JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 100, NO. E12, PAGES 26,327-26,338, DECEMBER 25, 1995

Explosive volcanism on Venus: Transient volcanic explosions
as a mechanism for localized pyroclast dispersal
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Abstract. It is proposed that transient volcanic explosions of the vulcanian type may provide a
mechanism for the generation and dispersal of pyroclastic material on Venus. The influence of the
Venusian high atmospheric pressure environment implies that continuous discharge plinian erup-
tive activity is relatively uncommon: the tendency for suppression of exsolution and expansion of
magmatic gases favors effusive eruptions. However, it may be possible for explosive activity to
occur, in a fashion analogous to vulcanian eruptions on Earth, as a result of the accumulation of
hot, pressurized gas under a coherent rock "lid". The explosion may be initiated by the failure of
this retaining caprock, causing the catastrophic release of the high-pressure gas, which expands
out of the vent driving the fragmented caprock material ahead of it and displacing the surrounding
atmosphere. On Earth the driving gas may originate either from vaporization of groundwater or
from degassing of a stalled magma body in the near-surface crust, whereas on Venus, where the
presence of crustal stores of volatile compounds is uncertain, the latter option only is favored:
prolonged degassing may lead to an accumulation of gas sufficient to initiate an explosion. This
paper presents the results of a numerical model describing the explosion process under boundary
conditions representing the Venusian physical environment. This involves treatments of the accel-
eration of the driving gas, caprock and displaced atmospheric gas out of the vent and the subse-
quent motions and aerodynamic interactions between the atmosphere and the ejected blocks of
fragmented caprock. In this way, predictions of the eruption velocities and of the resulting distri-
bution of (large) solid ejecta can be obtained for likely conditions on Venus. Deposits of large
blocky debris are predicted to range up to a maximum distance of the order of 1 km from the vent
on Venus, compared with distances of several kilometers commonly attained by ejecta from tran-

sient explosions on Earth. More typical blocky deposits may extend for only a few hundred
meters, which implies that they would not be detected in the Magellan radar data. However, the
possible presence of associated pyroclastic flow and fine-grained ashfall deposits may constitute
aids to the identification of sites of vulcanian eruptions on Venus.

1. Introduction

The very high atmospheric pressure on Venus (ranging from
~10 MPa to ~5 MPa over the ~10 km range of planetary eleva-
tion) will tend to suppress, or at least reduce, the exsolution and
expansion of volatiles contained in ascending magmas [Wood,
1979; Wilson and Head, 1983; Head and Wilson, 1986].
Uncommonly high (by terrestrial standards) total magmatic
volatile contents are required for subsurface magma fragmenta-
tion (and hence the initiation of explosive activity in which a
steady discharge of gas and pyroclasts takes place) to occur at all
[Garvin et al., 1982; Head and Wilson, 1986]. 1t is by no means
clear that these volatile contents are achievable in magmas on
Venus. Furthermore, exsolved volatile contents in excess of
several weight percent, together with favorable combinations of
high vent altitude and eruption temperature, are necessary for
eruptions feeding high, convecting eruption clouds to be
maintained. Otherwise the collapse of the eruption column and
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the formation of pyroclastic flows is more likely [Sugita and
Matsui, 1993; Thorhill, 1993]. It may be expected therefore that
steady explosive (plinian or Hawaiian) activity on Venus is
relatively uncommon, with effusive activity dominating. Indeed,
analyses of the huge amount of high-resolution radar data
returned by the Magellan mission to Venus have demonstrated
the widespread occurrence of vast volcanic plains and immense
lava flows [e.g., Head et al., 1991], with relatively few
indications of pyroclastic activity [Head et al., 1991; Guest et al.,
1992; Ivanov, 1992; Moore et al., 1992; Wenrich and Greeley,
1992]. Nevertheless, intermittent, transient explosive eruptions
are possible at quite modest magmatic volatile contents on Venus
if gas concentration occurs in a slowly ascending or stationary
intruded magma. The result may be Strombolian activity in low-
viscosity, mafic magmas [Garvin et al., 1982] or vulcanian
activity in more viscous melts [Fagents, 1994].

Fagents and Wilson [1993] developed a model for transient
vulcanian explosive eruptions on Earth based on the scenario in
which magma intrudes close to the surface of the planet but fails
to erupt (most likely because the rise rate is sufficiently slow that
excessive cooling intervenes). Exsolving volatiles may accumu-
late at the top of such a magma column, possibly as a foam but
later, if the foam collapses [Jaupart and Vergniolle, 1989], as a
gas pocket. This magmatic gas may effectively be trapped
beneath a rigid "lid" if the pathway to the surface is sealed
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(possibly by magma invading any near-surface fractures).
Alternatively, if potentially volatile compounds exist within the
country rocks, these may be evaporated and trapped as high-
pressure gases if their path is not connected efficiently to the
surface. The failure of part of the lid overlying an accumulation
of high-pressure gases leads to the expansion of locally released
gases and the acceleration of the overlying rocks. Furthermore,
local decompression leads to the propagation of an expansion
wave into the surroundings, and this can trigger failure of more of
the lid, leading quickly to the catastrophic disruption of all of the
pressurized region in a vulcanian style explosion [Wilson, 1980].
The Fagents and Wilson [1993] model incorporates a detailed
treatment of the mutual aerodynamic interactions between
volcanic ejecta and the gas flow field around the eruptive site and
thus represents a significant improvement over previous efforts to
model the dispersal of coarse volcanic material. Analyses of a
number of terrestrial eruptions have shown that, by comparing
computed travel distances of large clasts ejected in such
explosions with their observed positions in the field, it is possible
to constrain the ranges of initial conditions that would explain the
observed dispersal of ejecta [Fagents and Wilson, 1993, Fagents,
1994]. Geologically plausible values of these parameters (excess
gas pressure, gas mass fraction, and source region radius) are
obtained. Having tested this model with terrestrial case studies, it
now seems appropriate, in view of the questions raised by
Magellan about Venus still being volcanically active, to employ
the model to predict the extents of eruptive deposits from
transient volcanic explosions on Venus, given plausible
preeruption conditions.

