 
from the vent. Provided the bulk density of the erup- 
tion products becomes less than the density of the 
atmosphere as a result of the incorporation and heating 
of atmospheric gases, essentially all of the eruption 
products ascend into an eruption cloud over the vent 
(Figure 4). Small pyroclasts can transfer heat effi- 
ciently to the atmospheric gases entrained dynamically 
into the eruption cloud and thus maximize the buoyant 
convection of the cloud into the atmosphere [Wilson, 
1976]. In cases where the bulk density of the eruption 
products is much greater than the atmospheric den- 
sity, insufficient atmospheric gas is entrained and 
heated to overcome the effects of gravity, and the 
erupted mixture collapses back to the surface to form 
pyroclastic flows [Sparks and Wilson, 1976]; these 
cases will be discussed later. 

As a basis for our predictions about plinian fall 
deposits we use Figure 19, which shows the results of 
calculations using the methods of Wilson et al. [1980] 
and Wilson and Head [ 1981 a] of the eruption speed 
from a central vent of a stream of magmatic gas and all 
pyroclasts small enough to have a negligible terminal 
velocity in the gas. The speed is given as a function of 
the exsolved magma gas content and the magma mass 
flux for eruptions of highly fragmented magma with 

H20 or CO2 as the major volatile. For comparison, the 
equivalent information is given for the Earth. The 
magma is assumed to be a basalt, but the numerical 
results are very similar even if a rhyolitic composition 
is used [Wilson, 1980], because the rapid acceleration 
of the spray of pyroclasts and released gas above the 
fragmentation level is essentially independent of the 
viscosity of the magmatic liquid (which does, how- 
ever, critically control the magma rise speed below the 
fragmentation level). The eruption velocities depend 
significantly on the magma mass eruption rate as well 
as on the volatile content, because the mass flux is an 
indirect measure of the width of the conduit/fissure 

system below the vent and frictional effects increase 
with decreasing conduit width [Wilson et al., 1980]. 

On the right-hand sides of the graphs in Figure 19 
are shown the sizes of the largest clasts with density 
1000 kg m -3 which can be transported out of the vent 
under steady conditions at the eruption velocities 
given on the left-hand sides of the graphs. Eruption 
velocities are typically 1.5 times larger on Mars than 
on Earth for the same mass eruption rate and volatile 
content, but the lower atmospheric pressure causes 
the density of the erupted gas to be typically 300 times 
lower, and so the largest clast size transported, essen- 
tially proportional to (gas density x gas velocity 2) 
[Wilson, 1976], is about 150 times smaller on Mars. 
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Figure 19. Eruption velocity of magmatic 
gas and pyroclasts from a vent as a func- 
tion of mass eruption rate. Velocity is 
given as a function of exsolved magma gas 
content for H20 and CO2 for both Earth 
and Mars. The sizes of the largest clasts 
with density 1000 kg m -3 which can be 
transported out of the vent under steady 
conditions are shown along the right-hand 
axis. The dashed line separates convective 
behavior from column collapse. Eruption 
cloud height is shown along the top in each 
case. 

This could, in principle, lead to more frequent epi- 
sodes of vent clogging, pressure buildup, and abrupt 
vent clearing [Wilson et al., 1980] in Martian plinian 
eruptions, but we expect that the increased magma 
fragmentation due to the lower atmospheric pressure 
will completely compensate for this. The net conse- 
quence of the lower atmospheric pressure therefore is 
that Martian plinian deposits (of any magma composi- 
tion) will be systematically finer grained than plinian 
fall deposits on Earth by a factor of about 100. They 
will be almost entirely subcentimeter in size, except 
within a few hundred meters of their vents, and even 
there, clasts coatset than several centimeters should 
be rare. 

An interesting consequence of these conditions is 
that basaltic plinian eruptions, rare on Earth, should 
be relatively common on Mars. The combination of 
the lower atmospheric pressure causing systematically 
finer grained pyroclasts and the rapid acceleration of 
the spray of pyroclasts and released gas above the 
fragmentation level (essentially independent of the vis- 
cosity of the magmatic liquid) would encourage many 
basaltic eruptions that would be hawaiian on Earth to 
be plinian on Mars. 

Observations of plinian eruption clouds on Earth 
confirm theoretical model predictions that the height 
of a convecting eruption cloud formed in a high-speed 
pyroelastic eruption is proportional to the fourth root 
of the heat release rate from the vent [Wilson et al., 

1978; Settle, 1978], which is in turn proportional to the 
mass eruption rate. The top lines of the graphs of 
Figure 19 give the eruption cloud heights expected for 
the mass eruption rates indicated on the bottom lines. 
These calculations indicate that differences in the at- 

mospheric pressure and temperature structure cause 
Martian plinian eruption clouds to rise about 5 times 
higher, for the same eruption rate, than terrestrial 
clouds (Figure 20). 

