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Abstract. A combination of photogeologic map- 
ping, analysis of Viking Orbiter thermal inertia 
data, and numerical modelling of eruption condi- 
tions has permitted us to construct a new model 
for the evolution of the martian volcano Alba Pa- 
tera. Numerous digitate channel networks on the 
flanks of the volcano are interpreted to be carved 
by sapping due to the release of non-juvenile wa- 
ter from unconsolidated flank deposits. Using the 
thermal inertia measurements, we estimate the par- 
ticle size of these deposits to be 3-10 (xm, which, 
together with theoretical modelling of the disperi- 
son of explosively derived volcanic materials, 
leads us to conclude that the flank deposits on 
Alba Patera are low-relief pyroclastic flows. The 
recognition of numerous late-stage summit and 
sub-terminal lava flows thus makes Alba Patera a 
unique martian volcano that is transitional be- 
tween the older pyroclastic-dominated highland 
paterae and the more recent effusive central-vent 
volcanoes such as the Tharsis Montes. 

Introduction 

In early investigations of martian volcanism, the 
effusive activity of volcanoes such as Olympus 
Mons and the other Tharsis Montes received the 
greatest attention, in part because of their physi- 
cal size [basal diameters exceeding 600 km, and 
elevations as great at 25 km; Carr (1981)] and also 
because of the inferred similarity in eruption style 
with that of hawaiian volcanoes (Greeley 1974; 
Carr 1981). However, renewed interest in the vo- 
latile history of the planet has increased the need 
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to understand the relative frequency of explosive 
versus effusive activity as a function of time (cf. 
Greeley, 1987). Early studies of Mainer 9 images 
by West (1974) and Malin (1977) suggested that 
pyroclastic volcanism may have occurred on 
Mars, but image resolution was insufficient to 
map the volcanoes adequately. Using the higher 
spatial resolution Viking Orbiter images, Mougi- 
nis-Mark et al. (1982) argued that the volcano He- 
cates Tholus produced an ash layer from a plin- 
ian-type eruption that covered an area 50 x 75 
km in extent based on the location of a mantled 
region to the west of the summit caldera. More 
difficult to interpret, due to the lack of any ob- 
vious source vents, are deposits in the Amazonis 
quadrangle of Mars, which Scott and Tanaka 
(1982) interpret to be ignimbrite due to the differ- 
ential erosional patterns on a sequence of smooth 
or fractured, flat or gently rolling surface materi- 
als. 

Francis and Wood (1982) reviewed the argu- 
ments against large-scale silicic volcanism on 
Mars in part to address the likelihood of explo- 
sive activity. They suggested that the paterae rep- 
resent a unique style of volcanism in which the 
associated volatiles were derived from mantle 
sources, and that the cessation of patera forma- 
tion about 2 billion years ago may have coincided 
with the termination of the period of maximum 
planetary degassing. Francis and Wood (1982) 
preferred explosive basic-ultrabasic eruptions 
(rather than silicic activity) for the formation of 
the flank-scoured paterae. 

Hawaiian-style volcanism on Mars is domi- 
nant on the Tharsis Montes (Carr 1981; Mougi- 
nis-Mark 1981), but the paterae are lower-relief 
shields which lack the obvious lava flows asso- 
ciated with the Montes (Pike 1978; Greeley and 
Spudis 1981). Alba Patera (40°N, 109°W) is 
unique amongst the martian volcanoes in that we 
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find extensive evidence for explosively derived 
materials being present on the middle and lower 
flanks of Alba Patera, in addition to the lava 
flows on the lower flanks and at the summit of the 
volcano (Carr et al. 1977; Fieri et al. 1985; Catter- 
mole 1987). Here we describe the morphological 
evidence which we believe can only be explained 
by the presence of extensive deposits of explo- 
sively generated pyroclastic flows on the flanks of 
Alba Patera. We then present thermal inertia 
measurements made by the Viking Orbiter Infra- 
red Thermal Mapper (IRTM) to corroborate our 
interpretations of these regionally extensive fine- 
grained deposits, and describe our numerical si- 
mulations of possible explosive eruptions to con- 
strain the style and magnitude of the activity 
which was responsible for these ash deposits. Us- 
ing these observational and theoretical studies, we 

present a model for the geologic evolution 
through time of Alba Patera, and discuss some of 
the implications of this model in terms of the pre- 
viously enigmatic morphology of the volcano. 

Geomorphology of Alba Patera 

Our analysis of Alba Patera has identified a new 
stratigraphy for the volcano, with several morpho- 
logic units that suggest a specific evolutionary 
model (which we describe in detail below). Brief- 
ly, the physiography of Alba Patera can be seen 
(Fig. 1) to comprise a pair of summit calderas sur- 
rounded by lava flows that extend to radial dis- 
tances of 100-270 km from the calderas. These 
lava flows are stratigraphically younger than a 
more subdued unit (also interpreted here to be 

Fig. 1. Map of Alba Patera, showing the area from 32.5°N to 47.5°N and 100.0°W to 122.5°W and the graben that almost enclose 
the summit. The complete summit caldera is centered at 39.9°N, 109.1°W. Tantalus Fossae are to the southeast of the summit, 
Alba Fossae are to the southwest. The distribution of lava flows that appear to have originated from the summit area is shown by 
the hatched shading. "Dc" denotes areas of digitate channels and "£>," areas of dissected terrain (see text for discussion of these 
materials). Also shown is the location of Fig. 2, and large meteorite craters (barbed circles). Areas where cloud cover or poor image 
resolution preclude positive identification of certain surface features are delineated with dashed lines. Mapped from U.S. Geolog- 
ical Survey Viking Orbiter photomosaics MTM-35102, -35107, -35112, -35117, -40102, -40107, -40112, -40117, -45102, -45107, 
-45112,  45117, and JPL Mosaic 211-5071 
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lava flows) which extends approximately 275 km 
from the calderas and grades into another (strati- 
graphically lower) unit that has numerous digitate 
channels carved into it. We interpret this channe- 
lized unit to be a sequence of pyroclastic flows 
that now forms the basement materials of Alba 
Patera. These pyroclastic flows extend to ~475 
km from the calderas and, to the north and east, 
have been heavily dissected by channels thought 
to be created by the sapping of volatiles. These 
channelized regions do not extend around the en- 
tire perimeter of the volcano, but we interpret the 
lack of channels to the south and west to be due 
to asymmetries in the distribution of volatiles 
rather than an absence of pyroclastic flow materi- 
als at these localities. Surrounding the volcano, at 
radial distances of 275-450 km from the summit, 
is an extensive series of graben. There now fol- 
lows a more detailed discussion of these units. 

