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Abstract. A combination of photogeologic mapping, analysis of Viking Orbiter thermal inertia
data, and numerical modelling of eruption conditions has permitted us to construct a new model
for the evolution of the martian volcano Alba Patera. Numerous digitate channel networks on the
flanks of the volcano are interpreted to be carved
by sapping due to the release of non-juvenile water from unconsolidated flank deposits. Using the
thermal inertia measurements, we estimate the particle size of these deposits to be 3-10 (xm, which,
together with theoretical modelling of the disperison 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 between 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 physical 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 volatile 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, Mouginis-Mark et al. (1982) argued that the volcano Hecates Tholus produced an ash layer from a plinian-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 obvious source vents, are deposits in the Amazonis
quadrangle of Mars, which Scott and Tanaka
(1982) interpret to be ignimbrite due to the differential erosional patterns on a sequence of smooth
or fractured, flat or gently rolling surface materials.
Francis and Wood (1982) reviewed the arguments against large-scale silicic volcanism on
Mars in part to address the likelihood of explosive activity. They suggested that the paterae represent a unique style of volcanism in which the
associated volatiles were derived from mantle
sources, and that the cessation of patera formation 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 dominant on the Tharsis Montes (Carr 1981; Mouginis-Mark 1981), but the paterae are lower-relief
shields which lack the obvious lava flows associated 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; Cattermole 1987). Here we describe the morphological
evidence which we believe can only be explained
by the presence of extensive deposits of explosively generated pyroclastic flows on the flanks of
Alba Patera. We then present thermal inertia
measurements made by the Viking Orbiter Infrared Thermal Mapper (IRTM) to corroborate our
interpretations of these regionally extensive finegrained deposits, and describe our numerical simulations of possible explosive eruptions to constrain the style and magnitude of the activity
which was responsible for these ash deposits. Using these observational and theoretical studies, we
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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 previously enigmatic morphology of the volcano.
Geomorphology of Alba Patera
Our analysis of Alba Patera has identified a new
stratigraphy for the volcano, with several morphologic units that suggest a specific evolutionary
model (which we describe in detail below). Briefly, the physiography of Alba Patera can be seen
(Fig. 1) to comprise a pair of summit calderas surrounded by lava flows that extend to radial distances 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. Geological 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 (stratigraphically lower) unit that has numerous digitate
channels carved into it. We interpret this channelized 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 entire 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 materials at these localities. Surrounding the volcano, at
radial distances of 275-450 km from the summit,
is an extensive series of graben. There now follows 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 summit and flanks. Numerous lava flows were revealed, many exceeding 100 km in length and appearing to have associated lava tubes or channels.
These observations support the early interpretation that the activity of Alba Patera was similar to
hawaiian volcanism, despite the fact that the volcano lacked the relief of the other Tharsis volcanoes. 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 below, we have remapped the distribution of summit 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 origin. Summit activity appears to have produced a
sequence of lava flows that are emplaced upon an
earlier, channelized material (Pieri et al. 1985),
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while the lava flows that were described by Cattermole (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 located 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) originally 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, steepwalled, and box-headed. Particularly to the northeast 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 surface texture and morphology which would normally 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 morphology typical of water sapping channels (Laity and
Malin 1985).
Similar channels have previously been described 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 interpretation has important implications for the
analysis of the entire eruptive history of the volcano since, as we discuss in more detail below, it
is likely that this easily eroded material comprises
pyroclastic deposits emplaced by explosive volcanic 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°.
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If these materials are indeed pyroclastic deposits, 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 channels 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 volume (Komar 1980), they were able to derive estimates for the minimum total volume of melt water
released. In the case of Alba Patera, high-resolution images (frames 445B07-445B20; cf. Fig. 3)
enable the width of each channel to be estimated.
These images have a spatial resolution of 9.411.0 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 minimum 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 (considered 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 estimate 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 remove the inferred sediment volumes can be further exploited to calculate the necessary thick-
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Table 1. Water discharge volumes per unit surface area for different angles of repose of channel walls
Angle of
repose
(degrees)

