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To my son, Sebastian.



The scientist does not study nature because it is useful; he studies it because he delights 

in it, and he delights in it because it is beautiful. If nature were not beautiful, it would not 

be worth knowing, and if nature were not worth knowing, life would not be worth living.

- Henri Poincare
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Abstract

This study focuses on the structure and origin of eastern Aphrodite Terra and of 

the Granis Chasma trench system and the associated volcanic constructs of Sapas, Ozza 

and Maat Montes in Atla Regio.

Detailed morphological and stratigraphie analyses, combined with the available 

topography and gravity data, are used to distinguish between primary and secondary 

structures and thus to reconstruct the sequence of events that led to the present 

landforms. The earliest phase of the structural history of the study area is recorded by 

islands of ridge & groove terrain which testify to a period of compression, extension and 

crustal thickening/uplift. The next phase saw a period of both extensive and localised 

flood volcanism and continuing tectonic activity. There followed a period of major upper 

and lower mantle upwelling which produced the dominant landforms and much of the 

present morphology. The most recent activity is the volcanism at Maat Mons on the Atla 

Regio rise.

The results favour the role of deep mantle plumes in the formation of the Ganis 

Chasma system and the three volcanic constructs, a mechanism previously proposed for 

other parts of Venus primarily by analogy with gross terrestrial morphology. The results 

also suggest that eastern Aphrodite Terra was a product of a number of diapirs 

originating in the mantle. Regions immediately to the north and south of eastern 

Aphrodite Terra, identified and named in this study as undulating terrain, are also likely 

to be the early result of diapiric action.

The surface expression of diapirs in eastern Aphrodite Terra favours a relatively 

thin lithosphere, whereas the plume activity proposed for Atla Regio points to a 

comparatively thick lithosphere. Diapiric and plume activity is directly associated with 

crustal rifl;ing both within the study area and elsewhere on Venus.
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CHAPTER ONE 

Introduction

General Research Aims

The prim ary aim o f  my research project was to  confront som e o f  the outstanding 

questions regarding the origins o f  the large structural features within a region on Venus 

m easuring about 43 million km^ which includes eastern A phrodite T erra  and Atla Regio 

(Figure 1.1). The intention was to  interpret and classify, from  initial analysis o f  their form 

and surface characteristics, the key tectonic and structural features and associated 

volcanicity in the region and thus to  reconstruct their form ation and deform ation. In 

particular, I concentrated my attention on the arcuate and sub-circular arrangem ent o f  

deform ed crust and lineations that make up Atla Regio and eastern A phrodite Terra.

M y hope was to contribute tow ards solving the issue o f  w hether the processes 

responsible for the surface structure o f  eastern A phrodite T erra and o f  Atla Regio are 

primarily the result o f  terrestrial-style lithospheric plate interaction or o f  mantle 

plum e/diapiric mechanisms. I also hoped to  assess how  far these form ative mechanisms 

are analogous to  those that now operate on Earth.

Data Analysis

As described in m ore detail in the following chapter, when considering the 

general surface characteristics o f  Venus the analysis was based mainly on the M agellan 

digital Synthetic A perture R adar (SA R) imagery and topographic/altim etric data sets, 

w ith supporting emissivity, reflectivity, RM S slope, gravity and V EG A  surface 

com positional data w here appropriate. W herever possible I have analysed my data 

statistically in the know ledge that sample size is sometim es dangerously small. I have 

accordingly included a large num ber o f  statistical param eters to  lay bare such 

deficiencies. The data may be o f  value to  readers w ho wish to  develop further models, 

including those based on gravity.



Terminology

In my interpretation and discussion especially in the latter section o f  the  thesis I 

use the term s ‘plum e’, ’mantle plum e’, ‘diapir’ and ’mantle diapir’. Since these term s are 

often used alm ost interchangeably within the same sentence (e.g. K och & M anga 1996), 

I wish to  m ake clear w hat I intend by them. I take ‘plum e’ or ’m antle p lum e’ to  be a 

discrete o r localised body o f  hot, buoyant volcanic rock  material rising to  beneath and 

into the crust from  the mantle, probably originating at or very near the core-m antle 

boundary and at some point fed with new material through a tail or conduit extending 

from  the source region. I use the term s ‘diapir’ or ’mantle diapir’ to  mean an intrusion o f  

a localised body or blob o f  hot material, similar to  the  mantle plume, but originating from 

a shallower depth within the m antle itself and probably not fed with new  hot material 

through a tail or conduit. B oth may cause topographic expression in the overlying 

surface.

In C hapter 7 I use the term ‘Upland’ when discussing a topographic feature I 

have identified by the name Ganis-Sapas. I use the term  because it has no genetic 

connotations regarding the cause o f  the topographic expression. H ow ever, if  my 

hypothesis for its form ation should be found to  be reasonable, then I w ould like the 

feature to  be known as the G anis-Sapas Uplift (as in Biddiss & Vita-Finzi 1996), since 

the w ord ‘uplift’ does have clear connotations regarding the form ative processes 

responsible which are consistent with my own hypothesis.

The Study Area

The chosen study area lies betw een latitudes 25®N and 50°S  and longitudes 150® 

to  2 I0 ^E . Consisting largely o f  plains units, it lies astride the eastern section o f  the 

elevated terrains o f  Eastern A phrodite Terra and Atla Regio, with R usalka Planitia in the 

north-w est and eastern Aino Planitia and the w estern edge o f  Im dr Regio in the south 

(Figure 1.2). Eastern A phrodite Terra is an arcuate feature with com paratively high 

topographic and SAR back-scatter relief which dom inates the study area. The 

topographically elevated terrain o f  Atla Regio, which contains the  volcanoes Ozza, M aat 

and Sapas M ontes as well as Ganis Chasma, will also be a focus o f  my study.



The area as a whole was chosen primarily because it contains a representative 

selection o f  m ost o f  the wide variety o f  tectonic and volcanic landforms found on 

Venus, as well as having com plete SAR, topography, emissivity, reflectivity, slope and 

gravity data coverage, and thus prom ised to  supply the information required to  

investigate the issue central to  my thesis, namely, the range o f  features on Venus that can 

properly be ascribed to  the action o f  plumes or diapirs.

The M agellan Mission

O ctober 11th 1994 saw the end o f  one o f  N A S A ’s m ost successful endeavours in 

planetary exploration, the space probe M agellan sent to  map Venus. M agellan was 

launched from the Space Atlantis on M ay 4th, 1989 and arrived at Venus on

A ugust 10th, 1990; mapping com m enced on Septem ber 10th and lasted four years, one 

m onth and a day. During its mission, M agellan has m apped alm ost 99%  o f  the surface o f  

Venus using high resolution Synthetic A perture Radar (SAR) images, radiom etry and 

altim etry - the best resolution o f  the SAR imagery being about 75 m etres per pixel - thus 

revealing the planet’s surface geom orphology in spectacular detail. M agellan also made 

global m easurem ents o f  gravity that are helping to  reveal w hat lies beneath the planet’s 

crust. The final act o f  the mission involved tilting M agellan’s solar panels and sending it 

spinning down into the atm osphere. Before it broke and burnt up within the planet’s 

atm osphere, m easurem ents w ere m ade o f  the force required to  stop the probe rotating 

from  which could be calculated the density o f  the atm ospheric gases high above the 

p lanet’s surface.