Lava flows 

Carr et al. (1977) conducted the first detailed 
mapping of Alba Patera, based on early Viking 
Orbiter images acquired during the Viking Lander 
Site Certification phase of the mission. These 
images were mainly obtained at low sun angle 
and covered the northwestern portion of the sum- 
mit and flanks. Numerous lava flows were re- 
vealed, many exceeding 100 km in length and ap- 
pearing to have associated lava tubes or channels. 
These observations support the early interpreta- 
tion that the activity of Alba Patera was similar to 
hawaiian volcanism, despite the fact that the vol- 
cano lacked the relief of the other Tharsis volca- 
noes. Extensive lava flows also occur beyond the 
channeled deposits (Scott and Tanaka 1980), but 
we interpret these stratigraphically older flows to 
be unrelated to the Alba Patera construct. 

Using Viking Orbiter Survey images, Carr and 
Clow (1981) concluded that all of the Alba Patera 
channels formed by volcanic processes; however, 
we propose that there are two different channel 
types, some being lava channels on individual 
flows and others being fluvial sapping channels 
on the adjacent ridge crests. As we describe be- 
low, we have remapped the distribution of sum- 
mit lava flows and other morphologic features on 
Alba Patera (Fig. 1), and find that the numerous 
channels which lie between 200 and 400 km to the 
north of the summit may have a non-volcanic ori- 
gin. Summit activity appears to have produced a 
sequence of lava flows that are emplaced upon an 
earlier, channelized material (Pieri et al.  1985), 

while the lava flows that were described by Cat- 
termole (1987) are located on the lower flanks of 
the volcano, mainly beyond the cirumferential 
graben (Fig. 1). These lateral eruptions traverse 
some of the material within which the channel 
networks have been carved. 

Channel networks 

Figure 2 shows the distribution of channels lo- 
cated northeast of the summit that we believe are 
non-volcanic in origin. These channels are part of 
a much more extensive band of similar features 
which extends around the entire northern half of 
the volcano, and they also occur in isolated 
patches on the other flanks (Fig. 1). 

Details of the distribution and morphology of 
these channels indicate to us (and to Gulick and 
Baker 1987) that they are, as Milton (1975) origi- 
nally suggested, fluvial in origin. Evident from 
Fig. 2 is the characteristic digitate pattern that has 
frequently been identified with sapping channels 
in the southern highlands (Pieri 1976; Carr 1981; 
Brackenridge et al. 1985). Many of these channels 
are relatively short, wide, broad-floored, steep- 
walled, and box-headed. Particularly to the north- 
east of the summit of Alba Patera, there are many 
well-preserved channels but a lack of lava flow 
fronts and flow lobes. At a resolution of 8 m per 
pixel (Fig. 3), these channels can be seen to lack 
the topographic features on their edges that 
would normally be associated with lava channel 
levees; also, the surrounding terrain lacks the sur- 
face texture and morphology which would nor- 
mally be seen on martian lava flows imaged at 
this resolution (Schaber 1980; Theilig and 
Greeley 1986). The headwalls of these channels 
also have the characteristic amphitheater morpho- 
logy typical of water sapping channels (Laity and 
Malin 1985). 

Similar channels have previously been de- 
scribed for other martian volcanoes by Reimers 
and Komar (1979) and Mouginis-Mark et al. 
(1982). Our interpretation is that the Alba Patera 
channels are similar to those on Hecates Tholus 
in that they are fluvial in origin, most likely 
carved by sapping processes in materials that are 
easier to erode than coherent lava flows. This in- 
terpretation has important implications for the 
analysis of the entire eruptive history of the vol- 
cano since, as we discuss in more detail below, it 
is likely that this easily eroded material comprises 
pyroclastic deposits emplaced by explosive vol- 
canic activity. 



Fig. 3. Two views of a digitate channel network ("A") and a parallel channel network ("B") northeast of the summit caldera (see 
Fig. 2b for location). In "A", one of the numerous fault scarps that cut this channel network system can be seen at the bottom of the 
image. Note the lack of evidence for gullying on the gently undulating topography between the channels, and the absence of 
topographic features that could be interpreted as lava channel levees. At this resolution (8 m per pixel) the absence of any flow 
features indicative of lava flow fronts argues strongly against these channels being volcanic in origin. Direction of flow in both 
pairs is toward the bottom of the image (i.e., north is to the bottom). Illumination direction is from the right. Viking Orbiter frames 
445B07 (right) and 445B08 (left) for "A" and 445B11 (right) and 445B12 (left) for "B". Image width is equivalent to 6 km, and the 
solar incidence angle in both pairs is approximately 65°. 



366 Mouginis-Mark et al.: Polygenic eruptions on Alba Patera, Mars 

If these materials are indeed pyroclastic de- 
posits, we can use the technique of Carr et al. 
(1987) to make some estimates of the volume of 
volatiles that would have had to be released from 
them in order to form the channel networks. Carr 
et al. (1987) studied the volumes of eroded chan- 
nels around the Chryse Basin on Mars, and took 
liberal estimates of the transport efficiency of the 
released water that would be required to carve the 
observed channels. By assuming that the water 
carried its maximum sediment load of 40% by vol- 
ume (Komar 1980), they were able to derive esti- 
mates for the minimum total volume of melt water 
released. In the case of Alba Patera, high-resolu- 
tion images (frames 445B07-445B20; cf. Fig. 3) 
enable the width of each channel to be estimated. 
These images have a spatial resolution of 9.4- 
11.0 m per pixel, and have a local solar incidence 
angle of 64.6°-65.5°. In most cases, the channel 
walls cast shadows on their floors, although the 
NGF/orthographic digital enhancement that has 
been applied to all of the images precludes the 
confident determination of channel depth from 
shadow lengths. A total of 58 measurements of 
channel width were made from these images; a 
mean width of 360 m was obtained, with mini- 
mum and maximum values being 130 and 750 m, 
respectively. Assuming that the average angle of 
repose for the walls of the channels to be between 
10° and 30°, the volume for each kilometer of 
channel length can be calculated provided that 
the channels have a V-shaped cross-section (con- 
sidered to be a valid assumption since no obvious 
flat channel floors can be seen). 

For the channel networks illustrated in Fig. 
2b, a total of 371 channel elements were identified 
in an area measuring ~ 19000 km2. Total channel 
length was 3960 km, giving a channel density of 
210 meters length of channel per km2. Given this 
average length of channel per unit area of the 
flanks of the volcano, and assuming that the 
channels are sufficiently pristine to permit an esti- 
mate to be made for the channel cross-sectional 
area, it is possible to calculate the implied volume 
of sediment removed per kilometer of channel 
length. This value in turn permits the volume of 
water released per square kilometer from the 
flanks of Alba Patera that would be necessary to 
transport this sediment load to be inferred using 
the estimate of Komar (1980). These values of 
channel volume and the resultant water volume 
are given in Table 1. 