A number of candidate sites for explosive volcanism have
been identified on Venus [e.g., Head et al., 1991, 1992; Ivanov,
1992; Moore et al., 1992; Wenrich and Greeley, 1992; Campbell,
1994; Campbell and Rogers, 1994], with evidence for quite local-
ized activity in some locations [e.g., Bulmer, 1994]. The nature
and modes of formation of these deposits are poorly understood.
The study presented in this paper represents an investigation into
how the products of one well-known style of explosive eruption
would be manifested in the Venusian environment. Initially, we
review the reasons for anticipating that vulcanian-type explosive
eruptions are possible on Venus and give details of how the theo-
retical model of Fagents and Wilson [1993] can be used to
describe this explosion process under Venusian physical environ-
mental conditions. We then present the predictions that can be
made about the dimensions and grainsize characteristics of the
deposits that might be expected to be produced.

2. Background
Volcanism on Venus

The analysis of Magellan synthetic aperture radar (SAR)
images of Venus has revealed a startling array of volcanic
features, including shield volcanoes and lava flows on many
scales, the morphologies of which are consistent with a basaltic
composition [Head et al., 1991]. Venera Lander geochemical
data also indicate possible tholetitic or alkali basalt surface rock
compositions [Surkov et al., 1984, 1987]. There is some evidence
that more evolved magmas exist on Venus: Venera 8 gamma ray
spectrometer data suggest an intermediate to silicic composition
[Surkov et al., 1976, 1977; Nikolaeva, 1990] at one site.
Furthermore, the morphologies of some steep-sided, flat-topped
"pancake" domes observed in plains areas of Venus are
reminiscent (albeit on a larger scale) of rhyolite-dacite domes on
Earth [Head et al., 1991, 1992; Guest et al., 1992; Pavri et al.,
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1992]. Whether this high-viscosity morphology is indicative of a
more silicic magma, or is simply a cooling-induced feature, or the
effect of a highly inflated bubble-rich magma, remains open to
debate [McKenzie et al., 1992; Pavri et al., 1992; Sakimoto and
Zuber, 1993].

Consideration of volatile solubilities with respect to the high
atmospheric pressure on Venus causes doubts as to whether
steady explosive activity can occur at all. For typical magmatic
volatile contents, the high pressure will act to inhibit or at least
reduce the exsolution and expansion of magmatic gases [Wood,
1979; Garvin et al., 1982; Wilson and Head, 1983; Head and
Wilson, 1986]. In the shallow lithosphere, lithostatic pressures are
greater than on the Earth as a result of the high atmospheric sur-
face pressure. As a result, the pressures at which magma frag-
mentation takes place (when the magmatic gas bubble volume
fraction exceeds some critical value of ~0.75 [Sparks, 1978]) are
always reached at shallower depths on Venus [Garvin et al.,
1982; Head and Wilson, 1986] and much larger volatile contents
are required if magma fragmentation is to take place at all. Table
1 gives the minimum total H,O and CO, contents required for
disruption of a basaltic magma at various vent altitudes. For
rhyolitic magmas, Head and Wilson [1986] show that exsolved
volatile contents of several weight percent are needed for plinian
eruption columns to form. Clearly, the minimum volatile contents
required for the disruption of Venusian magmas (i.e., to produce
continuous explosive eruptions) lie above or at the upper end of
the range of typical magmatic volatile contents of terrestrial
magmas [Basaltic Volcanism Study Project, 1981].

Even if a magma on Venus contains sufficient volatiles for the
gas to be released by fragmentation, the high external pressure
will also reduce the amount of gas expansion. This reduces the
energy available to drive the eruption, which is a function of the
ratio of the initial (preexpansion) and final (atmospheric) gas
pressures, relative to that on Earth. The velocity reached by the
erupting fluid on reaching the surface will therefore be rather
modest compared with terrestrial conditions. Thornhill [1993]
shows that steady explosive plinian activity, forming a high con-
vecting eruption cloud, can only be sustained for unlikely combi-
nations of high volatile contents, high vent altitudes and high
eruption temperatures; fountain-fed pyroclastic flows are more
likely to occur in an explosive scenario. It seems likely that
steady explosive ashfall activity, while not necessarily absent
(tentative identification has been made of plinian ashfall deposits
in Bell Regio [Barsukov et al., 1986; Campbell and Rogers,
1994] and Guinevere Planitia [Head et al., 1991]), is rare on
Venus.

However, transient activity may be rather more common.
Garvin et al. [1982] argued that Strombolian activity is possible
in low-viscosity Venusian basalts if they ascend through the crust
sufficiently slowly. The low rise speed allows time for bubble
growth by gas diffusion; then, as the buoyancy-driven upward
acceleration of bubbles becomes more important, there are an

Table 1. Minimum Volatile Contents in Weight Percent Required
for Magma Fragmentation on Venus

Vent Altitude in km above mpr

Volatile Species 0 5 10
HO 28 2.1 1.5
Co, 5.3 39 2.8
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increasing number of coalescence events and further growth by
decompression. The end result is large, rapidly rising bubbles
representing significant local volatile enrichment, which
ultimately burst through the surface of the melt, disrupting it into
a fine spray of pyroclasts [Blackburn et al., 1976].

In a similar fashion, vulcanian activity can occur on Venus as
a result of gas exsolution and accumulation under a retaining lid
where a magma is rising slowly or has stalled near to the surface.
Given sufficient time for gas to accumulate, even low magmatic
volatile contents (of any species) can produce a significant con-
centration beneath the caprock. Whereas the dense Venusian
atmosphere will rapidly suppress the flight of the relatively finer-
grained Strombolian ejecta, leading to ranges of only a few
meters [Garvin et al., 1982], the larger pieces of fragmented
caprock ejected during vulcanian events, by virtue of their greater
inertia, will be able to attain significantly greater distances.