The cross-sectional shapes of plinian eruption 
clouds on Earth are such [Carey and Sparks, 1986; 
Wilson and Walker, 1987] that the widths, measured 10 
to 20 km downwind from the vent, of the air fall 
deposits produced by them are approximately equal to 
the heights of the associated eruption clouds [Wilson, 
1978]. Essentially, the same relative shapes of erup- 
tion clouds are expected on Mars as on Earth and so 
the cloud-height/deposit-width relationship should 
also be similar. This implies that Martian fall deposits 
may be recognized as areas of mantled topography 
with widths in the range of several tens to a few 
hundred kilometers (Figure 20). 

Mouginis-Mark et al. [1988] have given examples of 
the downwind transport distances expected for pyro- 
clasts released from Martian plinian eruption clouds 
into a horizontal wind profile with a mean speed of 20 
m s-•, a value about twice as large as the mean surface 
wind [Settle, 1979]. We have used the same eruption 
cloud model (modified to the Martian atmospheric 
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Figure 20. Plinian eruption columns and their behavior on Mars. (a) Gas rise speed versus eruption column 
height. (b) Maximum clast diameter versus eruption column height. (c) Maximum clast diameter versus 
range in kilometers for a 100-km-high cloud and 20 m s-• wind. 

environment from that used by Wilson and Walker 
[1987]) to calculate the maximum ranges expected for 
pyroclasts of various sizes released into a 20 rn s -• 
wind as a function of the eruption cloud height (and 
hence mass eruption rate) (Figure 21). The curves in 
this figure give an indication of the progressively finer 
maximum grain size which is to be expected in the 
distal parts of these deposits and indicate that fall 
deposits should extend roughly 5 times further down- 
wind than they do at fight angles to the ambient wind 
direction during the eruption. 

It is commonly the case on Earth that the near-vent 
parts of plinian deposits are obliterated by caldera 
collapse events following, or during the latter parts of, 
the eruption. Similar events may occur on Mars. How- 
ever, for cases where the vent regions are preserved, 
we give examples (Table 6) of the diameters expected 
for the main zones of accumulation of coarse pyro- 
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Figure 21. Maximum range expected for pyroclasts erupted 
into a 20 m s -• wind for several values (in kilometers) of 
eruption cloud height. 

clasts around plinian vents on Mars and Earth (Figure 
20). In cases where the emerging magmatic gas has 
decompressed to the local atmospheric pressure, this 
diameter will be essentially equal to that of the vent. 
However, in other cases the gas stream can be over- 
pressured and the flow choked [Kieffer, 1984; Wilson 
and Head, 1981 a l; when this occurs, the vent will be 
narrower than the diameter given, but the gas stream 
will rapidly expand laterally through a series of shocks 
over the vent, and most of the clast deposition will 
occur when the base of the eruption cloud has ex- 
panded to the size shown in Table 6. 

4.6.2. Comparison to observations. Only one ex- 
ample of an air fall deposit on Mars has so far been 
identified and analyzed in detail [Mouginis-Mark et 
al., 1982]: a mantled zone to the west of the summit 
caldera complex of Hecates Tholus (Figure 22). This 
deposit was recognized as a result of its obscuring 
effect on the background of small (500 m diameter) 

TABLE 6. P!inian Vent Structure Diameters on Mars and 

Earth 

Magma Volatile Mass Flux, kg s -/ 
Content, wt % 10 4 10 6 lO s 10 •ø 

Mars 

0.1 4.14 35.0 340 3310 
0.3 4.72 45.8 440 4360 
1 7.20 61.0 592 5888 
3 10.10 84.0 780 7750 

10 12.82 109.0 1050 10,470 

Earth 

0.1 1.56 13.3 130 1268 
0.3 1.68 15.8 154 1536 
1 2.33 19.8 193 1880 
3 2.97 24.6 229 2261 
10 3.69 31.3 299 2974 

Values are given in meters for various combinations of eruption 
mass flux and magma volatile (H20) content. 
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Figure 22. Hecates Tholus. The 
western flank, between the summit 
and the base, is relatively deficient 
in craters and has been interpreted 
to be the location of plinian erup- 
tion deposits [Mouginis-Mark et 
al., 1982] (portion of VO 846A16; 
the width of the image is about 210 
km). 