The derived volumes of water required to re- 
move the inferred sediment volumes can be fur- 
ther exploited to calculate the necessary thick- 

Table 1. Water discharge volumes per unit surface area for dif- 
ferent angles of repose of channel walls 

Angle of Channel Volume Implied 
repose cross- sediment volume 
(degrees) sectional (mVm2) water" 

area (m2) (mVm2) 

10 13 000 2.8 4.2 
20 28000 5.8 8.7 
30 44000 9.2 14.0 

Implied volume of water calculated assuming that maxi- 
mum sediment load in channel was 40% by volume (Komar 
1980) 

nesses of the volatile layer that would have to re- 
side within the ash layers on Alba Patera for var- 
ious pore volume concentrations of volatiles. Ta- 
ble 2 gives the implied depths of volatile-laden 
ash for five different pore volume concentrations 
of volatiles for 10°, 20° and 30° angles of repose 
for the channel walls. Evident from Table 2 is the 
fact that although all calculated depths of the vo- 
latile layer are theoretically plausible [the maxi- 
mum depth at 1% by volume of water for 30° 
slopes is only —1.4 km; i.e., less than the esti- 
mated height, relative to the surrounding plains, 
of 2-4 km for the summit of Alba Patera, Wu et 
al. (1986)], further constraints may also be placed 
on the necessary pore volume percent by consid- 
ering the depth of erosion of the channels. For 
10° wall slopes, the typical channel depth is 42 m, 
for 20° slopes the depth is 87 m, and for 30° 
slopes the depth is 140 m. In all three instances, if 
one assumes that these channels have eroded 
completely through the volatile-laden ash layer, 
then in order to release sufficient water to erode 
and transport all of the sediment, the ash would 
have to have an average concentration of ~9% by 
volume of volatiles throughout the entire thick- 
ness of the ash deposit. If the estimate of sedi- 
ment load to water volume of Komar (1980) was 
in reality too high, more water would have had to 
be released from this same thickness of ash. Such 

Table 2. Implied depth of ash layer for different water con- 
tents 

Water Implied depth of ash layer 
content 
(vol%) 10° Repose 20° Repose 30° Repose 

1 420 m 870 m 1400 m 
5 84 m 170 m 280 m 

10 42 m 87 m 140 m 
15 28 m 58 m 92 m 
20 21 m 43 m 69 m 
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calculations would predict (for a 30° angle of re- 
pose for the channel walls) that if the maximum 
transport efficiency of the sediments was 30% by 
volume, then the released water concentration in 
the ash layer would have to be 13 vol%. For 20% 
transport efficiency, this value increases to 23 
vol% water within the ash, and 10% efficiency 
gives a water concentration of 52 vol% in the 160- 
m-deep ash layer. 

For all three of the example angles of repose, 
these values of water concentration within the ash 
layer are far in excess of any plausible values for 
juvenile water entrained within pyroclastic flows 
or fall deposits during their emplacement; the 
only alternatives are that the volatiles had to enter 
either type of deposit after its emplacement, or 
that the channels have been considerably en- 
larged by the wind after their formation. We favor 
the explanation that the volatiles entered the de- 
posits after their emplacement, because no mor- 
phologic evidence of wind action (e.g., dune 
fields trapped in depressions, or yardangs) can be 
found in the either the high- or medium-resolu- 
tion Viking Orbiter images. In addition, an asym- 
metric volatile distribution due to wind direction 
may provide an explanation as to why the channel 
networks do not extend symmetrically around the 
entire circumference of the volcano (Fig. 1). 

The Viking thermal inertia data (discussed in 
detail below) indicate that the surface materials 
on Alba Patera are unconsolidated to a very high 
degree, making them potentially very good traps 
for atmospheric volatiles. Indeed, theoretical 
models of the distribution of volatiles within the 
martian regolith (Fanale et al. 1986) have pre- 
dicted that the higher latitudes on Mars will be- 
come volatile-rich with time compared to more 
equatorial latitudes. Although there is only a 15° 
variation in latitude from the southern to northern 
distal flanks of Alba Patera, there is also a greater 
range of elevations on the northern flanks than to 
the south. North of the summit caldera, elevations 
drop to 3-4 km above the mean Mars datum, 
while on the southern flanks elevations stay in ex- 
cess of 6 km (Wu et al. 1986). Thus it would be 
expected that more volatiles would accumulate at 
the more northern, topographically lower areas 
on Alba Patera compared to the southern flanks; 
such a distribution is at least consistent with the 
locations of the channel networks (Fig. 1). 

Surface properties (Thermal Inertia) 

An important aspect of our model for the evolu- 
tion of Alba Patera is that the channel networks 

are sapping channels carved in materials that are 
less well consolidated than the surrounding lava 
flows. Corroborating evidence to support the in- 
terpretation that the topmost few centimeters of 
the surface surrounding the entire summit area is 
composed of very fine unconsolidated material 
comes from thermal inertia measurements made 
by the Viking Orbiter IRTM (Kieffer et al. 1977). 
Alba Patera is an area of very low thermal inertia 
(~ 1 x 10~3 cal cm-2 s~1/2 K_l), indicative of a 
very fine surface particle size (Palluconi and Kief- 
fer 1981). Temperature residuals, equal to ob- 
served nighttime temperatures minus the Viking 
thermal model temperature of Kieffer et al. 
(1977), show that the region of lowest thermal 
inertia is the western margin of Alba Patera in a 
highly fractured area called Alba Fossae (Fig. 4). 
High-resolution thermal data provide some indi- 
cations that a volcanic component may contribute 
to the low thermal inertia of this area, and that the 
surface materials are unusually friable in compar- 
ison to other martian volcanoes. Alba Patera is on 
the northeast limb of the Tharsis thermal low 
(Palluconi and Kieffer 1981); however, it is evi- 
dent from Fig. 4 that this regional trend is subsid- 
iary to the localized thermal low at Alba Patera. 