Channel
crosssectional
area (m2)

Volume
sediment
(mVm2)

Implied
volume
water"
(mVm2)

10
20
30

13 000
28000
44000

2.8
5.8
9.2

4.2
8.7
14.0

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

nesses of the volatile layer that would have to reside within the ash layers on Alba Patera for various pore volume concentrations of volatiles. Table 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 volatile layer are theoretically plausible [the maximum depth at 1% by volume of water for 30°
slopes is only —1.4 km; i.e., less than the estimated 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 considering 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 thickness of the ash deposit. If the estimate of sediment 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 contents
Water
content
(vol%)

Implied depth of ash layer
10° Repose

20° Repose

30° Repose

1
5
10
15
20

420
84
42
28
21

870
170
87
58
43

1400
280
140
92
69

m
m
m
m
m

m
m
m
m
m

m
m
m
m
m
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calculations would predict (for a 30° angle of repose 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 160m-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 enlarged by the wind after their formation. We favor
the explanation that the volatiles entered the deposits after their emplacement, because no morphologic evidence of wind action (e.g., dune
fields trapped in depressions, or yardangs) can be
found in the either the high- or medium-resolution Viking Orbiter images. In addition, an asymmetric 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 predicted that the higher latitudes on Mars will become 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 excess 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 evolution of Alba Patera is that the channel networks
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are sapping channels carved in materials that are
less well consolidated than the surrounding lava
flows. Corroborating evidence to support the interpretation 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 Kieffer 1981). Temperature residuals, equal to observed 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 indications that a volcanic component may contribute
to the low thermal inertia of this area, and that the
surface materials are unusually friable in comparison to other martian volcanoes. Alba Patera is on
the northeast limb of the Tharsis thermal low
(Palluconi and Kieffer 1981); however, it is evident from Fig. 4 that this regional trend is subsidiary 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 values (-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 enhancements 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 addressed by Jakosky (1986). For particles which are
smaller than 50 u.m, thermal conductivity appears
to be linear with particle size. Thus, since the lowest 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 variation 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 central portion. The fact that the lowest thermal iner-
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50° N

30° N
95° W
Fig. 4. a Medium-resolution thermal measurements in the vicinity of Alba Patera, derived from the Viking Orbiter IRTM
experiment. Thick contour lines correspond to nighttime temperature residuals, the difference between the measured 20-u.m
brightness temperature and the Viking thermal model temperature (Zimbelman and Kjeffer 1979). The shaded area corresponds to the lowest temperature residuals, equivalent to the
lowest thermal inertias. The lowest thermal inertias are associated with the highly fractured terrain of Alba Fossae (southwest 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 superposed 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 temperature 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 (Palluconi 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 emplaced by pyroclastic flows from the summit area,
then the parabolic shape of the temperature meas-

urements could be explained by burial of the pyroclastic materials close to the summit by the
younger lava flows, and by a radial decrease in
the thickness of the pyroclastic deposits now exposed in the graben walls with increasing distance
from the vent.
A possible alternative explanation for the observed 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 longitude across Alba Patera at approximately 39°N. Alba Fossae
(113°-117°W) has the lowest temperatures, indicating the lowest thermal inertias (and, hence, smallest surface particles).
The two localized temperature increases near 115°W correspond 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 temperature change is inconsistent with an elevation-induced effect,
but it may indicate a decreasing areal abundance of very-finegrained (possibly pyroclastic) materials away from Alba Fossae. See Fig. 4 for location.