impact craters in the area. It was assumed that a 
minimum deposit thickness of---100 m was needed to 
obscure craters of this size. Combined with the deposit 
area of---2000 km 2 and a bulk density estimate of 1000 
kg m -2, this led to a volume estimate of about 23 km 3 
of dense rock equivalent, erupted at a rate (estimated 
from the deposit-width/cloud-height/eruption-rate cor- 
relations discussed earlier) of the order of 10 7 kg s-•. 
We note that if this volume had been erupted at a much 
higher rate, say 10 9 kg s -1, it would have covered an 
area about 200 km wide and at least 800 km long to a 
mean depth of 0.4 m. Clearly, a much larger volume 
could be erupted under such conditions without lead- 
ing to significant obscuration of underlying features: 
even a volume of 2000 km 3 dense rock equivalent 
would only lead to a mean layer thickness of 35 m. It 
seems quite possible, therefore, that many air fall 
deposits on Mars may have gone unrecognized if they 
were produced at relatively high eruption rates and/or 
involved relatively small magma volumes. This, com- 
bined with the ease of erosion of such deposits in the 
Martian environment, may explain the paucity of 
readily identifiable plinian air fall deposits on Mars. In 
addition, air fall deposits are very likely to have ac- 
companied eruptions associated with extensive pyro- 
clastic deposits at Tyrrhena Patera [Greeley and 
Crown, 1990], Hadriaca Patera [Crown and Greeley, 
1993], Alba Patera [Mouginis-Mark et al., 1988], and 
possibly, Apollinaris Patera [Robinson et al., 1993]. 
On the basis of the great lateral extent of the deposits 
associated with these volcanoes (several hundreds of 
kilometers), it is unlikely that the longest ones repre- 
sent air fall deposits because of the extremely high 
eruption clouds required. The most extensive deposits 
are thought to be more likely emplaced as pyroclastic 
flows [Reimers and Komar, 1979; Mouginis-Mark et 
al., 1988; Greeley and Crown, 1990; Crown and Gree- 
ley, 1993]. Scott and Tanaka [1982] postulated that the 
extensive friable deposits south of Olympus Mons and 
the Medusae Fossae formation are ignimbrites. 

4.7. Pyroclastic Flow Formation 

4.7.1. Background and theory. For all plausible 
magma volatile contents, the bulk density of the gas/ 
pyroclast mixture emerging from a vent will be denser 
than that of the surrounding atmosphere [Sparks et al., 
1978]. Specifically, the exsolved gas content would 
have to be greater than about 16 wt % to make the 
densities comparable. In a density-stratified atmo- 
sphere, such as that of both Mars and Earth, an erup- 
tion cloud can only convect in a stable manner if 
sufficient atmospheric gas is incorporated into the 
lower part of the cloud and heated by the entrained 
pyroclasts to provide enough positive buoyancy to 
overcome the negative buoyancy of the eruption prod- 
ucts. Furthermore, this entrainment must occur before 
the negative buoyancy causes the upward velocity to 
decay to a negligible value. This is only possible if the 
magma volatile content is sufficiently large or the mass 
eruption rate sufficiently small, and the critical volatile 
content for any given eruption rate can be calculated 
using methods given by Sparks et al. [ 1978] and Wilson 
and Walker [1987]. 

The dashed line on each graph of Figure 19 defines 
this boundary between eruption conditions under 
which convecting plinian clouds are stable (to the left 
of the line) and those under which the erupting mixture 
must, instead, form a much lower, denser fountain 
over the vent feeding either pyroclastic flows (if clasts 
are relatively cool and brittle on landing) or lava flows 
(if clasts can coalesce on landing). Pyroclastic flow 
formation is clearly inherently more likely to occur on 
Mars than on Earth, since eruption cloud instability 
occurs at a lower mass eruption rate for a given magma 
volatile content (Figure 19). 

On Earth, both plinian ash fall activity and pyro- 
clastic flow formation are mainly associated with si- 
licic magmas, essentially because of their tendency, 
driven by their rheological response to water exsolu- 
tion, to fragment into fine-grained clasts when explo- 
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sively disrupted. In the plinian mode this causes most 
of the magmatic clast size distribution to remain 
locked to the erupted gases long enough to be en- 
trained into the vigorously convecting eruption cloud; 
the coarser-grained clasts formed in mafic eruptions, 
by contrast, largely avoid entrainment into an eruption 
cloud and form a near-ballistic lava fountain over the 

vent. In the ignimbrite mode at high mass eruption 
rates, where the gas/clast mixture collapses back to 
the ground near the vent, the rheology of silicic mag- 
mas minimizes clast coalescence. We have argued in 
section 2.5 that magma fragmentation should be more 
thorough on Mars than on Earth, and this should 
certainly lead to the relatively more common occur- 
rence of mafic plinian deposits. The calculations sum- 
marized in Figure 19 show that for a given initial 
magma volatile content, eruption speeds are a factor of 
at least 1.5 higher on Mars, and so the fountains 
feeding pyroclastic flows will be rather more than 
twice as high as on Earth, the rise height being pro- 
portional to the square of the eruption speed [Wilson 
and Heslop, 1990]. The travel times of the materials in 
the outer parts of these fountains will be correspond- 
ingly 1.5 times longer than on Earth, and so, in terms 
of both time and distance, there will be a greater 
opportunity for mixing with the surrounding atmo- 
sphere and significant cooling of pyroclasts. Although 
hard to quantify without detailed numerical models 
(which have so far only been applied to terrestrial 
conditions [e.g., Valentine and Wohletz, 1989]), these 
facts suggest that basaltic pyroclastic flow deposits, as 
opposed to welded spatter deposits or rheomorphic 
(rootless) lava flows, should be significantly more 
common products of high mass flux basaltic eruptions 
on Mars than on Earth. 

