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Abstract

Coronae are large-scale geological structures on Venus normally consisting of a
planimetrically circular topographic rim which encircles a basin. They are considered to
have formed by plume activity. The thesis describes and examines the characteristics of
coronae using a new and comprehensive database which is used to further understanding of
corona properties and the geological evolution of Venus. Topographic data were surveyed
to identify coronae which are not easily detectable in synthetic aperture radar (SAR) images
because they lack the annulus of brittle scale fractures that were previously considered to
characterise all coronae. Data used to describe the distribution, morphology, geological
setting and associated volcanic and tectonic structures were obtained from altimetry, high
resolution Synthetic Aperture Radar (SAR) images returned by the 1990 Magellan mission
and synthetic stereo images generated from Magellan data. Detailed geological mapping of
the Scarpellini Quadrangle was then used to examine coronae on a regional scale and study
their geological context and history. The 229 coronae identified by the survey were found
in a variety of geological settings and materials. They occur on topographic rises and their
margins and on ridge belts north of the Beta-Atla-Themis region. They have widths
comparable to those described by earlier surveys but tend to be lower in height. A range of
morphologies were identified, including a new class which have complexly deformed
interiors. Most of the coronae have irregular fractures aligned with their rim topography, but
fracture networks and radial structure are also seen. The large numbers of additional
coronae strongly imply that they are a far more important global heat loss mechanism than
previously thought. The results indicate that the plume’s ability to deform lithospheric
materials varies not only spatially with lithospheric thickness but also with other factors
such as regional stress regime. The morphological and stratigraphic evidence presented
here indicates that coronae can develop in episodes, rather than by a continuous process of
formation as suggested by some authorities.
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Chapter 1

Introduction

Coronae are large-scale geological features on the surface of Venus which generally
consist of concentric and radial features arranged about a central depression (Stofan et
al., 1992) (Fig. 1.1). They are considered to be the surface manifestation of mantle
diapirs (Barsukov et al., 1986, Stofan and Head, 1990; Stofan et al., 1991, 1992;
Squyres et al.,, 1992) and hence are studied to improve our understanding of the
geological evolution of Venus, its mantle dynamics and its heat budget. Coronae were
first described by Barsukov et al. (1984, 1986) using Venera 15/16 data. SAR (synthetic
aperture radar) data and altimetry returned by the Magellan spacecraft make possible
detailed investigation of coronae by providing images of high resolution and enabling
the generation of synthetic stereo images of the surface of Venus.

Coronae exhibit a wide range of topographic configurations. For example, the outer
boundary may be a raised rim or a trough and the central feature may be a rise rather
than a basin. Coronae have diameters ranging from 60 km to 2,000 km (Stofan et al.,
1997), although most of them have diameters of between 200 km and 400 km. The very
large corona Artemis (2,600 km in diameter) is exceptional. Rim widths are in the order
of 20 km to 40 km and rim heights range between 1,500 m and 5,000 m. In SAR
images, coronae are identified by their annulus of concentric fractures, but many
coronae lack an annulus of concentric fractures and are thus difficult to detect without
altimetry data and synthetic stereo images.

A survey was carried out (Chapter 2) in order to create a feature gazetteer or database
which encompasses the full range of features that may have formed through plume

activity.
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In this thesis the location, elevation, size, morphologic characteristics, geological
setting, associated tectonic structures and associated volcanism were studied (Chapters
3-7) and their possible implications for the geological evolution of Venus evaluated.
Physiographic information was gathered from Magellan GTDR (global topography data
record) framelets with the help of synthetic stereo images. The data were amalgamated
with the observations by Stofan et al. (1992), and the expanded corona database
examined in detail. Coronae which were overlooked, which were missed owing to a
lack of data, or which did not fully meet the criteria of the survey of Stofan et al. (1992),
were also incorporated into the new database.

The survey located 229 additional coronae, which, combined with the 362 identified
by Stofan et al. (1992), brings the total count to 591. The features identified in the new
survey which lack fracture annuli were provisionally termed stealth coronae, since they
are hard to detect on SAR images (Tapper, 1997) (Fig. 7.5). Indeed many are only
clearly visible in synthetic stereo images. They are roughly circular in plan, between
160 km and 1,700 km in diameter, and comprise a topographic rim 30 to 50 km across
which encircles a basin. They are often topographically low, having elevations in the
order of 2,000 m to 3,000 m above the surrounding surface, and lack the multiple trough
and ridge configurations described by Stofan et al. (1992).

The additional coronae, which lack extensive brittle deformation in the form of a
fracture annulus, yield clues as to how lithospheric thickness and other properties
influence how plumes are able to modify the surface to form coronae. Coronae are also
useful indicators of regional stress, as regional deformation modifies the tectonic pattern
seen at coronae (Cyr and Melosh, 1991; McGill, 1993).

Examination of the distribution pattern of coronae and their geological setting shows

that coronae are more common on ridge belts and on or near topographically elevated



regions. Previous work (Squyres et al., 1993) had identified a single large cluster of
coronae associated with chasmata in the Beta-Atla-Themis (BAT) region (Stofan, 1996).
The results of the new survey show that coronae are more extensive and more
widespread than previously thought.

In this work coronae are generally interpreted as relatively youthful features, as very
many of them deform materials considered to be the most youthful. In some instances,
however, stratigraphic analysis of coronae, coupled with morphologic evidence
including multiple ring/trough configurations, indicates that coronae have prolonged
histories, a conclusion which is consistent with the findings of Copp et al. (1996).
Moreover, coronae are observed to have formed in materials which are recognised as the
earliest interpretable units, indicating that corona formation has occurred throughout the
interpretable geological history of Venus (Chapters 4 and 10).

The results presented in this work have a bearing on current models of corona
evolution and major implications for our current understanding of the geological
evolution of Venus (Chapter 10). The existence of a greater number of coronae is in
itself significant. Among other things, the observation supports the argument of
Smrekar and Stofan (1997) that coronae, in the absence of plate recycling or
catastrophic lithospheric turnover, are an important avenue of heat loss from Venus.

In summary, this thesis re-evaluates the intrinsic properties, distribution and setting
of coronae and uses coronae to obtain further insights into the geological history of

Venus.

Mapping Venus

Venus is being mapped at global and regional scales. The program is administered

by NASA and co-ordinated by the US Geological Survey’s branch of Astrogeology.



SAR image and shaded relief maps at scales of 1:50 million and 1:10 million have been
produced (Batson et al., 1994). The Venus Mapping (V-Map) program will also
produce a series of 62 geological maps of the planet’s entire surface using standard
photogeological techniques (Wilhelms, 1972; Tanaka, 1994) whereby the stratigraphic
relationships of structures and materials are studied to enable a chronology of geological
evolution to be constructed. A series of full resolution image maps at 1:5 million scale
which have been re-sampled to 75 meters per pixel have been generated directly from
SAR basic image data record (BIDR) strips are used for mapping. The series employs
Mercator, Lambert conformal conic and polar stereographic projections (Fig. 1.2).

The series will provide a useful tool for detailed geological and geophysical study of
the planet. It should reveal much about the geological history of the planet as the
stratigraphy of different regions can be compared within a standardised framework. The
mapping process should help to characterise a number of very ambiguous features and
geologically complex regions.

The Scarpellini Quadrangle contains several large coronae (Chapter 9) which are
easily identifiable on Magellan SAR images, as well as stealth coronae. They are
representative of the range of coronae found on Venus and include several types defined
by Stofan et al. (1992) including concentric, concentric ring and basin coronae. They
possess a variety of structural elements which are used in conjunction with stratigraphic
evidence to interpret their geological history (Chapter 9).

Mapping enables this work to move from the study of coronae on a global basis
using the new feature gazetteer, to focus on coronae in a regional setting. It provides
structural and contextual detail vital for future modelling work involving coronae and in

Chapter 10 of this thesis, contributes to a proposed revision of current corona models.
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Previous investigations

Associated with coronae are a range of tectonic structures including concentric
fractures which are usually aligned with the topographic rim (Stofan et al., 1990; 1992),
compressional ridges, radial and/or concentric graben, and concentric wrinkle ridges
which are found in the surrounding materials (Solomon et al., 1992; Stofan et al., 1992).
Arcuate concentric fractures in the surrounding plains are attributed by Cyr and Melosh
(1991) and McGill (1993) to the effect of coronae on the regional stress field.