Transient Vulcanian Explosions

Vulcanian eruptions are defined as discrete, intermittent vol-
canic explosions separated by intervals of minutes to hours or
days [Wilson, 1980] and on Earth are typically associated with
intermediate composition stratovolcanoes. Dense slugs of gas and
solid material are ejected at velocities that may be supersonic
relative to the speed of sound in the surrounding atmosphere (as
evidenced by the observation of shock waves [Steinberg and
Steinberg, 1975; Nairn, 1976; Livshitts and Bolkhovitinov,
1977]), with pyroclastic ejecta usually consisting of 250 wt %
nonjuvenile material. A proportion of the ejected material con-
sists of large lithic and juvenile blocks projected on near-ballistic
paths. Finer material is entrained into a convecting eruption
cloud, which typically reaches heights on Earth of <5 to 20 km
[Cas and Wright, 1988] in single isolated events. On Earth,
small-volume pyroclastic flows are commonly, but not
necessarily, associated with vulcanian eruptions, as a result of
rapid fall back of ejecta onto the summit area of the volcano.
However, the observed run-out distances and inferred flow
velocities are relatively small, which is consistent with both the
limited volumes of material emitted and the low degree of
fluidization occurring as a result of the high proportion of
nonjuvenile (and hence cooler) rock.

The earliest work on modeling terrestrial vulcanian eruptions
used the so-called modified Bernoulli equation (MBE)
[Matuzawa, 1933] or the gun-barrel equation (GBE) [Minakami,
1950; Decker and Hadikusumo, 1961] to give a relationship
between the velocity with which clasts were expelled from an
explosion site and the pressure in the trapped gas responsible for
the explosion. No very accurate estimates of eruption velocity
have been obtained from direct observations of vulcanian erup-
tions on Earth. Estimates derived from photographic methods (in
the few cases where images with high enough spatial resolution
have been obtained: Chouet et al. [1974], Nairn and Self [1978],
Steinberg and Babenko [1978], and Ripepe et al. [1993]) suffer
from inadequate framing rates to follow the rapid accelerations
and decelerations at the onset of the explosions. It is thus very
difficult to obtain the peak velocity (after expansion out of the
vent) that is required to be linked with the excess pressure in the
vent. In early studies, initial clast velocities, and hence pressures,
were inferred from the observed ranges of clasts using the classi-
cal ballistic equation which neglects atmospheric drag forces
[Gorshkov, 1959; Decker and Hadikusumo, 1961; Gorshkov and
Bogoyavlenskaya, 1965; Hédervdri, 1968; Steinberg, 1977, Self
et al., 1980]. Attempts at accounting for the atmospheric proper-
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ties saw the introduction of an expression for drag resistance,
which is a function of velocity, atmospheric density, and block
radius. Fudali and Melson [1972] and Steinberg and Steinberg
[1975] used a constant drag coefficient, which is not in general an
adequate assumption: given that the drag coefficient is a function
of the Reynolds number [Hoerner, 1965], the drag force will vary
as gas decompression progresses and therefore as the relative
velocity of the clast with respect to the atmosphere varies. Wilson
[1972] described a computational scheme that allowed the trajec-
tory of a pyroclast launched from a given point with a chosen
velocity vector to be followed by taking detailed account of the
variation of aerodynamic drag forces acting on the clast with
varying Reynolds and Mach numbers. This was subsequently
used to infer the initial velocities of clasts ejected in vulcanian
eruptions by Nairn [1976], Steinberg [1977], Steinberg and
Babenko [1978], and Self et al. [1980].

The pressures obtained from use of the MBE and GBE were
all unexpectedly high (e.g., 360 to 500 MPa for Bezymianny
1955 [Gorshkov, 1959]; 300 to 500 MPa for Bezymianny 1955
and Arenal 1968 [McBirney, 1973]; 490 MPa for Arenal 1968
[Melson and Saenz, 1973]; 200 MPa for Ngauruhoe 1975 [Nairn
and Self, 1978]). The overpressure required for failure to occur in
a rock is no more than twice its tensile strength [e.g., Tait et al.,
1989]. Touloukian et al. [1981] measured tensile strengths of
8.6t1.4 and 13.8+2.1 MPa for pristine samples of basalt and
granite, respectively; values for sedimentary rocks are lower than
those of basalt by a factor of 2 to 3 [Tait et al., 1989]. In volcanic
terrains where fractured, scoriaceous, or rubbly overburden is
present, tensile strengths are likely to be significantly less than
for laboratory specimens. Furthermore, field examination of hot
dacitic lava blocks has indicated that their strengths may be low:
the blocks were easily shattered by blows from a hammer
[Mellors et al., 1988; Sato et al., 1992]. These lower strengths
may be attributed to thermal stresses, trapped residual gas or high
strain due to the presence of a large proportion of crystals within
the viscous melt. It follows that caprock consisting of hot juve-
nile material may be expected to display similar properties of
failure. Thus it may be argued that maximum tensile strengths
may be of order 10 MPa, leading to a maximum possible excess
gas pressure of ~20 MPa; this is at least 1 order of magnitude
smaller than the pressures calculated from the MBE and GBE.

In a reappraisal of the fluid mechanics of volcanic explosive
processes, Wilson [1980] showed that the MBE and GBE are in
fact inappropriate for describing any type of eruption and pro-
posed a treatment which took explicit account of the gas expan-
sion during explosions. This analysis was readily shown to lead
to lower preeruption pressures [Self et al., 1979]. However, an
assumption employed in setting up this model was that clasts
were ejected into an atmosphere at rest. Fagents and Wilson
[1993] pointed out that the initiation of a transient eruption will
cause the atmosphere overlying the vent to be displaced en
masse, such that the initial speed of the displaced atmosphere will
be essentially the same as that of the ejected caprock. As the
caprock ruptures into fragments, individual blocks are launched
into atmosphere moving at approximately the same speed. The
implication is that initial drag forces acting on the clasts are
essentially zero, only becoming significant as the gas velocity
decays, a striking contrast to the earlier work in which the gas-
clast relative velocity (and hence drag force) would have been
assumed to be initially very high. Thus the velocity (and
therefore initial excess pressure) required for a block to reach a
given distance from the vent would have been greatly
overestimated. Fagents and Wilson [1993] showed that, with due
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allowance for this effect, preexplosion gas pressures completely
compatible with rock tensile strengths were predicted for a
number of well-documented eruptions.