It is not easy to predict the distances to which 
pyroclastic flows may travel on Mars: the ran-out 
process is not very well understood on the Earth as a 
result of uncertainties about the rheological properties 
of pyroclastic flows [Hayashi and Self, 1992]. How- 
ever, energy conservation arguments [Sheridan, 1979, 
1980; Malin and Sheridan, 1982] suggest that the final 
travel distance should be proportional to the square of 
the eruption velocity in the vent. The calculations 
summarized in Figure 19 show that for a given initial 
magma volatile content, eruption speeds are typically 
a factor of at least 1.5 greater on Mars than Earth, and 
so pyroclastic flow travel distances may be a factor of 
about 3 greater, leading to values up to at least a few 
hundred kilometers (Figure 23). Crown and Greeley 
[1993] calculated some explicit examples of run-out 
distances for a wide range of assumed initial velocities 
(all of the velocities being consistent with the range of 
magma gas contents shown in Figure 19). They as- 
sumed values for the basal friction coefficients for their 

flows of 0.05 and 0.10, somewhat less than the range 
(0.06 to 0.2) deduced for large-volume pyroclastic 
flows on Earth [Sheridan, 1979] on the grounds that 
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Figure 23. Distances to which pyroclastic flows will travel on 
Mars. Eruption velocity versus flow ran-out length in kilo- 
meters for several values of the coefficient of friction. Most 

Martian pyroelastic flows would fall between the 0.05 and 
0.1 curves. 

particle/particle frictional interactions should be 
weaker on Mars due to the lower gravity. They found 
that run-out distances exceeding 1000 km were possi- 
ble given favorable circumstances. Figure 23 summa- 
rizes examples of these calculations for flows traveling 
down a shallow incline (slope 0.3 ø) away from a vent 
for three values of the friction coefficient, 0.05, 0.1, 
and 0.2. Martian pyroclastic flow lengths are expected 
to be bracketed by the lines labeled 0.05 and 0.1; travel 
distances would be significantly greater on steeper 
substrate slopes. 

Recent work on the fluid dynamics of the gas/pyro- 
clast fountains which feed ignimbrites [Heslop and 
Wilson, 1988; Wilson and Heslop, 1990] has made it 
possible to estimate the maximum sizes of clasts which 
can be ejected from vents on Mars to form near-vent 
lag breccia deposits. The maximum clast size is found 
to be a function only of the exsolved magma volatile 
content. Because the erupted mass flux must exceed 
some minimum value for any given exsolved magma 
volatile content before an ignimbrite-forming eruption 
can occur, it follows that pairs of values of maximum 
clast size and minimum vent diameter can be calcu- 

lated for a series of values of exsolved volatile content. 

Table 7 shows some examples for Mars and the 
Earth. These indicate that fluid dynamic support for 
clasts would allow much larger clasts (by a factor of 
about 4) to be ejected from vents on Mars than on 
Earth. However, these potential clast sizes are so 
large that in practice, it is the size of the vent which 
acts as the limit on Mars. As a result, the maximum 
sizes of clasts expected in lag deposits on Mars are 
only up to twice those of terrestrial counterparts; di- 
ameters of about 20 to 60 m are possible for lithic 
clasts if exsolved magma volatile contents lie in the 
range 1 to 3 wt %. In lag deposits, such clasts would be 
embedded in the vastly finer grained matrix formed by 
the juvenile pyroclasts but, if partly exhumed by aeo- 
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TABLE 7. Properties of Ignimbrite Eruptions on Mars and Earth 

n, wt % nb, wt % rtr, wt % Pv, MPa Uv, rn s -• Din, rn De, rn Vm, rn Ve, rn 

1.0 1.17 1.57 1.93 89.4 43 10 22 34 
2.0 2.28 2.81 3.91 126.4 109 28 34 81 
3.0 3.37 4.00 5.93 154.8 187 51 57 132 
4.0 4.46 5.16 7.99 178.7 279 79 98 179 
5.0 5.54 6.31 10.08 199.8 378 110 174 215 

Note that n is the exsolved magmatic water content; n•, and rt r are the implied total amounts of water in a basalt or rhyolite melt, 
respectively; Pv is the gas pressure in the vent; Uv is the upward speed of the gas-pyroclast mixture in the vent; D m and De are the diameters 
of the largest supported clasts with density 2500 kg m -3 in the vent on Mars and Earth; Vm and Ve are the minimum vent diameter to allow 
an ignimbrite eruption to occur for the given magma gas content. 

lian erosion, should be readily visible in suitably tar- 
geted high-resolution imaging frames of future mis- 
sions. 