for the entire region, then the temperature decrease toward Alba Fossae could be explained by
a 4-km increase in elevation going from the western 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 caldera. Also, lava flow directions indicate that significant 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 thermal 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
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volcanic activity. However, the only type of eruption that is capable of producing pyroclastic deposits extending for more than a few tens of kilometers 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 magmas 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 terrestrial 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 widespread, fine-grained deposits on Mars provided
that their eruption clouds can remain stable in the
atmosphere. The question of the stability of plinian eruption clouds on Mars under the present atmospheric 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 molecular weight volatile in proportion to the square
root of the molecular weight ratio — e.g., the factor is about 0.64 if C02 were the dominant volatile instead of H20 (Wilson et al. 1982). Assuming
that the atmospheric conditions during the Alba
Patera eruptions were comparable to those observed 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 limiting 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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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 systematically higher eruption rates on Mars than on Earth
(Wilson and Head 1988), thus encouraging pyroclastic 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 pyroclastic materials are summarized in Fig. 6.
We have used the basic eruption cloud model
of Wilson and Walker (1987) to simulate the dispersal 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 bubble 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

Fig. 6. Four alternative models for ash emplacement on the flanks of Alba Patera: (I) Largescale central-vent plinian eruptions produce symmetric 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 order to deposit ash over the entire volcano. (3)
Smaller plinian eruptions occur from circumferential fissures, with little or no explosive summit
activity. (4) The preferred model. Sub-plinian activity at the summit generates numerous pyroclastic flows which have run-out distances of
more than 400 km. As with scenario 2, successive
pyroclastic flows would have to travel in different directions away from the vent in order to
uniformly build the flanks of Alba Patera

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 upper-level winds [values are very likely to lie within
a factor of 2 of this speed: Settle (1979)] to compute 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 hummocky topography that does not mimic the expected 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 recognized at distances of approximately 550 km (Viking 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 explosive activity to deposits produced by lateral
eruptions of lava flows from Alba Patera. At distances greater than about 600 km west of the summit there is much flatter topography and numerous lava flow fronts can be seen (e.g., Viking Orbiter frames 853A07/08). It may also be significant that at approximately the same radial distance 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 southwest of the summit.
A further observational constraint on the radial extent of the Alba Patera pyroclastic materials 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 depositional environment occurs. This may be a consequence 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 appear to decrease (the walls of the channels fail to
cast shadows at an 82° solar incidence angle; Viking Orbiter frame 7B25) and the distributaries become 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 channels have been carved is approximately 200400 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 falling at radial distances between 200 and 400 km is
essentially independent of magma volatile content
and species (since these factors only affect conditions in the lowest parts of the cloud) and depends only on the eruption cloud height, which is
a measure of the erupted mass flux: Fig. 7 illustrates the relationship. The thermal inertia measurements quoted above imply that the flank deposits 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 ~ 1540 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 approximately 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 distance of 200 km from the vent (curve A) and the smallest particles 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 deposits, which occur in all azimuthal directions from
the summit calderas, would have to be the accumulated 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 negligible 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 emplacement 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 member.
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 150200 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 Patera 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 runout pyroclastic flows produced by eruption conditions which did not lead to stable convecting plinian 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 deposits: 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 expansion in an erupting gas-pyroclast mixture is
systematically greater on Mars, leading to eruption 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
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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 pyroclastic flow, especially its interaction with the atmosphere, 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 volatile content, will exert an important influence on
the ultimate travel distance of a flow. We conclude that a travel distance of 400 km from a summit vent is not implausible for a martian ignimbrite given that run-out distances up to at least
150 km have occurred for terrestrial flows (Fisher
and Schmincke 1984). By analogy with the terrestrial 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 topography and forms a deposit, at least in its proximal area, in all azimuthal directions from the
summit. Eruptive activity of this type is our preferred 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 pyroclastic 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 dominant size of 10 urn implied for the Alba Patera deposits by the IRTM thermal data (Fig. 4). However, there is every reason to expect that martian ignimbrite emplacement will involve the ingestion,
heating and through-put of air at the front of the
flow in a manner comparable to that which accompanies 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-ignimbrite ash-fall deposit extending over a large fraction 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 factor 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 deposits should be a few tens of microns, similar to
the terrestrial value and consistent with the thermal inertia measurements of Alba Patera.
The co-ignimbrite interpretation for the materials 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 opposite situation is the case, and there is little indication of enhanced block abundance at the Fossae;
where the high-resolution IRTM data cross the
largest (medial) fissures of both Alba and Tantalus 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 underlying more competent materials. It is important to remember that there is also an eolian overprint 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 expected.

