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Abstract.

Steep-sided domes on Venus have surface characteristics that can provide

information on their emplacement, including relatively smooth upper surfaces, radial and
polygonal fracture patterns, and pits. These characteristics indicate that domes have surface crusts
which are relatively unbroken, have mobile interiors after emplacement, and preserve fractures
from only late in their history in response to endogenous growth or sagging of the dome surface.
We have calculated the time necessary to form a 12-cm-thick crust for basalt and rhyolite under
current terrestrial and Venusian ambient conditions. A 12-cm-thick crust will form in all cases in
< 10 hours. Although Venusian lava flows should develop a brittle carapace during emplacement,
only late-stage brittle fractures are preserved at steep-sided domes. We favor an emplacement
model where early-formed surface crusts are entrained or continually annealed as they deform to
accommodate dome growth. Entrainment and annealing of fractures are not mutually exclusive
processes and thus may both be at work during steep-sided dome emplacement. Our results are
most consistent with basaltic compositions, as rhyolitic lavas would quickly form thick crusts
which would break into large blocks that would be difficult to entrain or anneal. However, if
Venus has undergone large temperature excursions in the past (producing ambient conditions of
800-1000 K [e.g., Bullock and Grinspoon, 1996, 1998]), rhyolitic lavas would be unable to form
crusts at high surface temperatures and could produce domes with surface characteristics

consistent with those of Venusian steep-sided domes.

1. Introduction

Magellan data have revealed that the surface of Venus is
dominated by volcanic landforms, including extensive flow
fields, sinuous channels, and a wide range of volcanic edifice
types [Saunders et al., 1991; Head et al., 1991, 1992; Guest et
al., 1992]. Among the most distinctive edifices are steep-sided
domes (Figure 1), whose morphology may indicate that evolved
lava compositions have erupted on Venus [Head et al., 1991;
1992; Pavri et al., 1992]. These features were informally called
“pancake” domes owing to their flat-topped, steep-sided
appearance. Pavri et al. [1992] identified 145 steep-sided domes,
with diameters from 7 to 94 km and heights from 60 m to over 4
km.

The circularity and steep sides of the domes were interpreted
to indicate that high-viscosity lavas, perhaps rhyolitic in
composition, formed these features either in a single eruptive
event [Guest et al., 1992; Head et al., 1992] or episodically [Fink
et al., 1993]. McKenzie et al. [1992] calculated Newtonian
viscosities on the basis of the shapes of seven domes on Venus
and concluded that they consisted of rhyolitic lavas. Although
the model they used is consistent with the measured dome
profiles, it does not include the effects of a crust or account for
the dynamics of the flow front, which are significant factors in
the emplacement of lava flows and domes on Earth [Blake, 1990;
Iverson, 1990; Fink et al, 1993; Kilburn, 1993]. Also, the
viscosities derived by McKenzie et al. [1992] are based on an
unconstrained and probably unrealistically long timescale for
emplacement (700-7000 years).
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Other studies have shown that compositional determinations
are nonunique when based on gross morphologic properties.
Sakimoto and Zuber [1993, 1995] modeled domes as radial
viscous gravity currents, with an assumed cooling-induced
viscosity increase to include the effects of crystallinity and silica
content on gross dome morphology. They found that a range of
physical properties (i.e., initial viscosity and crystal content)
corresponding to compositions from basaltic to rhyolitic could
explain steep-sided dome morphology and favored basaltic
compositions for the domes [Sakimoto and Zuber, 1995].
Analyses by Bridges [1997, 1997] noted similarities in
dimensions and appearance between Venusian steep-sided domes
and basaltic seamounts.

Pavri et al. [1992] described two models for steep-sided
domes: a compositionally evolved magma model, in which the
high dome viscosity is due to a silicic composition, and a basaltic
bubble-enhancement model, where the high viscosity is due to
extrusion of basaltic foam following vesiculation in the upper part
of a magma chamber. Bridges [1997] modeled the effects of
ambient conditions on the eruption of basalts and rhyolites on
Venus and Earth and concluded that Venusian steep-sided domes
are likely basaltic, although a rhyolitic composition could not be
ruled out. In addition, parameters other than composition have
been shown to control flow morphology [e.g., Fink and Griffiths,
1990; Bridges and Fink, 1992]. For example, the vesiculation of
silicic lavas and the resultant density differences strongly
influence the surface characteristics of terrestrial domes [Fink
and Manley, 1987, Anderson and Fink, 1990; Fink et al., 1992].

Previous efforts to model Venusian dome emplacement have
focused on gross dome morphology. However, the distributions
of vesicular and glassy textures on terrestrial dome and flow
surfaces can be used to understand their physical properties,
emplacement processes, and cooling histories [Fink, 1980a; Fink
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Figure 1. (a) Magellan radar image of a steep-sided dome located at 34.0°N, 311.2° (P-40286, radar
illumination from the left). The upper surface of the dome is relatively smooth, with a few pits. Fractures
postdating dome emplacement cut the dome surface. (b) Magellan radar image of a steep-sided dome at 12.6°N,
8.2° (C-MIDR 15N009, radar illumination from the left). Polygonal fractures cover much of the dome surface.
Pits are seen at the center of the dome and along the southeastern margin. (c) Radial fractures extend from the
central pit of this steep-sided dome. Note that the margins of the dome are rougher. This Magellan radar image
is centered at 2.9°S, 150.9° (F-MIDR 05S149, radar illumination from the left). The scale line above the dome is
40 km long. (d) Steep-sided dome with central polygonal fractures and marginal radial fractures. The dome also
has two large central pits. The dome is centered at 29.7°S, 11.8° in this Magellan radar image (F-MIDR 30S009,

radar illumination from the left).

and Manley, 1987; Manley and Fink, 1987; Anderson and Fink,
1990]. In addition, the types, orientations, and distributions of
surface features, such as ridges, fractures, creases, inflation
structures, and blocks, provide constraints regarding the
stress/strain histories of flow surfaces during emplacement

[Nichols, 1939; Fink and Fletcher, 1978; Fink, 1980a, 1980b,
1983, 1985; Fink and Manley, 1987; Sampson, 1987; Swanson et
al., 1987, Walker, 1991; Anderson and Fink, 1992; Rossi and
Gudmundsson, 1996; Anderson et al., 1998, 1999]. Steep-sided
Venusian domes exhibit a variety of surface features [Johnson
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Figure 1. (continued)

and Sandwell, 1992; Pavri et al., 1992; Fink et al., 1993], setting, and surface characteristics (database available at
permitting comparable analyses using Magellan data. We have http://earth.agu.org/pubs/agu_elec.html).  Analyses of the
compiled a database of morphologic and geologic characteristics ~ physical attributes of the dome surfaces (i.e., surface roughness,
of 175 large steep-sided domes, including location, size, geologic ~ fracture patterns, occurrence of pits) coupled with crustal growth
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models are used to constrain emplacement processes for steep-
sided domes. Our analysis supports a model involving
emplacement of a low-viscosity fluid enclosed by an annealing
crust that provides strength and controls dome planform. Our
modeling suggests that basaltic compositions are most consistent
with dome characteristics, although rhyolitic compositions
emplaced under ambient conditions 200 K hotter than today (M.
A. Bullock and D. H. Grinspoon, The recent evolution of climate
on Venus, submitted to Icarus, 2000 (hereinafter referred to as
Bullock and Grinspoon, submitted manuscript, 2000)) could also
produce similar morphologies.