4.7.2. Comparison to observations. Greeley and 
Crown [1990] have identified candidate pyroclastic 
flow deposits at Tyrrhena Patera. Although no specific 
flow morphology can be seen, the deposit morphology, 
extent, and erosional characteristics, together with the 
general characteristics of the edifice, are consistent 
with an origin by the emplacement of gravity-driven 
ash flows generated by magmatic or hydromagmatic 
explosive eruptions. Greeley and Crown [1990] calcu- 
lated initial pyroclastic flow velocities of-400-650 m 
s -• (depending on the coefficient of friction) for the 
basal smooth plains unit that extends more than 600 
km from the summit area. Other less extensive depos- 
its were interpreted to have initial velocities in the 
range of-150-450 m s -1, values which are in the 
range of those observed [Nairn and Self, 1978] and 
predicted by theory [Sparks and Wilson, 1976] on 
Earth. In a similar analysis of Hadriaca Patera, whose 
deposits extend for more than 400 km, Crown and 
Greeley [1993] calculated comparable initial pyroclas- 
tic flow velocities. Thus these deposits are consistent 
with the theoretical predictions of pyroclastic flows 
extending further on Mars than on Earth for compa- 
rable conditions and extending out for distances of at 
least several hundred kilometers. 

On the basis of spectral reflectance data, erosional 
morphology, and a tendency for eolian mobilization, 
Geissler et al. [1990] interpreted wall rock layers in 
Coprates Chasma to be composed of mafic glass and to 
represent an areally extensive and thick layer of mafic 
volcanic ash. No source vents are known. 

4.8. Pelean and Vulcanian Eruptions 

4.8.1. Background and theory. As outlined 
above, ejected country rock fragments and dense 
eruption clouds of gas and fine magmatic pyroclasts 
produced by these two eruption styles will reach es- 
sentially the same velocities on Mars and Earth, since 
they are driven by the near-adiabatic expansion of 
trapped gases decompressing from pressure levels 
controlled mainly by rock strengths, which will be 

similar (up to -10 MPa) on the two planets. In pelean 
explosions (Figure 4) driven solely by magmatic vola- 
tiles, the velocities of juvenile pyroclasts will be lim- 
ited to about 300 m s -• (Figure 24). 

In vulcanian events (Figure 4) where the mass frac- 
tion of incorporated volatiles may greatly exceed mag- 
matic levels, gas velocities approaching 1 km s -• are 
just possible [Wilson, 1980], with some clasts acquir- 
ing a substantial fraction of the gas velocity (Figure 
25). Large (> meter size) clasts ejected at 300 m s-• on 
Mars could have ballistic ranges exceeding 20 km from 
the vent; however, atmospheric drag forces will 
greatly restrict the ranges of smaller clasts of all types 
[Wilson, 1972]. 

The rise heights and widths of convecting eruption 
clouds from both of these explosion types should be 
much greater (by a factor of about $ for the reasons 
given earlier for plinian eruption clouds) than for cor- 
responding terrestrial events, and the dispersion of 
pyroclasts of a given size and density from the clouds 
will be somewhat greater (by a factor of about 3). The 
expansion geometry of the eruption clouds formed in 
discrete explosions (more nearly radial than in steady 
eruptions [Nairn, 1976]) is likely to be such that the 
incorporation of atmospheric gases is less than in, for 
example, plinian events. Since the bulk density of the 
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Figure 24. Pelean explosions on Mars and the Earth showing 
excess pressure versus initial velocity. Curves are labeled by 
weight percent H20 in the eruption products. 
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eruption products from a pelean explosion driven by 
magmatic volatiles is always likely to be greater than 
that of the surrounding atmosphere (irrespective of the 
atmospheric pressure [Sparks and Wilson, 1976]), py- 
roclastic flows and/or surges (nuees ardentes) should 
be formed very commonly from Martian pelean erup- 
tion clouds. Small flows and surges may also form in 
Martian vulcanian events by the partial collapse of the 
eruption cloud, much as occurs on Earth [Nairn and 
Self, 1978]. Since the initial velocities of these flows 
will be similar on Mars and Earth, their run-out dis- 
tances should also be similar, typically a few to several 
tens of kilometers. 

4.11.2. Comparison to observations. No specific 
examples of pelean eruption deposits on Mars have 
been cited in the literature, but this is not surprising 
because of the strong likelihood that such deposits will 
be highly modified by eolian erosion or, if preserved, 
not easily distinguished from other flow deposits at 
resolutions presently available. In addition, the condi- 
tions under which such eruptions occur on Earth (vis- 
cous extrusion of low-rise speed magma forming a 
dome with a cooled carapace which ultimately fails, 
thus causing the eruption) are likely to be less common 
on Mars, because lower atmospheric pressure causes 
more significant gas exsolution, higher rise speeds 
near the surface, more efficient magma disruption, and 
systematically finer grained pyroclasts. All of these 
factors mean that domes produced by such conditions 
are highly unlikely to occur on Mars, in contrast to the 
Earth [Williams, 1932] and Venus [Pavri et al., 1992] 
where surface atmospheric pressure is considerably 
higher. No specific examples of such domes on Mars 
have been reported in the literature. 