Turcotte et al. [1990] employed a treatment of the unsteady
flow of a "pseudogas” through an expansion fan to model vul-
canian eruptions. However, the assumption of a pseudogas (in
this case approximating finely divided magmatic material
thermally and physically coupled with the exsolved juvenile
phase) is inconsistent with scenarios in which a large proportion
of the eruptive products consists of blocky, nonjuvenile material
driven ahead of the expanding gas phase. Field observations of
deposits produced from transient eruptions in which at least some
juvenile gas was involved support the premise that the erupted
material is not a homogeneous mixture of gas and fine
particulates, but rather a highly nonuniform mixture of gas,
juvenile material, and country rock. The model of Turcotte et al.
[1990] may therefore be more applicable to transient eruptions in
which material is much more finely fragmented, for example,
phreatomagmatic events in which a large proportion of the
driving volatile is supplied as external water [Sheridan and
Wohletz, 1981, 1983; Wohletz, 1983; Wohletz and Sheridan,
1983].

There is still considerable uncertainty as to the origins of the
gases involved in most vulcanian explosions on Earth. Fagents
[1994] demonstrated that gas mass fractions required for typical
vulcanian explosions are greater than magmatic volatile contents,
which implies a significant concentration of gas beneath the vent
by some means. The buildup of gas pressure responsible for the
initiation of a transient explosion may be gradual, as in the case
of quiescent degassing of a stationary magma body, or more
sudden, as a result of rapid vaporization of groundwater. Gas may
be contributed from either source. However, involvement of a
large amount of external water ensures greater efficiency of
thermal to mechanical energy transfer and a more thoroughly
fragmented magma, leading to phreatic or phreatomagmatic
eruptions of fine-grained material [Wohletz, 1983], most of which
will be incorporated into a convecting eruption cloud. In the case
of Venus, we do not anticipate the presence of large amounts of
volatiles in the country rocks, and so we infer that the model
described by Fagents and Wilson [1993] will be most appropriate
for the description of vulcanian eruptions.

3. The Explosion Model

It is assumed that pressurized gas (juvenile or meteoric) accu-
mulates beneath a retaining medium, which may consist of a plug
of older lava or volcanic debris (if the eruptive center is already
established) or simply comprise the preexisting ground surface in
the case of a new explosion site (e.g., the initial explosions at
Arenal volcano 1968 [Melson and Saenz, 1973] and the Ukinrek
Maars 1977 [Kienle et al., 1980]). As the pressure rises, the
tensile strength of the caprock may be exceeded, at which point it
fails. The pressurized gas is able to expand out of the vent, push-
ing the caprock ahead of it and displacing the atmosphere around
the explosion site.

Consider a region subtending a solid angle Qat a point (Figure
1a). Gas at excess pressure P, and density p,, occupies the
region out to a distance r,. 'Ighe solid caprock of density p;
occupies the region from r; to r,. After failure of the caprock, the
gas expands adiabatically, pushing ahead of it the caprock and
displacing the surrounding atmospheric gas. The equation of
motion for the caprock plus mass of displaced air is
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Figure 1. (a) Vent region geometry: gas at excess pressure Pg
and density p,, occupies a region of radius r; subtending a solfd
angle Q. Solid caprock of density p, overlies the gas region and
extends to a distance r,. (b) Diagram showing the initial expan-
sion phase of the gas out of the vent to a distance R, and velocity
uq, and the subsequent launch of blocks of fragmented caprock
into the gas flow field. Modified from Fagents and Wilson
[1993].
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where P, and p, are the atmospheric pressure and density, v is the
ratio of the specific heats of the trapped gas, and r,; = r, -7,.
Integration of equation (1) yields the maximum velocity of the
expanding envelope, u,, at which point it is proposed that the
caprock makes the transition to a collection of fragmented blocks,
which are then launched with this velocity into the moving gas
flow field (Figure 1b). The gas velocity, u, decays from its
maximum at distance R, and time f,, such that at any further dis-
tance R and subsequent time ¢, we have the relationship

2
u=uy (%) el". @



FAGENTS AND WILSON: EXPLOSIVE VOLCANISM ON VENUS

This radial variation of u represents the continuity equation for
the displaced atmosphere (treated as incompressible). The time
constant Tis given by

T=1"1y, 3)

where ¢' is the duration of the whole "gas thrust" phase, at the end
of which, if convective motion were not to take over, the gas
would have decelerated to zero velocity (i.e., after the initial
kinetic energy of the gas has been expended). This is found by
continuing the integration of equation (1) until the condition u=0
is reached. The form of 7 represents an improvement over that
given in Fagents and Wilson [1993], in that equation (3) more
satisfactorily accounts for the faster anticipated velocity decay on
Venus relative to the Earth, which would result from the much
lower ratio of vent excess pressure to external atmospheric pres-
sure.

This model allows for lateral expansion of gas above the vent,
which is most likely to occur when there is no vent/cone structure
to channel the material vertically upwards. Previous models only
treated one-dimensional gas expansion, which would lead to the
prediction of a greater velocity for a given pressure because none
of the energy from the expanding gas would be used in accelerat-
ing the erupting material laterally .

