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Abstract. Previous knowledge of Venus equatorial
highlands has been greatly extended by Magellan SAR
imagery. Spanning over more than 15,000 km, with a
mean elevation of 3 km, Aphrodite Terra is a key region
for the comprehension of Venusian geology and tecton-
ics. Surface geology is investigated with the high-res-
olution Magellan radar imagery. This study focuses
on the westernmost part of Aphrodite Terra. an area
2000km in diameter centred on Verdandi Corona.
Structural interpretation is based on conventional
manual cartography and image processing. The con-
Jjunction of these two methods enables a model of for-
mation to be proposed in four stages: (1) intense frac-
turation of the substratum under extensive stress,
creating a pattern of small horsts and grabens, (2) filling
of grabens by a volcanic material, (3) formation of
Verdandi Corona, a circular feature 180 km wide, with
concentric and radial fractures corresponding to the
remains of a subsiding volcano, (4) N105” faults over-
cutting the caldera and radial normal faults developing
at its periphery. Along with the topographic infor-
mation available, these stages suggest that this corona
results from the rising, cooling and flattening of a diapir
intruded in the Venusian pre-existing fractured crust.
Copyright © 1996 Elsevier Science.Ltd

Introduction

Due to its thick and cloudy atmosphere, the surface of
Venus can be only observed with radar. Since its injection
into orbit in 1990, the Magellan probe has acquired many
data including altimetry, gravity and radar images, for
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more than 90% of the surface of Venus (Saunders and
Pettengiil, 1991; Saunders et al., 1991, 1992). The Mag-
ellan SAR (Synthetic Aperture Radar) has imaged 97%
of the planetary surface with a high resolution varying
from 120m at the equator to 300m at the pole. These
images show that the surface is mainly affected by volcanic
and tectonic processes (Saunders and Pettengill, 1991 ;
Solomon and Head, 1991 ; Saunders et al.. 1991, 1992). On
an altimetric map, a prominent feature is the equatorial
highland of Aphrodite Terra (Fig. 1). It extends over
15,000 km along the equator, from approximately 45°E to
210°E, with a mean elevation of 3 km, and covers approxi-
mately 10% of the planet’s surface (Phillips and Malin,
1983; Solomon et al., 1992). Its topography is char-
acterized by a series of circular features 2000-3500 km in
diameter. The westernmost of these features corresponds
to the western boundary of Ovda Regio, a plateau-shaped
highland characterized by a rugged, radar-bright surface.
This area is characterized topographically by a 2 km high,
eastern half-ring bounding a plateau gently tilted to the
west. At its centre, a 180 km wide circular depression,
named Verdandi Corona, is observed (5.5°S-65"E). Our
geologic and structural study focuses on this region of
Aphrodite Terra, and is based on radar-mosaic F-
MIDRP.055065 (Fig. 2). This full-resolution image covers
an area of approximately 250,000 km?, with a pixel size of
75m. allowing the resolution of hectometre-scale details.
Classic manual methods of image interpretation are used
with some caution, inherent to the interpretation of radar
images (Ford er al., 1989, 1993), in order to define the
type, the style and the relative chronology of the Venusian
crustal deformations. Its results are supplemented with
image processing techniques (Blondel ef al., 1992), which
provide maps of specific linear features and quantify their
geometric parameters (length, direction and sinuosity).
Much is gained from the conjunction of the two methods,
as exposed in the subsequent tectonic interpretation. This
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local geologic and structural study leads to the proposition
of a model of formation for the region around Verdandi
Corona, discussed and compared with models.

Methodology

Interpretation of radar imagery is not straightforward,
compared to the interpretation of imagery in optical wave-
lengths (Ford et al., 1989, 1993). Radar backscatter is
related to the interaction of the micro-wave with the
surface, which itself depends on radar characteristics
(wavelength and polarization), the illumination geometry,
and the surface characteristics (topography, micro-scale
roughness, bulk dielectric properties); e.g. Ford ef al.
(1989, 1993). The Magellan SAR transmitted ona 12.6 cm
wavelength, with a horizontal polarization (HH mode).
The image considered in this study was acquired with a
radar beam oriented to the east, and with a 44" incidence
angle. Several models exist to describe the interaction
of the radar with the surface, constrained by numerous
experimental and theoretical studies on the planetary sur-
face (Hagfors, 1964 ; Schaber et al., 1976; Ulaby et al.,
1982). Combined with previous knowledge from Venus
geology (e.g. Saunders et al., 1992), they show that radar
backscatter is mainly affected by the topographic slope
with respect to the radar beam, and that topographic
changes do not create noticeable geometric distortions
(layover or foreshortening) (Ford et al., 1989, 1993).