Coronae often have volcanism associated with them (Barsukov et al., 1986). In pre-
Magellan studies all coronae were considered to have volcanism associated with them
(Stofan et al., 1991). Lavas which have erupted from the corona rim are common, as are
central volcanoes which have flooded the interior with lava. Small volcanic edifices (20
- 50 km) and domes (Barsukov et al., 1986), shields and cones and occasionally central
volcanoes are observed on the topographic rim of coronae aligned with fractures that

crosscut the fracture annulus (Stofan et al., 1991).

Population and distribution

A count of 362 coronae was made by Stofan et al. (1992). In the course of the
present study it soon became apparent that a population size was arbitrary: there are
many arcuate features which could have formed as a result of plume processes but
which have subdued, fragmentary or degraded topographies. The original survey also
overlooked many substantial coronae which possessed rim-trough topography and
others with easily discernible concentric annuli.

The global distribution of coronae is almost certainly not random as coronae are
found in clusters and in linear chains associated with chasmata (Stofan and Head, 1990,

Stofan et al., 1992; Stofan 1995). Visual inspection of the data is corroborated by



statistical analysis. Although random populations tend to produce a certain degree of
clustering, nearest neighbour analysis by Squyres et al. (1993) of the| corona population
shows that the globally dominant concentration centred on the BAT region is not the

product of a random distribution.

Corona evolution

Since coronae were first seen in Venera 15 and 16 images, a range of mechanisms
have been proposed for their formation. Alternative ideas have included the
rejuvenation of impact craters (Barsukov et al., 1986), ring dike intrusion (Masursky
1987), mantle sinkers (Stofan et al., 1987) and retrograde subduction of the lithosphere
(Sandwell and Schubert, 1992a; 1992b). The most widely accepted theoretical model is
that of Squyres et al. (1992). The model involves three key stages (Fig. 1.3). Initially
domical uplift occurs as a result of a plume rising to the surface. When it is near the
surface the plume spreads laterally thinning the crust. When upwelling ceases, the
plume cools; the domical topography is no longer supported and the surface subsides
leaving a circular depression bounded by a topographic rim, trough, or both.

Tectonic evidence supports the three key stage hypothesis. There is evidence of
early updoming such as radial fracturing (Solomon et al., 1992; Janes et al., 1992).
Compression of the surrounding surface during the spreading stage of formation then
produces a series of concentric ridges or wrinkle ridges (Solomon et al., 1992). Annuli
tend to be composed of extensional fractures which are ascribed to lithospheric flexure
during the later stages of corona development (Solomon et al., 1992; Stofan et al.,
1992).

Although there is a general consensus that coronae are manifestations of mantle

plume upwelling, there remain certain long-standing questions regarding the processes
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that lead to the development of the ridge/trough and more complex corona
morphologies. Such questions were not fully addressed by the three stage model of
Squyres et al. (1992) or the numerical models of Janes & Squyres (1994; 1995a; 1995b),
Koch (1994) and Koch and Manga (1996). But recent work shows that mantle plume
upwelling and subsequent lithospheric delamination can account for a range of coronae
morphologies observed by the 1992 survey. In the model of Stofan and Smrekar (1997)
(Fig. 1.4) crustal thickening occurs from 75 to 195 km and is accompanied by a decrease
of 20° C in mantle temperature. The plume operates for 140 My and the plume tail rises
for about 165 My. Corona development is as follows: (a) the plume reaches the
lithosphere at 100 My; (b) a dome forms at 132 My; at 225 My (c) the lithosphere
thickens at the edge of the plume as it spreads outwards and downwards. Delamination
(d) pulls the surface downwards initially driven by the flow of the plume head but then
sustained by the density difference between the lithosphere and the mantle. Viscous
flows (e) pull the delaminating flow to the centre at 246 My, altering the position of the
trough, which then merges into the central depression (278 My). The lowest corona
topography is observed when the cold lithosphere pulls downward balancing the low
density (mantle) layer pushing upward (304 My). The depleted layer thickens (f) and

topography increases until about 324 My.

Nomenclature

Features on Venus are named according to certain guidelines outlined by the
International Astronomical Union (IAU). Table 1.1 outlines the convention for naming

features on Venus.

Terminology

11



Detailed geological investigation of Venus has only just begun. There still exist
ambiguities in the terminology used to describe geological structures revealed for the
first time by Magellan. The definitions of geological terms used in the text are given
below. There is also scope for confusion in some of the words used to describe certain
geological phenomena: plume, mantle plume and mantle diapir for instance have been
used interchangeably by some authors.

Corona and stealth corona were defined above. There exists a plethora of terms
used to describe their morphologies and the structures that they contain. The term
annulus refers to the small-scale fracture patterns (>1-5 km in width) that are often
associated with coronae and which include lineaments and graben concentric to the
corona. The rim topography and moat exhibited by some coronae are larger-scale
features some tens of kilometres across.

Coronae have been classified according to structural criteria by several workers
(Stofan, 1992; Kreslavsky & Vdovichenko, 1996). The morphotectonic scheme
outlined by Stofan (1992) includes concentric coronae, having a rim and trough with
concentric fractures, double-ring concentric, whereby the basin is enclosed by two sets
of concentric ridges, radial, which contain fractures radiating from the centre of the
structure, asymmetric, which are non-circular coronae, in many cases- pear shaped, and
multiple, which consist of two or more distinct coronae whose margins are in contact.

There are other circular structures which possess some of the characteristic features
of coronae and which are sometimes referred to as corona-like features. Two forms that
are mentioned by Head et al. (1992) are novae and arachnoids. A nova consists of a
topographic rise highlighted by a dense pattern of radial graben which give the feature a
stellate appearance (Head et al., 1992). The use of the term novae was discontinued as it

suggested that these features were of recent origin. Arachnoids are composed of radial

12



and concentric ridges aligned with a circular topographic rim; the fracture system gives
the structure a cobweb-like appearance. Arachnoids possess the tectonic and
morphological features of coronae and in this work are treated as coronae rather than as
a distinct genetic entity.

The terms diapir and plume are both used in the literature in connection with corona
formation.  The term diapir is avoided in this work because it is reminiscent of
terrestrial structures which canpierce through surface layers. On Venus mantle plumes
originate at the mantle boundary*and are considered to be responsible for the support of
regional scale topographic rises (Hansen et al., 1996). In this work mantle plume is used
to denote large-scale mantle upwelling. The upwellings which give rise to coronae are
unlikely to be so deep seated. In this thesis such upwellings are referred to simply as

plumes. Plumes which form coronae may occur on the upper surfaces of large scale

mantle plumes (Head and Wilson, 1992; Hansen et al., 1996).

Feature Definition Name
Chasmata Canyons Goddesses of hunt; moon
Colles Small hills, knobs Sea goddesses
Coronae Rim and/or troughs encircling a Fertility goddesses
depression
Craters (large Impact structures Famous women
Craters (small) Impact structures Female first names
Dorsa Ridges Sky goddesses
Lineae Elongated markings Goddesses of war
Montes Mountains Goddesses, miscellaneous (and one
male radar scientist)
Paterae Irregularly shaped craters Famous women
Planitiae Low plains Mythological heroines
Planum (1 only) | High plains Goddess of prosperity
Regiones Large areas of moderate relief Giantesses and |t itanesses (also two
Greek alphanumeric designations)
Rupes Scarps Goddesses of hearth and home
Tesserae Highly deformed terrain of ridges and | Goddesses of fate or fortune
grooves with second order
perpendicular deformation
Terrae Continents Goddesses of love
Tholi Domical hills Goddesses, miscellaneous

Table 1.1. Categories for naming features on Venus. Source: USGS.

* Mantle/core boundary
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Chapter 2

Global survey of coronae

The aim of the survey was to record the location and physical characteristics of
coronae which lacked a concentric fracture annulus. This would make it possible to
investigate their distribution, geological setting, morphology, associated volcanism and
tectonic style. By amalgamating the survey data with those collected by Stofan et al.
(1992) a fully comprehensive corona database would be created, encompassing the full

range of features ascribed to mantle upwellings.