Research M ethods

Like m ost other w orkers, I have based my analysis o f  the structure o f  Venus on 

its surface m orphology as revealed by M agellan and earlier data sets.

W ork began with the preparation o f  a structural/tectonic sketch map o f  the study 

area in order to  determ ine the spatial distribution o f  the various tectonic features and 

associated structures. Individual tectonic units w ere identified and defined, and their 

relations to  o ther units and associated volcanicity determ ined through analysis o f  the



various M agellan data sets contained on CD -R O M  discs as well as some as hard copy 

photo  products. The digital data sets w ere viewed and analysed using mainly IBM -PC 

and Apple M acintosh com puter hardw are and applications softw are including the 

im aging packages IM D ISP on the PC and the program  N IH  Im age on the Apple Mac.

Plan o f Thesis

The introductory section consists o f  the present chapter, which is a b rief general 

introduction to  the research aims and m ethods o f  the thesis, and C hapter 2, which 

reviews the area’s geom orphology in its global setting by examining the various available 

data sets and w hat they reveal o f  the planet’s surface structure, topography, gravity, 

slope, emissivity and reflectivity. V EG A  1 and 2 data are also summarised.

The second section deals with the classification, description and analysis o f  the 

key geological units to be found in the study area. C hapter 3 surveys the reg ion’s general 

structure. It em bodies a classification o f  structural features on the basis o f  their presum ed 

relationship to  lithospheric processes such as com pression, extension and uplift. Chapter 

4 is a detailed survey and classification o f  the area’s fracture centres (cf. the  Coronae, 

Calderas, Arachnoids & N ovae o f  previous w orkers) which pervade the study area and 

show s how  they contribute to  the structural fabric as a whole. C hapter 5 looks at the 

spatial distribution o f  each particular type o f  fracture centres. C hapter 6 deals with the 

trenches o f  the Ganis Chasm a system and the closely related Sapas, O zza and M aat 

M ontes volcanoes. M any o f  the figure captions in this section o f  the thesis are purposely 

brief, particularly in Chapters 3, 4 and 5, generally because the images are discussed in 

detail in the text.

The third section - Chapters 7 and 8 - seeks to  interpret the evolution o f  the 

Ganis Chasm a system and tw o m ore regional sub-units, the G anis-Sapas U pland and 

Eastern  A phrodite Terra, in the light o f  the fracture centre and trench analysis. Chapter 9 

concludes the thesis with a discussion o f  the overall structural chronology o f  the study 

area, the global implications o f  my regional interpretations, possible terrestrial analogs, 

and suggestions for future work.



Figure 1.1: Global radar mosaic of Venus
The Figure shows a global synthetic aperture radar (SAR) mosaic image o f  Venus; the 
box shows the study area (M ercator projection) (after Ford et a l 1993).
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CHAPTER TWO 

General Surface Characteristics

Introduction

This C hapter sets the stage for subsequent chapters and discussions by reviewing 

the general surface characteristics o f  the area as revealed by the principal data sources, 

namely: (i) M agellan Synthetic A perture Radar (SAR) imagery, (ii) M agellan 

altim etry/topography, (iii) Pioneer Venus O rbiter (PV O ) and M agellan gravity, (iv) 

M agellan root-m ean-square (RM S) m etre-scale slope, (v) M agellan emissivity, (vi) 

M agellan reflectivity, and (vii) V EG A  1 & 2 lander surface chemical analysis. E ach  o f  

these contribute to  the understanding o f  the geological processes responsible for the 

geom orphology o f  the study area as a whole.

Surface Radar Properties

Over ninety-eight percent o f  the entire surface o f  Venus was imaged by the SAR 

and many areas w ere imaged m ore than once from different directions o f  illumination 

and/or different SAR incident/look angles (e.g. Ford et al. 1993, Pettengill et a l  1991, 

and Saunders et a l  1992). The area o f  study has alm ost 100% full-resolution coverage, 

with images available from  different directions o f  illumination, different SAR 

incident/look angles, or both for the bulk o f  the area.

Synthetic A perture R adar (SAR) backscatter is, o f  course, influenced not only by 

the physical characteristics o f  the surface material concerned but also by both the 

incidence angle o f  the radar beam from the orbiting spacecraft and the direction from 

which the radar beam is being projected from the spacecraft. Thus, a particular surface 

feature or tectonic unit in the same location may have different SAR backscatter return 

characteristics under different incidence angles and from  different ‘look’ directions.

In addition, since the incidence angle in Cycle 1 ranges from approxim ately 45.9° 

in the north to  approxim ately 23.1° in the south owing to  the orbit o f  the spacecraft (e.g. 

Ford  et a l  1993), tw o surfaces which are effectively identical may actually have different 

SAR backscatter characteristics because they are located in different parts o f  the  study



area. Bearing this in mind, and the fact that a particular image pixel can have any one o f  

256 dB SAR backscatter return values (derived from the Data Number or DN values) 

ranging from -20 dB up to 3 1.2 dB, I will generally describe a particular feature as 

having weak, moderate or strong SAR return according to my own arbitrary, though 

equal, subdivision o f  Decibel ranges as follows:

Weak -20 to -2.73 Oto 84

Moderate -2.93 to 14.14 85 to 170

Strong 14.34 to 31.2 171 to 255

Tonogiaphy

The Magellan spacecraft mapped the topography o f  Venus at a vertical resolution 

o f  about 80 m and a horizontal resolution o f  about 10 km. The new Magellan data, along 

with those obtained from earlier altimetry measurements made from Pioneer Venus and 

Venera 15 and 16, have provided virtually global coverage o f  Venus topography.

Figure 2 .1 shows, on a Mercator projection, the global distribution o f  topography 

as determined from Magellan observations; the study area has been outlined.

Planetary radius values for the entire mapped surface, after Ford & Pettengill 

(1992), are listed in Table 2.1 and are consistent with those reported from earlier Pioneer 

Venus measurements once the latter have been corrected for atmospheric delay 

(Pettengill el al. 1980, cited in Ford & Pettengill 1992).

T A B LE 2.1. P laneta ry  R adius

Mean

Planeta ry  km  6051.37 6051.64 6051.84



It should be noted that, owing to the inherent error in calculating planetary radius 

from the altimetry data, a mean value o f  6052 km is frequently used in past and current 

literature.

The planetary hypsom etric distribution is unimodal around the planet's mean 

radius, w ith over 80%  o f  the Venus surface lying within 1 km o f  it (Ford & Pettengill 

1992). By contrast, the hypsom etric distribution on Earth is bimodal, one m ode being the 

m ean level o f  the continents, the other that o f  the ocean floors. The absence on V enus o f  

the bimodal, continent-seafloor elevation split that accom panies plate tectonic activity on 

E arth  is one indicator that strongly suggests that the tw o planets do not w ork  in the  same 

way. M oreover, areas o f  elevated topography on Venus are accom panied by increased 

local gravity to  a greater degree than on Earth.

On the other hand, the planetary landscape may still be broadly separated into 

three physiographic zones or provinces based on surface elevation (Masursky et al.