The model is implemented in two FORTRAN computer pro-
grams: the first describes the initial gas expansion phase of the
explosion, to find the launch velocity u, launch position R, and
gas velocity decay constant 7 for any chosen combination of
initial gas pressure sz, gas mass fraction n, and gas region radius
r,; the second computes the pyroclast trajectory and landing posi-
tion subject to the atmospheric motion given the parameters u,
Ry, 7, and the clast density and radius.

4. Application of Model to Venus

In order to predict the likely ranges of ejecta in vulcanian
explosions on Venus it is necessary to choose plausible ranges of
values for the parameters controlling the explosion process: the
initial gas pressure P, the gas mass fraction n and the gas region
radius 7;; and also for the properties of the atmosphere through
which the ejected pyroclasts travel. We address these factors in
turn.

Initial Gas Pressure

It seems likely, given that the ranges of compositions of ter-
restrial and Venusian rocks are taken to be broadly similar, that
their tensile strengths will also be similar. It may be argued,
however, that the pervasive fracturing of volcanic terrains
observed on Venus from Magellan images may cause likely
caprock strengths (and hence the corresponding excess pressures
which accumulate in trapped gases) to fall in the lower end of the
range of expected terrestrial values. However, for the sake of
comparison, the entire range of vent pressures expected on the
basis of analyses of terrestrial vulcanian explosions, sz =0.01 to
20 MPa, has been investigated.

Gas Mass Fraction

The high abundance of CO, (and paucity of H,0) in the
present-day Venusian atmosphere suggests that CO, may
currently be the main volatile species in magma source regions.
However, despite the fact that some geochemical models of
Venus call for an extreme H,O-depleted interior [e.g., Goettel et
al., 1981], there appears to be no direct evidence that Venusian
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magmas do not contain at least some H,O [Head and Wilson,
1986]. As an alternative to the driving gases being provided by a
magmatic source, the ascending magma may encounter a volatile
reservoir contained within the lithosphere. Water and carbon
dioxide cannot exist in solid or liquid phases under the present
high-temperature conditions on Venus, but thermodynamic
calculations show that sulfur, if present, would be stable as a
liquid almost anywhere on the Venusian surface or at depths up
to several hundred meters [Head and Wilson, 1986]. The
possibility of CO, release by thermal decomposition of carbonate
sediments has also been considered [Head and Wilson, 1986].
Although it is not clear that country rock volatiles may be
encountered during magma ascent on Venus, there is every
reason to believe that at least some magmatic volatiles will
commonly be liberated as magmas approach the surface [Head
and Wilson, 1992], thus ensuring that a mechanism for generating
volatiles that can accumulate in stalled magma bodies does in fact
exist. However, there is no simple way of predicting an upper
limit on the gas/caprock mass ratio (n), since it is dependent on
many factors: the dimensions of both the caprock and the gas
pocket; the source of the gas (magma or country rock); and the
residence time of the magma in the near-surface crust. An upper
value of 30 wt % was suggested by Head and Wilson [1986] as
being representative of the possible amount of gas that could
accumulate on any terrestrial planet, and this is used as an upper
limit here, but is the subject of further discussion below.

Size of Gas-Filled Region

The high Venusian atmospheric pressure can have a significant
effect on the density structure of growing volcanoes and so on the
ascent behavior of magmas, determining whether the magma is
likely to reach the surface directly or to stall as an intrusion,
possibly leading to accumulation in a shallow magma chamber.
Head and Wilson [1992] show that there appear to be two possi-
bilities: in areas of intermediate to high altitude, ascending
magma encounters a zone of neutral buoyancy at some depth in
the crust. The magma then stalls and will only continue its ascent
if gas exsolution takes place to lower the bulk density and thus
increase magma buoyancy relative to the surrounding country
rock. A prolonged intrusive history may lead to formation of a
shallow magma reservoir, and if dikes propagate from such a
reservoir they are likely to have similar widths to dikes on Earth
since the planetary gravity and the total range of depths at which
neutral buoyancy zone (NBZ) reservoirs reside are similar [Head
and Wilson, 1992]. However, in areas of low elevation the high
atmospheric pressure has a greater inhibiting effect on volatile
exsolution and on the formation of NBZs [Head and Wilson,
1992] and therefore precludes the formation of shallow magma
reservoirs. Magma may therefore rise directly from the mantle
partial melt zones at depths of ~10 to 20 km, leading to wider
near-surface dikes than are commonly seen on Earth. Elasticity
theory [Pollard, 1987] suggests that the width factor will increase
only as the square root of the depth, as a first approximation,
suggesting dikes 2-3 times wider. This may have some conse-
quence for the size of the initial gas region r; (since r; = w/sin ¢,
where w is the dike half-width, see Figure 1b), though it is not
immediately obvious to what extent it will be affected since dike
width is not the only factor controlling the gas region radius; the
solid angle subtended by the gas region, 2 (o = cos'1(1-27);
see Figure 1) is also important. However, we explore the possibil-
ity that the region occupied by gas may be systematically larger
on Venus than on Earth, and use values of r; in the range 10 to
200 m.
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Atmospheric Properties

The necessary parameters describing the Venus atmosphere
(variations of pressure, density and temperature with elevation
above mean planetary radius) were taken from Kliore et al.
[1985]. The viscosity of the atmospheric gas was computed from
the temperature taking the composition to be pure CO, and a
value of 8.8 m 52 was adopted for the acceleration due to gravity
near the Venus surface.

5. Results

In accordance with the above considerations, the two computer
programs comprising the model were run repeatedly for all per-
mutations of the following ranges of input parameters: excess
pressure in the vent, P 2= 0.01 to 20 MPa; gas mass fraction, n =
0.01 to 0.3; gas region radius, r; = 10 to 200 m. Both H,O and
CO, were employed as driving gases for the eruption simulations.
Additionally, explosions were modeled as occurring at a range of
topographic elevations, varying from the mean planetary radius
(mpr=6051.84 km [Ford and Pettengill, 1992]) up to the maxi-
mum possible altitude (mpr+10 km). Each set of figures shown is
the result of modeling the motion of an ejected block of radius 1
m and density 2600 kg m™.