The 1992 survey

The corona survey of Stofan et al. (1992) used Magellan C1 (compressed once) SAR
photo-products to record the location, width measured from the outermost extent of the
fracture annulus, and rim width. In the classification scheme used by Stofan et al.
(1992), coronae were assigned to categories according to a combination of
morphological and tectonic criteria. A distinction was made between coronae which
have a fracture annulus, two sets of fracture annuli or were dominated by radiating
fractures. Planimetrically asymmetrical or multiple structures were differentiated by
their morphology. No distinction was made between coronae which had different rim

and trough configurations. The classification was as follows:

Concentric: coronae which have well defined symmetric annuli.

Concentric double ring: coronae which are encircled by two sets of tectonic ridges,

troughs, or both.
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Radial/concentric: coronae which have interiors dominated by radial fractures and|

an encircling annulus of concentric fractures.

Asymmetric: coronae which have asymmetry of form. Planimetrically they are pear

or kidney shaped.

Multiple: two coronae, or small groups, which have a continuous bounding ridge and

fracture annulus.

Coronae were also assigned a volcanic class. Volcanic flows vary widely in their
detectability, however, and the amount of associated volcanism is not always clear from
the examination of C1 images. Inspection of full resolution photo-products (F-maps)
reveals that very few coronae lack associated volcanism. Flows sometimes have the
same backscatter as the coronae or the plains which they have formed in, and are
therefore difficult to see, so that the amount of associated volcanism risks being
underestimated. Very often, however, repeated volcanic activity gives rise to flows
which vary greatly in roughness. These radar-bright (interpreted as blocky) or radar-
dark flows (interpreted as smooth) are easily distinguished from plains materials which
have intermediate radar backscatter. The scale makes no distinction between styles of
volcanism or the type of structures associated with coronae, but given that it is applied

consistently, provides a useful indicator of the relative degree of volcanic activity linked

to coronae:

1 Deficient in associated volcanic features

2 Moderate number of associated volcanic features
3 Dominated by volcanism
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Several investigations have made use of the 1992 corona survey. They include a
study of spatial variation of coronae and their altitudinal distribution by Squyres et al.
(1993), and of the morphology and regional setting of coronae by Stofan (1995). As
they do not incorporate coronae which lack an intense fracture annulus, these studies are
unrepresentative.

At the time of the survey by Stofan et al. (1992) the SAR dataset was not complete,
and it was therefore expected that the new survey would find coronae which had lain
within data gaps. It was also expected that the new survey would find coronae which

had been overlooked by the first survey.

1997 Survey

Using Magellan digital altimetry images, synthetic stereo photo products and full
resolution photo products, coronae which lack a concentric brittle deformation annulus
were identified and their physical properties recorded.

The data and methods used are described in detail below. Table 2.1 summarises the
variables recorded and the pertinent units. For the identification of these structures the
primary dataset was the Magellan altimetry data. Location and morphological
parameters: relief, width and morphological class (corona profile) were recorded from
the altimetry global topography data record (GTDR).

Synthetic stereo images were used to study the geological setting, stratigraphy,
tectonic style and associated volcanism, and to provide additional checks that features
observed in the altimetry were in fact coronae and not large craters, volcanic calderas or
features ascribable to some other mechanism. Where necessary, full resolution photo

products (F-maps) and digital data were examined.
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Field Units Source | Compatibility with 1992 Survey
Latitude & longitude degrees GTDR | absolute

Diameter kilometres | GTDR | absolute

Height metres GTDR | collected for all coronae 1997
Mean altitude metres GTDR | collected for all coronae 1997
Morphology class GTDR | collected for all coronae 1997
Corona type (Stofan, 1992) class Stereo | comparable

Volcanic class (Stofan, 1992) | class Stereo | comparable

Stratigraphy class Stereo | N/A

Table 2.1. Data fields used in the corona survey.

Magellan altimetry

Using knowledge of the spacecraft's orbital position, in nadir-pointing altimetry
mode, the Magellan radar system was used by NASA to produce a topographic map of
the surface of Venus by measuring the travel time of the radar signal. The Doppler-
frequency shift of the returned signal was used to separate altitude measurements of
specific surface areas (Plaut, 1993). There are two considerations of particular
relevance to the data collection undertaken in this thesis. Examination of the global
topography data record (GTDR) reveals spikes in the data, especially in regions of steep
terrain, which result from strong radar return signals and lead to ambiguity in height
determination. In altimetry mode, as in SAR mode, the resolution of the data varies
with spacecraft altitude, and therefore latitude. Altimeter footprint dimensions vary
between 12 km cross-track, 8 km along-track at 10° latitude and 27 km cross-track, 15
km along-track at latitudes 80° and 60° S. The global altimetry dataset is provided in 32

Mercator and 8 polar stereographic framelets.

Radar interaction with geological surfaces

Some understanding of the properties of the Magellan SAR images and knowledge

of the way in which microwaves interact with geology is necessary in order to make a
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sound interpretation of the data. The radar return or backscatter of the surface varies
with its orientation with respect to the radar beam, with surface texture (Fig. 2.1) and
with the dielectric properties of the surface (Elachi, 1983; Drury, 1993). There are a
number of peculiarities common to radar images which can sometimes present obstacles
to interpretation. These difficulties are shared by Earth-orbiting imaging radar systems
such as SEASAT, ERS-1 (Earth resources satellite) and the SIR (shuttle imaging radar)
experiments, and are well documented. Often the low incidence angle of the radar beam
means that some regions are in shadow because they are masked by features occupying
the foreground (Fig. 2.2¢7. Foreshortening may occur, whereby upstanding structures
can appear to have a steep or shortened foreslope closer to the radar and a shallow back
slope further away from the imaging system (Fig. 2.2 a). Layover is common in very
rugged or mountainous terrain, and occurs when the radar beam impinges on elevated
terrain before a simultaneous burst reaches ground level, so that the elevated region
appears closer to the sensor than it is (Fig. 2.2b). In some instances, areas of radar rough
terrain may appear to occupy a lower elevation that is actually the case, because material
is so oriented that it reflects the beam not back to the radar receiver but towards either
the surface or another object. The action of corner reflectors increases the distance that
the beam has to travel, thus giving the impression that the region is topographically

depressed.

SAR incidence angle

Incidence angle has a strong influence on backscatter cross-section. It will also
determine the degree to which SAR images are affected by foreshortening, overlay and
radar shadow. Incidence angle varies with latitude owing to the configuration of the

orbit and the imaging system in relation to the surface (Fig. 2.3). The incidence angle of
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cycle 1 imagery varies widely, but is quite high. Cycles 2 and 3 have substantially lower
incidence angles. The bulk of the data for the study area was obtained during cycle 2;
both radar shadow and swamped pixels (terrain having very a radar bright signature)
result from the low incidence angle relative to the terrain. Incidence angle can be used
to derive height data from the SAR images, providing both left and right looks are

available for the area of interest.

Latitude Cycle 1 Cycle 2 Cycle 3 Cycle 3 (Stereo)
0° 44.9 249 - 24.5
-5° 43.8 249 - 23.6
-10° 423 24.9 - 22.6
-15° 40.4 25.0 - 214
-20° 38.1 25.1 - 20.1
-25° 355 25.1 - 18.7

Table 2.2. Varying incidence angle of cycles 1-3 with latitude.

Stereometry

Although it is possible to use left and right looking imagery from different mapping
cycles, it is difficult to make the images fuse satisfactorily. However, superb synthetic
stereo image pairs have been created by the United States Geological Survey at
Flagstaff. Synthetic stereo images are generated using radar images of a single look
direction. Image co-ordinates are fitted to the altimetry data; then to create the stereo
pair a second image is made by projecting the original image from an imaginary
viewpoint to generate parallax. The synthetic stereo imagery was derived from Cl1
(compressed once) images, which have a pixel resolution of 225 m.

A number of differences exist between synthetic and conventional stereo imagery.
These present potential pitfalls that need to be kept in mind when using the stereo pairs.

The synthetic stereo prints have been generated with vertical exaggerations of 10x and
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50x. For most terrain, the 10X series is adequate. The distortion of the surface that
occurs with greater exaggeration causes some difficulty in the interpretation of highly
deformed unit types, such as the'tesserae. Images generated with a high vertical
exaggeration factor are useful for detecting subtle variations in plains topography, and
low-lying and relatively small features. The low plainimetric resolution of the radar
altimeter is a restricting factor; it means that smaller features, even though they may be
topographically quite high, cannot be differentiated from adjacent areas. The stereo
imagery, despite these potential difficulties, forms an invaluable mapping tool. It makes
it far easier to differentiate between material units, and stratigraphic and unit relations
are made clear. Differences in tectonic style and structure also become more apparent.
The surface expression of regions which initially appear as level plains due to very low

and uniform backscatter is also made visible.