Vulcanian eruption deposits are also not specifically 
identified in the literature. However, Lucchitta [1987, 
1990] has identified dark patches typically occurring 
along faults on the floor of Valles Marineris and has 
interpreted these to be of pyroclastic origin. Although 
not specifically interpreted as such by Lucchitta [1987, 
1990], these could be potential sites for vulcanian 
eruptions, if magma rising in dikes along major fault 
zones stalled, cooled, underwent volatile buildup, and 
then erupted. 

4.9. Role of Permafrost and Groundwater 

in Eruption Dynamics 

4.9.1. Background and theory. There is abun- 
dant evidence that permafrost and groundwater have 
existed in the upper crustal layers of Mars in its past 
history [e.g., Carr, 1987] (Figures 2 and 3) and that the 
interaction of intrusive and extrusive processes with 
these layers has had an important effect on near-sur- 
face processes. Magma rising to the surface may (1) 
stall at neutral buoyancy zones and produce large 
reservoirs, (2) be emplaced as a discrete dike or sill at 
shallow levels, and (3) continue to the surface to form 
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Figure 25. Vulcanian events on Mars and the Earth. Behav- 
ior of clasts in vulcanian eruptions showing the relationship 
between excess pressure and maximum velocity and maxi- 
mum clast range. The contours are grain size. 

a flow (Figure 3). In the first case, magmatic heat lost 
conductively from the reservoir can alter the local 
geothermal gradient, but not as efficiently as magma 
delivered in geometries with large surface areas/vol- 
umes, such as dikes and sills. Simple calculations 
show that a static reservoir of diameter 10 km em- 

placed at a depth of about 10 km will perturb the 
geotherms at the surface by up to about 10% within 
about 12 km of the area above the reservoir and that 

the reservoir will cool to ambient temperatures in 
about 1 million years. The early thermal pulse is suf- 
ficient to melt ground ice within a zone of about 25 km 
in diameter above the intrusion, and this might result 
in the formation of outflow channels and of collapse 
features above the intrusion. 

Squyres et al. [1987] consider the thermodynamics 
of the interactions of volcanic intrusions (sills) and 
extrusions (flows) with ground ice, making quantita- 
tive estimates of the amounts and rates of liquid water 
and steam that might be generated or released under a 
variety of conditions. They then use these estimates to 
investigate the relation to the amount of ground sub- 
sidence predicted to occur and to compare these esti- 
mates to values inferred from fluvial channels and 

other features associated with volcanic complexes. 
The simpler case is the eruption of lava over ice-rich 
permafrost; as heat is conducted downward, two 
phase change boundaries exist, the melting front sep- 
arating permafrost from wet soil and the vaporization 
front separating wet soil from soil plus steam. The bulk 
of heat is lost from the top of the flow (Figure 5), but 
for a 10-m-thick flow over a substrate that is 25% ice, 
the maximum depth of dehydration is 3.0 rn beneath 
the base of flow, and the total amount of ice melted or 



256 ß Wilson and Head' VOLCANIC ERUPTION THEORY 32, 3 / REVIEWS OF GEOPHYSICS 

vaporized is equivalent to a column thickness of 3.7 m. 
As the lava flow thickness increases, the proportion of 
column that is only liquid increases because of the 
higher vaporization temperature. In general, under a 
variety of conditions, the total column thickness of 
melted water is less than half the lava flow thickness. 

Although not treated by Squyres et al. [1987], this 
same geometry can also lead to the explosive release 
of water vapor generated during substrate melting and 
to the disruption of the lava flow to cause rootless 
pyroclastic deposits and cones (pseudocraters) on the 
flow surface [Thorarinsson, 1953]. 

A more complex case is injection of a sill into 
ice-rich permafrost. The area below the sill is identical 
to the surface lava flow case, while in the area above 
the sill, the boundaries propagate upward and the 
water generated migrates downward and undergoes 
vaporization once it reaches regions where the tem- 
perature exceeds the boiling point. Therefore liquid 
water is only generated once the temperatures every- 
where above the sill are less than the boiling temper- 
ature. Because of the lack of a "free" surface, cooling 
takes place much more slowly than for the flow case 
and significantly more liquid and vapor are generated 
by the sill. For a sill thickness of 10 m at a depth of 100 
m in a substrate that is 25% ice, the thickness of the 
water column is substantially greater than the thick- 
ness of the sill, by a factor of about 2-4 (Figure 5). 
When the burial depth is less than approximately the 
sill thickness, considerable heat is lost to the surface, 
reducing the total column thickness. Thus sill injection 
into an ice-rich substrate can form net depressions 
(column height > sill thickness), while lava flows on 
the surface cannot (column height < flow thickness). 

In summary, a wide diversity of interactions of 
igneous intrusions and volcanic extrusions with perma- 
frost and groundwater are possible on Mars (Figure 3), 
and the predicted landforms include collapse depres- 
sions and outflow channels, dikes and sills possibly ex- 
humed by erosion of surface layers, maars, and surface 
flows leading to melting of subsurface layers or forma- 
tion of roofless explosion craters (pseudocraters). 