2. Surface Characteristics of Steep-Sided Domes

In order to provide detailed documentation of the physical
attributes of steep-sided domes, we used Magellan Compressed-
Once Mosaicked Image Data Records (C1-MIDRs) (225 m
pixels) to locate domes >20 km in diameter, and Magellan (Full-
Resolution Mosaicked Image Data Records (F-MIDRs) (75 m
pixels) and (Full-Resolution Radar Mosaics (FMAPs) to study
their surface characteristics and create a database of dimensions
and morphologic characteristics. The image data from Magellan
have an along-track resolution of 110 m and a cross-track ground
resolution which varies from 101 to 250 m depending on latitude;
the image data have been resampled at a pixel spacing of 75 m
[Saunders et al., 1992]. At the incidence angles of the Magellan
radar the backscattered signal is dominated by surface roughness
on the scale of the radar wavelength (12.6 ¢cm). The altimeter
footprint varied with latitude, with the highest-resolution data
having a footprint of 1.9 km along-track and 12 km cross-track
[Ford and Pettengill, 1992]. The effective range resolution of the
altimeter is 88 m [Ford and Pettengill, 1992]. Roughness and
reflectivity data are derived from the altimetry data.

We found 175 steep-sided domes with diameters from 19 to 94
km. This is a larger population of domes than catalogued by
Pavri et al. [1992] owing to the inclusion of data from Magellan
mapping cycles 2 and 3. Although we recognized steep-sided
domes as small as 1-2 km, we restricted our detailed study to the
larger domes listed in the database in order to reliably identify
and analyze the distributions of surface structures. Features
transitional between steep-sided domes and shields or cones were
also found in the Magellan data but were not included in the
database.

2.1. Gross Morphology and Geologic Setting

The majority of domes in the database are circular in plan view
with distinct margins. Typically, domes appear to be flat-topped
or concave, consistent with the findings of Pavri et al. [1992].
Domes studied with Magellan stereo data exhibit widely disparate
profiles resulting from variations in margin steepness and summit
irregularities [Plaut et al., 1993, 1994). Most dome surfaces have
intermediate to low radar backscatter, have few surface fractures,
and exhibit pits.

Elongate or irregular domes make up <10% of this survey;
some of the irregular domes overlap with other steep-sided
domes. Five domes had smaller domes completely superposed on
them. Some steep-sided domes have scalloped margins, and a
small number (nine) have slumps or flows extending from them
[Guest et al., 1992; Bulmer and Guest, 1996]. Two domes were
identified with raised, rougher central regions interpreted to be
vent complexes.

STOFAN ET AL.: STEEP-SIDED DOMES ON VENUS

Nearly all of the domes occur near (within ~150 km) features
of volcanic origin, as discussed by Pavri et al. [1992]. Forty-five
percent of the domes in this survey are proximal to or within
coronae. Another 43% occur in association with other volcanic
features, including calderas, shields, and/or cones. Thirty-eight
percent of domes are in chains of steep-sided domes; the largest
chain has seven domes. Terrestrial volcanic domes also typically
form in chains along a dike or fault [Fink and Pollard, 1983;
Fink, 1985; Fink and Manley, 1987, Sampson, 1987; Scott, 1987,
Reches and Fink, 1988]. Only three domes in this survey are
isolated features in the plains. Over half (100) of all domes
contain structures with orientations similar to those in the
surrounding plains; some features extend from the plains into
domes. The margins and/or interiors of some domes (12) appear
to be highly degraded by burial, fracturing, and collapse [e.g.,
Guest et al., 1992; Pavri et al., 1992; Crown et al., 1993]. One
dome was identified that was clearly embayed by surrounding
plains material, but in general, stratigraphic relations between
domes and their surrounding units are difficult to determine.

2.2. Radar Properties

Most of the Venusian domes are located at midlatitudes, where
the backscatter signal strength in Magellan data is dominated by
surface features (e.g., rocks, cracks, undulations) comparable in
scale to the 12.6-cm wavelength of the radar instrument. Ford
[1994] derived backscatter values for 20 domes that were within
2 dB of the Venus average backscatter value, indicating that the
backscatter of the plains and domes are essentially identical,
given the calibration error budget of the data for the plains and
for the domes. J.J. Plaut et al. (manuscript in preparation, 2000)
measured the backscatter values at two incidence angles of four
typical Venusian domes and also found that they did not differ
significantly from the average backscatter for Venus, which is
dominated by smooth plains surfaces. The specific backscatter
cross section and scattering laws for the Venusian domes and
plains (-10 to -20 dB at incidence angles of 25°-45°) are
comparable to Hawaiian smooth pahoehoe and lava pond surfaces
(J.J. Plaut et al., manuscript in preparation, 2000). Domes in the
survey of Pavri et al. [1992] have an altimeter-derived average
rms slope of ~3°; moderately rough terrestrial pahoehoe flows on
Kilauea Volcano have meter-scale rms slopes of 5°-12°
[Campbell and Shephard 1996], and terrestrial silicic domes
have meter-scale rms slopes of 12°-43° (J.J. Plaut et al.,
manuscript in preparation, 2000).

2.3. Pits

Three types of pit features are observed on steep-sided domes:
(1) centrally located pits that may have concentric fractures
(Figure 2a); (2) multiple pits scattered across dome surfaces or
concentrated near dome margins (Figure 2b); and (3) pits with
prominent raised rims that may occur in various locations on
dome surfaces (Figure 2¢). Eighty-one percent of the domes in
this survey have at least one pit. Approximately 14% of the
domes have a deep, smooth-floored central pit with a diameter
>50% of the dome diameter (Figure 2c). Pit diameters range
from the limits of resolution of the radar data to over 20 km. Pit
depths for a subsample of the database were derived using
manual stereo matching [Plaut, 1993], and range from tens of
meters to nearly 1 km. These depths ranged from about 12 to
55% of the dome height.