SAR and altimetry enhancement and processing

The main product for mapping are full resolution images or F-maps. These were
also consulted during the corona survey. Where particularly difficult interpretation
conditions exist, digital F-maps can be examined. Areas of interest can be enlarged, as
well as subject to suitable enhancement techniques. As the region covered by the F-map
photo-product may contain surfaces which are very radar rough, radar smooth or both,
the range of tones or stretch may not be the most appropriate. Basic image processing
techniques such as logarithmic or exponential enhancement can be used to provide a
better range of tone in images which contain large areas which are either radar-bright or
radar-dark. The use of contrast-stretching techniques, which increase the range of tones
in an image, can assist the visualisation of materials with similar backscatter properties.

Convolution matrices can be applied to images to reduce or amplify either low or high
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frequency information. Median filtration which replaces a high pixel (DN) value with a
median value can be used to enhance images containing pixels with spuriously high
values. Image processing techniques such as these are not limited to SAR images.
Altimetry data are prone to errors in topographically complex regions (Jankowski,
1995), which results in data spikes of high DN values, so median filtration can be
usefully applied to these data to remove outliers.

Frequency filtration reduces the amount of noise, effectively eliminating the surface
roughness and dielectric components of the radar backscatter, allowing the interpreter to
analyse slope more effectively. A particularly useful techniques involves applying a 5 x
5 mean or low-pass filter matrix to the contrast enhanced images. The original
unfiltered image is added back at a ratio of 25 % to the filtered version (Tapper, 1994).
This preserves a useful amount of high frequency information, but the speckled
appearance and variable brightness of the unfiltered image does not now detract from

the low frequency information which describes broad-scale structural geometry.

First derivative directional filters (Fig. 2.4) can be applied to altimetry data to create
shaded relief images (Fig. 2.5). The technique converts raw topography data into an
image of topography in which shadow and light are used as visual cues to depth.
Shaded relief images were created to complement raw altimetry images which are
sometimes difficult to interpret when extremes of altitude are encountered or if the
region of interest is fairly extensive.

Shaded relief maps have some advantages over raw data, though for analytical work
and measurements the raw data must be used. Viewing shaded relief is a more natural
way of looking at topography data and is easier to interpret. Conventional maps as well

as satellite image maps use the technique to assist the visualisation of topography.
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When applied to Venus altimetry data it facilitates the viewing of extreme topography as
well as local topographic trends. The shaded relief map allows very subtle variation in
topography to be picked out. Shaded relief images are not dependent on the contrast
stretch of the original image, so that areas of low, intermediate and high relief can be
viewed simultaneously. The technique is very versatile, as different illumination effects
can be generated. The matrix used here (Fig. 2.4) does not create extreme shadow and

retains some of the original data, allowing relative topography to be seen, as well as

gradient.
111 ]1]1

T 111 afl o]
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Figure 2.4. Directional filter matrices (3 X 3) and (5 X 5) used to simulate illumination from the
northwest.

Another important aid to visualisation of altimetry data is the use of 3D rendering
techniques. A variety of PC based software packages can be used to plot the altimetry
data as a three dimensional landscape, the most versatile of which are Surfer and
Landscape Explorer. Using Landscape Explorer it is possible to drape a SAR image
over the digital elevation model. Three dimensional images (Figs. 5.4 and 5.5) of the
venusian landscape form a useful analytical tool as they reveal how structure relates to
morphology. They are particularly useful in geologically complex regions or where

SAR dataaredifficult to interpret.
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Procedure and survey design

Before commencement of the survey, coronae recorded by the 1992 survey of Stofan
et al. (1992) were identified on the altimetry framelets to ensure that coronae were not
recorded more than once. A search was then made for additional planimetrically
circular or elliptical features. The criterion adopted for the selection of these features
was that (1) any arcuate rim/trough had to be more than ~70 % complete; or that (2)
multiple rim/trough systems could be identified. Final verification of each new feature
was made whilst using the synthetic stereo images to record stratigraphic, volcanic and
tectonic information.

When new structures were identified their location and physical attributes were
recorded. Cross sections were taken and the maximum altitude and the level of the
surrounding plains recorded for all coronae (Fig. 2.6), including those of the previous
survey. Diameters of the 1992 survey (Stofan et al., 1992) were measured from the
outermost extent of their fracture annulus. The newly identified features, however, lack
a fracture annulus. Therefore diameter was measured from the outermost discernible

topographic extent of the corona.

Morphology

The morphological classification scheme designed for the survey recognises 11
distinct forms of coronae morphology (Fig. 5.1), ranging from simple basins and domes
to complex structures that have multiple ridges, troughs and chaotic interiors. The

classes are:

1 Dome
2 Plateau
3 Rim encircling an elevated interior
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4 Rim encircling a low-lying interior

4b  Trough surrounding a rim and basin

5 Rim surrounding a central rise

6 Rim encircling a basin with inner rim and central depression
6b  Two rims encircling a central rise

7 Rim only

8 Basin

9 Unclassified

10  Rim or trough encircling chaotic interior of arcuate troughs, ridges, or both

The classification scheme is similar to that used by Smrekar and Stofan (1997) to
describe the morphology of coronae recorded by the 1992 survey. Types 4b and 6b are
created to ensure continuity with their scheme.

It is important to realise that coronae are hard to classify. In some cases, there exists
a series of encircling rims and troughs, and the configuration is not clear, for example if
rim/trough morphology varies for part of the corona circumference. Another difficulty
encountered is that sometimes it is hard to determine whether topographically high
structures located in the interior constitute part of the corona's morphology or whether

they are simply a central volcano, albeit related to corona formation.

Stratigraphy

The stratigraphic classification scheme is used to give some indication of the

materials in which coronae have formed:

Rp Regional plains
Mp Mottled plains
Ip Intermediate plains

Rp/Lp Regional plains and lineated plains
Rp/Lt Regional plains and lineated terrain
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Lp Lineated plains
Lt Lineated terrain

T Tessera

The scheme includes all the major material types found on Venus from regional
plains, interpreted as the most youthful unit, through to tessera materials, which are
interpreted as being amongst the earliest units to have formed. Although it is not
possible to correlate individual units globally, it is possible to construct regional
stratigraphies and examine the age relations of coronae. This information cannot form

the basis of globally applicable corona dating, but provides much useful information.

Volcanism

The volcanic classification scheme of Stofan et al. (1992) was applied to the coronae
identified by the new survey to enable a comparison of the relative amount of volcanism
associated with the two corona populations to be made. The degree of associated volcanism
determined using C1 images and the survey therefore can be considered consistent with
that made by Stofan. Consistency in the recording of the amount of volcanism is
assured by the simplicity of the scheme, whereby coronae are simply deficient, have a

moderate amount, or are dominated by volcanism:

Deficient in associated volcanic features. Little or no associated volcanism. Only

minor flows discernible. Sparsely distributed volcanic edifices may be present.

Moderate number of associated volcanic features. Volcanic flows are present which
have erupted from the corona rim; these may form an annular flow apron, occupy
the corona interior or the surrounding plains. Volcanic edifices are more

numerous and are clearly associated with the corona.

Dominated by volcanism. Numerous and extensive lava flows mantle the corona.

Individual flows which have erupted from vents located on the flanks of the
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corona rim may be discernible. Clusters of small edifices are present. Larger
central volcanoes associated with the corona may be located in the interior or on

the rim of the corona.

Tectonic style
Though many coronae lack an intense concentric fracture annulus, virtually all
coronae show signs of some tectonic deformation. The categories used to describe the

tectonic features associated with the coronae are as follows:

AN Annulus

ACF Aligned concentric fractures

PACF Partially aligned concentric fractures
ABN Aligned braided network

RF Radial fractures

ARF Arcuate radial fractures

CW R/G  Concentric wrinkle ridges/graben

Summary

The survey for stealth coronae gathers tectonic and stratigraphic information, but
morphological attributes were collected for all coronae, to be compared in this thesis.