4.9.2. Comparison to observations. Evidence for 
the surface effects of shallow intrusions abound on 

Mars. The origin and temporal relations of many of the 
outflow channels on Mars have been attributed to 

magmatic heat [e.g., Carr, 1979]. Schultz and Glicken 
[1979] suggested that many floor fractured craters may 
be the sites of sills and that there is evidence that these 

are also the locations of the release of groundwater. 
Squyres et al. [1987] outlined very good morphologic 
and stratigraphic evidence for a large flow lobe deposit 
in the Aeolis Mensae region of Elysium Planitia adja- 
cent to a sill-like unit interleaved between friable de- 

posits and now exposed by erosion. Squyres et al. 
[1987] also presented evidence for a possible lahar 
generated by intrusion of a sill and, just south of 
Hadriaca Patera, a series of channels and deposits 

interpreted to be generated by sill and flow emplace- 
ment. Surface lava flows can also lead to the formation 

of pseudocraters, and examples thus interpreted have 
been described by Frey et al. [1979] and Frey and 
Jarosewich [1982]. 

Tyrrhena Patera, a large low-relief volcano in the 
southern Martian highlands, has been interpreted to be 
the site of pyroclastic flow deposits possibly generated 
by hydromagmatic explosive eruptions involving wa- 
ter volumes of-7.5 x 1016 kg and water flow rates of 
up to about 105-106 m 3 s -1 [Greeley and Crown, 1990]. 
Similar conditions are interpreted to have occurred at 
nearby Hadriaca Patera; the inferred high permeability 
of the crust of Mars apparently permitted large 
amounts of groundwater to be transported laterally 
into the region at flow rates estimated at 103-104 m 3 s -• 
[Crown and Greeley, 1993] (labeled G in Figure 3a). 

Maars are one distinctive type of volcanic landform 
that does not appear to be prominent on Mars. On 
Earth, maars are broad, low-rimmed volcanic craters 
that typically result from phreatic or phreatomagmatic 
eruptions. Maars form when rising magma interacts 
explosively with groundwater or surface water 
[Lorenz, 1973]. Maar deposits may contain little to no 
magmatic material (phreatic) or a mixture (phreatomag- 
matic), and they grade into tuff rings and tuff cones 
[Cas and Wright, 1987]. The lack of identification of 
abundant maars on Mars may be due to several fac- 
tors, including similarity to degraded impact craters 
and erosion of fragmental and poorly welded deposits. 
One additional important factor, however, may be the 
lack of shallow groundwater and standing bodies of 
water over much of Martian history. If a cryosphere 
characterizes the upper several kilometers of the 
Martian crust [Clifford, 1993], then ascending magma 
will interact with ice, rather than groundwater, and 
this will considerably reduce the probability of 
phreatic or phreatomagmatic eruptions operating con- 
tinuously enough to cause maars. However, earlier 
conditions on Mars may have differed, and maar de- 
posits should be searched for wherever near-surface 
liquid water is suspected. 

5. DISCUSSION AND CONCLUSIONS 

On the basis of an assessment of the crustal config- 
uration of Mars and a theoretical treatment of the 

ascent and eruption of magma through this crest in the 
Martian gravity and atmospheric environment, we find 
that the full range of volcanic eruption styles presently 
known on Earth is to be expected. It is clear, though, 
that Martian environmental conditions operate to 
modulate the various eruption styles and the morphol- 
ogy and morphometry of resulting landforms. Using 
these theoretical predictions as a basis, we compared 
observed deposits and landforms and find general 
agreement, as outlined above. We find that theory 
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provides new insight into several Martian volcanolog- 
ical problems. For example, the effects of gravity and 
cooling should cause compositionally similar cooling- 
limited flows on Mars to be about a factor of 6 longer 
than on Earth, thus providing a potential explanation 
for the flows several hundred kilometers long that 
build the major Martian edifices. Similarly, theoretical 
analysis of plinian air fall and pyroclastic flow em- 
placement provides a basis for distinguishing these 
types of deposits in Martian volcanoes, and analysis of 
the geologic record supports the view that both types 
of eruptions took place around several Martian volca- 
nic centers. This analysis also provides some perspec- 
tive on several other problems in Martian geology and 
history. 

5.1. Changes in Volcanic Style 
in Space and Time 

Variations in the areal distribution of volcanic 

styles have been observed on Mars, with effusive 
eruptions and shield building dominating the northern 
lowlands and explosive volcanic deposits of the pa- 
terae occurring predominantly in the southern high- 
lands and circumbasin areas [e.g., Greeley and Spudis, 
1981]. Our analyses underline the important influence 
of groundwater interactions, and one plausible inter- 
pretation of the areal differences in style is that they 
simply represent different crustal volatile reservoirs, 
with the cratered southern highlands megaregolith 
having a more extensive and readily replenished 
groundwater reservoir than the northern lowlands 
[Clifford, 1993]. Other possibilities include the role of 
crustal thickness and compositional variations and 
their influence in the development of neutral buoyancy 
zones, as on the Moon [Head and Wilson, 1992a], 
and areal variations in thermal structure [Comer et al., 
1985; Solomon and Head, 1990]. 