On Earth, silicic domes also exhibit craters or pits. Mono
Craters, a chain of rhyolite domes in eastern California, include
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Figure 2. (a) Magellan radar image of steep-sided dome located at 13.9°S, 252.3° (F-MIDR 155254, radar
illumination from the left). The central pit is over 10 km across, about half the diameter of the dome. (b) Steep-
sided dome with partially scalloped margins, with scattered pits. This Magellan radar image is centered at
33.7°N, 311.8° (P-40286, radar illumination from the left). (c) Magellan radar image of several overlapping
steep-sided domes, centered at 29.8°S, 11.4° (F-MIDR 308009, radar illumination from the left). The large pit in
the center of the image has distinct raised rims.
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Figure 3. Diagram illustrating the different types of fractures on dome surfaces. (a) 57% of domes have
throughgoing fractures; (b) polygonal fractures occur on 34% of domes; (c) 28% of domes have radial fractures;
and (d) 7% of domes have both polygonal and radial fractures.

features with large (relative to dome diameter), centrally located,
circular to elliptical summit craters [Smith, 1973]. These craters
form by a combination of explosion and collapse of the rough,
upper surface of a dome and in some cases can produce cratered
domes within the summit crater of a preexisting dome. For
comparison to the Venusian domes, one of the domes within the
Mono chain is 365 m in diameter and has a summit depression
180 m wide and 46 m deep with a 70 x 35 m inner crater of 20-m
depth. The larger, more shallow crater formed by subsidence,
and the smaller, deeper crater formed by explosion [Smith, 1973].
The surfaces of rhyolite domes can also exhibit clusters of small
pits 10-15 m deep which form owing to explosion of internal gas-
rich zones near flow margins; these explosions can emplace small
amounts of blocks and ash on the adjacent flow surface [Fink and
Manley, 1987; Manley and Fink, 1987]. All of these examples of
pits on terrestrial domes formed after emplacement of the dome,
and primarily by explosions.

The formation of a surface pit requires the presence of a brittle
crust. Pits on steep-sided domes are seen to both predate and
postdate fractures, or occur isolated from fractures on the dome
surfaces, indicating that pit and fracture formation overlapped in
time and that all pits are not structurally controlled. Depths of the
pits may reflect the minimum crustal thickness at the time of their
formation; alternatively, pits may be purely postemplacement
collapse features above subsurface voids, similar to Hawaiian pit
craters [Walker, 1988].

2.4. Fractures

Fractures on dome surfaces occur in radial, concentric, or
polygonal patterns (Figure 1 and 3). Seventeen percent (30) of
the steep-sided domes analyzed have no discernible surface

fractures, and another 29% (50) only have fractures that mimic
regional deformation patterns (Figure 1a), indicating that nearly
half of all large steep-sided domes have no resolvable surface
fractures associated with their emplacement. Of the 175 domes
surveyed, 34% (59) have polygonal fractures, 28% (49) have
radial fractures, and 2% (four) have concentric features.
Approximately one quarter of the radially fractured domes have
radial fractures only at their margins. Most concentric features
are also concentrated near the dome margins. We interpret most
of the unresolvable concentric features as fractures because they
lack the sinuosity characteristic of ridges. No distinct ridges have
been identified on any of the steep-sided domes in this survey.

Polygons on dome surfaces are defined by intersecting
fractures and range in size from several kilometers across down
to the limit of resolution of the radar images (~120 m) (Figure
1b). Polygons are typically 1-5 km across and tend to be
consistent in size across a dome surface. The linear features that
make up the polygons are commonly 1-2 pixels across (<150 m).
Some polygonally fractured domes occur on polygonally
fractured plains, indicating that this pattern may not always be
related solely to dome emplacement. Curved T, T, and Y
polygonal intersections can be identified on dome surfaces and
are typical of shrinkage cracks on Earth [Aydin and DeGraff,
1988]. They are also seen on polygonally fractured plains on
Venus [Johnson and Sandwell, 1992] as well as terrestrial lava
lakes [Macdonald, 1962].

At some domes, fracture patterns cover the entire dome
surface, whereas at other domes, fracture patterns are
concentrated at the margins and/or at the center of the dome.
Most domes contain a single fracture type, although six domes
have polygonally fractured interiors with radially fractured
margins (Figure 1d), and seven have centrally located polygonal
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and radial fractures. Two domes have polygonal fractures near
the center and concentric fractures at their margins, and one dome
has both concentric and radial features. At some domes, fracture
patterns cover the entire dome surface in a relatively organized
fashion, whereas at other domes, fracture patterns are
concentrated at the margins and/or at the center of the dome.
Fifty-three percent of the domes (93) exhibit throughgoing
fractures that postdate dome emplacement. A small number of
domes are so heavily fractured by throughgoing fractures that no
preexisting deformation patterns could be identified.

2.5. Constraints on Dome

Surface Analysis

Emplacement From

Relatively radar-smooth surfaces coupled with the
characteristics and distributions of pits and fractures constrain the
nature and timing of crust formation and provide insight into
dome emplacement and cooling. The presence of pits and
fractures indicates that a brittle crust formed on the dome
surfaces. The relatively smooth upper surfaces of the majority of
steep-sided domes (J.J. Plaut et al., manuscript in preparation,
2000] indicate that they are not blocky and therefore consist of
largely unfragmented crusts. Domes that display undeformed
pits, display simple fracture patterns, and lack preserved flow
structures presumably did not form an appreciable brittle crust
until the final stages of their emplacement. Domes with no
surface fractures other than postemplacement regional
deformation (44% of domes studied) indicate that insufficient
stresses were produced by either flow or cooling to significantly
fracture the crust at a scale resolvable by the Magellan radar or
that no brittle crust formed during emplacement.