High-resolution thermal inertia measurements 
of Alba Fossae are consistent in magnitude with 
the regional thermal inertias, with the lowest val- 
ues (-1.0x10      cal cm      s" K    ) near the 
central fissure and slightly higher values 
(-1.5x10-3 cal cm"2 s"'/2 K"1) to either side. 
Individual fissures are distinguishable as local en- 
hancements of nighttime temperature by about 
5 K, equivalent to an increase in apparent thermal 
inertia of about 0.2 xlO-3 cal cm-2 s_1/2 K_l. 
The identification of the actual size distribution 
of fine particles on Mars has recently been ad- 
dressed by Jakosky (1986). For particles which are 
smaller than 50 u.m, thermal conductivity appears 
to be linear with particle size. Thus, since the low- 
est thermal inertias for Alba Patera are 
-l.OxlO-3 cal cm-2 s_1/2 K_l, we can infer 
(from Jakosky 1986; his Fig. 2) that the smallest 
particle size in the topmost layer is about 3 urn, 
while the regional thermal inertias in the vicinity 
of Alba Patera correspond to particles about 10 
ujm in diameter. The significance of the subtle var- 
iation in thermal inertia is most apparent in a plot 
of temperature as a function of longitude for one 
high-resolution sequence (Fig. 5). The decrease in 
nighttime temperature toward Alba Fossae from 
both east and west is approximately parabolic in 
shape, with the most rapid changes near the cen- 
tral portion. The fact that the lowest thermal iner- 
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Fig. 4. a Medium-resolution thermal measurements in the vi- 
cinity of Alba Patera, derived from the Viking Orbiter IRTM 
experiment. Thick contour lines correspond to nighttime tem- 
perature residuals, the difference between the measured 20-u.m 
brightness temperature and the Viking thermal model temper- 
ature (Zimbelman and Kjeffer 1979). The shaded area corre- 
sponds to the lowest temperature residuals, equivalent to the 
lowest thermal inertias. The lowest thermal inertias are asso- 
ciated with the highly fractured terrain of Alba Fossae (south- 
west of the summit). The thermal data are superposed upon a 
shaded relief map of Mars and the thin contours correspond to 
1-km elevation contours. The dashed line represents the 
groundtrack for the data presented in Fig. 5. 
b High-resolution thermal inertias for AJba Patera. Thermal 
inertia is expressed in units of 10      cal cm      sec" K" 
These plots display the same data values (the bottom image 
presents the data, while the top image presents the data su- 
perposed upon a shaded relief map of Alba Patera) and have 
been averaged in 1/8° by 1/8° bins (approximately 8x8 km at 
this latitude); the spatial resolution of the individual tem- 
perature measurements is comparable to the bin size. Data in 
the horizontal tracks are nighttime measurements from Viking 
Orbiter 1, Orbits 507, 509 and 511; data in the vertical track are 
daytime measurements from Viking Orbiter 2, Orbit 559. The 
lowest thermal inertias occur once again around Alba Fossae. 
Individual graben correlate with local increases in thermal 
inertia, but note that there is not a unique correlation between 
these thermal lows and the distribution of digitate channels 
(inferred here to indicate fine-grained pyroclastic flows). The 
high thermal inertias at the northern margin of Alba Patera are 
consistent with thermal inertias obtained from global mapping 

(Palluconi and Kjeffer 1981); the increase in thermal inertia to 
the north of Alba Patera corresponds to the northern margin 
of the Tharsis low thermal inertia region 

tias are associated with the graben within Alba 
Fossae does not easily fit into the simple eolian 
model for the low thermal inertia regions (Pallu- 
coni and Kieffer 1981), since it is not obvious why 
the finest dust should be preferentially trapped at 
these locations. If the Alba Fossae graben were 
formed by faulting in fine-grained materials em- 
placed by pyroclastic flows from the summit area, 
then the parabolic shape of the temperature meas- 

urements could be explained by burial of the py- 
roclastic materials close to the summit by the 
younger lava flows, and by a radial decrease in 
the thickness of the pyroclastic deposits now ex- 
posed in the graben walls with increasing distance 
from the vent. 

A possible alternative explanation for the ob- 
served temperature is that of elevation variations. 
If one assumes a uniform thermal inertia covering 
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Fig. 5. 20-u.m brightness temperature as a function of longi- 
tude across Alba Patera at approximately 39°N. Alba Fossae 
(113°-117°W) has the lowest temperatures, indicating the low- 
est thermal inertias (and, hence, smallest surface particles). 
The two localized temperature increases near 115°W corre- 
spond to the largest fissures that are central to Alba Fossae. 
The temperatures increase going both east and west from Alba 
Fossae, with the rate of temperature change the greatest close 
to the central fissure of Alba Fossae. This pattern of tempera- 
ture change is inconsistent with an elevation-induced effect, 
but it may indicate a decreasing areal abundance of very-fine- 
grained (possibly pyroclastic) materials away from Alba Fos- 
sae. See Fig. 4 for location. 

for the entire region, then the temperature de- 
crease toward Alba Fossae could be explained by 
a 4-km increase in elevation going from the west- 
ern plains to the Fossae and a 2-km decrease in 
elevation from the Fossae to the central caldera of 
Alba Patera. These elevations are, however, quite 
inconsistent with the most recent topographic 
data for this region (Wu et al. 1986), particularly 
the decrease in elevation toward the central cal- 
dera. Also, lava flow directions indicate that sig- 
nificant summit subsidence (of which there is no 
obvious manifestation) would have had to have 
taken place following the emplacement of the 
flows, which indicate an initially outward and 
downward slope to the volcano. We therefore 
conclude that a material with a very low thermal 
inertia outcrops on the flanks of Alba Patera, and 
that the most plausible explanation for this ther- 
mal low is non-welded pyroclastic material. 

Nature of the pyroclastic deposits 

Models for explosive eruptions 

Fine-grained pyroclastic deposits can be formed 
on Mars, as on Earth, from a range of types of 

volcanic activity. However, the only type of erup- 
tion that is capable of producing pyroclastic de- 
posits extending for more than a few tens of kilo- 
meters from the vent is relatively steady-state 
plinian explosive activity (Wilson et al. 1982). 
Given that the low martian atmospheric pressure 
causes more thorough magma disruption than in 
equivalent terrestrial eruptions (Wilson and Head 
1981a; 1983), we expect plinian activity in mag- 
mas of all compositions to be at least as common 
on Mars as on Earth, and probably much more 
common. 

The differences between the temperature and 
density structures of the current martian and ter- 
restrial atmospheres are such that, for a given 
magma eruption rate and, hence, heat injection 
rate into the atmosphere, an eruption cloud 
should rise about 5 times higher on Mars than on 
the Earth (Wilson et al. 1982). Plinian eruptions 
are thus attractive candidates for producing wide- 
spread, fine-grained deposits on Mars provided 
that their eruption clouds can remain stable in the 
atmosphere. The question of the stability of plin- 
ian eruption clouds on Mars under the present at- 
mospheric conditions of temperature and density 
profiles was addressed by Wilson et al. (1982) 
who found that convective instability probably 
sets in at lower (by a factor of 2) volume or mass 
eruption rates on Mars than on Earth for a given 
erupted magma volatile content. The eruption 
rates above which pyroclastic flows will be 
formed instead of ash-fall deposits have recently 
been reassessed by Wilson and Walker (1987); 
their analysis implies that, on Mars, convecting 
eruption clouds are unstable for eruption rates 
greater than, for example, 7xl08 kg/s at a 
magma volatile content of 2 wt% H20 and greater 
than 5 x 109 kg/s at 4 wt% H20. These limiting 
eruption rates would be smaller for a higher mo- 
lecular weight volatile in proportion to the square 
root of the molecular weight ratio — e.g., the fac- 
tor is about 0.64 if C02 were the dominant vola- 
tile instead of H20 (Wilson et al. 1982). Assuming 
that the atmospheric conditions during the Alba 
Patera eruptions were comparable to those ob- 
served today (Seiff and Kirk 1977) and making 
the conservative assumption (for this calculation) 
that the most common volatile driving eruptions 
on Mars is H20, these figures imply that even for 
volatile contents up to the unlikely level of 7 wt% 
plinian eruption clouds on Mars can rise no 
higher than 350 km into the atmosphere at a limit- 
ing magma eruption rate of about 10" kg/s. At a 
more plausible volatile content of, say, 3.5 wt% 
H20, the maximum cloud height would be 250 km 
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WIND I Fig. 6. Four alternative models for ash emplace- 
ment on the flanks of Alba Patera: (I) Large- 
scale central-vent plinian eruptions produce sym- 
metric eruption clouds that distribute ash across 
the entire summit area during each eruption. (2) 
Ash erupted from smaller central-vent plinian 
eruptions is controlled by transient winds, which 
carry the ash to the equivalent radial distances 
as case "1". In this scenario, the wind direction 
has to be different for successive eruptions in or- 
der to deposit ash over the entire volcano. (3) 
Smaller plinian eruptions occur from circumfer- 
ential fissures, with little or no explosive summit 
activity. (4) The preferred model. Sub-plinian ac- 
tivity at the summit generates numerous pyro- 
clastic flows which have run-out distances of 
more than 400 km. As with scenario 2, successive 
pyroclastic flows would have to travel in differ- 
ent directions away from the vent in order to 
uniformly build the flanks of Alba Patera 