Bearing this in mind, conventional manual interpret-
ation was performed on the large-scale photograph pro-
vided by NASA-JPL (F-MIDRP 055065, browse image,
supplemented by high-resolution images for detailed
analysis). The individual geologic features (impact craters,
volcanoes, faults, folds, etc.) were identified and mapped.
Based on their respective distribution and orientation,
these features are used to determine the local tectonics
and the types and styles of deformation (compressive/
extensive). Superposition and cross-cutting relation-
ships induce the establishing of a relative chronology
for the morpho-structural units. Because of the size
and resolution of the dataset, this method may be ex-
cessively long (from a few hours to a few days). Loss of
information occurs in complex areas, where features are
numerous and intricate, and where manual interpretation
tends to average the information, favouring the most
remarkable structures.

Numerical processing can alleviate this problem and
help the interpreter in complex regions. The technique
called *‘Structure-Tracking” has been developed specifi-
cally for radar images of Venus (Blondel er al., 1990,
1992). It has been validated on Venera 15-16 and Mag-
ellan data (Blondel ef al., 1992 ; Blondel, 1992), as well as
on sonar images (Blondel ez al., 1993) and SPOT data
(Luxey et al., 1995). The *“Structure-Tracking™ technique
detects linear features by their luminosity gradients, and
tracks them with a searching pattern designed for geo-
logical features. Each structure detected is precisely
located in the numerical image, and its parameters are
computed : length (according to the projection), mean
direction, histogram of directions, sinuosity. This tech-

nique gives the conventional interpretation, especially in
complex regions, and supports it with quantitative infor-
mation,

Interpretation of radar mosaic F-MIDRP.05S065

The Magellan mosaic F-MIDRP.05S065 (browse image)
(Fig. 2) exhibits a pattern of radar-bright blocks on a
radar-dark background, and a large circular feature,
approximately 180 km in diameter, centred at latitude 5°S
and longitude 65°E. The irregular radar-bright blocks rise
a few thousands metres above the background (Leberl ez
al., 1992), and are more or less equidimensional. Their
surface shows a network of rectilinear troughs. The blocks
are spaced by short, linear, radar-dark troughs. Their
morphology is marked by linear, bright features cor-
responding to topographic scarps facing the radar beam
on their western side, and dark, narrow features cor-
responding to topographic scarps opposite to the radar
beam on their eastern side. The large circular feature,
named Verdandi Corona, is bounded by a network of
discontinuous, concentric, radar-bright linear features
(Stofan et al., 1992). A network of short, radial, radar-
bright features is observed, essentially in the northern
part of Verdandi Corona. Topographically, this feature
corresponds to a circular depression with a 1200 m high
rim. The inner part is characterized by a local plateau
standing at 200m above the background, and two
depressions (Fig. 3). Furthermore, Verdandi Corona is
crosscut by a set of approximately E-W trending, narrow,
long, rectilinear features topographically marked by a
400 m high, WSW-ENE, linear depression, on the western
side of Verdandi Corona (Fig. 3).

Drawn manually, the structural map is presented in
Fig. 4A. The rectilinear topographic scarps bounding the
radar-bright blocks are interpreted as fracture zones or
normal-fault scarps. Consequently, the bright, raised
blocks correspond to horsts, whereas the dark troughs
correspond to grabens. They are filled with radar-dark
material, interpreted as lava flows on the basis of their
radar backscatter characteristics (Ford et al, 1989).
Because of their geometry and volcanic association, these
troughs may have resulted from dike emplacement at
depth combined with crustal fracturing at the surface
(McKenzie et al., 1992). However, in some place, radar-
dark material interpreted as lava flows partially cover
the pattern of bright blocks (Fig. 2, around the circular
feature, Verdandi Corona). On the lava flows, small
domes and pits are observed locally in the western side of
Verdandi Corona. Lava flows are overlain by a set of
narrow, 200km long, bright, linear features, approxi-
mately oriented E-W, and also crosscutting Verdandi
Corona. They correspond to faults. Verdandi Corona cor-
responds to a circular depression bounded by a series of
discontinuous, concentric, linear features. The detailed
analysis of these features shows that they are characterized
by a pair of topographic scarps where the western one is
outlined by a radar-bright response and the opposite one
is characterized by a narrow, radar-dark response. The
pairs of discontinuous, concentric scarps bounding a
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Fig. 1. Magellan altimetric map of Aphrodite Terra (NASA-JPL). It covers an area of 18,000 km