1980, cited in Greeley 1987, 137). These three provinces can be quite clearly discerned 

by the topographic colour key: (a) lowland plains (predominantly blue in Figure 2.1), 

which account for about 27% of the planetary surface, are areas lying below the mean 

planetary radius and are found in several regions, including the Atalanta Planitia, east of 

Ishtar Terra, and in the Guinevere-Sedna Planitia area, between Ishtar Terra and Beta 

Regio; (b) upland rolling plains (predominantly green in Figure 2.1), extend in altitude up 

to two kilometres above the mean planetary radius and constitute about 65% of the 

planetary surface. Notable upland areas are seen in and around Ishtar Terra in the north. 

Aphrodite Terra that extends in the equatorial region to the east of the prime meridian up 

to Atla Regio, and Lada Terra in the south. Finally, there are (c) highland provinces 

(predominantly yellow/red in Figure 2.1) which extend higher than two kilometres above 

the mean planetary radius, and constitute the remaining 8% of the planetary surface.

Four such continent-sized highland regions can be clearly discerned in Figure 2.1; 

namely, in Ishtar Terra, in Aphrodite Terra, in Lada Terra, and lastly, a fourth group of 

topographic features distributed broadly along the 285° meridian that comprises the 

Beta, Phoebe, and Themis regions.
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Figure 2 .1: G lobal T opography .
False colour representation o f  Venus global surface topography from Magellan altimetry 
(GTDR), shown on a Mercator projection between 70°N  and 70^S, and polar 
stereographic projection from 44.1° to 90° north and south; box shows the study area 
(after Ford ct al. 1993).
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H ead et a l  (1985) further subdivided these highland provinces into (i) highlands - 

regions betw een 2 and 4.5 km above datum; and (ii) m ountainous regions - higher than

4.5 km above datum.

W ithin the lowland and upland plains units, and in the light o f  M agellan data, 

Saunders et a l  (1991) identified four m ajor plains types according to  surface 

m orphology and topography: (i) Sm ooth plains have a generally featureless appearance, 

tending to  be radar-dark  though ranging up to  m oderately radar-bright, containing no 

discernible volcanic flow units, w ith few  domical hills or linear features. These plains 

units are believed to  have been form ed by either low viscosity volcanic flooding o r by the 

coalescence o f  low slope volcanic shield volcanoes, being undetectable in the SAR 

images. In either case the surface appears to  have been hom ogenised by weathering, 

erosion and/or burial, (ii) Reticulate plains are characterised by one or m ore sets o f  rather 

sinuous, radar-bright lineaments, usually not resolved at the M agellan radar resolution to  

be conclusively identified as either ridges or grooves, but which nonetheless tend to  be 

spaced greater than about 5 km apart. Their m orphology suggests form ation by volcanic 

flows or low shields that have either embayed older underlying structure or have been 

tectonically deform ed, or both, (iii) Gridded plains are recognised by regularly spaced 

and intersecting orthogonal sets o f  radar-bright lineaments which normally extend for 

hundreds o f  kilometres. These linear features tend to  be som ew hat straighter than the 

m ore sinuous lineaments within the Reticulate plains and also tend to  be spaced 

som ew hat closer together - less than about 5 km. Com plex tectonic deform ation is 

believed to  be responsible for their appearance. And (iv) Lobate plains are characterised 

by having overlapping lobate regions o f  variable radar backscatter strength that extends 

for tens to  hundreds o f  kilom etres and have few or no lineaments. These lobate plains 

units appear to  have been caused by coalescing volcanic flows and flow  com plexes, the 

em placem ent o f  material being controlled by fractures, w here form ed, and by local 

topography.

As Catterm ole (1994) points out, the highland provinces can be seen to  be o f  

th ree  distinct kinds: (1) Beta-type highlands - broad topographic rises displaying 

m oderate extensional deform ation, with shield-style volcanism and deep levels o f  

isostatic com pensation (e.g. Beta, Atla, Bell and Eistla Regiones); (2) O vda-type 

highlands - topographic plateaux characterised by intense tectonic deform ation, m ore 

limited volcanism and shallower depths o f  isostatic com pensation (i.e. < 1 0 0  km ) (e.g. 

O vda and Thetis Regiones): and (3) Lakshm i-type highlands - elevated plateau
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surrounded by narrow  mountain belts, with m oderate volcanism  and deep com pensation 

depths (Ishtar Terra being the only one).

Also discernible, particularly in upland regions, are linear and arcuate features 

know n as Chasm ata, or chasms, many being 1 to  2 km deep, some o f  which connect 

highland regions, and cut across many tem perate and equatorial lowland regions.

Looking m ore specifically at the study region as shown on Figure 2.2, it can be 

seen that the area is centrally dom inated by the upland features o f  eastern A phrodite 

Terra  and Atla Regio, being flanked to  the north-w est and south by the lowland plains o f  

Rusalka Planitia and eastern Aino Planitia respectively.

Situated within the upland plains o f  Atla Regio is a region o f  highland provinces 

wherein can be seen the m ountainous and volcanic features o f  N okom is M ontes (190°E , 

19^N), Sapas M ons (188°E , 9°N ), O zza M ons (200°E , 4 W )  and M aat M ons (194®E, 

2°N ). The highest o f  these features, O zza M ons and M aat M ons, rise to  approxim ately 

7.5- and 9.2-km  respectively, with M att M ons being the highest m ountain on Venus.

Linear and arcuate chasm ata features can be seen running within the central 

regions o f  the A phrodite Terra and Atla Regio upland and highland provinces, the m ost 

notable o f  which being Diana Chasm a (1540E, IS^S) and Dali Chasm a (167°E , 16°S) in 

A phrodite Terra, and Ganis Chasm a (197°E , 16°N ) in northern Atla Regio. Analysis o f  

the Global Topographic D ata Record (G TD R) reveals that in places these chasm ata 

extend down to  nearly 3-km below the mean planetary radius. Com m on to chasm ata 

throughout the planetary surface, the chasm ata within the study region also have the 

same characteristic structure pattern o f  steep sides and raised rims. The topographic 

profiles in Figure 2.3 clearly illustrate this structure pattern for D iana and Dali Chasmata.

Surface altitude or planetary radius statistics within the study area w ere found - 

using the N IH  Im age softw are along with the M agellan G TD R  set - to  have a mean and 

modal altitude/planetary radius o f  about 6052.1 km and 6051.6 km, respectively, with a 

standard deviation o f  about 0.8 (Table 2.2). Com paring these localised figures with the 

corresponding global figures listed in Table 2.2, it can be seen that as well as the study 

area having a measurably higher mean elevation com pared to  the global figure, it also 

contains a com paratively higher proportion o f  elevated terrain than that found globally 

(see the false colour representation o f  global topography shown in Figure 2.1).

The marginal difference betw een the tw o standard deviations also suggests that a 

higher proportion o f  the terrain within the study region lies closer to  the m ean value, 

w hen com pared to  the corresponding figures globally. In addition, the minimum and
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maximum altitudes were found to be about 6048.2 km (Diana Chasm) and 6060.7 km 

(Maat Mons), respectively, giving a range o f  about 12.5 km. It should be noted that the 

minimum altitude value is the same as that found globally, since the bottom o f  Diana 

Chasma has the lowest altitude found on Venus. Whilst the highest volcanic structure on 

the planet corresponds to the top o f  Maat Mons, the highest point is found to be at an 

altitude o f  about 6063.8 km, in a mountainous region within Ishtar Terra.