identified a similar low aspect to the volcano
Tyrrhena Patera (Mouginis-Mark and Wilson
1988), using Earth-based radar topographic profiles collected in 1971 and 1973 (Downs et al.
1975, 1982). Tyrrhena Patera rises approximately
750 m above the general level of Northern Hesperia Planum, and the volcano has a basal diameter of 260 km. It has been postulated that Tyrrhena Patera experienced numerous phreatomagmatic 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

S§5^,

1) EXPLOSIVE ERUPTIONS EMPLACE
VOLATILE-RICH ASH LAYER

2)

3)

SUMMIT LAVA FLOWS EMPLACED
OVER VOLATILE-LADEN ASH

MELT WATER RELEASED FROM ASH
CARVES DENDRITIC CHANNELS

Topography
One aspect of the interpretation that long run-out
pyroclastic flows exist on the flanks of Alba Patera is that they will probably significantly affect
the profile of the volcano compared to other martian 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

LATE ERUPT1VES PRODUCE LONG LAVA
FLOWS ON FLANKS. MELT WATER RELEASED

-r
5)

FAULTING AND SUMMIT
COLLAPSE ENDS ACTIVITY

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 acquired a surface coating of fines analogous to terrestrial 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 subsequent effusive activity). However, a depression
does exists just to the north of the youngest caldera (Fig. 9) and this may represent a partially buried explosive vent that formed early in the history of Alba Patera. Following the emplacement
of the pyroclastic flows, the deposits on the northern flanks of the volano became charged with volatiles, either from the atmosphere or from a

ground-water system. Regional influxes of volatiles have been proposed for Mars based on latitude 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 deposits 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 explanation is that the subsequent charging of the regolith with volatiles was itself an asymmetric
process which preferentially took place to the
north of the summit. Both the more northerly latitude and the lower elevation on the northern
flanks should favor this general volatile distribution (Fanale et al. 1986). Alternatively, it is possible that the volatiles were distributed asymmetrically with respect to the summit as a result of being derived from the eruption plume of Alba Patera. 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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TO SUMMIT
RELEASE OF
MELT WATER

THERMAL ^
WAVE

BASEMENT ROCKS

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 explosive activity was not taking place. Due to (unknown) regional trends in the hemispheric circulation of the martian atmosphere, it may have
been possible for winds to blow consistently towards 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 southern and western flanks remained volatile-poor)
over a time period that may have been several
tens of millions of years in duration. A third possibility for explaining the asymmetry in flank deposits is that the pyroclastic flows may exhibit an
azimuthal variation in the degree of welding (c. f.
Scott and Tanaka 1982). This situation could result from topography in the summit area influencing the thickness of individual pyroclastic flows.
2) After the charging of the northern- and easternflank ash deposits on Alba Patera, the style of activity 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 effusive 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 pyroclastic materials to the north and east of the summit, with the result that large volumes of melt wa-

ter were liberated under artesian conditions from
the unconsolidated material to produce the channel 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 instances may have resulted in the melt water reaching 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 Cattermole (1987) have shown that high-volume (and
high volume-rate) eruptions of lava took place on
the lower flanks of Alba Patera. Superposition relationships 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 badlands topography on the Earth. Here we give this
terrain the name "dissected terrain" (Fig. 1). We
envision that this dissected terrain comprises isolated 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-terminal flows appears to be responsible for the formation of the dissected terrain.
5) Following the formation of both the digitate
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channels and the subterminal lava flows, there appears 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 formation clearly modified both the channel networks
(Fig. 2a) and the sub-terminal lava flows (Fig.
12).
Summary and conclusions
This morphological, thermal and theoretical analysis of Alba Patera has identified several key aspects of the volcano that have not been previously
reported. The main aspects of our analysis can be
summarized as follows:
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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
here to be responsible for remobilizing localized quantities of
melt water late in the history of
Alba Patera. Part of Viking Photomosaic MTM-45117. Image
width equivalent to 105 km.
North is to the top of this image