(E-W) by 7875 km (N-S) in Mercator projection. Ovda Regio (bright area) is located on the western

part of Aphrodite Terra and its altitude reaches 3 km. The white box indicates the extended image of
Magellan radar F-MIDRP.05S065
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Fig. 2. Magellan full-resolution radar mosaic F-MIDRP.055065, L/
centred at latitude 05°S and longitude 65°E. It covers an area of b X ’ i
approximately 500km in latitude x 560 km in longitude. The Fig. 3. Magellan altimetry superposed on Magellan radar image
radar illumination is oriented to the east, with a 44° incidence centred on Verdandi Corona (5°S—-65"E). The image is approxi-
angle mately 200 km x 200 km. Spacing of contour lines is 200 m
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Fig. 4. Structural interpretation of radar mosaic F-
MIDRP.058065. The hand-drawn map (A) presents most of the
structures, and gives their tectonic styles (1. fault; 2, normal
fault) (Ansan, 1993). The numerical processing (B) enhances the
interpretation, and outputs the quantitative parameters of all
structures (Blondel, 1992)

trough are interpreted as ring-shaped fractures or grabens.
As indicated by altimetry (Fig. 3), blocks bounded by
ring-shaped fractures or grabens tend to slump into the
depression. Altogether, these geometric characteristics
suggest that Verdandi Corona is similar to a volcanic
caldera that would result from the collapse of an old
volcano. The caldera would be probably associated with
igneous features such as those of a ring complex (Price
and Cosgrove, 1990).

From the crosscutting and/or superposition relation-
ships of the structures previously mentioned, a relative
chronology can be outlined. In a first stage, the pattern of
radar-bright blocks formed the substratum. In an exten-
sional tectonic regime, this substratum divided into a
mosaic of horsts and grabens, oriented N-S, NNE-SSW
and NW-SE. A second stage saw the filling of grabens
with lava flows (radar-dark troughs), possibly originating
from the observed circular Verdandi Corona, which may

have been a volcano at this stage. In the third stage, this
volcano collapsed because of magma withdrawal from
below the caldera. In the fourth stage, Verdandi Corona
was crosscut by a network of long, linear, faults oriented
approximately E-W. Therefore, this region is interpreted
as formed in extensional tectonic regime associated with
volcanic activity (Ansan, 1993).

The same image with a reduced-resolution version of
the F-MIDRP.055065 (browse image) has been numeri-
cally processed (Fig. 4B; Blondel, 1992 Blondel et «l..
1992). The pixel size is then 600 m instead of 75m. The
Structure-Tracking algorithm computes for each detected
structure its length, direction and sinuosity. A histogram
of lengths displays three classes (Fig. SA): 0-20 pixels (0~
12 km), 20-50pixels (12-30km), and 50+ pixels (more
than 30 km). For each class, a rose diagram of the cumu-
lated lengths in each direction (Fig. 5B) shows a bimodal
distribution of tectonic structures. with peaks at
NI120"+15" and N215° 1+ 5. The rose diagram for longer
features exhibits a marked peak at N105 . It corresponds
to the linear faults overcutting Verdandi Corona (Fig.
2). On the same rose diagram, the peak close to N180
originates from detection of the radar gap boundaries.
Peak directions, as established from these diagrams, cor-
roborate and enhance those seen through the classic
method of image interpretation. Other information, unob-
tainable by hand. can be gathered from the use of sinu-
osity. Sinuosity is the ratio of Euclidian distance between
the tips of the feature and its actual length. The higher the
sinuosity, the more sinuous the structure. Plotting the
sinuosity of alf medium (20--50 pixels) structures in respect
to their directions again shows the existence of two main
directions : N102° 4+ 15%and N125" +5 (Fig. 5C left). Low
sinuosities are concentrated around N105 . whereas all
directions exhibit higher sinuosities, i.e. structures in these
directions are more sinuous. A map of features with sinu-
osity between 1 and 1.1 shows that they mainly represent
the quasi-linear faults crosscutting Verdandi Corona.
Numerical processing allows the structural interpretation
to be improved by quantifying the geometric parameters
of linear features.

Discussion and conclusion

A model of the chronologic evolution of this area is pro-
posed based on classic image interpretation and digital
processing (Fig. 6). During the first stage, the blocks con-
stituting the basement undergo crustal stretching (Fig.
6.1). A mosaic of horsts and grabens results thereof, the
grabens having a near constant length of about 30 km.
Two main trends of fracturation are detected:
NI120"+ 15" and N215'+5", quasi-orthogonal. During
the second stage (Fig. 6.2), volcanic activity leads to the
embayment of the grabens with a dark material cor-
responding to fluid lava flows. This volcanic material
could relate either to flows similar to basaltic traps, or to
the great circular feature, Verdandi Corona, interpreted as
a volcano. In a later stage (Fig. 6.3), the volcano collapse
produces the network of concentric and radial fractures.
In the last stage (Fig. 6.4). the old collapsed volcano is
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Fig. 5. (A) Histogram for the number of pixels of all structures numerically detected. Three classes
of structures : short (0—20 pixels/10-12 km), medium (2050 pixels/112-30km), and long (50 + pix-
els/304 km). (B) Rose diagrams for short, medium and long structures with corresponding maps.
(C) Polar plot analogous to rose diagram for sinuosity of medium structures and map of the sub-

linear ones
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Fig. 6. Proposed model for the chronological evolution of the
westernmost part of Aphrodite Terra. Stage 1: fracturation.
Stage 2: volcanic flooding and magmatic intrusion. Stage 3:
collapse of the old volcano called Verdandi Corona. Stage 4:
N105" faults overcut Verdandi Corona. (a) Substratum ; (b) lava
flows

crosscut by a network of long rectilinear faults oriented
N105".