No clear evidence of ductile deformation is preserved on the
Venusian dome surfaces examined in this study. This is in
contrast to observations of the surfaces of terrestrial silicic domes
[Fink, 1980a, 1983; Plaut et al., 1993; Anderson et al., 1994,
1998], which commonly display prominent, regularly spaced
compressional ridges. Ridged units within rhyolitic and dacitic
domes at Medicine Lake Volcano in northern California and
rhyolitic domes of the Inyo Chain of eastern California exhibit
structures with wavelengths between 10 and 15 m and amplitudes
of 1-5 m [Anderson et al., 1994]; the Chao dacite flow in the
Central Andes of Chile has ridges with heights of ~30 m spaced
50 m apart [Guest and Sanchez, 1969; de Silva et al., 1988]. Two
large Venusian flows with ridges have been identified [Moore et
al., 1992; Gregg et al., 1998]; these flows are slightly larger in
size (over 100 km across) than the largest steep-sided domes.
Ridge spacings on these flows are <I km. Ridges at spacings
larger than the scale of the radar resolution (~100 m) should be
detected in the Magellan radar images, if the vertical expression
is more than a few meters (J.J. Plaut et al., manuscript in
preparation, 2000). The presence of numerous, smaller ridges on
steep-sided dome surfaces is not consistent with their relatively
smooth radar signatures (J.J. Plaut et al, manuscript in
preparation, 2000). The lack of ridges suggests that the domes
did not have a consistent viscosity gradient (regularly decreasing
viscosity with depth) over a sufficiently large areal extent [Fink
and Fletcher, 1978; Fink, 1980b, 1983; Gregg et al., 1998].
Alternatively, either a stable crust did not exist during flow or the
crust was not subjected to sufficient strain to cause folding
[Gregg et al., 1998].

The presence of pits and the measured concave profiles of the
upper surfaces of some steep-sided domes [Plaut et al., 1994]
suggest that, in many cases, domes contained a fluid, mobile core.
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The majority of pits appear to have formed by collapse, as they
lack rims or surrounding deposits. Collapse pits indicate that a
solid crust developed while the flow interior was still mobile,
although extrusion may have ceased. Collapse of a brittle crust
may have occurred into a void created by migration of lava in a
dome’s interior. The few rimmed pits observed indicate that
some secondary activity was responsible for construction upon
the dome surface, again providing evidence for a mobile interior
under a stable crust. Some rimmed pits may result from small-
scale pyroclastic activity [see Head and Wilson, 1986] and may
be analogous to terrestrial cinder or spatter cones.

The formation of surface fractures requires a brittle medium
and strain sufficient to exceed the strength of the crust. Fracture
patterns reflect the spatial and temporal evolution of the state of
stress in the brittle crust; fractures may form both during and
following flow emplacement and may result from thermal
stresses and response to lava transport. The fracture patterns
observed on Venusian steep-sided domes can be used to constrain
emplacement processes and physical properties of the dome
lavas. The concentric fracture patterns observed on steep-sided
dome surfaces suggest accommodation of the strain resulting
from loss of volume in the dome interior, perhaps due to lava
draining back into the conduit system or volatile exsolution. As
in the case of collapse pits, concentric fractures provide
additional evidence that dome interiors were mobile. The
occurrence of concentric and polygonal fractures on a given dome
surface is similar to that observed on lava lakes that have
experienced significant sagging [Macdonald, 1962].

Polygonal fracture patterns are indicative of isotropic tensional
stress in two dimensions (plane strain). This stress regime may
originate from cooling [e.g., Spry, 1962; Ryan and Sammis, 1978,
1981; Long and Wood, 1986; DeGraff and Aydin, 1987, 1993,
Aydin and DeGraff, 1988] or from tension produced by either
sagging or expansion of a crust. At Kilauea Iki in Hawaii,
sagging has resulted in a polygonally fractured lava lake surface,
the center of which now lies several meters below its margins.
Polygonal surface fractures were also observed during the
expansion of the October 1980 Mount St. Helens dome; a number
of large, intersecting incandescent fractures were observed on the
convex upward surface of the growing dome [Moore et al., 1981].
Polygonal fracture patterns, which are identified on
approximately one third of Venusian domes, indicate that a
relatively isotropic stress field existed after the formation of a
crust on the dome surface. Polygonally fractured plains are
relatively common on Venus; Johnson and Sandwell [1992]
explained these features by invoking thermoelastic stresses within
the lithosphere associated with an increase in the heat flux at the
base of the lithosphere. Individual Venusian domes are
insufficiently thick to produce the small gradients necessary to
produce large polygons through thermal stresses alone, although
polygonally fractured domes lying in polygonally fractured plains
may reflect strain in the lithosphere that occurred well after dome
emplacement. The large sizes of the polygons on the Venusian
domes coupled with generally flat to concave upper surfaces
suggests that these fractures originate from tension produced by
sagging, rather than cooling stresses or expansion.

Radial stress regimes and their associated fracture patterns
may be produced by a pressurized circular element within a rigid
plate [Johnson, 1961, 1968]. Thus the radial fracture patterns
evident on the surfaces of some Venusian domes may have
originated by the stress produced by continued expansion of the
dome through extrusion of material from a centrally located vent
after a brittle surface crust had formed. Domes with polygonally
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fractured interiors and radially fractured margins may reflect
marginal deformation resulting from earlier extrusion, with later
sagging in the interior producing the polygonal fractures.

The relatively smooth dome surfaces and the characteristics of
surface fractures and pits indicate that brittle crusts formed on
eruptive timescales on Venusian domes but that the crusts did not
form a rubbly, broken surface during emplacement. Although
experimental modeling suggests that composite eruptions can
form circular domes [Fink et al., 1993], the simple fracture
patterns, lack of blocks, simple shape, and lack of boundaries
formed by the intersection of composite dome lobes strongly
suggest a single episode of dome emplacement [e.g., Head et al.,
1992].

3. Crusts on Venusian Domes

3.1. Influence of Cooling on Crust Development

From analysis of dome surface morphology we cannot deduce
whether the lack of folded and highly fragmented crusts at
Venusian steep-sided domes indicates that crusts form late (and
are predominantly affected by isotropic stress conditions after
spreading has essentially ceased) or that they form early but the
surfaces deformed during transport are not preserved. However,
it seems unlikely that a brittle crustal layer could form early and
flow for up to tens of kilometers without developing a blocky
surface and exhibiting flow features indicative of transport which
would be recognizable in Magellan radar images. Crustal growth
rate models for Venusian conditions [e.g., Gregg and Sakimoto,
1996; Bridges, 1997] may rule out late-stage crusts and therefore
can provide critical constraints on the emplacement mechanisms
of steep-sided domes. In addition, because rhyolitic and basaltic
magmas have different physical properties, we may be able to
gain insight into which composition is favored on the basis of
surface observations and model constraints.

Lava flow surfaces may respond to applied stress in a ductile
or brittle manner, depending on both the physical properties of
the lava near the surface and the strain rate. Ductile behavior is
favored when strain rates are low and/or when the temperature of
the lava at the surface is greater than the glass transition
temperature (at which an abrupt increase in viscosity up to >10'
Pa S can occur [Ryan and Sammis 1981; Stevenson et al., 1996]).
Brittle behavior is favored when strain rates are high and/or when
the surface temperature is below the glass transition temperature.
Although the surfaces of most terrestrial subaerial lavas supercool
and quench (drop below the glass transition temperature) when
exposed to the atmosphere, deeper lava and lavas in hotter
environments will not supercool. In this case, brittle behavior
ensues as slower cooling material crystallizes at solidus
temperatures.