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 pyroclastic-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 relatively unconsolidated materials by the non-juvenile water. This water may have been preferentially 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 conditions indicates that pyroclastic flow emplacements 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 particularly fine particle size is associated with both Alba
and Tantalus Fossae. This material may be a coignimbrite deposit associated with the pyroclastic
flows.
This analysis has shown Alba Patera to be a
much more diverse martian volcano than has previously 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 effusive 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 (Neukum and Hiller 1981), an evolution from volatilerich to volatile-poor magmas took place. In support 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 implications for a change in magma chemistry. The evolution 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 networks, and the location and orientation of circumferential 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 current martian atmosphere. We leave as future exercises the investigation of mantle and atmospheric
composition and structure that such a magmatic
trend implies.
Acknowledgements. PJM-M and LW were supported under
NASA Grants NAGW-437 and NAGW-1084 from the Planetary Geology Program. JRZ was supported as a Staff Scientist
at the Lunar and Planetary Institute, which is operated by the
Universities Space Research Association under Contract No.
NASW-4066 with the National Aeronautics and Space Admin-

378
istration. Aaron Zent and Susan Postawko provided useful
comments on an earlier version of this manuscript, and helpful
reviews were given by Steve Baloga, Ken Tanaka and an anonymous reviewer. This is Hawaii Institute of Geophysics Contribution # 1939, and LPI Contribution Number 661.

References
Brackenridge OR, Newson HE, Baker VR (1985) Ancient hot
springs on Mars: Origins and paleoenvironmental significance of small martian valleys. Geology 13:859-862
Carr MH (1981) The Surface of Mars. Yale University Press,
London New Haven, 232 pp
Carr MH, Clow GD (1981) Martian channels and valleys:
Their characteristics, distribution, and age. Icarus 48:91117
Carr MH, Greeley R, Balsius KR, Guest JE, Murray JB (1977)
Some martian volcanic features as viewed from the Viking
Orbiter. J Geophys Res 82:3985-4015
Carr MH, Wu SSC, Jordan R, Schafer FJ (1987) Volumes of
channels, canyons and chaos in the circum-Chryse region
of Mars (abstract). Lunar Planet Sci 18:155-156
Cattermole P (1986) Linear volcanic features at Alba Patera,
Mars — Probable spatter ridges. Proc 17th Lunar Planet
Sci Conf Pt 1, J Geophys Res 91 :E159-165
Cattermole P (1987) Sequence, Theological properties, and effusion rates of volcanic flows at Alba Patera, Mars. Proc
17th Lunar Planet Sci Conf Pt 2, J Geophys Res 92:E553E560
Clifford S (1986) Mars: Crustal pore volume, cryospheric
depth, and global occurrence of groundwater (abstract).
Symposium on Mars: Evolution of its climate and atmosphere. Lunar Planet Inst Contrib 599:18-20
Down GS, Mouginis-Mark PJ, Zisk SH, Thompson TW (1982)
New radar-derived topography for the northern hemisphere of Mars. J Geophys Res 87:9747-9754
Downs GS, Reichley PE, Green RR (1975) Radar measurements of martian topography and surface properties: The
1971 and 1973 oppositions. Icarus 26:273-312
Fanale FP, Salvail JR, Zent AP, Postawko SE (1986) Global
distribution and migration of subsurface ice on Mars. Icarus 67:1-18
Fisher RV, Schmincke H-U (1984) Proclastic Rocks. Springer
Berlin New York Heidelberg Toyko 472 pp
Francis P, Wood CA (1982) Absence of silicic volcanism on
Mars: Implications for crustal composition and volatile
abundance. J Geophys Res 87:9881-9889
Greeley R (1974) Geologic Guide to the Islands of Hawaii, A
Field Guide for Comparative Planetary Geology. NASA
CR-152416, 257 pp
Greeley R (1987) Release of juvenile water on Mars: Estimated amounts and timing associated with volcanism.
Science 236:1653-1654
Greeley R, Spudis PD (1981) Volcanism on Mars. Revs. Geophys Space Phys 19:13-41
Gulick VC, Baker VR (1987) Origin and evolution of valleys
on martian volcanoes: The hawaiian analog (abstract). Lunar Planet Sci 18:376-377
Hodges CA, Moore HJ (1979) the subglacial birth of Olympus
Mons and its aureoles. J Geophys Res 84:8061-8074
Jakosky BM (1986) On the thermal properties of martian fines.
Icarus 66:117-124
Kieffer HH, Martin TZ, Peterfreund AR, Jakosky BM, Miner
ED, Palluconi FD (1977) Thermal and albedo mapping of