Figure 2 presents a comparison of the ejection velocity as a
function of initial gas pressure sz, and gas/caprock mass ratio n,
for various combinations of driving gas and elevation on Venus
and on Earth. The solid curves show the results of employing
initial gas temperature of 1200 K (i.e., approximately magmatic
temperature) in the model, whereas the dashed curves represent
an initial gas temperature of 1000 K (allowing for the fact that the
gas may have cooled somewhat during the accumulation period).
In the case of magmatic gases being involved in driving the
explosion, it is not anticipated that the temperature will drop
significantly during accumulation, as they will be insulated to
some extent by the overlying caprock. However, if external
volatiles are involved, which is more likely on Earth, gas
temperatures may be significantly lower, since the gas would
have had to be heated up from much lower temperatures. As can
be seen, the effect of advocating a lower initial gas temperature is
to reduce the ejection velocity attained, which is a result of less
energy being available to drive the gas expansion.

It is also apparent from Figure 2 that the ejection velocities
obtained for Venus are systematically significantly lower than for
the Earth. Taking a gas content of 0.10 and an initial gas pressure
of 10 MPa, it can be seen that uy = 95 m 5! (H,0) and 38 m s°!
(CO,) on Venus, compared with 440 m s*! and 275 m s’!,
respectively, on Earth. This difference in velocity is due to the
reduction of gas expansion by the oppressive atmospheric
pressure environment of Venus.

It is also evident that the ejection velocity for any one set of
initial parameters (gas mass fraction, initial gas pressure, choice
of volatile species) is significantly greater for higher vent eleva-
tions. On Venus, for n = 0.10 and P, = 10 MPa, an increase in
ejection velocity of several tens of m s™! results from the decrease
in atmospheric pressure from ~10 MPa to 5 MPa over a 10-km
elevation difference. In terms of the explosion model, the higher
atmospheric pressure at low elevations restricts the amount of gas
expansion (the driving pressure term in equation (1) is much
reduced) and the mass of the atmosphere to be displaced by the
explosion is much greater. The accelerations and hence ejection
velocities attained are therefore much smaller than they would be
for the higher elevations.
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In addition, the velocities attained for CO, are significantly
less than when H,O is used as the driving gas. This is a result of
the greater molecular weight of CO,, which has the effect of
increasing the gas density in the vent for any given gas pressure.
The gas mass is thus greater than for H,O, which ensures a
greater caprock mass for any chosen gas mass fraction n. The
consequent effect is a significant diminution of the accelerations
of the caprock and displaced atmosphere (the denominator in
equation (1) is much larger for CO, than for H,0), and hence
much lower velocities are attained. The velocities (and hence
clast ranges) produced if sulfur (likely to be in the form of S,) is
taken as the driving volatile are further reduced with respect to
those for CO,, as a result of its even greater molecular weight
64).

The difference in clast range values between the planets is not
just a consequence of the differing ejection velocities obtained
for similar initial conditions, but is also the result of the differing
atmospheric properties and hence the amount of retardation of the
clast during flight. A comparison of the variation of projectile
travel distance with initial pressure and gas mass fraction is
shown in Figure 3, for various driving gases and vent elevations
on Venus and Earth. In each case the models were run for a clast
of radius 1 m and an ejection angle of 45°. As can be seen, the
differing planetary environments act to produce very large differ-
ences in clast range, which is typically several kilometers on
Earth and a few hundred meters on Venus.

Again, the effect of vent altitude and the choice of driving gas
is clearly seen: for n = 0.10 and P o= 10 MPa, Figure 3 gives, for
H,0 and CO, respectively, clast ranges of 200 and 135 m at the
mpr and 350 and 270 m at a vent elevation of mpr+10 km on
Venus. This increase in range attained by blocks launched from
explosions at higher altitudes is not merely a reflection of the
increased velocities achieved by such clasts, but is also a result of
the smaller retarding drag forces imposed on the clasts by the
thinner atmosphere at high elevations.

A threshold value for the gas pressure is apparent in Figures 2
and 3, which is greater for lower values of n and lower vent alti-
tudes. This represents the minimum value of sz required for
explosive activity to occur: the explosion is suppressed by the
heavy Venusian atmosphere for lower gas pressures.

Finally, Figure 4 illustrates the increase in clast range that
occurs as a result of invoking a greater size of region |, in which
gas accumulates prior to the eruption for Venus than for Earth.
For greater values of r,, larger masses of gas are involved in the
explosion for any chosen value of n. Thus the gas expansion
takes place over a greater distance, and hence R, is larger. For
Venus (Figures 4a and 4b), where the clast ranges in "free" flight
(i.e., subsequent to the initial expansion phase when they are still
locked to the gas motion) are only of the order of 100 m, owing
to the large decelerations imposed by the retarding influence of
the dense atmosphere, the additional distance contributed by the
greater R, means that significantly larger final ranges can be
obtained. For Earth (Figure 4c), the increase in clast range
obtained for larger r; is a much lower proportion of the total
range owing to the lesser degree of retardation of the clast in
flight. The final velocities attained do not differ significantly for
a large variation in ry, provided n is kept constant.

6. Discussion

The dominant factor determining the limited extent to which
material may be ejected in Venusian explosions is the dense
atmosphere. This restricts the exsolution and expansion of gas
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Figure 2. Ejection velocity u;, as a function of initial excess pressure in the vent P . and gas/caprock mass ratio n
for transient explosive eruptions. (a) Venus: driving volatile is H,O, vent elevation is 0 km above mpr, (b) Venus:
H,0 at an elevation of 10 km, (c) Venus: CO, at 0 km, (d) Venus: CO, at 10 km, (e) Earth: H,O at mean sea level
(msl), and (f) Earth: CO, at msl. Initial gas region radius ry=50 m for Venus, 25 m for Earth. Solid lines represent
results of model for an initial gas temperature of 1200 K; dashed curves represent an initial gas temperature of 1000
K. Curves are labeled with values of the gas/rock mass ratio.

and retards the motion of clasts in flight. The question of whether
there exist crustal reservoirs of volatiles that can contribute to the
relatively high gas mass fractions required for Venusian explo-
sions remains open to debate. However, it is possible to envisage
sufficient gas accumulation by invoking a period of sustained
sub-surface degassing prior to eruption. This must continue for a
sufficient time that the lower limits on pressure and gas concen-
tration are exceeded so that, on caprock failure, a significant
explosion may occur; otherwise, no explosion takes place.