The comparative topographic global and study area data are summarised in Table

2 . 2 .

T A B L E  2.2 G lobal and Study A rea T o pog raph ic  D ata

M ean 6051.8 6052.1

M ode 6051.4* 6051.6

Standard Dovi ation 1.0 0.8

Adhnnnnn 6048.2 6048 2

Maximum 6063.8 6060.7

Range 15.6 12.5

from  Fdi d &  F’e ttengill 1992. .All o ther data ob ta ined  IVoni the M agellan  G T D R  set u s ing  the N il  I Im age so ftw are.

As a final note, in a recent paper Jankowski and Squyers (1995) looked at the 

reliability o f  Magellan altimetry data as compared with altimetry derived from SAR 

stereo pairs. They concluded that care must be exercised in the interpretation o f  the 

Magellan altimetry data because the comparison o f  the two data sets suggests that the 

Magellan altimetry data becomes significantly less reliable in regions with complex 

topography, owing to the difficulty in interpreting the complex radar echo returns 

coining from such terrains. This is particularly significant in my study and must be kept in 

mind when looking at the altimetry data for the topographically complex terrains o f  

eastern Aphrodite Terra and the topography associated with Atla Regio and the Ganis 

Chasma trench system.
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Figure 2.2: Grey-scale representation of the snxface of the stndy area.
White represents topographic highs and black topographic lows. The image is a topographic 
representation of most of Figure 1.2 and is taken from the Magellan Global Topographic Data 
Record (GTDR) data set.
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Gravity

Topography and gravity data must evidently be considered jointly when 

undertaking any analysis o f  the possible role o f  isostatic and convective processes (e.g. 

Solom on et a l  1992; B indschadler et a l  1992). In contrast to  the gravity field o f  the 

Earth, anomalies within the Venusian gravity field appear to  correlate strongly with 

topography, such that m ajor gravity highs coincide with large positive topographic 

features (e.g. Reasenberg and G oldberg 1992; Bills and Fischer 1992; and M cN am ee et 

a l  1993). This is illustrated in Figure 2.4, which shows a gravity map and corresponding 

sm oothed topography map o f  Venus. It is clear from the figure that virtually every visible 

feature in the sm oothed topographic map has a corresponding gravitational counterpart. 

Although the reverse is not always true in Figure 2.4, many apparently unm atched small 

gravitational features do actually have counterparts in the unsm oothed topography 

illustrated in Figure 2.1.

Nevertheless, gravity studies (e.g., Reasenberg and G oldberg 1992; Bills and 

Fischer 1992; and M cN am ee et a l  1993) suggest that the level and m ode o f  support o f  

the Venusian surface crustal features is not uniform, implying that some features may be 

supported isostatically and others dynamically. For example, some large topographic 

features o f  distinctly high elevation, such as O vda Regio (5°S, 85°E) and Thetis Regio 

(10°S, 130°E) within w estern A phrodite Terra, have observed gravity m uch smaller than 

the theoretical gravity predicted from the observed topography; large negative B ouguer 

anomalies; and have negative iso static anomalies. These properties are considered to  be 

consistent with essentially passive isostasy associated with crustal thickening rather than 

dynamic support (e.g. M cN am ee et a l 1993; Solom on et a l 1992). This interpretation is 

partially supported by the presence o f  extensive ridge and groove terrain (see C hapter 3, 

cf. Com plex Ridged Terrain or CRT, Tesserae) in such highlands as O vda and Thetis 

Regiones, which are thought to be blocks o f  thickened crust that have been subjected to  

repeated episodes o f  assorted tectonic activity (e.g. Solom on et a l  1992). The thickened 

crust and tectonic activity may be caused by m antle downwelling or late stage plume 

upwelling when the plume wanes (e.g. B indschadler et a l  1992).
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Alternatively, there are other topographic features o f  com parable height and 

expression to  Ovda and Thetis Regiones, such as B eta Regio ( 2 5 ^ ,  280“E), which again 

have observed gravity smaller than the theoretical gravity predicted from  the observed 

topography, but here the difference betw een the observed and predicted gravity is much 

smaller than that for O vda and Thetis Regiones m entioned above. Furtherm ore, sites 

such as B eta  Regio have negative B ouguer anomalies, but not very large in absolute 

values; and finally, they have positive iso static anomalies. These properties are 

considered to  be consistent with crustal support by dynamic processes, and the presence 

o f  abundant volcanism suggests that some form o f  upwelling hotspot action is at w ork 

(e.g. M cN am ee et a l  1993; Solom on et a l 1992).

Figure 2.4 clearly shows the proportional correlation o f  increasing gravity with 

increasing topographic height m entioned above. The topographic rise o f  A tla Regio 

displays the same gravity characteristics described above for B eta Regio and thus may 

itse lf also be the result o f  upwelling mantle plume activity. Furtherm ore, the gravity 

characteristics o f  eastern A phrodite Terra, although not as pronounced as those for Atla 

Regio, m ay also nonetheless suggest form ation by dynamic processes. But, as I show in 

C hapter 7, there are inherent uncertainties when interpreting the gravity anomaly data, 

depending on the model and assum ptions adopted for the structure o f  the lithosphere and 

m antle and the particular spherical harmonic model degree and order used in calculating 

the gravity field.

18



Ë #

r 4.'- '

II

Figure 2.5; Grey-scale representation o f  Venus global RM S meter-scale slope derived 
from M agellan altimetry (GSDR); box shows the study area. Lighter tones 
represent rougher surface elements (after Ford et a l 1993).
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Root-M ean-Sqiiare (RM S) Slone

Magellan altimeter-derived RMS meter-scale slope is used by researchers, 

together with surface radar brightness, to define the topographic undulation, or surface 

roughness, o f  the Venus surface terrain at scales ranging from tens o f  centimetres to a 

few kilometres. Thus, the larger the RMS slope, the greater the amount o f  surface 

undulation or surface block cover.

Figure 2.5 shows a global grey-scale representation o f  Venus RMS meter-scale 

slope, in Mercator projection, between latitudes 70°N and VO^S, and longitude 

extending through 360° east, as determined from Magellan altimetric observations. 

Average planetary met re-scale roughness values for the entire mapped surface are listed 

in Table 2.3 (Ford & Pettengill 1992).

T A B LE 2.3: Planetary Metre-Scale Roughness

roughness 2.35° 2.55° 2.84°

Head et al. (1985) chose three subdivisions in RMS slope: (1) smooth, having 

slopes o f  about 1° -2.5°, being typical o f  the smoothest regions o f  planet Mars; (2) 

transitional from smooth to rough, having slopes o f  about 2.5° -5°, and being 

characteristic o f  the Lunar maria; and (3) rough, having slopes greater than about 5°, 

being typical o f  the Lunar highlands and o f  the roughest surfaces on Mars.

As can be seen by comparing Figures 2.1 and 2.5, the three topographic or 

physiographic provinces described above frequently exhibit broadly characteristic values 

o f  RMS slope and surface roughness (Head el ai. 1985). Within lowland regions, the 

areas are generally radar-dark to variable and have generally low RMS slopes, thus 

suggesting relatively level smooth surfaces. Upland rolling plains regions, as the name 

implies, have somewhat more variable RMS slopes, broadly ranging on average between 

about 2 °  and 4°  on a local scale o f  1:10 m (Greeley 1987). These regions are also more 

variable to radar-bright than the lowland regions, which is also suggestive o f  an increased 

surface roughness. However, both significantly higher and lower values o f  RMS slope 

and surface roughness can also be found within these upland regions. For example. Alpha
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Regio is an upland plateau centred within the rolling planes at 5°E , 25®S and shows a 

range o f  radar brightnesses and high RM S slopes ranging betw een about 4.5® to  10°.