at a mass flux of 2.5 x 109 kg/s. If the martian 
atmospheric temperature and pressure had been 
higher at the time of the Alba Patera eruptions, 
these cloud rise heights could only have been 
smaller at the same mass eruption rates. Because 
the lower martian gravity may lead to systemati- 
cally higher eruption rates on Mars than on Earth 
(Wilson and Head 1988), thus encouraging pyro- 
clastic flow formation, we examine the possibility 
of widespread pyroclast dispersal on Alba Patera 
in both plinian eruption clouds and ignimbrites. 
Four different models for this dispersal of pyro- 
clastic materials are summarized in Fig. 6. 

We have used the basic eruption cloud model 
of Wilson and Walker (1987) to simulate the dis- 
persal of pyroclastic fragments from a wide range 
of stable plinian eruption clouds on Mars. Model 
clouds were generated for a wide range of magma 
eruption rates (which mainly determine maximum 
cloud rise height) and eruption velocities (which 
essentially reflect the exsolved magma volatile 
content and determine the velocity structure in 
the lower part of the cloud) using both H20 and 
C02 as the most common volatile species. Since 
there is no available treatment, even for terrestrial 
eruption clouds, of the way in which small clasts 
are distributed and released from a turbulent 
eruption cloud as a function of height, we have 
assumed that at all heights in the cloud particles 
are released with sizes ranging from that of the 
smallest erupted clast [a few microns, comparable 
to the size of the smallest exsolving volatile bub- 
ble which can nucleate in a magma; Sparks 
(1978)] to that of the largest clast which can be 
supported in the cloud at a given height. The 
largest clast size decreases steadily with height in 

the cloud since both the mean upward gas speed 
and the local gas density decrease upward. We 
have used a plausible martian wind speed of 20 
m/s for the time-averaged intensity of zonal up- 
per-level winds [values are very likely to lie within 
a factor of 2 of this speed: Settle (1979)] to com- 
pute the lateral transport distance of clasts falling 
from their respective release heights in a standard 
martian atmosphere using the numerical methods 
of Wilson (1972). 

Several morphologic features indicate that the 
maximum radial extent of the pyroclastic flank 
deposits is approximately 500-600 km from the 
summit calderas. For example, on very low sun 
angle (85°-88.5° incidence angles) Viking Orbiter 
images of Alba Patera there appears to be hum- 
mocky topography that does not mimic the ex- 
pected morphology of partially eroded/mantled 
lava flows. These hummocky deposits extend up 
to 250 km away from the summit (Viking Orbiter 
frames 7B59/61/91/92) and on the northwest 
flanks the same kind of topography can be recog- 
nized at distances of approximately 550 km (Vik- 
ing Orbiter frames 853A01-04). We believe that 
this material is comprised of pyroclastic flows 
rather than eroded lava flows, and that the 
boundary of this hummocky terrain may mark the 
transition from deposits emplaced by summit ex- 
plosive activity to deposits produced by lateral 
eruptions of lava flows from Alba Patera. At dis- 
tances greater than about 600 km west of the sum- 
mit there is much flatter topography and numer- 
ous lava flow fronts can be seen (e.g., Viking Or- 
biter frames 853A07/08). It may also be signifi- 
cant that at approximately the same radial dis- 
tance from Alba Patera the subsidence-produced 
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circumferential fractures "die-out", although a 
few examples as far as 950 km exist to the south- 
west of the summit. 

A further observational constraint on the ra- 
dial extent of the Alba Patera pyroclastic materi- 
als may come from the distribution of the channel 
networks identified in Fig. 2a. Approximately 450 
km north of the summit calderas of Alba Patera, 
there is evidence that the source areas for the 
channel networks become less numerous, and that 
a progression from an erosional to a deposi- 
tional environment occurs. This may be a conse- 
quence of the lack of friable pyroclastic material 
acting as an aquifer, or because the summit lava 
flows failed to reach this radial distance and 
therefore were unable to mobilize the ground ice. 
Also, at about this distance, channel depths ap- 
pear to decrease (the walls of the channels fail to 
cast shadows at an 82° solar incidence angle; Vik- 
ing Orbiter frame 7B25) and the distributaries be- 
come broader. 

These morphologic features set constraints on 
the range to which explosive volcanic products 
may have been transported from central-vent 
plinian eruptions (Models 1 and 2; Fig. 6). Since 
the range of distances at which the digitate chan- 
nels have been carved is approximately 200- 
400 km (Fig. 1), we have computed the sizes of the 
largest clast capable of reaching the 200-km-range 
(generally the largest clast transported to the top 
of the cloud) and the smallest clast falling at the 
400-km range (smaller clasts being blown to 
greater distances) for each of a large number of 
model clouds. We find that the range of sizes fall- 
ing at radial distances between 200 and 400 km is 
essentially independent of magma volatile content 
and species (since these factors only affect condi- 
tions in the lowest parts of the cloud) and de- 
pends only on the eruption cloud height, which is 
a measure of the erupted mass flux: Fig. 7 illus- 
trates the relationship. The thermal inertia meas- 
urements quoted above imply that the flank de- 
posits under consideration must have particle 
sizes significantly less than 50 p,m; Fig. 7 also 
shows that this particle size can only be included 
in the deposit over this range of distances from 
the vent if the cloud height lies in the range ~ 15- 
40 km and can only be the dominant size if the 
cloud height is about 25 km, corresponding to a 
very modest eruption rate of 3 x 105 kg/s or about 
110 m3/s dense rock equivalent (Wilson and 
Head 1988). Since the shapes of plinian eruption 
clouds are such that the width at the top is ap- 
proximately equal to the height (Wilson and 
Walker 1987), eruption clouds with heights of this 
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Fig. 7. Calculated sizes of the largest particles falling at a dis- 
tance of 200 km from the vent (curve A) and the smallest par- 
ticles falling at a distance of 400 km from the vent (curve B) 
when released from martian plinian eruption clouds into a 
uniform wind profile of 20 m/s. Ranges are given for a variety 
of eruption cloud heights (lower axis). The mass eruption rates 
corresponding to these cloud heights on Mars are given along 
the upper axis. The dashed line indicates a particle diameter of 
50 u,m, which we take to be a liberal estimate of the size found 
to be dominant in the pyroclastic deposits on the flanks of 
Alba Patera, based on Viking Orbiter IRTM data 

order would produce deposits with widths of only 
a few tens of kilometers; thus the observed depos- 
its, which occur in all azimuthal directions from 
the summit calderas, would have to be the accu- 
mulated result of very large numbers of eruptions 
taking place with the mean wind vector changing 
over a very wide range. It is not clear that such a 
pattern would be expected given what little is 
known about the distribution of winds on Mars as 
a function of altitude (Webster 1977; Settle 1979; 
Thomas and Veverka 1979). 