The discussion above suggested that larger dikes may occur on
Venus than on Earth. The results of the modeling show that a

variation in the size of the initial gas region can significantly
affect pyroclast ranges on Venus, where the extra distance
afforded by the larger source size may make a significant
contribution to the final clast range. However, despite the
possibility of wider dikes on Venus, the resulting deposits would
still be very localized with respect to the Earth.

We will now consider the likely maximum ranges of frag-
ments ejected from transient eruptions on Venus. The greatest
distance is attained when each of the initial model parameters is
the maximum possible [Fagents and Wilson, 1993]. Table 2
presents the modeling results for simulations at the mpr and the
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clast radius is 1 m. Curves are labeled with values of the gas/rock mass ratio.

maximum planetary elevation, taking the most extreme values of
block size (5 m, based on field measurements of the largest
ejected blocks on Earth), initial pressure (20 MPa, based on con-
siderations of the maximum possible caprock tensile strength),
gas mass fraction (0.1, from vent geometrical considerations),
size of pressurized gas region (200 m), and a launch angle of 45°.

Taking the results for the maximum elevation and H,O as the
driving gas, material is expected to be ejected to maximum dis-
tances from the vent of order 1 km on Venus, an order of magni-
tude less than the maximum likely distance calculated for the
Earth [Fagents and Wilson, 1993]. More commonly, deposits

from Venusian eruptions are expected to be far more localized
than those on Earth.

Whereas the ejection velocities calculated by the model are in
reasonable agreement with those calculated by Wilson and Head
[1986], who employed the treatment of Self et al. [1979] for vul-
canian explosions, their corresponding clast ranges are signifi-
cantly larger than those given above. They cite a typical range of
between 1 and 5 km for an H,O gas mass fraction of 0.1 and an
initial pressure of 10 MPa, which compares with ~200 to 350 m
(taken from Figure 3), depending on vent altitude. A maximum
range of 15 km given by Wilson and Head [1986] does not com-
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Figure 4. Clast range as a function of initial gas region radius,
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driving gas. Solid lines represent explosions at the mean plane-
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10 km. (c) Earth, explosions at mean sea level, solid lines repre-
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case, results for two initial gas pressures (P,,) are shown,
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pare favorably with an absolute maximum of ~1 km taken from
Table 2; this discrepancy is a consequence of their having
neglected the considerable drag effects of the Venusian
atmosphere on even very large clasts: they calculated ranges
using the classical ballistic equation for the largest clasts.

The localized nature of Venusian vulcanian deposits implies
that the ejected material may build up a significant thickness in
the vicinity of the vent. Repeated explosions from a central
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source would lead to a greater likelihood of building up an angle-
of-rest cone, which could then grow outwards by debris rolling or
short pyroclastic flow deposition.

Alternatively, fields of closely spaced craters may be produced
by impacting blocks (similar to those documented at some terres-
trial volcanoes, e.g., Arenal [Fudali and Melson, 1972]), pro-
vided they have sufficient kinetic energy. It is debatable whether
the deposits or crater fields may be detectable in current image
data, however. The best spatial resolution of Magellan radar data
(~120 m/pixel) may just allow deposits from the largest possible
explosions to be resolved, though it must be stressed that the
required combination of initial conditions (n, P,,, ry, altitude,
etc.) is unlikely. If deposits of this size cannot be identified, this
confirms the improbability of occurrence of the extreme
combinations of these parameters. Smaller deposits of the order
of a few tens to a few hundreds of meters in diameter are unlikely
to be detected other than via their effect on sub-pixel surface
roughness. It is anticipated that ongoing work on the
deconvolution of surface roughness, orientation, and electrical
properties from the radar signal may provide a tool for the
identification of such deposits in regions where explosive
volcanism may have taken place.

The possible presence of pyroclastic flow deposits may
increase the chance of detection of sites of transient explosions.
Though they commonly (but not always) accompany vulcanian
eruptions on Earth (e.g., at Ngauruhoe in 1975 [Nairn and Self,
1978] and at Galeras [Calvache and Williams, 1992]), they also
accompany a range of other styles of volcanism, so careful inter-
pretation would be required. Thornhill [1993] concluded that
pyroclastic flows would occur more commonly than buoyant
convecting columns in the case of high-volume flux sustained
explosive eruptions (assuming that these occurred); it is not clear
if this would be the case for transient eruptions. The tentative
identification of a pyroclastic flow deposit [Moore et al., 1992]
on plains centered about 165°E, 37°S implies that Magellan data
are adequate for detecting larger flows, whatever their
mechanism of emplacement. However, pyroclastic flows
associated with terrestrial vulcanian eruptions are generally much
shorter than those accompanying more violent, sustained activity
owing to the limited volumes of material emitted and the lower
degree of fluidization afforded by the inclusion of large amounts
of nonjuvenile material at temperatures considerably lower than
magmatic. Simple energy conservation arguments imply smaller
flow lengths on Venus than on Earth, since the distance traveled
is proportional to the square of the vent velocity [Wilson et al.,
1982], which is less on Venus. However, the ability to ingest and
heat dense atmospheric gas may enhance the fluidization of the
flow and hence cause greater run-out distances than on Earth.
Such pyroclastic flows would have to be of order 1 km in length
to be readily discernible in current Magellan data sets.