The data are supplied in Appendix I and II. To enable comparison between the
datasets and enable modifications to be made easily, the data are listed separately.
Together, however, they form the most complete corona catalogue yet compiled. Many
errors and inconsistencies which afflicted the 1992 database have been remedied and
additional nomenclature proposed by the USGS and confirmed by the IAU assigned to

the coronae.
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Chapter 3

Spatial and altitudinal distribution

This chapter describes the spatial and altitudinal distribution of the coronae that
were identified in the survey. The distribution of coronae which lack an intense fracture
annulus is compared with the distribution pattern of those identified by the 1992 survey.
Density maps are used to illustrate spatial trends occurring in the data, and nearest
neighbour analysis is used to assess the significance of any tendency towards spatial

clustering; it is considered prerequisite for any discussion of mechanisms.

Spatial distribution

Indicated on a global topography map are the major geographical features of Venus
(Fig. 3.1). The global distribution of coronae is given in Fig. 3.2. The new survey
identifies significant additional concentrations of coronae, although coronae were found
in chains and near clusters already documented by Stofan et al. (1992). A large group of
newly identified coronae is centred on 25.0° N, 170.0° E, situated to the north of
Rusalka Planitia and northwest of Nokomis Montes. South of this cluster is a dog-leg
chain of coronae centred on 10.0° N, 165.0° E. Other clusters are centred on 40.0° N,
15.0° E, in northwestern Bereghinia Planitia, in southeastern Aino Planitia at 50.0° S,
115.0° E and to the west of Ovda Regio at 20.0° S, 35.0° E. Additional coronae were
recorded at 20.0° S, 215.0° E and at 50.0° S, 290.0° E, southeast of Themis Regio, which
augment clusters identified by the 1992 survey. Stofan et al. (1992) found that plotting
coronae in equal area latitude bins revealed a greater concentration at mid-latitudes.
Although the new survey finds major clusters in the northern hemisphere, the tendency

towards mid-latitudes is seen in the new data as well. Relatively few additional coronae
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were identified by the survey in the Beta-Atla-Themis (BAT) region, where the coronae
identified by the 1992 survey are concentrated (Stofan et al., 1992; Squyres et al., 1993).

The distribution of different sized coronae (Fig. 3.3) shows that coronae of similar
diameter often occur in clusters. Small coronae appear to occur in clusters more
frequently than large coronae, possibly because they are more common. Chains tend to
consist of coronae of intermediate size ranging from about 300 km to 450 km in
diameter. Very large coronae with diameters of over 700 km have a more widespread
distribution and tend to occur in isolation in the plains.

Coronae which have similar morphology were plotted (Figs. 3.4-7) to assess their
distribution and to identify any pattern. Although there appears to be a tendency for
coronae with late stage morphologies to be more spatially dispersed than early stage
coronae, measures of central tendency suggest that this is a merely a function of the
different population sizes.

The distribution of coronae of different types was examined for possible global
trends which might imply variation in the age of coronae spatially but no pattern was
identified. Although no obvious trends emerged, the distribution plots (Figs. 3.4-7) give
an indication of how coronae of different morphology vary in their distribution. In
certain regions some morphologies are predominant whereas other types are either
sparsely distributed or absent. The relative abundance of coronae of different
morphology is discussed in Chapter 5.

It was found that coronae that lie along chasmata or ridge belts in chains exhibit a

variety of morphologic styles but no pattern or trend along corona chains was revealed.
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Spatial analysis

Nearest neighbour distances were derived from great circle distances between all
coronae and used to construct maps of corona density over the surface of Venus. Mean
minimum distances were used to determine the degree of clustering in each distribution.

Density maps (Fig. 3.8) were constructed by counting the number of coronae that lie
within a radius of 2,100 km of each other. This distance, equivalent to a search radius
of 20°, was used to ensure that the resulting density maps could be used to identify
variation in corona density over large areas. The number of neighbours of each corona
were used to generate a surface map using a technique known as kriging (Matheron,
1963) to interpolate between the values. The plots need to be evaluated with caution
because no interpolation technique can give an equally accurate representation of
density over the entire surface, although kriging minimises the effect of spatial location
by weighting values dependent on their position relative to one another, assigning low
weights to distant samples and the converse. Comparison with the original point
distribution shows that the density maps do not distort the distribution and that the

potential drawbacks of the technique do not present an obstacle to interpretation.

Corona density distribution

1992 survey

The density map (Fig. 3.8a) of coronae recorded by the 1992 survey clearly shows
the concentration of coronae in the BAT region, where the density of coronae ranges
from 1.5 to 2.5 coronae per 10° km®. The global average for the 1992 survey population
is 0.73 coronae per 10° km? (Squyres et al., 1993). Squyres et al. generated a contour
map indicating the BAT cluster where density exceeds 1.67 coronae per 10° km?* and

where clustering is significant at the 99 % level. Other smaller (less significant)
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concentrations are observed south of Aino Planitia and south of Sedna Planitia. The
corona distribution appears, at least in part, to be topographically constrained. Low
densities correspond to very high and very low altitudes, with coronae concentrated in
the most extensive regions of intermediate altitude. The altitudinal distribution of

coronae is discussed below.

1997 survey

The 1997 survey (Fig. 3.8b) has a more dispersed distribution than that observed of
the 1992 survey where coronae (in general) are concentrated in the BAT region. A
cluster of coronae significant at the 95 % level is located north of Rusalka Planitia.
Clusters are also located north of Sedna Planitia and east of Phoebe and Asteria Regio,
and coincide with regions of intermediate altitude. The most extensive of these clusters
is the cluster north of Rusalka, which has a distribution density ranging from 1.4 to 2.3
coronae per 10° km®. The density map reveals additional clusters in Ulfrun Regio, south
of Atalanta Planitia, southwest of Fortuna Tessera, and north of Atla Regio. At

equatorial latitudes, including the BAT region, corona density is only 0.5 per 10° km?.

All coronae

The trend surface generated for the expanded corona database (Fig. 3.8c) identifies
groups of coronae encircling the BAT region which correspond to chains of coronae
aligned with chasmata and fracture belts. Along these chains, corona density may
exceed 3 coronae per 10° km?. The largest of these are: (1) east of Aphrodite Terra at
15.0° S, 220.0° E, (2) south west of Asteria Regio at 30.0° S, 280.0° E and (3) west of
Themis Regio at 5.0° N, 245.0° E. Slightly lower corona densities are recorded in the

interior of the BAT region, where there are 2.5 to 3 coronae per 10° km® Density of
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coronae at mid-latitudes, north and south of Aphrodite Terra, ranges from 1.5 to 2.5
coronae per 10° km®. The cluster north of Sedna Planitia seen in the 1997 survey surface
plot augments a region which yielded a slightly higher than average density in the 1992
survey. Density values of 2.5 to 3 coronae per 10° km? identify the group as a
significant cluster. Indicated on Fig. 3.8c are clusters significant at the 95 % level,
clearly illustrating the main results: that significant clusters are (1) more numerous, and

(2) more extensive than previous investigations have shown.

Nearest neighbour analysis

Nearest neighbour analysis was used to determine whether the degree of clustering
observed in the new and expanded data sets is significant. For each corona population it

was first necessary to calculate the expected density:

re = 0.5 (Y A/N) [1]

Where: N = number of coronae and A = surface area of Venus =4.17 x 108 km?

The coefficient r, or nearest neighbour function, is the statistic used to determine the

degree of clustering and is calculated thus:

r=ro/re [2]

Where: ro (observed) = mean minimum distance.

The value of r gives an indication of the degree of clustering, where a value of 1
indicates a random distribution, a value of 0 indicates perfect clustering, and a result of
2.1491 indicates that points are regularly dispersed (forming a triangular lattice). To test

the significance of the result the z score was calculated:
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z=(ro-re)/S.D [3]

Where: S.D (standard deviation) = 0.26136 / \/ (N (N/A)).

Inspection of the distribution of the expanded corona population displayed as a trend
surface (Fig. 3.8c) revealed a number of clusters (above). Nearest neighbour results
(Table 3.1) show that the distribution of coronae identified by the new survey, at a
significance level of 99 %, is not spatially random. A comparison of the value of r
obtained for the 1997 survey indicates that the coronae identified are more clustered

than those of the 1992 survey.

1992 1997 ALL

# 335 229 563
re 585 709 451
ro 505 470 377
r 0.86 0.66 0.84
SD 15.93 23.31 9.48
z -5.03 -10.27 |-7.81

Table 3.1 Nearest neighbour analysis results. # number of coronae, re expected density, ro
observed density, r statistic, SD standard deviation, z scores.