The deduced eruption cloud heights change, 
roughly in inverse proportion, if the assumed 
mean wind speed is changed; but since wind 
speeds are very unlikely to be as much as a factor 
of 2 higher than the 20 m/s used [Settle (1979) 
gives a mean value of 10 m/s], a plausible lower 
limit cloud height can be set at about 15 km. The 
plausible upper limit is harder to set, since the 
wind speed could conceivable have been negligi- 
ble at the time(s) of ash emplacement. However, 
zero wind speed would require the eruption cloud 
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edge to have extended as far as 400 km from the 
vent, and this would imply a cloud height of 
about 400 km, much greater than the upper limit 
of 300 km calculated earlier. Thus, zero wind 
speed is not an acceptable option for the emplace- 
ment of these deposits; though a very small wind 
speed and a very high cloud is a possibility which 
must be included as an (improbable?) end mem- 
ber. 

Model 3 (Fig. 6) attempts to circumvent the 
limited dispersal range of the air-fall deposits by 
considering smaller-scale eruptions originating 
from a series of fissures that are circumferential to 
the summit of Alba Patera. In this instance, the 
maximum distance that the air-fall material would 
have to be transported is reduced to about 150- 
200 km, provided that the vents were uniformly 
located around the summit. This model is not, 
however, considered to be a viable option (as we 
discuss below); the geologic evolution of Alba Pa- 
tera places the formation of the circumferential 
graben after the emplacement of the summit lava 
flows, which in turn overlie (and are thus younger 
than) the pyroclastic deposits under consideration 
here. 

Finally, we examine the possibility that the 
flank deposits may be the products of long run- 
out pyroclastic flows produced by eruption condi- 
tions which did not lead to stable convecting plin- 
ian eruption clouds (Model 4; Fig. 6). It will be 
recalled from the earlier discussion of eruption 
cloud stability on Mars that this implies high 
eruption rates for the events producing the depos- 
its: mass fluxes greater than a few times 109 kg/s 
would be needed to ensure continuous ignimbrite 
formation in volatile-rich (>3 wt%) magmas: this 
is equivalent to a production rate of a few cubic 
kilometers (dense rock equivalent) per hour. In 
volatile-poor magmas (<0.5 wt%) the eruption 
rate would have to be greater than a few times 107 

kg/s, or 1 km3 (dense rock equivalent) per day. 
Wilson et al. (1982) argued that, as seems to be 
the case for terrestrial ignimbrites (Sheridan 
1979), the ultimate travel distance of a martian 
pyroclastic flow was likely to depend on its initial 
kinetic energy and so should be proportional to 
the square of the eruption velocity at the vent. 
Due to the lower atmospheric pressure on Mars 
compared with the Earth, the amount of gas ex- 
pansion in an erupting gas-pyroclast mixture is 
systematically greater on Mars, leading to erup- 
tion speeds, for a given magma volatile content 
and species, which are greater than on Earth by a 
factor of about 1.5; since the kinetic energy of a 
flow is proportional to the speed squared, run-out 

distances on Mars may be systematically greater 
than on Earth by a factor a little greater than 2. 

However, this assertion assumes that all of the 
other factors affecting the motion of large pyro- 
clastic flow, especially its interaction with the at- 
mosphere, are proportionally the same, and it is by 
no means clear that we understand the motion of 
pyroclastic flows on Earth (e.g., Wilson CJN 
1980; Wilson and Walker 1982) well enough to be 
sure that this is true. In particular, it is not clear if 
the mass eruption rate, as well as the magma vola- 
tile content, will exert an important influence on 
the ultimate travel distance of a flow. We con- 
clude that a travel distance of 400 km from a sum- 
mit vent is not implausible for a martian ignim- 
brite given that run-out distances up to at least 
150 km have occurred for terrestrial flows (Fisher 
and Schmincke 1984). By analogy with the terres- 
trial examples (e.g., Sparks et al. 1978), flows 
reaching these distances are likely to be erupted at 
both high velocities and high mass eruption rates 
and to form sufficiently high fountains over their 
feeding vents that the flow buries the local topo- 
graphy and forms a deposit, at least in its proxi- 
mal area, in all azimuthal directions from the 
summit. Eruptive activity of this type is our pre- 
ferred way of explaining the spatial distribution 
of materials in the flank deposits of Alba Patera 
(Model 4; Fig. 6). 

Limits to the grain size distribution 

The distribution of grain sizes expected in a pyro- 
clastic flow deposit is a function of the range of 
sizes which can be transported out of the vent by 
the gas-flow regime, and the range of particle 
sizes leaving the vent is expected to be less on 
Mars than Earth (up to a few tens of centimeters 
compared with sizes up to several meters in the 
equivalent terrestrial deposits; Wilson et al. 1982). 
Such grain sizes are much greater than the domi- 
nant size of 10 urn implied for the Alba Patera de- 
posits by the IRTM thermal data (Fig. 4). Howev- 
er, there is every reason to expect that martian ig- 
nimbrite emplacement will involve the ingestion, 
heating and through-put of air at the front of the 
flow in a manner comparable to that which ac- 
companies terrestrial ignimbrite motion (Sheridan 
1979; Wilson CJN 1980; Wilson and Head 
1981b). The elutriation of small particles from the 
body of the flow that results from interaction 
should lead to the formation of a thin co-ignim- 
brite ash-fall deposit extending over a large frac- 
tion of the main flow deposit and the surrounding 
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topography downwind of the vent (Sparks and 
Walker 1977). Recognizing that this physical 
process is poorly understood even for the Earth, 
the velocity range expected for the bulk motions 
of martian ignimbrites may be no more than a fac- 
tor of 2 greater than the terrestrial equivalent 
(Wilson et al. 1982). As a result, atmospheric gas 
ingestion and consequent particle elutriation rates 
will be comparable on Mars, so that the median 
size of particles in martian co-ignimbrite fall de- 
posits should be a few tens of microns, similar to 
the terrestrial value and consistent with the ther- 
mal inertia measurements of Alba Patera. 