At the other end o f  the RM S slope scale, there is within the upland provinces o f  

w estern A phrodite Terra an area to  the south o f  O vda Regio, centred at 1 lO^E, 20°S , 

which is notable for its almost extrem e radar-dark, m etre-scale sm oothness over several 

hundred kilom etres, w here the RM S slope is only about 0.2®, although the area gently 

rises and falls by about 100 and 200 m at scales o f  tens o f  kilom etres (Ford & Pettengill

1992). O ther such sm ooth terrains are m ore usually found within the lowland regions, as 

can be seen from  the darkest 'patches' shown on Figure 2.5. H ighland regions tend to 

form prom inent radar-bright areas and, as evident from Figure 2.5, generally show 

variable RM S slope in the low er altitudes (from 2 km to about 4.5 km), to  high values o f  

RM S slope in the m ore m ountainous stretches (higher than about 4.5 km), and showing 

only isolated occurrences o f  sm oother surfaces. This is suggestive o f  rough surface 

m ountainous terrain where average kilom etre-scale slopes o f  greater than 30® are not 

uncomm on.

Chasm ata such as Artemis Chasma (140®E, 40®S), D iana and Dali Chasm ata, 

perhaps expectedly, show high values o f  RM S slope, confirming their pattern profile o f  

steep sides and raised rims.

As is further evident from Figure 2.7, the range o f  RM S m etre-scale slope values 

found within the study region is representative o f  the RM S slope distribution found 

globally.

N evertheless, owing to the inaccuracies and uncertainties inherent in the models 

and m ethods used to  calculate the RM S m etre-scale slope from  the M agellan altimetry 

data, although the derived RM S slope values serve as a good relative m easure o f  slopes, 

particularly at incidence angles less than about 15®, they need not accurately describe the 

actual slopes and surface roughness o f  the surface and may actually significantly 

underestim ate them (Tyler et al. 1992; M cCollum  & Jakosky 1993; and Ford et a l

1993). Thus RM S data need to be checked against o ther data sets, such as topography 

and radar-brightness.
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Em issivitv

Radiotherm al emissions received at radio w avelengths by the M agellan spacecraft 

w ere used to estim ate the planetary surface emissivity (Ford et a l  1993). Emissivity, 

being a m easure o f  thermal emission efficiency, is the ratio o f  radiance received from  a 

target surface, at a given kinetic tem perature, to  the radiance received from  a blackbody 

at the same tem perature; thus, because emissivity is a ratio, it has no units and has a 

value from  zero to  one. The emissivity o f  an ideal absorber and radiator is equal to  1.0. 

An object with an emissivity o f  zero absorbs none o f  the energy incident on it and thus 

such an object reflects all the incident energy. Consequently, the higher the value o f  

emissivity, the low er the value o f  reflectivity and vice-versa; the sum o f  both values taken 

together always being equal to  1.0.

Emissivity is a quantity that is primarily controlled by the dielectrical properties 

o f  the radiating surface, namely, the dielectric constant (a dielectric is a non-conducting 

m aterial, such as rubber, glass, or w ood). A material o f  high dielectric constant is 

generally a good reflector and hence has a low value o f  emissivity because it is a poor 

emitter. Conversely, a material o f  low dielectric constant is generally a bad reflector and 

thus has a high value o f  emissivity, being a good emitter.

Emissivity is also influenced by the surface structure (roughness) such that the 

emissivity value is usually larger for dark, rough surfaces than for light, sm ooth ones. As 

confirmed by Ford et a l  (1993), emissivity values obtained by M agellan w ere also shown 

to be a function o f  emission angle, such that emissivities m easured at large emission 

angles (from  low latitudes) averaged about 0.05 less than those m easured at smaller 

emission angles (from high latitudes).

Figure 2.6 shows a false colour global distribution map o f  the emissivity o f  Venus 

surface, in M ercator projection, betw een latitudes TO^N and 70°S , and longitude 

extending through 360° east, as determined from M agellan radiom etric observations 

(A fter Ford et a l 1993). As with Figure 2.1, the study region has been outlined. Also 

shown are polar stereographic projections, from 44 .1 °  to  90°. O ver 90%  o f  the Venus 

surface was observed.

As is clearly discernible on Figure 2.6, the mean global value o f  surface emissivity 

observed by M agellan was found to  be 0.845; this corresponds to  a sm ooth surface 

dielectric constant o f  about 4.0 (Pettengill et a l  1992). A ccording to  Surkov et a l
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(1986; cited by Pettengill et a l 1992) and K lose et a l  (1992), the com position o f  the 

typical Venus surface, based on rock com position analysed at the V EG A  2 landing site, 

is thought to  consist primarily o f  basaltic rocks, w hose value o f  dielectric perm ittivity (an 

alternative description o f  the effect o f  a dielectric) lie within the range o f  those found by 

M agellan o f  the typical Venus surface.

I f  a com parison is m ade betw een Figures 2.1 and 2.6, it can be seen that, in many 

areas, there is an apparent broad relationship betw een surface elevation and surface 

emissivity. Thus the lowlands (predom inantly blue on Figure 2.1) tend to  exhibit 

emissivity values from about 8.0 to  8.5; upland regions (predom inantly green on Figure 

2.1) frequently show emissivity values betw een about 8.5 to  9.0; and highland regions 

(predom inantly yellow/red on Figure 2.1) often appear to have emissivity values from 

about 3.5 to  7.0.

N oticeable particularly throughout the surface having an emissivity o f  about 8.0 

to  8.5 (yellow on Figure 2.6) are the relatively evenly distributed green patches having a 

contrasting emissivity o f  about 0.7 to  0.8. This contrast in emissivity betw een the patches 

and surrounding areas, and indeed globally betw een the other different emissivity areas, 

is either due to  differences in the wavelength-sized surface roughness o r in the intrinsic 

reflective dielectric properties o f  the surface materials, or a com bination o f  both, 

rem em bering that both o f  these surface characteristics can contribute to  the resulting 

surface emissivity, as discussed earlier. Thus while the evidence strongly suggests that 

there is a significant correlation betw een emissivity and surface elevation, it is clearly not 

the only controlling factor involved. For example, ambient surface tem peratures and 

surface atm ospheric pressures may also have an albeit perhaps indirect role in controlling 

surface emissivity, since both o f  these conditions are believed to  vary linearly with 

altitude, ranging from about 1ST  K and 109 bars at a planetary radius o f  6049 km to 

about 653° K and 46.4 bars at 6062 km, which effectively spans the surface altitudes 

m easured on Venus (Klose et a l 1992).
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F ig u re  2.6 : False colour representation o f  Venus global surface emissivity from 
M agellan radiometry; box shows the study area. (Note that the false colour is used to 
show the values o f  horizontally polarised emissivity and that the colour scale has been 
stretched to emphasise the surface detail lying within the emissivity interval 0.8 to  0.9.) 
(After Ford et a l  1993).