The studied area belongs to Ovda Regio, the west-
ernmost part of Aphrodite Terra, characterized by highly
deformed terrains often defined by a complex ridged ter-
rain unit (Solomon ez al., 1992 ; Bindschadler et a/., 1992).
They have interpreted the radar-bright blocks as ridges
resulting from compressive deformation. Then, these
ridges are crosscut by later fracturing, which implies
that the crustal shortening was followed by modest
extension.

Based on radar altimetry, imagery and gravimetry, sev-
eral theories have been proposed to explain the formation
and evolution of western Aphrodite Terra. For some,
the complex ridged terrain of Ovda Regio would be the
manifestation at the surface either of the lithospheric
extension or mantle upwelling (Crumpler er al., 1987;
Morgan and Phillips, 1983 ; Griffiths and Campbell, 1991 ;
Herrick and Phillips, 1990 Stofan and Saunders, 1990 ;

Phillips et al., 1991 ; Kiefer and Hager, 1991 ; Bindschadler
et al., 1992). Conversely, Bindschadler and Parmentier
(1990) and Bindschadler et al. (1992) propose that the
complexed ridged terrain would result from mantle
downwelling (“coldspot’). Our detailed structural study
of high-resolution Magellan radar image favours the
model of formation in a mantle upwelling context. The
regional crustal deformation, whose results have been
observed and quantified, would originate from the ascend-
ing and flattening of a diapir intruded in the Venusian
crust. The ascending diapir would have led to a topo-
graphic uplift (2 km in elevation). And, in response to this
domal uplift, radiating fracturation would have developed
in a 2000 km wide circular zone. The observed pattern of
horsts and grabens could be associated with dike emplace-
ment above a shallow magma reservoir. The ascending
diapir would be associated with the volcanic activity which
led to embayment of all the grabens and intrusion of
basalt, forming a thick crust. The high regional correlation
between topography and geoid anomaly (35 m) and grav-
ity anomaly (35 mgal), and the high compensation depth
(70 km) computed both with PVO data and Magellan data
(Ananda et al., 1980 ; Sjogren et al., 1983 ; Herrick er al.,
1989 Black et al., 1991; Smrekar and Phillips, 1991)
seem to indicate that Ovda Regio formed above a mantle
upwelling or mantle diapir.

As we saw previously, at the centre of Ovda Regio,
there is a corona called Verdandi. This structure is defined
by Stofan er al. (1992) as a concentric, and well-defined
tectonic annulus that displays a moderate number of
associated features. The observed tectonic structures (con-
centric grabens associated with radial fractures) and vol-
canic flows are similar to the structures forming above an
ascending diapir as shown in analogic experiments and
numeric models (Griffiths and Campbell, 1991 ; Herrick
and Phillips, 1990; Stofan et al., 1992 Squyres et al..
1992). From these models, the corona formation can be
summed up in three stages and applied to Verdandi
Corona. First, a 100km in diameter diapir rises through
the Venusian lithosphere leading to a dome formation.
The ascending strengths of the diapir being sufficiently
high. the crust breaks up in a radial manner above the
diapir. Second, the diapir spreads and flattens. During
this stage, volcanism and magmatic intrusion occur and a
volcano rises above the surface (Verdandi). Third, because
of the emptying of the magmatic reservoir and the with-
drawal of the dynamic support of the diapir. the volcano
collapses, marked by concentric fracturations and for-
ming Verdandi Corona.

Throughout this study, we have detailed the structural
geology of Verdandi Corona and the surrounding region.
The interpretations were quantified by combining con-
ventional mapping and image processing techniques,
enabling the establishment of a relative chronology. The
resulting model of formation and evolution of Verdandi
Corona supports and is supported by the larger-scale
interpretation of Ovda Regio (Herrick er a/., 1989 ; Stofan
et al., 1992; Squyres et al., 1992). The mechanisms of
formation of fractured terrains in Ovda Regio and Ver-
dandi Corona are similar (diapirs) but at different scales.
The 1000 km scale for Ovda Regio would imply a process
associated to mantle convection at a lithospheric scale,
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whereas the 100 km scale of Verdandi Corona argues for
a crustal-scale process. The small diapir at the origin of
Verdandi Corona could very well be a local upwelling of
magma from the regional Ovda diapir through a local
pre-existing crustal weakness.
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