The nearest neighbour function r was plotted against the number of coronae with
nearest neighbour distances > r. This enabled a direct visual comparison between
corona distribution from survey results and spatially random populations. The
cumulative frequency plot (Fig. 3.11) shows that, at separation distances of between 200
km and 500 km, the coronae of the 1997 survey are clustered at a significance level > 99
%. The plot shows that the coronae of the 1992 survey have a greater degree of
clustering at separation distances of 300 km to 700 km. Plotting the distribution of
observed and randomly generated coronae for the expanded corona database illustrates
the non-randomness of surveyed coronae. The values of r and the z-scores confirm that

the expanded database distribution is non random at a significance level of > 99 % and
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that the combined survey results indicate not a more random, but a more clustered

distribution.

Are coronae with the same morphology clustered?

Further nearest neighbour tests were carried out to make an assessment of the degree
of clustering of coronae which have the same morphology. Cumulative separation
distances are shown in Figs. 3.9-11 which shows the percentage of the corona
population with separation distances <r. Table 5.1 lists the types of coronae and Figs.
3.4-7 show the spatial distribution of the different types. For types 2 (plateaux), 3 (rim
surrounding an elevated interior), and 6b (two rims surrounding a central depression,
there are too few coronae to detect clustering. Inspection of their distribution, however,
reveals that pairs of coronae occur more often than might be expected of a random
distribution. For coronae that are more numerous (about 30 upwards) some clustering is
apparent. Nearest neighbour analysis was carried out to determine whether these

observations were significant (Table 3.2).

1 2 3 4 4b 5 6 7 8 9

# 20 17 79 61 41 118 |35 37 30 23
re | 2084 |2407 | 1238 | 781 | 1595 | 851 1702 | 1614 | 1805 | 2177
ro | 1620 |2271 |879 | 637 (1406 | 783 1140 | 940 1575 | 2128
r 0.78 0.94 071 082 (088 |092 |0.67 (058 |0.87 |0.97
SD | 222 296 75 31 130 |37 148 133 167 | 243
z -2.09 [-045 [-479 {-46 [-1.45 |-1.83 |-3.79 [-5.05 | -1.38 | -0.20

Table 3.2. Nearest neighbour analysis results ordered by corona type. # number of coronae, re
expected density, ro observed density, r statistic, SD standard deviation, z scores. Type 6b coronae
were not included because they were too few in number.

The r values and z scores obtained for types 2 (plateaux), 3 (rim surrounding an
elevated interior, and 9 (unclassified), indicate that they are randomly distributed. Types

1 (dome), 4 (rim surrounding a low-lying interior), 6 (two rims encircling basin with
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central depression),and 7 (rim only), are clustered at the 99 % significance level. Type 5
coronae, comprising a rim surrounding a central rise, are clustered at the 96 %
significance level. Types 8 (basin), and 4b (trough encircling a rim and central plateau),
are clustered but at a significance level of 67 %.

When the r coefficient of these coronae is plotted against the number of coronae
with separation distances greater than r, some types display a clustered distribution at
certain distances. Type 8 have a clustered distribution at separation distances at 500 km
to 1,500 km. Type 1 have a clustered distribution at separation distances of 1,000 km to

2,000 km.

Altitude

Corona altitude or base-level was measured from GTDR (global topography data
record) framelets. Fig. 3.12 shows the coronae of the 1992 survey of Stofan et al.
(1992) and the new survey plotted as percentage of coronae against altitude. Although
the distributions are reasonably well matched, the coronae of the 1997 survey are
concentrated at lower altitudes reducing the mean height of the expanded corona
database. About 45 % of the coronae recorded by the 1992 survey occur below MPR
(mean planetary radius = 6051.4 (Pettengill et al., 1992)), whereas 65 % of coronae
recorded by the new survey occur below MPR.

Corona altitude was compared with hypsography, that is the percentage of the
surface of Venus above a particular elevation. Although a greater number of coronae
are found below mean altitude, 70 % of coronae coincide with the 6051 - 6052 km level
which constitutes 50 % of the planet’s surface. At very high altitudes a paucity of
coronae is observed. At altitudes in excess of 6053 km (10 % of Venus’s surface area)

only 2% of coronae are found. Of coronae identified by the new survey only 10 %
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occur at altitudes in excess of 6052 km. At low altitudes more coronae are identified by
the new survey. Only 5 % of the planet’s surface has a radius of below 6051 km. At
this altitude are found 8 % of coronae identified by the 1992 survey and 15 % of

coronae identified by the new survey.

Interpretation of spatial analysis

The density plot of the expanded (Fig. 3.8c) database reveals more spatially
dispersed clusters than the original survey. This indicates that the conditions which
permit coronae to form are more globally widespread and more numerous than formerly
thought.

Some additional coronae identified by the new survey were found in chains, but
most of them were found in clusters or in isolation. Conditions either precluding the
formation of a fracture annulus, or factors which have meant that coronae formed more
recently and have yet to develop annuli, therefore predominate in regions outside the
BAT region. The coronae that were found by the new survey in alignment with
chasmata in the BAT region, usually possessed intense fracture annuli.

The distribution pattern of the expanded database conforms with intermediate
topography, as fewer coronae were observed in the low-lying plains or at very high
altitudes. The corona chains within the BAT region are associated with chasmata
(Stofan et al., 1996), but there may be additional factors which have led to the observed
distribution, because not all coronae within the BAT region are associated with
chasmata.

Squyres et al. (1993) suggest that: (1) clustering (the BAT cluster) results from
mantle processes concentrating the development of plumes in specific areas to the

exclusion of others but also that it is possible that (2) variation in crustal properties
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allows corona formation in some areas and prevents it in others. Such conditions are
mutually compatible and can exist (Tackley et al., 1992) where pressure-release- melting
(PRM) occurs in a large convected upwelling, promoting Raleigh-Taylor instabilities of
dimensions consistent with those thought to form coronae. Many coronae within the
BAT region, however, are oriented in chains along chasmata and fracture belts; a single,
large plume is therefore not a viable clustering mechanism. The linear alignment of
coronae in terms of mantle processes is hard to explain, but lithospheric conditions

(thinning) along chasmata may permit coronae to form preferentially.

Distribution of coronae with the same morphology

Coronae having the same morphology display no ordered spatial trends. Although
certain coronae of the same type tend to occur in clusters (Figs. 3.9-11), there is no
identifiable correlation between the morphology (and therefore possibly age) of coronae
and location (Figs. 3.4-7). Clustering of coronae of the same morphology, however,

strongly implies that they are coeval.

Altitudinal distribution

The coronae identified by the new survey, like the coronae of the 1992 survey, are
less common at very low altitudes and at very high altitudes. The main difference
between the two survey populations is that coronae identified by the new survey tend to
occur at lower altitudes than those previously recorded. The concentration of coronae
which lack an intense fracture annulus at lower altitudes suggests either (1) that coronae
forming plumes are less able to cause brittle fractures to form in the lithosphere, or (2)
that a greater proportion of the population found in low lying areas are incipient and

have yet to form annuli. A third scenario whereby crustal thickening has prevented

53



coronae from achieving end member morphology and to form concentric fracture annuli
is possible but less likely. Geological evidence exists, including wrinkle ridges which
postdate these coronae, that is consistent with a thin and mobile lithosphere. As corona
morphology has to be taken into account, these alternatives are discussed more fully in
Chapter 10.

In discussing the paucity of coronae at high altitudes, Squyres et al. (1993) invoke
tectonic processes as an agency of corona removal. But a thick lithosphere in upland
areas may explain the lack of coronae in upland areas equally well. A crust which has
thickened over time may account for the lack of new coronae in these regions. The new
survey finds coronae in upland areas which have complex forms but have not been
modified by tectonic processes. This is not consistent with the suggestion that tectonic
processes destroy coronae, but is consistent with change, either in lithospheric
conditions (thickening) or in the sense that corona-forming plumes have ceased to be

active.
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Chapter 4

Geological setting

In Chapter 3 it was observed that clusters of coronae are widespread and extensive.
These findings need to be looked at in conjunction with their geological setting. In this
chapter the geological setting of coronae identified by the new survey, including stealth
coronae, is compared with that of the coronae of the 1992 survey. Associations with

large scale geological structures, broad scale topography and regiones are described.