Mouginis-Mark et al.: Polygenic eruptions on AJba Patera, Mars
Mars during the Viking Primary Mission. J Geophys Res
82:4249-4291
Komar PD (1980) Modes of sediment transport in channelized
water flows with ramifications to the erosion of the martian outflow channels. Icarus 42:317-329
Laity JE, Malin MC (1985) Sapping processes and the devleopment of theater-headed valley networks on the Colorado Plateau. Geol Soc Amer Bull 96:203-217
Malin MC (1977) Comparison of volcanic features of Elysium
(Mars) and Tibesti (Earth). Geol Soc Amer Bull 88:908919
Milton D (1975) Water and processes of degradation in the
martian landscape. J Geophys Res 78:4037-4047
Mouginis-Mark PJ (1981) Late-stage summit activity of martian shield volcanoes. Proc. Lunar Planet Sci Conf
128:1431-1447
Mouginis-Mark PJ, Wilson L (1988) A model for volcano evolution on Mars. Submitted to Earth, Moon and Planets
Mouginis-Mark PJ, Wilson L, Head JW (1982) Explosive volcanism on Hecates Tholus, Mars: Investigation of eruption
conditions. J Geophys Res 87:9890-9904
Neukum G, Hiller K (1981) Martian ages. J Geophys Res
86:3097-3121
Palluconi FD, Kieffer HH (1981) Thermal inertia mapping of
Mars from 60°S to 60°N. Icarus 45:415-426
Phillips RJ, Lambeck K (1980) Gravity fields of the terrestrial
planets: Long-wavelength anomalies and tectonics. Rev
Geophys Space Phys 18:27-76
Fieri D (1976) Distribution of small channels on the martian
surface. Icarus 27:25-50
Pieri 0, Schneeberger D, Baloga S, Saunders RS (1985) Dimensions of lava flows at Alba Patera, Mars. Rpts Plan
Geol Prog 1985, NASA TM-88383:318-320
Pike RJ (1978) Volcanoes on the inner planets: Some preliminary comparisons of gross topography. Proc Lunar Planet
Sci Conf 9th, pp 3239-3273
Reimers CE, Komar PD (1979) Evidence for explosive volcanic density currents on certain martian volcanoes. Icarus
39:88-110
Schaber GG (1980) Radar, visual and thermal characteristics
of Mars: Rough planar surfaces. Icarus 42:159-184
Scott DH, Tanaka KL (1980) Mars Tharsis region: Volcanictectonic events in the stratigraphic record. Proc Lunar Planet Sci Conf 11th, pp 2403-2421
Scott DH, Tanaka KL(1982) Ignimbrites of Amazonis Planitia
region of Mars. J Geophys Res 87:1179-1190
Settle M (1979) Formation and deposition of volcanic sulfate
aerosols on Mars. J Geophys Res 84:8343-8354
Self A, Kirk DB (1977) Structure of the atmosphere of Mars in
summer at mid-latitude. J Geophys Res 82:4364-4378
Sheridan MF (1979) Emplacement of pyroclastic flows: A review. Geol Soc Amer Sp Paper 180:125-136
Sparks RSJ (1978) The dynamics of bubble formation and
growth in magmas: A review and analysis. J Volcanol Geotherm Res 3:1-37
Sparks RSJ, Walker GPL (1977) The significance of vitric-enriched air-fall ashes associated with crystal-enriched ignimbrites. J Volcanol Geotherm Res 2:239-341
Sparks RSJ, Wilson L, Hulme G (1978) Theoretical modeling
of the generation, movement and emplacement of pyroclastic flows by column collapse. J Geophys Res 83:17271739
Theilig E, Greeley R (1986) Lava flows on Mars: Analysts of
small surface features and comparisons with terrestrial
analogs. Proc 17th Lunar Planet Sci Conf, Pt 1, J Geophys
Res 91:E193-E206
Thomas P, Veverka J (1979) Seasonal and secular variation of