The co-ignimbrite interpretation for the mate- 
rials on the flanks of Alba Patera permits us to 
hypothesize on the characteristics of the thermal 
inertia anomaly (Figs. 4 and 5). One might expect 
the fracturing of the volcano flanks to expose 
more competent (bedrock-like) materials at the 
Fossae, causing them to have a higher thermal 
inertia than the surroundings. However, the oppo- 
site situation is the case, and there is little indica- 
tion of enhanced block abundance at the Fossae; 
where the high-resolution IRTM data cross the 
largest (medial) fissures of both Alba and Tanta- 
lus Fossae (Fig. 5), these features do show up as 
"spikes" of higher temperature (equivalent to 
higher thermal inertia and thus larger particle 
sizes). Where the thermal data cross adjacent 
(smaller) fractures, no thermal signature is seen, 
suggesting that here the fine materials are not 
thick enough to be effectively disrupted by the 
smaller faults. Only the largest fractures seem to 
have sufficient vertical offset to expose the un- 
derlying more competent materials. It is impor- 
tant to remember that there is also an eolian over- 
print on the IRTM data for the entire area due to 
the presence of the Tharsis thermal low, but that 
the thermal inertias associated with the Fossae go 
against the trend that would normally be ex- 
pected. 

Topography 

One aspect of the interpretation that long run-out 
pyroclastic flows exist on the flanks of Alba Pa- 
tera is that they will probably significantly affect 
the profile of the volcano compared to other mar- 
tian volcanoes where only effusive activity took 
place. As described earlier, Alba Patera rises to an 
elevation of only 7 km above the mean datum on 
Mars, and there is evidently less than 2-3 km of 
relief (relative to the surrounding plains) across 
the 600-km diameter of the volcano. We have 

identified a similar low aspect to the volcano 
Tyrrhena Patera (Mouginis-Mark and Wilson 
1988), using Earth-based radar topographic pro- 
files collected in 1971 and 1973 (Downs et al. 
1975, 1982). Tyrrhena Patera rises approximately 
750 m above the general level of Northern Hes- 
peria Planum, and the volcano has a basal diam- 
eter of 260 km. It has been postulated that Tyrr- 
hena Patera experienced numerous phreatomag- 
matic eruptions to produce a tuff cone (Greeley 
and Spudis 1981), perhaps similar to the eruptions 
proposed here for Alba Patera. 

Geologic evolution of Alba Patera 

The previous sections describe several features on 
the flanks of Alba Patera that have previously 
gone undocumented (such as pyroclastic deposits) 
or which have previously not been related to the 
regional geology (e.g., the channel networks). In 
this section we attempt to synthesize these and 
other observations to build a model for the vol- 

VOLCANIC EVOLUTION OF ALBA PATERA 
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1) EXPLOSIVE ERUPTIONS EMPLACE 
VOLATILE-RICH ASH LAYER 

2)   SUMMIT LAVA FLOWS EMPLACED 
OVER VOLATILE-LADEN ASH 

3)    MELT WATER RELEASED FROM ASH 
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Fig. 8. Five-stage model for the evolution of Alba Patera. See 
text for details of each stage 
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canic evolution of Alba Patera. Our model for the 
evolution of the volcano, which is summarized in 
Fig. 8, is as follows: 
1) Based on stratigraphic relations for the whole 
volcano, pyroclastic flows appear to be the oldest 
materials still exposed at the surface. Central-vent 
eruptions driven by juvenile volatiles produced 
long run-out pyroclastic flows that extended as 
much as 400 km from the summit calderas (Fig. 
1). During their emplacement, these flows ac- 
quired a surface coating of fines analogous to ter- 
restrial co-ignimbrite fall deposits. No single vent 
can be identified at the summit area as being the 
source for these pyroclastic flows (indeed, such a 
vent would most likely be buried by the subse- 
quent effusive activity). However, a depression 
does exists just to the north of the youngest cal- 
dera (Fig. 9) and this may represent a partially bu- 
ried explosive vent that formed early in the his- 
tory of Alba Patera. Following the emplacement 
of the pyroclastic flows, the deposits on the north- 
ern flanks of the volano became charged with vo- 
latiles,  either  from  the  atmosphere  or  from  a 

ground-water system. Regional influxes of vola- 
tiles have been proposed for Mars based on lati- 
tude and age (Clifford 1986; Fanale et al. 1986) 
and, as has been argued above, it is impossible for 
the volume of melt water required to carve the 
channels to be emplaced as an intimate product 
associated with pyroclastic flow depositon. 

The Viking IRTM data indicate that fine de- 
posits most likely surround the entire summit area 
of Alba Patera at radial distances of 200-400 km, 
so that it is necessary to explain the asymmetry in 
the channel distribution. The most obvious expla- 
nation is that the subsequent charging of the re- 
golith with volatiles was itself an asymmetric 
process which preferentially took place to the 
north of the summit. Both the more northerly lati- 
tude and the lower elevation on the northern 
flanks should favor this general volatile distribu- 
tion (Fanale et al. 1986). Alternatively, it is possi- 
ble that the volatiles were distributed asymmetri- 
cally with respect to the summit as a result of be- 
ing derived from the eruption plume of Alba Pa- 
tera. As with most terrestrial volcanoes, we expect 
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Fig. 9. View of summit area, centered at 40.6°N, 110.1 °W. Note the depression (arrowed) to the north of the main caldera, which 
may have been the vent for the sub-plinian eruptions described here. Also evident at the summit are the numerous wrinkle ridges 
("R") and the "spatter ramparts" ("S") identified by Cattermole (1986), both of which may support the idea that the summit area of 
Alba Patera has experienced late-stage subsidence with associated tectonic deformation. Image width is equivalent to 220 km. Part 
of Viking Orbiter Photomosaics MTM-40107 and -40112. North is to the top of this image 
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Fig. 10. A possible method by which the channel networks can be initiated at tens to hundreds of kilometers from the nearest 
recognizable lava flow. Multiple pyroclastic flows are emplaced upon the shallowly dipping basement rocks by many eruptions at 
the summit. It is presumed that this unconsolidated (non-welded) material is subsequently charged by volatiles, either from the 
atmosphere or the groundwater system associated with the volcano. Following volatile charging, summit activity changes in style 
and produces lava flows that partially bury the pyroclastic materials. A thermal wave passes from the lava to the underlying 
volatile-rich materials, generating melt water and/or steam which finds egress to the surface along the hypothesized bedding 
planes between the pyroclastic flow units 