Table 2. Comparison of the Predicted Maximum Dispersal Radii
(in meters) of Material Ejected from Transient Explosions on
Venus

VENUS EARTH
Vent Altitude = Vent Altitude =
Gas 0km 10 km Mean Sea Level
Co, 475 650 6800
H,0 640 1010 10800
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Finally, another indication of a vulcanian deposit might be the
presence of a fine ashfall deposit resulting from the convecting
eruption cloud associated with such an event, extending to greater
distances than the ejected blocky material. Sites for several such
deposits have been proposed on Venus [Head et al., 1991, 1992;
Wenrich and Greeley, 1992; Campbell, 1994; Campbell and
Rogers, 1994]. Again, ashfall deposits are associated with a
variety of volcanic styles, but those from vulcanian explosions
are expected to be of more limited areal extent than ashfall
deposits of plinian origin owing to the smaller volumes of
material emitted; however, taken in context with other indications
this may lead to the positive identification of deposits associated
with transient eruptive activity. Indeed, a category of small
volcanic cones ranging from <2 to 15 km in diameter have been
identified [Guest et al., 1992], some of which have more
localized ashfall deposits extending to several km [Bulmer,
1994].

It has been shown that the downwind width of an ashfall
deposit is approximately equal to the height of the eruption cloud
and that this relationship is essentially independent of the plane-
tary atmospheric characteristics [Head and Wilson, 1986]. Cloud
rise height, A, for discrete explosions is related by a fourth root
relationship to the thermal energy available to drive convection
[Morton et al., 1956] and hence to the mass of volcanic material,
M, injected into the cloud [Settle, 1978; Wilson et al., 1978]. As a
result of the differing atmospheric structures, buoyant rise is
reduced on Venus: eruption cloud rise heights are expected to be
around 0.6 times as large as those from the equivalent terrestrial
eruptions [Esposito, 1984]. For transient explosions on Venus
the relationship is

h=0.98 (c AT F M4, @

where ¢ is the specific heat capacity of the ash particles
(essentially that of rock), AT is the temperature decrease experi-
enced by the particles from vent level (~1200 K) to their final
temperature (assumed equal to that of the atmosphere), and F is a
factor describing efficiency of heat usage [Wilson et al., 1978].

If only 50% of the ejected material is juvenile and hence hot
and able to drive convection (based on terrestrial field observa-
tions [Nairn and Self, 1978]), and of this proportion a further
50% comprises large blocky ejecta which falls essentially
immediately from the column [Self et al., 1979], a value of
F=0.25 must be assumed. It is found from equation (4) that
masses of 1.8x10% kg to 6.6x107 kg are required to produce
clouds rising to between 2 and 5 km and hence produce deposits
ranging up to 5 km in diameter, which is consistent with the
observations of Bulmer [1994]. Masses of this order can readily
be ejected according to the explosion model presented above,
although the larger masses require the more extreme of the
possible combinations of model initial parameters (high sz, large
71, low n). It is possible to obtain greater cloud heights with these
masses by advocating a greater thermal efficiency factor, F. This
would imply either a larger or a more fragmented juvenile
component in the ejecta [Wilson et al., 1978]; either case would
ensure that more heat would be available to drive convection.
The extreme (and unrealistic) case would be when F=1, in which
case cloud heights (and hence deposit widths) of ~8 km might be
expected. Alternatively, repeated explosions may serve to create
greater deposit widths, either if they are separated by intervals of
less than a few minutes [Wilson et al., 1978], causing a
maintained plume to be established, or by occurring under
varying wind conditions which may disperse ash along different
axes. It is also worth pointing out that, while the cloud height is
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predominantly responsible for controlling the ashfall deposit
width, the prevailing wind conditions exert a stronger control
over the dimension of the deposit along the dispersal axis, so that
for strong winds, ash deposits may have lengths that far exceed
their widths.

It therefore appears possible that transient explosive activity
provides a mechanism for distributing pyroclastic products in the
Venusian environment. While not wanting to preclude the possi-
bility of more vigorous explosive (plinian) activity, which may be
required to emplace ash over greater distances (in excess of
several tens of kilometers [e.g., Head et al., 1992]), the problem
of the high volatile contents necessary for such activity is circum-
vented if vulcanian-style activity, in conjunction with the
atmospheric wind régime, is able to disperse ash-sized material
over distances somewhat greater than the 5 km theoretical
maximum deposit width.

7. Summary and Conclusions

1. Vulcanian-style eruptions may provide a mechanism for
dispersal of pyroclastic material associated with magmas having
volatile contents lower than the minimum required for steady
explosive eruptive activity (hawaiian or plinian) on Venus.

2. The velocity of ejection and the flight distance of clasts
expelled in such explosions are sensitive to both the initial excess
pressure in the driving gas and the mass ratio of the gas to solid
ejecta. In addition, clast range is more sensitive to the size of the
region occupied by gas prior to the explosion on Venus than on
Earth.

3. Ejection velocities ranging up to a maximum of ~200 m s°!
(H,0) and ~100 m s (CO,) are predicted for plausible combina-
tions of gas content, excess pressure and gas region radius.
Deposits of large, blocky ejecta are likely to be very localized,
with a predicted maximum extent of 1 km on Venus (cf. >10 km
on Earth). In most cases the distribution of blocky ejecta will be
below the limits of detection in Magellan SAR data.

4. Ashfall deposits or pyroclastic flows associated with tran-
sient eruptions may extend to greater distances than large blocky
ejecta and therefore be identifiable in Magellan data. Eruptions
analogous to vulcanian explosions on Earth could be responsible
for the formation of the possible ashfall deposits having widths
somewhat in excess of 5 km observed near small volcanic
edifices on Venus. Greater dispersal is only possible from
discrete explosions with a higher (>0.25) thermal efficiency, or
from maintained plumes arising from plinian activity or
frequently repeated vulcanian explosions.
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