Mouginis-Mark et al.: Polygenic eruptions on Alba Patera, Mars
wind streaks on Mars: An analysis of Mariner 9 and Viking
data. J Geophys Res 84:8131-8146
Webster PJ (1977) The low latitude circulation of Mars. Icarus
30:626-649
West M (1974) Martian volcanism: Additional observations
and evidence for pyroclastic activity. Icarus 21:1-11
Wilson CJN (1980) The role of fluidization in the emplacement of pyroclastic flows: An experimental approach. J
Volcanol Geotherm Res 8:231-249
Wilson CJN, Walker GPL (1982) Ignimbrite depositonal fades:
the anatomy of a pyroclastic flow. J Geol Soc Lond
139:518-592
Wilson L (1972) Explosive volcanic eruptions — II. The atmospheric trajectories of pyroclasts. J Roy Astron Soc
30:381-390
Wilson L (1980) Relationships between pressure, volatile content and ejecta velocity in three types of volcanic explosion. J Volcanol Geotherm Res 8:297-313
Wilson L, Head JW (1981a) Ascent and eruption of basaltic
magma on the Earth and Moon. J Geophys Res 86:29713001
Wilson L, Head JW (1981b) Morphology and rheology of pyroclastic flows and their deposits, and guidelines for future
observations. In: Lipman PW, Mullineaux DR (eds) The
1980 eruptions of Mt St Helens, Washington, US Geol Survey Prof Paper 1250, pp 513-524
Wilson L, Head JW(1983) A comparison of volcanic eruption
processes on Earth, Moon, Mars, Io and Venus. Nature
302:663-669

379
Wilson L, Head JW (1988) The influence of gravity on planetary volcanic eruption rates (abstract). Lunar Plan Sci XIX,
pp 1283-1284
Wilson L, Mouginis-Mark PJ (1986) Near-vent pressure in planetary volcanic eruptions (Abstract). Rpts Plan Geol Geophys Prog 1985, NASA TM-88383, pp 328-330
Wilson L, Mouginis-Mark PJ (1987) Volcanic input to the atmosphere from Alba Patera on Mars. Nature 330:354357
Wilson L, Head JW, Mouginis-Mark PJ (1982) Theoretical
analysis of martian volcanic eruption mechanisms. Proc
Workshop "The Planet Mars", ESA SP-185:107-113
Wilson L, Walker GPL (1987) Explosive volcanic eruptions —
VI Ejecta dispersal in plinian eruptions: The control of
eruption conditions and atmospheric properties. Geophys
JR Astron Soc 89:657-679
Wu SSC, Jordan R, Schafer FJ (1986) Mars global topographic
map: 1:15000 scale. Rep Plan Geol Geophys Prog 1985,
NASA TM-88383, pp 614-617
Zimbelman JR, Kieffer HH (1979) Thermal mapping of the
northern equatorial and temperate latitudes of Mars. J
Geophys Res 84:8239-8251

Received June 20, 1987/Accepted March 9, 1988