Low-viscosity lava flows such as basalt are seen in the field to

typically display a crystalline interior beneath a 1- to 3-cm-thick
glassy carapace after cooling; the glassy carapace represents the
supercooled crust that quenched as it passed below its glass
transition temperature (~1000 K for basalt [Ryan and Sammis,
1981]) and the crystalline flow interior represents material that
crystallized as it passed through solidus temperatures and
released latent heat of fusion. Recent terrestrial rhyolite flows,
however, have glassy rinds that may extend tens of meters into
the flow interior [Loney, 1968; Fink, 1983; Fink and Manley,
1987; Anderson and Fink, 1992]. Some small glassy rhyolite
flows show no crystallization in their interiors, whereas some of

STOFAN ET AL.: STEEP-SIDED DOMES ON VENUS

the larger extrusions have crystalline regions only deep within the
flow interior where temperatures remained hot for many years
[Fink and Manley, 1987]. The disparity in the thicknesses of
glassy rhyolitic and basaltic lava flow carapaces results in large
part from the great difference in viscosity between the two
compositions. Although a range of rates have been observed
[e.g., Cashman, 1990, 1993; Cashman et al., 1999], increased
rates of ion migration in low-viscosity fluids allow for crystal
growth rates that are typically several orders of magnitude higher
in basalt (5 x 10® to 1 x 10”7 cm/s for plagioclase [Crisp and
Baloga, 1994]) than for more silicic compositions (1 x 10" to 1 x
10 cm/s for plagioclase in dacite [Cashman, 1992]), reflecting
the fact that rhyolites typically vitrify and basalts typically
crystallize.

As fast cooling lava flow surfaces quench or as slow cooling
ones crystallize, they will exhibit brittle behavior when stressed.
This colder material forms a brittle mechanical crust. These
brittle crusts have considerable effects on flowing lava,
influencing both the morphology [Iverson, 1990] and eruption
dynamics [Anderson and Fink, 1989, 1990; Anderson et al.,
1995]. Flows that have started to cool but have not yet quenched
or crystallized will develop a layer of higher-viscosity fluid at the
surface. This material will tend to behave in a ductile manner and
may develop regularly spaced folds if compressed [Fink, 1980b].
This colder but not yet brittle material forms a ductile mechanical
crust. Ductile mechanical crusts may also form as brittle surface
crust is broken during flow and entrained back into the upper
regions of the flow. Crisp and Baloga [1994] suggested that
entrained material may significantly affect the rate of cooling of
the flow surface and should also affect the viscosity of the near-
surface material owing to the introduction of solid fragments.
Ductile mechanical crusts may have tensile strengths up to seven
orders of magnitude greater than the flow interior [Kilburn,
1993].

Lava flow surface morphology thus depends on the relative
rates of crustal growth and destruction [Kilburn, 1993]. For
example, Kilburn [1993] postulated that pahoehoe lavas have
greater crustal restraint and thus less widespread disruption of the
crust. When crustal disruption occurs, such as in the formation of
aa and block-lava flows, the thickness of the thermal crust may
influence the size of blocks found on the flow surface. Quickly
emplaced aa flows typically have clinker in the 3- to 8-cm-size
range, whereas more slowly emplaced andesite, dacite, and
rhyolite flows may have individual blocks exceeding 5 m in
diameter [Anderson et al., 1998]. Anderson et al. [1998] found
that silicic flows that were rapidly emplaced had smaller average
block sizes than more slowly emplaced flows presumably owing
to their thinner crusts and higher strain rates.

Numerous investigators have considered the cooling of a lava
flow surface and identified processes that affect the rate of crustal
growth [e.g., Head and Wilson, 1986; Crisp and Baloga, 1990;
Kilburn and Lopes, 1991; Griffiths and Fink, 1992a, 1992b;
Gregg and Greeley, 1993; Kilburn, 1993; Crisp et al., 1994,
Bridges, 1997]. Upon contact with a planetary atmosphere the
surface of a lava flow will lose heat most efficiently through
radiation, resulting in a rapid decrease in lava surface
temperature. According to Kilburn [1993], times necessary for
basaltic flow surfaces to chill via radiation range from 160 to 200
s [Crisp and Baloga, 1990; Kilburn and Lopes, 1991]. However,
this approach ignores the effects of atmospheric convection on
cooling, which may be important on planets such as Venus that
have dense atmospheres, especially during this initial stage of
crustal development. Crustal growth rates for basaltic lava flows
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are predicted to be greater initially (up to ~10 hours) on Venus
relative to Earth owing to enhanced cooling by atmospheric
convection [Head and Wilson, 1986; Gregg and Greeley, 1993).

Recently, modeling studies by Bridges [1997] considered the
cooling of both basaltic and rhyolitic lavas under ambient
conditions appropriate for subaerial and subaqueous
environments on Earth and for the surface of Venus. Upon
contact with the Venusian atmosphere, radiative and convective
heat losses cause rapid cooling of the upper flow surface.
Crystallization is minimal, and thus latent heat is not released
during the formation of the glassy outer rind. Bridges [1997]
estimated the time necessary to chill basaltic and rhyolitic lava
flow surfaces to a brittle, glassy state (as defined by the glass
transition temperature) for Venusian and subaerial conditions,
with values of 100 s and 14 s for subaerial basalt and rhyolite,
respectively, and 75 s and 13 s for the Venusian counterparts.
Bridges [1997] also noted that variations in lava density (a
function of composition and porosity) minimally affect the rates
of cooling.

Heat transfer within a flow occurs by conduction beneath and
through the cooled and thickening glassy rind. As cooling
proceeds, the overall cooling rate is strongly influenced by the
amount of heat released through crystallization of the magma.
For times <1000 s, Bridges [1997] used the approach of Griffiths
and Fink [1992b], in which latent heat is not considered during
chilling of the upper surface, to model the initial growth of the
crust. For times >10,000 s, Bridges [1997] assumed full
crystallization and latent heat release and modeled crustal growth
using the heat conduction equation (as done by Turcotte and
Schubert [1982, p. 169]). Between 1000 and 10,000 s, Bridges
[1997] assumed an increasing effect of latent heat on the cooling
rate and manually connected the <1000 s and >10,000 s crustal
thickness versus time curves through the 1000-10,000 s interval
to schematically represent the transition from the production of a
glassy crust to that of a crystal-rich crust.