that Alba Patera released a considerable amount 
of fume into the atmosphere even when major ex- 
plosive activity was not taking place. Due to (un- 
known) regional trends in the hemispheric circu- 
lation of the martian atmosphere, it may have 
been possible for winds to blow consistently to- 
wards the north and east, preferentially allowing 
volcanic volatiles to be deposited in certain areas 
on the flanks of the volcano. In this manner, large 
volumes of volatiles could have become trapped 
in the top few hundred meters of the regolith to 
the north and east of the summit (while the south- 
ern and western flanks remained volatile-poor) 
over a time period that may have been several 
tens of millions of years in duration. A third pos- 
sibility for explaining the asymmetry in flank de- 
posits is that the pyroclastic flows may exhibit an 
azimuthal variation in the degree of welding (c. f. 
Scott and Tanaka 1982). This situation could re- 
sult from topography in the summit area influenc- 
ing the thickness of individual pyroclastic flows. 
2) After the charging of the northern- and eastern- 
flank ash deposits on Alba Patera, the style of ac- 
tivity of the volcano changed to produce lava 
flows. Several very long lava flows were produced 
at this stage, but in general the summit lavas 
flowed only 100-250 km from the caldera and 
failed to cover the pyroclastic deposits completely 
(Fig. 1). This change from an explosive to an effu- 
sive eruptive style may have been associated with 
a depletion of mantle volatiles or a progression 
from silicic to more mafic magma chemistry [the 
latter of which is considered unlikely for Mars; 
Francis and Wood (1982)]. 
3) The lava flows emplaced during stage 2 of the 
evolution of Alba Patera had a significant thermal 
effect on the underlying volatile-charged pyro- 
clastic materials to the north and east of the sum- 
mit, with the result that large volumes of melt wa- 

ter were liberated under artesian conditions from 
the unconsolidated material to produce the chan- 
nel networks. This release of volatiles evidently 
took place over an extensive area, and in fact may 
aid in the interpretation of the stratigraphy of the 
pyroclastic flows. Figure 10 displays a conceptual 
model for the migration paths of the melt water 
within the pyroclastic flows, which in certain in- 
stances may have resulted in the melt water reach- 
ing the surface at radial distances in excess of 100 
km from the point of heating. Thus numerous 
sapping channels were formed within the central 
region of the pyroclastic deposits, even though 
the lava flows may only have extended a much 
shorter distance from the summit. 
4) Recent studies by Pieri et al. (1985) and Catter- 
mole (1987) have shown that high-volume (and 
high volume-rate) eruptions of lava took place on 
the lower flanks of Alba Patera. Superposition re- 
lationships indicate that most, if not all, of this 
activity took place after the channel networks 
were formed, since no lava flow has been found 
that diverts the melt-water channels, while many 
lava flows cross channel networks. To the north 
and west of the summit area there are many 
smaller channel systems that appear to be related 
to the sub-terminal eruptions of lava flows that 
characterized stage 5 (Fig. 11). We interpret these 
smaller channels to be landforms similar to bad- 
lands topography on the Earth. Here we give this 
terrain the name "dissected terrain" (Fig. 1). We 
envision that this dissected terrain comprises iso- 
lated massifs of unconsolidated material that have 
been deeply eroded by fluvial activity. Localized 
melt-water release due to a second, localized, 
heating of the pyroclastic deposits by the sub-ter- 
minal flows appears to be responsible for the for- 
mation of the dissected terrain. 
5) Following the formation of both the digitate 
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Fig. 11. Viking image of dissected 
terrain (arrowed). Note the several 
large lava flows which traverse 
this area, and are hypothesized 

|B     here to be responsible for remo- 
bilizing localized quantities of 
melt water late in the history of 
Alba Patera. Part of Viking Pho- 
tomosaic MTM-45117. Image 
width equivalent to 105 km. 
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channels and the subterminal lava flows, there ap- 
pears to have been another major phase in the 
evolution of Alba Patera. At an unspecified time 
after the cessation of most (all?) of the activity, 
major circumferential graben were formed around 
the volcano as part of the tectonic response to the 
formation of the Tharsis dome to the southwest 
(cf., Phillips and Lambeck, 1980). Graben forma- 
tion clearly modified both the channel networks 
(Fig. 2a) and the sub-terminal lava flows (Fig. 
12). 

Summary and conclusions 

This morphological, thermal and theoretical anal- 
ysis of Alba Patera has identified several key as- 
pects of the volcano that have not been previously 
reported. The main aspects of our analysis can be 
summarized as follows: 

1) Alba Patera is the only martian volcano so far 
recognized to possess both explosively derived 
materials and lava flows on its flanks. Alba Patera 
may be unique on Mars in that it appears to be a 
volcano that is transitional between the older py- 
roclastic-dominated eruptions (e.g., the highland 
paterae) and the more recent effusive central-vent 
eruptions (e.g., the Tharsis Montes). 
2) The morphology of digitate channels on the 
volcano is more consistent with a fluvial origin 
than with a volcanic origin. It is likely that these 
channels have been carved by sapping in rela- 
tively unconsolidated materials by the non-juve- 
nile water. This water may have been preferen- 
tially emplaced on the northern and eastern 
flanks due to wind dispersal of water-rich fumes 
released at the summit. 
3) Theoretical analysis of martian eruption condi- 
tions indicates that pyroclastic flow emplace- 
ments is more likely at Alba Patera than is an ex- 
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Fig. 12. Mosaic view of lava flows cut by graben (located to the southeast of the summit caldera). Part of Viking Photomosaic 
MTM-35102. Image width is equivalent to 112 km, and north is to the top of the image 

tensive air-fall deposit, and that the formation of 
such flow deposits dominated the early eruptive 
history of the volcano. 
4) Thermal inertia measurements from the Viking 
Orbiter IRTM experiment indicate that a particu- 
larly fine particle size is associated with both Alba 
and Tantalus Fossae. This material may be a co- 
ignimbrite deposit associated with the pyroclastic 
flows. 

This analysis has shown Alba Patera to be a 
much more diverse martian volcano than has pre- 
viously been accepted (Carr et al. 1977; Greeley 
and Spudis 1981; Cattermole 1987). Alba Patera 
may be a unique example of a martian volcano 
that preserves the transition from explosive to ef- 
fusive activity. Our studies of the morphology of 
the volcano also lend strong support to the notion 
that pyroclastic flows are indeed found on Mars. 
With respect to the magmatic evolution of Mars, 
we conclude that, at least for this geographic area 
and intermediate period in martian history (Neu- 
kum and Hiller 1981), an evolution from volatile- 
rich to volatile-poor magmas took place. In sup- 
port  of the  conclusion  of Francis  and   Wood 

(1982), that silicic magmas may not be common 
on Mars, we note that the evolution in eruption 
style deduced here need not carry any implica- 
tions for a change in magma chemistry. The evo- 
lution in volatile content at Alba Patera may have 
been directly responsible for many of the unusual 
morphologic features associated with the volcano, 
including its low relief, the digitate channel net- 
works, and the location and orientation of cir- 
cumferential fractures. In a companion paper 
(Wilson and Mouginis-Mark 1987) we calculate 
that the total volume of volatiles that would need 
to be erupted to produce the observed pyroclastic 
flows amounts to about 5% of the mass of the cur- 
rent martian atmosphere. We leave as future exer- 
cises the investigation of mantle and atmospheric 
composition and structure that such a magmatic 
trend implies. 
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