24



One interesting possibility concerning many o f  the green patches is that they may 

be due to  surface modifications resulting from  impact events, w here the surface has been 

m antled by fine material that was throw n high up into the atm osphere and then fell out as 

it w as transported  by high altitude winds, covering a wide area (Phillips et a l  1991).

Like surface reflectivity data, emissivity data can be used to  investigate surface 

material composition. It is well know n that the emissivity a particular material at a given 

w avelength is a function o f  its index o f  refraction at that wavelength, each material 

having a specific index o f  refraction; the index o f  refraction being determ ined by the 

m aterial's dielectric constant (Klose et a l 1992). Thus, as discussed earlier, the  greater a 

m aterial's dielectric constant is, the higher is its reflectivity and the low er its emissivity. 

B ut if  emissivity is predom inantly controlled by a material's dielectric constant, and that a 

m aterial's dielectric constant gives an indication o f  the mineral com position by virtue o f  

the derived index o f  refraction, then why is there the apparent correlation o f  emissivity 

w ith altitude? Or put another way, why is there an apparent correlation betw een altitude 

and material composition?

Klose et a l  (1992) conducted a study to investigate these questions with specific 

reference to  the relatively high radar reflectivity and consequently low emissivity o f  

V enus mountain tops. From  earlier Pioneer Venus studies, it w as concluded that the  low 

emissivity o f  the Venus m ountain tops, in places dropping to  as low  as 0.3, implies that 

the surface material found must have dielectric constants greater than 20 and as high as 

80. M ost know n igneous rock types (dry) have dielectric constants in the range 5-10, 

being far too  low  to account for the observed emissivity values o f  the V enus m ountain 

tops. H ow ever, a class o f  materials known as loaded dielectrics have been suggested 

which w ould have the electrical properties necessary to  account for the low  observed 

emissivity values. Such materials would consist o f  a matrix o f  rock  "loaded" w ith about 9 

vol.%  or m ore o f  small fragm ents o f  conductive m atter, being small in size com pared 

with the observing radio wavelengths (here 12.6 cm), that act regeneratively with the 

host m atrix to  greatly enhance the material's overall bulk polarizability, thereby 

increasing reflectivity and reducing emissivity (Pettengill et a l  1988; K lose et a l  1992).

M easurem ents made by the Soviet landers V eneras 13 and 14 (Surkov e ta l  

1984, cited by Pettengill et a l 1988) suggest the presence within the surface m aterial 

adjacent to  the landers o f  substantial am ounts o f  both iron and sulphur. Oxygen w as also 

believed to  be present, but the analysing equipm ent was not sensitive to  it. It w as 

concluded that, depending on the degree o f  oxidation, such minerals as iron sulphides,
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including pyrrhotite and pyrite, or even iron oxides such as m agnetite, hem atite, or 

ilmenite, all o f  which have the necessary electrical properties, m ust be considered as 

possible sources for the high reflectivity and low emissivity values m easured within the 

m ountainous regions. In support o f  the iron sulphides hypothesis, it w as noted that in 

terrestrial circum stances, iron sulphides are often form ed in association with volcanism, a 

phenom enon for which there is considerable global evidence on Venus, particularly in the 

m ountainous regions. And although, on Earth, w ater is know n to  be an im portant 

com ponent in the mineralization process, and due to  the environm ental conditions w ater 

is know n to  be absent from the Venusian surface at least, it is still believed possible that 

iron sulphides could be form ed, though through less efficient processes taking place 

m ore slowly and at higher tem peratures than are required on Earth.

K lose et al. (1992) further proposed that the atm ospheric conditions o f  lower 

tem perature and pressure found at these high elevations would also prom ote chemical 

w eathering o f  the surface coatings such that the primary volcanic basalt w ould be altered 

to  a secondary mineral assemblage, thereby producing the dielectric minerals suggested, 

since it is the secondary mineral assemblage that would control reflectivity and 

emissivity, not the primary minerals in fresh basalt. Thus, from the currently available 

evidence, it has been suggested that areas o f  Venus that are found to  have values o f  

emissivity less than about 0.74 are likely to be underlain by w eathered material that 

behaves as a "loaded dielectric". K lose et a l (1992) also noted that on the m ountains 

that display the "normal trend" o f  a decrease in emissivity with increasing altitude, this 

decrease in emissivity is not gradual but actually appears to  occur abruptly at a "critical 

altitude", the value o f  which varies from one elevated region to  another, as illustrated in 

Figure 2.7:
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Figure 2.7; Relationship of critical altitude to maximum altitude for ten major
mountains on Venus (Klose et al. 1992).

They concluded that this abrupt decrease in emissivity at a particular critical 

altitude is due to the crossing of a reaction boundary in the phase diagram that illustrates 

the equilibrium-weathered mineral assemblage and went on to show that for a reasonably 

assumed atmospheric redox state such a phase boundary would occur at the altitudes 

observed. Klose et al. (1992) also proposed that the mineral responsible for the high 

radar reflectivity and consequently low emissivity on the mountaintops appears to be the 

conductive Fe mineral pyrite (FeS2), which was shown to occur in significant abundance 

in the weathered mineral assemblages at high altitudes, in excess of the ~9 vol.% 

required to form the radar-reflective loaded dielectric.

Above the observed phase boundary, the temperatures are believed low enough 

for this conductive pyrite to be stable. Below the phase boundary, however, the 

temperatures are high enough for the stable Fe mineral to be magnetite; this is also a 

conductor but is not abundant enough at the higher altitudes to form the loaded 

dielectric, as compared with the pyrite. This proposal assumes that enough time has 

elapsed for the material in the volcanic flow units to be weathered to a depth of about 

one meter in order to create the pyrite needed to form a loaded dielectric. It is believed 

that most of the pyrite is formed fi’om Fe that occurred in ferrous silicates in the initially 

unweathered basalt. But these ferrous silicates are not conductors, so the unweathered 

basalt does not form a loaded dielectric. Thus it follows that flow units that have not had 

sufiQcient time to weather in the described manner will not exhibit high reflectivity and 

low emissivity, regardless of their altitude of emplacement.
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The variation from one m ountain to another in the "critical altitude" at which the 

m agnetite/pyrite phase boundary occurs (Figure 2.7) has been attributed by K lose et al 

(1992) to  the m odulation by surface topography o f  the thermal structure o f  the  Venus 

atm osphere, albeit maintained dynamically, such that the tem peratures on the m ountain 

surfaces are higher than those in the nominal atm ospheric tem perature gradient at the 

same altitudes.

Looking now  at the study region as outlined in Figure 2.6, one can clearly see 

that many o f  the emissivity features and characteristics discussed above can be found to  

occur within this area and it is thus reasonably representative o f  the planetary surface as 

a whole. H ow ever, as can be found in certain other regions o f  the Venus surface, there 

are within the area o f  study tw o notew orthy exceptions to  the observed correlation 

betw een altitude and emissivity discussed earlier; namely, areas o f  high altitude with high 

emissivity, and areas o f  low altitude and low emissivity.

A striking example of the first of these apparent anomalies occurs at Maat Mons 

(194°E, 2°N), which rises to an altitude of about 9.2 km at its peak: emissivity here is 

excessively high (averaging about 0.93) all the way up the flanks to the summit region, 

where the average value drops only slightly to about 0.89.