Although the time available for crystallization controls how
much latent heat is evolved, so do composition and
crystallization/nucleation rates, as evidenced by subaerial basaltic
flows with centimeter-scale glassy crusts and rhyolitic flows with
glass extending tens of meters into the flow. Crisp er al. [1994]
found rapid crystallization in active Mauna Loa basalt flows,
where the volume percent of crystals increased from <10% to
>30% within a few hours. Cashman and Taggart [1981]
measured extremely small crystal growth rates of 1 x 10” cm/s in
more silicic Mount St. Helens dacite. Thus, while crystal growth
rates can vary, we suggest that the typical differences in basaltic
and rhyolitic lava flows require different approaches in the
treatment of the effect of crystallization on the cooling rate once
the glassy surface rind is established through initial radiative and

Table 1. Parameters for Crustal Growth Models
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convective heat loss. We also suggest that differences in cooling
styles between basalt and rhyolite typically seen on Earth have
implications for the brittle behavior of these two compositions;
fully crystallizing basalts should become brittle at solidus
temperatures in the absence of meteoritic water, whereas
quenching, glassy rhyolite flows will exhibit brittle behavior as
the material passes through the glass transition temperature.

3.2. Model of Crustal Formation

In order to incorporate differences in crystallization history for
typical basalts and rhyolites to assess the nature and timing of
potential brittle deformation, we have modeled the growth of a
surface crust under terrestrial and Venusian conditions. As
shown by Bridges [1997], the time required to form a glassy
upper layer is nearly identical on Earth and Venus for the same
composition and less than an order of magnitude different for
basaltic and rhyolitic compositions. In fact, Bridges [1997]
shows <1 cm difference in glassy rind thickness between
subaerial basalt and Venusian rhyolite after 1000 s of cooling.
We assume that terrestrial and Venusian basaltic and rhyolitic
flows develop a thin glassy rind underlain by lava near the
eruption temperature within the first 100 s of cooling. For
basaltic compositions, release of latent heat is considered during
subsequent cooling but ignored during the cooling of rhyolite
flows. Although this approach does not include variations in
cooling rate during the transition from glass formation to full
crystallization in basalt flows, we find this approach preferable to
the approach of Bridges [1997] because it (1) considers the
difference in crystallization rates between basalts and rhyolites,
(2) considers the differences in temperatures where brittle
behavior is exhibited for lavas of different composition, and (3)
does not require schematic representations of the transition
between two disparate cooling curves. Although a range of glass
transition temperatures have been reported for rhyolites [Murase
and McBirney, 1970; Ryan and Sammis, 1981; Westrich et al.,
1988; Neuwville et al., 1993; Stevenson et al., 1996; Webb, 1997],
we have chosen to use the Westrich er al. [1988] value of 943 K
(Table 1), as it is within the reported range of values. We have
also assumed that the temperature of the surface glassy rind
remains 100 K above the ambient temperature throughout the
time period over which we model conductive cooling. Although
the surface temperature cools with time, this simple approach is
consistent with observations that terrestrial flow surfaces quickly
chill to black (<750 K [Kilburn, 1993]) and that water that comes
in contact with these same black surfaces will typically flash to
steam for several hours to days after emplacement (>373 K).

Our modeling approach is a simplified one which assumes a
constant surface temperature from 100 s through the first ten
hours of cooling. Fink and Griffiths [1992b] included heat loss

Parameter Description Value Reference®

k thermal diffusivity 6x107 m* s basalt 1,2
7.5x107 m?s? rhyolite 1,2

L latent heat of crystallization 42x10° T kg™ basalt 1,3
29x10°J kg rhyolite 1,3

c specific heat 1200 J kg™ K basalt 1,4,5

T, eruption temperature 1073 K rhyolite 6

T, solidus temperature 1373 K basalt 4

T, glass transition temperature 943 K rhyolite 7

T, ambient temperature 290 K Earth 1,8
750 K Venus 1,8

T, Bridges [1997]; 2, Peck et al. [19771; 3, Huppert and Sparks [1988]; 4, Griffiths and Fink [1992a]; 5,
Robertson [1988); 6, Williams and McBirney [1979]; 7, Westrich et al. [1988]; 8, Griffiths and Fink [1992b].
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by radiation and convection through 1000 seconds but included
no latent heat release. They showed more than 500° of cooling
for basaltic lava flows surfaces on both Earth and Venus in this
time period, though <100° of this occurs after the first 100 s,
during which the upper surface is quenched. As described above,
Bridges [1997] considered radiative and convective losses
through 1000 s and then made the assumption of a constant
surface temperature after 10,000 s. We examine the propagation
of selected isotherms into a flow to determine whether
deformable crusts (>12 c¢cm) form rapidly on Venusian flows
during emplacement. Such a crust, if fractured and preserved at
the surface, would be detectable in Magellan (12.6-cm
wavelength) radar images. While the constant surface
temperature assumption is an approximation, it allows inclusion
of latent heat and provides a conservative approach. If the
surface temperature were allowed to change throughout the first
10 hours of cooling, it would decrease and thus cause faster
growth of the crust. For basaltic flows, inclusion of latent heat at
times >100 s and use of the solidus isotherm to define the brittle
crust also provide conservative estimates for crustal thickness at a
given time.

For basaltic flows we have modeled the growth of the crust
using the following expressions:

= 2/1\/5 (1)
[after Equation (4-129) Turcotte and Schubert, 1982] and

e_)”2 _ Lm )
derfd (T, ~Ty) @
[after Equation (4-134) Turcotte and Schubert, 1982] where z is
thickness of surface crust, A is the value of similarity variable at
solidification boundary, & is thermal diffusivity, ¢ is time, L is
latent heat of crystallization, ¢ is specific heat, T, is solidus
temperature, and 7T, is temperature of the flow surface (which
equals the ambient temperature T, + 100 K) [Turcotte and
Schubert, 1982; Bridges, 1997]. The value of A used to calculate
the thickness of the crust can be found either iteratively or
graphically using (2). Table 1 shows the relevant lava properties
and boundary conditions. This solution results from using a
similarity approach to solve the one-dimensional, time-dependent
heat conduction equation with a thickening solid layer and heat
released through crystallization [Turcotte and Schubert, 1982]. It
assumes that both the upper surface of the crust and the liquid
flow interior below the thickening crust are maintained at
constant temperatures and is thus most appropriate for initial
stages of crustal growth. This type of solution has been used to
accurately model the solidification of Hawaiian lava lakes
[Wright et al., 1976; Turcotte and Schubert, 1982).