Geological setting

Coronae are found in three geological settings: on volcanic rises, along
chasmata/fracture belts, and occasionally in isolation in the plains (Baer et al., 1994,
Stofan, 1995; Stofan et al. 1997). Coronae identified by the new survey are found in
each of these settings. Additional coronae are found on corona chains including Parga
(Fig. 4.1) and Hecate Chasmata in eastern Aphrodite Terra (Fig. 4.2), alongside coronae
which exhibit intense concentric fractures. Coronae were found associated with
topographic rises, frequently on the rise itself but also occurring on the margins of the
rise. Additional coronae were identified on the margins of regional scale geological
structures including Ishtar Terra, Alpha Regio and Artemis Corona, and smaller rises
including Hyndla and Imdr Regio (Fig. 4.2). Some coronae identified by the survey are
found in clusters or in isolation in relatively low lying plains but do not appear to be
associated with either topographic rises or chasmata/fracture belts.

Because coronae identified by both surveys occur in a variety of geological settings
it is very difficult to discern the differences between the populations. The density

distribution map in Chapter 3 shows that for the 1992 database (coronae which have an
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intense fracture annulus), the main corona cluster is centred on the BAT region.
Coronae identified by the new survey which lack fracture annuli are identified on the
periphery of the BAT region on ridge belts which extend northwest and southeast of the
chasmata. The clearest example is the ridge belt system north of Rusalka Planitia, north
west of the BAT region (Fig. 4.2). In the southeast of the BAT region additional
coronae were found associated with ridge belts near Themis Regio.

The altitude of coronae in different geological settings varies widely. Overall,
coronae identified by the new survey avoid low plains but are found at slightly lower
altitudes than those which have concentric annuli (Chapter 3). Coronae found on the
ridge belts north west and south east of the BAT region and the Sedna Planitia cluster
are at altitudes 0 km - 1 km above mean planetary radius. Much of the BAT region,
however, is 2 km - 3 km above planetary radius. Coronae identified in relative isolation
tend to be found at or slightly below mean planetary radius but are absent from the low-
lying plains.

It was possible using the distribution (Chapter 3) to observe the relationship between
coronae and other large scale geological structures. Stofan and Smrekar (1998) describe
the geology of three corona dominated rises (CDRs): Themis, Eastern Eistla and Central
Fistla regiones, where coronae are observed to occur in clusters. Additional coronae
were identified on Tellus Tessera, a topographically high region of highly deformed
terrain.

Coronae are frequently observed to occur on the margins of topographically high,
regional scale features. Small groups of coronae in the new survey are found to be
associated with the volcanic rises of Asteria and Imdr Regio, and in close proximity to

large volcanoes such as Sif Mons. Coronae occurring specifically on the margins of
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rises, of which Beta Regio is the only cited example (Squyres et al., 1993), are not

special cases and are more prevalent than previously indicated.

Stratigraphy

The stratigraphy of coronae and the materials they deform and by which they are
embayed were examined with the aid of synthetic stereo images. Most coronae
identified occur in and deform the extensive regional plains. The regional plains are
extensive radar dark materials which are interpreted as being relatively youthful because
they overlie and embay” earlier units. Cratering statistics (Phillips et al., 1992) indicate
that the regional plains are chronologically youthful and were emplaced about 500 Ma

+300 Ma ago. Some coronae were observed to deform mottled plains, which is an earlier
plains unit considered to have formed by continued shield forming volcanism. Older,
highly deformed and tectonised units such as lineated plains and lineated tessera, which
are locally overlain by regional plains materials, contain fewer coronae.

Table 4.1 shows the proportions of different materials in which stealth coronae have
formed. Stealth coronae are most frequently found in regional plains units (69 %),
which are generally interpreted as the most youthful materials. Tessera materials, which
are normally distinguished as the oldest materials, only contain 2 % of the coronae
identified (Fig. 4.3). Lineated plains and lineated terrain are each modified by 8 % of
coronae. Corona formation is slightly less common in mottled plains materials; just 5 %
of coronae deform these materials. The intermediate stratigraphy class contains a
handful of coronae for which it was not possible to determine the type of material

deformed or where various units had been deformed by coronae and it was not clear at

" Embayment occurs when a geological material floods or embays existing units which are low-lying,
leaving elevated portions of the original surface exposed.
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which stage coronae development had taken place. Coronae which have deformed more

than one unit constitute 7 % of the total.

Unit/s Description % of Coronae

Regional plains Interpreted as the most youthful materials. | 62
Characterised by low radar backscatter.

Regional plains / lineated | Deforms both units. 12

terrain

Lineated terrain Materials/terrain often associated with 11

chasmata; highly deformed (high
backscatter). Difficult to determine
stratigraphic context.

Mottled plains Plains with mottled appearance, 4
interpreted to have formed shield forming
volcanism. Intermediate backscatter.

Lineated plains Extensive tectonised (compressed) unit, 3
locally overlain by regional plains
materials.

Tessera Widely interpreted as the earliest materials | 3

unit. Characterised by intense deformation,
having undergone episodes of extension
and compression. Often displays a ridge
and trough pattern. Very high radar

backscatter.
Intermediate plains Plains characterised by moderate amounts | 2
of deformation. Intermediate backscatter.
Regional plains / lineated | Deforms both units. 1

lains

Table 4.1. Units deformed by coronae identified in the new survey.

The proportions of each materials unit deformed by coronae of different morphology
(Fig. 5.1) vary (Table 4.2). Differences with respect to detectability and other factors,
such as the distribution and relative cover of the units themselves, may obscure any
underlying trend in the stratigraphic position of coronae. A trend is hard to discern but
some multi-staged coronae have arisen in a range of units and the evolution of a
significant proportion of individual coronae has been ongoing, disrupting at least two
geological horizons. This is consistent with the results of detailed mapping of the

Scarpellini Quadrangle (Chapters 8 and 9) and the mapping of selected coronae by Copp
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et al. (1996), which demonstrates that coronae have lengthy evolutionary histories,
sometimes spanning several geological episodes.

Some common multi-stage coronae (types 5 and 6) appear to deform a diversity of
units because they are found more frequently, in contrast to some complex/chaotic
coronae (type 10) which appear to deform only a few or even a single stratigraphic
horizon. Coronae of type 7 (rim only) and type 4 (rim encircling a low-lying interior)

are common and are found in a variety of stratigraphic settings.

Unit Corona type

1 2 3 4 4b |5 6 |7 8 9 10
Regional plains 100 |25 |31 |68 50 (56 |56 (72 (75 (17 |43
Tessera 25 123 |1 7 56 |3 17
Mottled plains 25 |8 3 3 17
Lineated plains 8 1 5 25 14
Regional pl. / Lineated pl. 8 6
Intermediate plains 2 5 56 |3 17
Lineated Pl. / tessera 1
Regional Pl. / Lineated terrain 15 |8 21 |19 |11 |16 0 29
Lineated terrain 1 14 11 |3
Unknown 25 |8 8 7 5 11 33 |29

Table 4.2. Corona stratigraphy. Percentage of materials in which coronae of different
morphologies (see Fig. 5.1) have formed.

Complex/chaotic coronae tend to be found in materials that are interpreted as the
oldest (tessera and lineated terrain) or have evolved during several geological episodes.
The majority of type 8 (basin) and 4 (rim encircling a low-lying interior), are found in
regional plains. Type 1 coronae (domes), which are interpreted to be the earliest
manifestation of plume development and have been consistently shown in numerical
models (Squyres et al., 1992, Janes et al., 1992; Koch, 1994; Musser and Squyres, 1997,
Stofan and Smrekar, 1996; Smrekar and Stofan, 1998) to represent the first stage of

corona formation, are found only in regional and lineated plains.
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Coronae which comprise a topographic rim surrounding an interior below the level
of the surrounding plains and an additional central depression only occur in regional

plains

Summary

Few additional coronae were found in chains in the chasmata setting described by
Stofan et al. (1992). Stealth coronae were observed on the margins or near large
topographic rises in small groups and, more commonly, associated with ridge belts to
the northwest and southeast of the BAT region. Stealth coronae were also frequently
found in isolation in relatively low-lying plains regions, where it was impossible to
correlate them with any particular geological setting.