Figure 2.8 shows the emissivity o f  Atla Regio overlain in colour on SA R image 

data. Emissivity values in the image can be seen to  range from about 0.35 (violet) to 

about 0.95 (red). M aat M ons can be seen left o f  centre o f  the image and O zza M ons 

(200°E , 4 °N ) in the upper right o f  centre. It can be clearly seen that the peak and 

surrounding flanks o f  M aat M ons are not radar reflective; thus it w ould appear that the 

reflectivity and emissivity o f  its surface material are effectively independent o f  altitude, 

w hereas, as observed earlier, most o f  the other high m ountains on Venus lack a radar- 

reflective crest to  such an extent and show a broad correlation betw een altitude and 

reflectivity/emissivity, with a decrease in emissivity and a corresponding increase in 

reflectivity with increasing altitude.

H ow ever, as discussed by Robinson & W ood (1993), in the case o f  Sapas M ons 

(ISS ^E , 9 °N ) and O zza M ons, also found within the study region, the trend reverses 

actually at the summit regions, where there is an increase in emissivity which am ounts to 

about 0.69 on Sapas M ons and to  about 0.91 on O zza M ons. This reversal o f  trend at 

the summit region has also been found to  occur on som e o f  Venus' o ther m ountains such 

as M axwell M ontes (5°E , 65®N) and Theia M ons (280®E, 24^N).
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F ig u re  2 .8 ; Emissivity o f  Atla Regio overlain in colour on SAR image data (After Ford 
et a l  1993). N ote the relatively high emissivity values at the "dark summit" o f  Ozza 
M ons (B, upper right) and on all but the south-west flank o f  M aat M ons (A, left centre). 
Fault scarps create a netw ork o f  fine white lines.
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One explanation for the anomalies, as suggested by K lose et a l  (1992) and 

R obinson & W ood (1993), is that these surfaces are in fact relatively young, 

unw eathered volcanic flows. The observations m ade o f  M aat M ons support this 

conclusion particularly well. On this volcano, the large region o f  high emissivity, which 

can be seen in Figure 2.8 to  cover the volcano's flanks as well as its summit, could 

suggest that it has erupted the largest volume o f  lava in recent tim es o f  all the  other 

volcanoes studied. And as shown by Klose et a l  (1992), lava flow features clearly visible 

in the SAR images (Figure 2.8) support this interpretation, in which extensions o f  the 

m edium -radar-bright lava flow units emanating and radiating from  the summ it region 

appear to  overlie all o ther landforms in their paths, including a rift zone south-east o f  the 

summit region (F in Figure 2.8). In addition, and similar to  Sapas M ons, volcanic dom es 

are present at the summit o f  M aat, where calderas are present at the summ its o f  the  o ther 

volcanoes studied. The presence o f  the dom es in both cases can be interpreted to  indicate 

that the m agm a level in the subsurface conduit has not had time to  subside low  enough to  

allow the overlying solid material to  collapse and produce a m ore typical summit caldera.

These observations suggest that M aat M ons may still be volcanically active, at 

least within the current epoch and, taken together with the volcano's extrem e height, may 

suggest the presence o f  a mantle plume beneath it; w orth noting in this respect is the 

observation that mantle plumes can add as much as 1.5 km to the altitude o f  a volcano 

on Earth, as in the case o f  Hawaii (Burke et a l 1981, cited by K lose et a l  1992; K lose 

et a l  1992 and Robinson & W ood, 1993). I f  the above conclusions are correct, then 

the area o f  radar-bright, low emissivity lava flows (as low as 0.53: K lose et a l  1992) on 

the south-w est flank o f  M aat M ons, lying at altitudes betw een about 5 and 6 km, may 

simply be older, much m ore w eathered flows, which have not been overlain by the m ore 

recent eruptions.

W e thus now also have a possible explanation for the radar-dark, high emissivity 

summ its o f  volcanoes such as O zza M ons and Sapas M ons m entioned above; namely, 

that these volcanoes are essentially covered by extensive lava flows that are old enough 

to  have been sufficiently w eathered to the low-emissivity, loaded dielectric condition 

found elsew here at high altitudes and to  have summit calderas, in and around which we 

see relatively young unw eathered radar dark, high emissivity flows, which have not been 

in place long enough to  be w eathered to  the low-emissivity state. One o ther conclusion 

w e can draw  from these observations is that those volcanoes which do conform  to  the 

earlier discussed "normal trend" o f  decreased emissivity with increasing altitude m ust be
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either now  volcanically 'dead', or dorm ant at least as for as long as the many millions o f  

years it takes for w eathering to  produce the secondary mineral assem blage o f  the  loaded 

dielectric (Robinson & W ood 1993).

An alternative explanation offered by J. E. G uest in a personal com m unication to 

Robinson & W ood (1993), was that the m ost recent lava flows seen from  these particular 

volcanoes consist o f  m ore viscous S i02-rich  and Fe-poor, dacitic lavas than the older 

m ore mafic basalts that lie beneath them, as indeed is comm only found to  occur on 

Earth. The w eathering o f  such dacitic rock w ould not produce a large enough volum e 

percentage o f  pyrite to  create a loaded dielectric; consequently emissivity values would 

remain relatively high, regardless o f  the age o f  the lava flow. The effusion o f  these m ore 

viscous flows would also help to explain the presence o f  summit dom es on Sapas and 

M aat M ontes, rather than calderas.

The second exception to the observed "normal trend" in correlation betw een 

altitude and emissivity discussed earlier concerns the anomalously low  emissivities at low 

altitudes. In the plains north-east o f  M aat M ons, for example, three regions display these 

anom alously low emissivities. They lie at altitudes o f  1-2 km and are centred at 194°E, 

5°N ; 195°E , 3 .3°N ; and 196°E, 3°N , and display emissivities o f  0.66, 0.68, and 0.70, 

respectively, com pared with the local average plains value o f  0.855 (see F igure 2.8, 

upper left o f  centre). There are tw o ftirther such low emissivity regions in the plains to 

the northeast o f  O zza M ons, lying within the same altitude range as those northeast o f  

M aat, but here centred on 202°E , 7 .3°N  and 203°E , 7®N. Their emissivities are 0.62 

and 0.63, respectively, com pared with a local plains average o f  0.83. All five o f  these 

low emissivity regions coincide with a cluster o f  w hat appear to  be small volcanoes.

According to  the model o f  Klose et a l  (1992), the low emissivities associated 

with these clusters o f  small volcanoes would require that the pyrite-bearing low- 

emissivity w eathered assem blage must som ehow  form at very low  altitudes, w here the 

tem peratures are in fact higher than the range in which their phase diagram  predicts 

pyrite stability. H ow ever, Robinson & W ood (1993) pointed out that the phase diagram 

o f  K lose et a l  (1992) holds only for systems in contact with the 'normal' Venus 

atm osphere, and showed that the pyrite-bearing mineral assem blage could in fact be 

stable at low altitudes if  local atm ospheric contam ination by sulphur-rich volcanic gases 

w as to  occur, particularly within the pores o f  the surface material's w eathered layer. 

Robinson and W ood (1993) recalculated the phase diagram for systems in which the 

atm ospheric gas com position is contam inated in varying degrees by volcanic gas and the
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effects of this admixture on the altitude of the phase boundary separating the pyrite- 

bearing, low emissivity weathering assemblage from the magnetite-bearing, higher 

emissivity assemblage (Figure 2.9).