For rhyolitic flows, release of latent heat due to crystallization
is not included. Solution of the heat conduction equation for
cooling of a semi-infinite half-space initially of uniform
temperature (equivalent to the eruption temperature 7,) gives the
following expression:

T-T, z
e _ 3
Th-T, e'fc[z*/gji ®

[after Equation (4-113) Turcotte and Schubert, 1982] where T can
be assumed to be equivalent to the glass transition temperature 7,
in order to solve for the position of the brittle-ductile transition as
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a function of time. See Table 1 for model parameters. This
approach also assumes that the surface temperature remains at a
constant value.

3.3. Constraints From Models of Crustal Growth

We calculated the thickness of the brittle crust as a function of
time as defined by the solidus temperature for basalt and the glass
transition temperature for rhyolite (Figures 4a and 4b,
respectively). These graphs show that brittle crusts of
appreciable thickness (>10 cm) form within the first day for both
basalts and rhyolites on Venus and that Venusian crusts are
thinner than those on comparable terrestrial flows owing to the
higher surface temperature on Venus. The progression of curves
is in agreement with Bridges [1997] results after ~1 hour. As
expected, comparison of our results with those of Bridges‘s
[1997] shows comparable but slightly thinner crusts for basaltic
flows on Venus after 10,000 s; because of the different
approaches used for rhyolite, our values for crustal thickness are
noticeably smaller than those of Bridges [1997] after 10,000 s (~7
cm versus ~40 cm). In terms of understanding the deformation of
lava flow surfaces on Venus and in particular the emplacement
history of steep-sided domes, the model results indicate that
brittle surface crusts >12 cm thick form within hours after flow
emplacement for both basaltic (3.1 hours) and rhyolitic (8.3
hours) compositions. Therefore, if dome surfaces are subjected to
the necessary stresses, brittle deformation should occur during
transport. If the resulting surface features and blocks are
preserved on dome surfaces, corresponding high radar backscatter
signatures would be apparent in Magellan images [e.g. J.J. Plaut
et al., manuscript in preparation, 2000].

Recently, Bullock and Grinspoon [1996, 1998, submitted
manuscript, 2000] have predicted that Venus may have
experienced episodes of much higher surface temperatures (800-
1000 K) in the past, caused by an intensified greenhouse brought
on by large-scale volcanic resurfacing [e.g., Schaber et al., 1992].
Higher surface temperatures would affect the spacing of tectonic
features [Solomon et al., 1998; Phillips and Hansen, 1998]. In
addition, possible increases in surface temperature should
influence the emplacement of volcanic flows. To assess the
potential effects of these different ambient conditions, we used
surface temperatures of 800 and 1000 K as ambient for basalt
(Figure 4a). The glass transition temperature for rhyolite that we
have used is 943 K, which is in the range of temperatures
predicted in the hot Venus model. Therefore we modeled rhyolite
crust formation at 842 K; hotter temperatures would result in a
flow that does not quench. Figure 4b. illustrates that crust
formation on a rhyolite flow is very sensitive to how close the
ambient temperature is to the solidus temperature; a crust forms
at 800 K, but very little crust forms at 842 K. Thus the only way
to create a crust on a rhyolite flow in the hotter Venus case would
be to allow the flow to cool slowly through its solidus (Figure
4c). For basalt, crusts still form relatively rapidly, despite the
much hotter surface temperatures.

4. Discussion

4.1. A Model for Steep-Sided Dome Emplacement on
Venus

Magellan radar backscatter data, surface morphology analysis,
and crustal modeling provide constraints for a new model of
Venus steep-sided dome formation. Our modeling (and that of
Bridges [1997] and others) and the presence of pits on dome
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surfaces are consistent with a crust being produced on eruptive
timescales. The relatively smooth surfaces of the domes and
dome fracture patterns indicate that surface crusts have not been
broken into blocks, nor is any evidence of flow preserved. Our
observations and modeling require a model for dome growth in
which the brittle crust of the dome remains smooth and relatively
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unfractured until late in its emplacement. We envision that as the
dome is emplaced, the crust is continually pulled apart by tension
as the flow moves outward from the vent (Figure 5). However,
the timescales of crustal healing are sufficient that the crust is
being continually annealed, resulting in a relatively smooth final
surface [Kilburn, 1993; Kilburn and Lopes, 1991]. This is
endogenous growth, where a continually healing crust permits the
dome to grow by internal inflation [e.g., Griffiths and Fink,
1992b; Fink, 1993]. The large size and circular shape of the
domes also make it difficult to maintain a stable crust, as new
interior is continually exposed as material flows out radially from
the vent. Surface features on the Venusian domes are consistent
with this model. Fracture patterns and pits on the dome surfaces
require a mobile interior, in agreement with endogenous growth.
Surface strain rates were never high enough to produce blocks, or
if they were, they resulted in entrainment and rehealing of the
crust. This process is similar to that seen on terrestrial lava lakes
[e.g., Macdonald, 1962]. Ridges (folds) do not form on the
Venusian domes, as they would not develop a consistent vertical
viscosity profile over a large area as required for folding to occur
[e.g., Fink, 1980b].

In order to form the large diameters and circularity of
Venusian domes, we require an initial core-dominated
emplacement regime [Kilburn, 1993] where the crust does not
appear to offer significant resistance to flow. Eventually, the
core-dominated regime is replaced by a crust-dominated regime,
which, coupled with diminished supply, would cause a dome to
cease spreading. Variations in dome heights (thickness) may
reflect differing amounts of endogenous growth beneath a stable
crust. Very low slopes on Venus are also likely to contribute to
dome circularity and also may help to explain why this annealing
process may be more prevalent on Venus than Earth.

Alternatively, the morphology of steep-sided dome surfaces
could be explained by formation of a brittle crust early in
emplacement, followed by fracturing and block formation as the
crust is deformed during dome growth, and then resurfacing of

Figure 4. Growth rates for lava flow crust from times going
from 100 s to 10 hours. (a) Crustal growth rates for basalt.
Thickness of the crust is represented by the position of the solidus
isotherm. Curves for current ambient temperatures of Earth (290
K) and Venus (750 K) as well as temperatures corresponding to
the hotter Venus case (800-1000 K) are shown. A 12-cm crust
forms on a terrestrial basalt flow in ~7000 s (1.9 hours) and on a
Venusian basalt flow in ~12,000 s (3 hours). For the hotter
Venus case, at 1000 K a 12-cm crust takes longer (~20,000 s or
5.6 hours) to form but still occurs within the first 10 hours. (b)
Crustal growth rates for rhyolite. Thickness of the crust is
represented by the position of the glass transition temperature
isotherm. For current ambient conditions a 12-cm crust forms on
Venus in ~5000 s (1.4 hours). For temperatures within the range
for a hotter Venus, a 12-cm crust is not produced within the first
10 hours; at 842 K, crustal thickness is <1 cm. (Note: owing to
our assumption that the surface temperature is 100 K above
ambient within the first 10 hours, the maximum temperature used
in the modeling is limited to 100 K below the glass transition
temperature.) (c) Crustal growth rates for rhyolite with thickness
of the crust represented by the position of the solidus isotherm.
For the hotter Venus case with latent heat released, crustal growth
is still quite limited. At 874 K (100 K below the solidus), crustal
growth is <2 cm after 10 hours. The possibility that the flow
surface could remain above the solidus with high ambient
temperatures indicates that a quenched crust would not form on a
rhyolite flow even over long time periods.
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1. Radial flow emplacement
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2. Dome grows and thickens, crust continually healing