Variations in the style of volcanism with time have 
also been proposed, with early volcanism being char- 
acterized by more volatile-rich magma and later by 
volatile-depleted magma [Francis and Wood, 1982]. 
However, local depletion of groundwater reservoirs 
[e.g., Greeley and Crown, 1990; Crown and Greeley, 
1993] seem to be at least as likely a candidate for these 
changes in time as are fundamental changes in the 
primary magmas. More detailed models of mantle de- 
pletion with time would be useful to make further 
progress in this area. 

5.2. Changes in the Atmosphere With Time 
Calculations of theoretical eruption conditions were 

carried out on the basis of present-day Martian atmo- 
spheric conditions, and workers basing interpretations 
of ancient deposits on these calculations should bear 
this in mind. Although there is some evidence that the 
Martian atmosphere has evolved with time from an 
early, warmer, wetter climate, many advocate models 
in which there has been very little change with time 

(see reviews by Owen [1992] and Clifford [1993]). A 
significant corrolary is that very large quantities of 
volatiles may have been injected into the atmosphere 
periodically by the explosive or hydromagmatic erup- 
tions. Robinson et al. [1993] estimate that about l0 is 
kg of juvenile H20 were emplaced into the Martian 
atmosphere during the formation of Apollinaris Patera, 
a quantity in excess of the current total atmospheric 
water budget. These and other magmatic gases would 
have considerable influence on the general trends of 
atmospheric evolution and on atmosphere-surface in- 
teractions. For example, water released into the Mars 
atmosphere by such eruptions will rapidly condense 
on the surface as ice; upon saturation, further contri- 
butions will eventually be cold-trapped at the poles 
[Clifford, 1993]. 

5.3. Compositional Interpretation 
of Volcanic Deposits 

Remote sensing data and meteorites provide evi- 
dence for the composition of the Martian crust, but 
neither can be associated directly with individual lava 
flows or deposits. Thus morphology and morphometry 
of volcanic deposits have sometimes been used to 
interpret their composition. Our theoretical analysis 
shows that the influence of environmental conditions 

on eruption styles may be significant in the interpreta- 
tion of composition. For example, extremely long lava 
flows are predicted to be primarily a consequence of 
Martian gravity and cooling conditions rather than 
viscosity and compositional factors. The production of 
large-scale plinian deposits may not signal the pres- 
ence of more silicic compositions but, rather, may be 
linked to the enhanced gas exsolution and magma 
fragmentation of basaltic magma in the Martian envi- 
ronment or to the interaction of basaltic magma with 
groundwater. The lack of steep-sided domes poten- 
tially formed by viscous, more silicic magma cannot be 
cited as conclusive evidence for the absence of this 

composition, because enhanced magma disruption in 
the Martian environment may largely preclude the 
formation of this type of landform. 

5.4. Contribution to Surface 

Sedimentary Deposits 
Martian eruption conditions (low atmospheric pres- 

sure) favor significant gas exsolution, higher rise 
speeds near the surface, enhanced magma disruption, 
and systematically finer grained pyroclasts. These 
conditions mean that virtually every eruption of vola- 
tile-containing magma, regardless of composition, will 
be accompanied by a fine-grained pyroclastic deposit 
component. Many eruptions (e.g., the plinian style) 
will be responsible for the production of vast quanti- 
ties of fine-grained tephra, the injection of it into the 
atmosphere, and the lateral emplacement of it for up to 
several hundreds of kilometers as air fall and pyroclas- 
tic flow deposits. Martian plinian deposits of any 
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magma composition will be systematically finer 
grained than plinian fall deposits on Earth by a factor 
of about 100. These same phenomena will favor the 
more common occurrence of basaltic plinian eruptions 
on Mars relative to the Earth. All of these factors 

mean that very fine grained volcanic ash should be 
extremely common and widespread and of a grain size 
susceptible to further eolian transport. 

On Earth, volcanic eruption of basalt into an H20-rich 
environment or subsequent alteration of basaltic ash can 
produce palagonite, an amorphous felTiC iron silica gel. 
The Martian environment, with its abundant evidence of 
the interaction of ascending magma and water (Figure 3), 
as well as the enhanced fragmentation of pyroclastic 
material, would favor the production of palagonite as a 
normal consequence of the eruption process and its af- 
termath. It is thus a completely logical consequence of 
the theoretical predictions outlined above that palago- 
nites should be a volumetrically significant and wide- 
spread component of Martian surface material, a predic- 
tion consistent with the spectral reflectance studies of 
Martian bright softs and dust by Allen et al. [1981], 
Singer [1982], and Roush [1989] (see also Soderblorn 
[1992] and Murchie et al. [1993]). 
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