The majority of stealth coronae appear to have developed in a single stratigraphic
horizon, most frequently regional plains materials. Fewer coronae were identified in
plains materials that are older and which are locally overlain by regional plains. It was
also noted that simple, possibly incipient forms, deform one unit, whereas more
complex forms deform several. In cases where multiple units are deformed, there is
often a lack of evidence, such as deformation annuli in the older material, to show
whether any part of the corona predates more recent materials; and it is only possible to
be certain that these coronae formed (or continued to form) after the emplacement of the
regional plains. There is no distinct correlation between the morphologic types

identified by the new survey and stratigraphic setting.

Interpretation of geological setting

Coronae occur in a variety of geological settings (Stofan et al., 1995). Coronae were

found by the new survey in similar settings, in relative isolation in the plains, in clusters
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and in groups on or near topographic rises. Coronae were identified by the new survey on
- the periphery of the BAT region. Most were seen on the ridge belts to the northeast

E (northeast of Rusalka Planitia) and to the southwest of the BAT area. The

location of stealth coronae on the ridges marginal to the BAT region indicates that
lithospheric thickness is sufficient for coronae to form but not for them to develop
intense fracture annuli and is consistent with the idea (Chapter 3) that lithospheric
thinning along chasmata may permit coronae to form preferentially. Thus stealth
coronae on these ridges may suggest that they are incipient chasmata or alternatively
that chasmata-forming processes have not led to sufficient lithospheric thinning for the
development of brittle fractures in the form of concentric annuli or of steep topography.

The morphology and lack of fracture annuli which is discussed in detail in Chapters
5 and 7, indicates that plume sources are unable to deform the lithosphere (hence the
low topography) or to form brittle deformation fractures. The prevalence of coronae,
however, suggests that the thinned lithosphere necessary for corona formation extends
beyond the core of the BAT region.

Coronae identified by the new survey in two distinct geological settings indicate that
coronae have been active on Venus since the early part of the interpretable geological
history of Venus until recent times. The earliest coronae previously identified are those
found on corona dominated rises (CDRs) including eastern Eistla Regio, which have
end member configurations comprising a rim surrounding a raised interior and model
ages of 300 Ma (Smrekar and Stofan 1997;1998). The coronae found by the new survey
on Tellus Tessera may be much older. Tellus is an elevated region of intense crustal
deformation, embayed by regional plains. It may have formed in the same way as Alpha
Regio (Herrick and Phillips, 1990; Phillips et al., 1991) via mantle upwelling, as they

are similar in topography, morphology, terrain and gravity signature. Tellus Tessera
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may, like Alpha Regio, be considered senescent, supported by a thickened crust. The
existence of coronae on Tellus Tessera demonstrates that they can be preserved in
upland regions and not necessarily or easily destroyed by tectonic processes. The
geology of upland regions such as Tellus Tessera further suggests, besides the
preservation state of coronae and lack of new structures, that corona forming plumes are
no longer active beneath the region. The coronae of CDRs Eistla Regio and Themis are
predominantly end stage coronae indicating that that in some other upland areas coronae
are no longer forming.

Indicating that coronae have formed during more recent venusian history is their
proximity to volcanic rises, as it suggests that corona formation is closely related to rise
development. Coronae identified by the new survey, which lack intense brittle
deformation were found near volcanic rises including Imdr and Sif, these rises are
considered relatively youthful because lava from the edifices located on these rises
overlies existing materials, including regional plains and mottled plains formed by

repeated shield forming volcanism (Grimm and Phillips, 1992).

Summary

Coronae are found in clusters on or near topographic rises which are sites of mantle
upwelling. Coronae which lack fracture annuli are more common on ridge belts (e.g.
near Rusalka) and near small rises (e.g. Sif and Imdr Mons) and therefore may be
interpreted as more youthful than end stage coronae which possess intense fracture
annuli and which occur on chasmata or rises such as Themis and Eistla. Structures
which are tentatively identified as highly modified coronae and which may represent

early plume activity can be identified on Tellus and Alpha Regio.
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Interpretation of corona stratigraphy

Although it is impossible to correlate stratigraphic types across the whole surface of
Venus, the units in which coronae form provide a broad indication of the relative age
and regional history of corona development. No attempt is made, however, to
extrapolate these units to any global stratigraphic system.

Detailed stratigraphic investigation of the coronae recorded by the 1992 survey was
not carried out, but for purposes of comparison it is possible to draw on the studies of
Copp et al. (1997) and on the mapping the Scarpellini Quadrangle (Chapters 8 and 9).
Copp et al. (1997) studied a selection of coronae and found that they had protracted
developmental histories. These results are corroborated by detailed stratigraphic
analysis of the coronae of the Scarpellini Quadrangle. The abundance of coronae which
appear to have undergone complex developmental histories contrasts with the simple
stratigraphic configuration of stealth coronae, which generally deform the youngest
locally interpretable unit and thus would appear to be more youthful than those
comprising the original (1992) database.

When the relative proportions of materials deformed by coronae are considered, it is
seen that the number of coronae is inversely proportional to the age of the units in which
they occur. This may reflect the degradation of coronae forming in units which have
become deformed and tectonised, but as the older units are limited in area, a trend of
this kind is difficult to establish.

Complex coronae identified by the new survey might have been expected to deform
multiple units, but many deform only regional plains materials, consistent with the
modelling work of Smrekar and Stofan (1997), which demonstrates that even complex
coronae may form over relatively short timescales 150 - 300 Ma. Some coronae

therefore would appear to have begun to evolve soon after the emplacement of the
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regional plains and continued to evolve. The observation of complex coronae
deforming regional plains is therefore inconsistent with a thickening lithosphere as
proposed by Phillips (1997). A thickening lithosphere ought to have halted corona
development because coronae deform thin lithosphere (Smrekar and Stofan, 1997). The
observation further suggests that stealth coronae which deform regional plains materials
have yet to reach end stage morphologies.

In summary, the stratigraphic results are consistent with a thin lithosphere and the
interpretation of stealth coronae as relatively youthful features which have yet to reach
more complex end member morphologies, to develop an annulus of concentric fractures,

or both.
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Chapter 5

Morphology and dimensions

In this chapter, the morphologic characteristics of stealth coronae are described in
detail. Height, width and form are considered and compared with those of coronae

identified by the 1992 survey (Stofan et al., 1992).

Morphology

The coronae of the expanded database were grouped into 12 classes according to
morphology (Figs. 5.1 and 5.2). The most common are those with a rim encircling a
low-lying interior (~28 %) and those with a topographic rim which encircles a central
rise (~21 %). Complex and chaotic coronae are found infrequently but two important
variants were found, which combined constitute ~4 % of all coronae. The variants of
group 10 coronae comprise a rim or trough which encircles terrain composed of
fragmented concentric ridges or troughs. Unclassified (~4 %) coronae fall into none of
the groups shown in Fig. 5.1 because their topographic signature was low, their
morphology varied for part of their circumference, or it was hard to discern the effect on
corona topography of adjacent features or terrain.

The coronae identified by the new survey typically comprise a topographic rim
encircling a low-lying interior, though there exists a range of rim and trough
configurations similar to that recorded by Stofan et al. (1992) and Stofan and Smrekar
(1997) representing various stages in the evolution of coronae.

The 1992 survey encompasses a greater range of coronae morphologies than the new
survey. There are a number of corona morphologies that were not discovered during the

survey of stealth coronae. A comparison of the different morphologies recorded by the
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Profile Description % | Fig.

1 T~ Dome 3.48

2 — — Plateau 2.96

3 VN Rim encircling a raised interior 13.74 | 6.1

4 A Rim encircling a low-lying interior 28.00 | 7.5,7.6,7.8
4b A A Trough surrounding rim and basin 713 7492
5 A~ Rim surrounding central rise 20.70 | 5.5,5.7
I
6b AN\ N~ Two rims encircling a central rise 0.87

7 NN Rim only 6.43 5.5,6.2
8 T~ Basin 5.22

9 e Unclassified 4.17
10 N Ve Rim or trough encircling chaotic interior 3.13

Figure 5.1. Corona types. Topographic groups and percentage of the total population. Figure based
on Stofan et al. (1997) with the addition of type 10. Types 4b and 6b are created to ensure continuity

with the previous classification scheme. Type 3 have interiors above the level of the surrounding plains
and type 4 have interiors below the level of the surrounding plains.
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