3. Dome cools, surface fracturing and pit formation

Figure 5. Schematic representation of dome growth. In the first stage the dome is emplaced on the surface,
and a crust forms. In the second stage the crust cracks, is entrained, and heals as the dome thickens and grows.
In the final cooling stages, the dome interior is still mobile, pits form, and the surface fractures as the dome cools.

the upper surface in the final stages of development. This dome-
wide resurfacing stage would mask small fractures and potential
blocky surfaces between larger fractures, resulting in the radar-
smooth surfaces observed in the Magellan data. We do not favor
this model owing to the unlikelihood of domes being completely
resurfaced either by pyroclastic materials or lava, and the fact that
no examples of partial dome resurfacing have been identified.

4.2. Composition of Venusian Steep-Sided Domes

As stated above, previous studies have shown that
compositional determinations based on gross morphology are
nonunique [e.g., Sakimoto and Zuber, 1993, 1995], and
parameters other than composition can control flow morphology
[e.g., Fink and Griffiths, 1990; Bridges and Fink, 1992]. Our
approach of analysis of surface features combined with modeling
of crust formation, however, has provided some new constraints
on dome composition. Entrainment and annealing of broken
crust during emplacement, and polygonal fracturing generated by
sagging both favor a low viscosity fluid. Thus we suspect that
steep-sided domes on Venus are basaltic in composition. A
basaltic composition is also favored by evidence that the core of
the dome remained mobile for some time and had a low viscosity

and yield strength, as suggested by the polygonal fractures and
collapse pits.

If the domes are silicic, under current Venus ambient
conditions we would expect a crust to form and break into blocks,
as at terrestrial domes and on the basis of our modeling of the
formation of crusts. A thick rhyolitic or dacitic crust would be
much less likely to allow crustal rehealing/annealing, as required
in our model of Venusian dome growth, because of the high
viscosity of the annealing material. For silicic domes we would
expect convex dome profiles from accumulation of lava in the
center of the dome as it is more difficult for high-viscosity lavas
to flow away from the vent. Two Venusian domes have distinct
upraised vent regions, and a small number of domes have rougher
surfaces. While we suggest that the majority of steep-sided
domes are likely basaltic in composition, some silicic domes may
be present on Venus, especially those domes that are rough or
have distinct, upraised vent regions.

Other than general gross characteristics (circularity, steep
sides), our recent detailed observations do not directly support
comparisons previously made between venusian domes and
terrestrial rhyolite and dacite domes [e.g., Head et al., 1992,
Pavri et al., 1992; Fink et al., 1993]. Terrestrial silicic domes
have mappable surface morphologies, including vent regions,
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jumbled regions, and ridged areas, although the area] extent of the
various units may vary between domes [Anderson et al., 1998].
Similar mappable surface morphologies and structures have not
been identified in the Magellan images of Venusian steep-sided
domes. In addition, catastrophic failure of dome margins and
interiors appears to be common on Venus [Guest et al., 1992;
Bulmer and Guest, 1996] but is not typical on Earth at silicic
domes except in regions of steep slopes (e.g., Unzen) [Nakada
and Fujii, 1993; Nakada et al., 1995].

Alternatively, if Venus underwent a time period in which the
surface temperatures increased to 800-1000 K, as suggested by
Bullock and Grinspoon [1996, 1998, submitted manuscript,
2000], our model indicates that a glassy crust would form on a
rhyolite flow. Therefore, under the hot Venus scenario, dome
characteristics are consistent with either basaltic or rhyolitic
compositions.

5. Conclusions

Steep-sided domes on Venus exhibit surface features that
provide information on their origin and emplacement. Radar
backscatter data of the domes indicate that they have smooth,
relatively unbroken surfaces. Radial fracture patterns seen at
some domes are consistent with endogenous growth, while
polygonally fractured domes reflect sagging and cooling. Pits on
dome surfaces are consistent with a fluid interior under cooling
carapace, with limited evidence of secondary explosive activity.
Pit depths provide a minimum crustal thickness estimate of tens
of meters. This surface evidence suggests that the Venusian
steep-sided domes did not form a stable brittle crust until the final
stages of their emplacement.

We have calculated the time necessary to form a 12-cm-thick
crust for basalt and rhyolite under terrestrial and Venusian
ambient conditions. This crustal thickness is the minimum
necessary to form a surface block with dimensions similar to that
of the Magellan radar wavelength (12.6 cm). The differences
between the times necessary to form a 12-cm crust under these
conditions is less than an order magnitude, with subaerial rhyolite
forming a crust most rapidly (<2 hours), followed by subaerial
basalt, Venusian basalt, and Venusian rhyolite (~8 hours). A 12-
cm brittle crust will form on all compositions in <10 hours under
ambient Venusian and terrestrial conditions. Thus Venusian lava
flows should develop a brittle carapace during emplacement.

Constraints from evaluation of surface morphology and results
of thermal modeling clearly narrow the range of viable
emplacement models for steep-sided Venusian domes. Thermal
modeling shows that brittle surface crusts form rapidly on Venus,
yet only the late-stage brittle fractures are preserved. Thus the
early-formed surface crust must be resurfaced, entrained, or
continually annealed as it deforms to accommodate dome growth.
Resurfacing must completely cover all of the domes in our survey
in order to completely erase all evidence of early crust formation
and is therefore unlikely. Entrainment and annealing of fractures
are not mutually exclusive processes and thus may both be at
work during steep-sided dome emplacement. This process is
similar to that seen at terrestrial lava lakes and may be more
prevalent on Venus owing to the low slopes of the Venusian
plains.

Our results are most consistent with basaltic compositions, as
rhyolitic lavas would quickly form thick crusts which would
break into large blocks that would be difficult to entrain or
anneal. Under the hotter Venus scenario suggested by Bullock
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and Grinspoon [1998, submitted manuscript, 2000], rhyolitic
lavas would be unable to form crusts, and therefore steep-sided
dome characteristics would be consistent with either basaltic or
rhyolitic compositions.
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