In short, on Venus high emissivity at high altitudes and low emissivity at low 

altitudes are apparently associated, and both can be attributed to current or relatively 

recent volcanic activity.
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Figure 2.9; Effect of gas composition and altitude on the fields of stability of two Fe 
minerals in Venus surface material. The gas was taken to be a mixture of volcanic gas 
with normal Venus atmospheric gas. The volcanic gas was assumed to be similar to that 
associated with basaltic volcanism on Earth, although all volcanic gases are sulphur-rich, 
and the use of other compositions would lead to the same qualitative result; namely, that 
a relatively small percentage admixture of volcanic gas makes a pyrite-bearing mineral 
assemblage stable at low altitudes (after Robinson & Wood 1993).
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Reflectivitv

In contrast with surface emissivity, Fresnel reflectivity is a measure of the 

efficiency with which a given surface reflects electromagnetic radiation, a reflectivity of 

1.0 representing perfect, total reflection. Since there is known to be an approximately 

complementary inverse relationship between Fresnel reflectivity and emissivity on Venus 

(Ford & Pettengill 1983, Tyler et al. 1991, cited in Robinson & Wood 1993), 

information derived fi'om surface emissivity measurements requires little fiuther 

discussion here.

Figure 2.10 shows a grey-scale representation of Venus global Fresnel power 

reflectivity, in Mercator projection, between latitudes 70^N and 70°S, and longitude 

extending through 360° east, as determined fi-om Magellan altimetric observations. For a 

given location, the higher the value of reflectivity, the lower the value of emissivity and 

vice-versa, although the sum of both values taken together typically ranges between 0.90 

and 0.95, rather than being equal to the theoretically predicted unity (Ford et a l 1993).

Using the Pioneer Venus orbiter data. Head et a l (1985) showed that the surface 

of Venus could be divided into nine units, based on a comparison between surface 

roughness and reflectivity, and that each subdivision had a broadly characteristic surface 

morphology. Their summary of these surface roughness-reflectivity subdivisions is shown 

in Table 2.4.

Subdivision
rms Slope, 

dcg Reflectivity

Surface
Area,

*/o

Type Region 
(N Latitude, 
Longitude)

Interpreted
Characteristics

A 1.0"-2.5“ 0.02-0.1 11.5 Lavinia Planitia 
(-40", 340")

smooth; soils ±  rock

B 2.5"-S.O" 0.02-0.1 13.5 Alpha Regio 
(-25", 5")

transitional; soils ±  rock

C 5.0*-10.0* 0.02-0.1 12 Tcllus Regio 
( +  35", 80")

rough; soils ±  rock

D l.0“-1 5 ’ 0.1-0.2 36.5 NW of W Aphrodite 
Terra ( +  30", 50")

smooth; rock ±  soil

E 15*-5.0* 0.1-0.2 28.6 Beta Regio 
( + 30". 285")

transitional; rock ±  soil

F 5.0"-10.0* 0.1-0.2 13 Rhea Mons 
( +  33", 282")

rough; rock +  soil

G 1.0"-15* 0.2-0.5 11 W Atalanta Planitia 
( +  60". 150")

smooth; high dielectrics ± rock

H 15"-5.0" 0.2-0.5 13 SW Atalanta Planitia transitional; high dielectrics ±  rock 
( +  55", 135")

I 5.0*-10.0" 0.2-0.5 1.0 Maxwell Montes 
(+63", 4")

rough; high dielectrics ±  rock

Table 2,4; Summary of Roughness-Reflectivity Subdivisions. (After Head et a l 1985)
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Mineralogy

D irect observation and analysis o f  tw o locations within the study area w ere made 

by the Russian V EG A  1 and 2 landers in June 1985 (C atterm ole 1994). As m arked on 

Figure 3.1 (C hapter 3) V EG A  1 landed within 150 km radius o f  S.IO^N, 175.85°E on the 

regional lineated plains (see Chapter 3) o f  Rusalka Planitia, about 1700 km north o f  

eastern A phrodite Terra and about 1000 km to the w est o f  Sapas M ons. V EG A  2 landed 

1500 km south o f  V EG A  1, within 150 km radius o f  7 .14“S, 177.67“E, again within the 

lineated plains o f  Rusalka Planitia and adjacent to  the northern flanks o f  eastern 

A phrodite Terra (W eitz and Basilevsky 1993).

Using gam m a-ray spectrom etry, both landers estim ated the am ount o f  potassium, 

uranium  and thorium  within the upper few  centim etres o f  the surface material and VEGA 

2 used x-ray fluorescence to  determine the m ajor elem ents (B arsukov et a l  1986,

Surkov et a l 1986 and Basilevsky and Surkov 1989, cited by Grum pier 1990; B arsukov 

1992) (Table 2.5). A lthough major element abundances w ere not obtained at the V EG A  

1 site, the other resem blances betw een the tw o sites (Table 2.5) and the fact that they are 

both within the defined lineated plains geological units (C hapter 3) suggests that the tw o 

sites are likely to  be generally similar. Unfortunately, neither landers w ere equipped with 

imaging systems.

The abundances o f  the m ajor elements at the V EG A  2 site are similar to  that o f  

typical terrestrial mafic or basaltic rocks and suggest a relatively olivine-rich (picritic), 

normal alkalinity, basaltic rock, possibly silica undersaturated and suggesting large 

degrees o f  melting (Grumpier 1990). The V EGA 2 results are similar to  terrestrial rocks 

o f  the olivine-gabbro-norite suite, absorokites from N ew  Guinea and certain flood basalts 

(Garvin and Bryan 1987, cited by Grumpier 1990). Citing B arsukov et a l  (1986) and 

Surkov et a l (1986), W eitz and Basilevsky (1993) pointed out that the low  Potassium , 

Uranium  and Thorium  contents o f  both sites is typical o f  tholeiitic basalts. H ow ever, it 

seem s that the V EGA 2 analyses differ from the closest terrestrial analogues primarily in 

the  high w t.%  sulphur abundance. This high sulphur content might simply result from a 

larger primary sulphur com ponent, or may represent deuteric alteration or atm ospheric 

w eathering o f  low -sulphur concentrations in initial com positions (Grumpier 1990).
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T a b le  2 .5 V E G A  1 and 2 S urface L anders D ata*

Latitude 7°S
Longitude 176“E 178°E
Mean SAR Incidence Angle (degrees) 45 42 5
Mean SAR Backscatter (DN) 107.5 115.9
Mean Altitude (km) 605L3 6052 6
Mean Emissivity 0 825 0.851
Mean RMS Slope (degrees) Z 25 2 13
Potassium (%) 0.45 ± 0 .2 2 0.40 ± 0 .2 0
Uranium (ppm) 0.64 ± 0 .4 7 0.68 ± 0 .3 8
Thorium (ppm) 1.5 ± 1.2 2.0 ± 1.0
S % ( % ) N/A 45.6 ± 3 .2
T t0 2 (% ) N/A 0.2 ± 0 .1
A 1 A  (% ) N/A 16.0 ± 1.8
FG20.,(%) N/A 7.74 ± 1.1
M nO (% ) N/A 0 14 ± 0 .1 2
M g O (% ) N/A 11.5 ± 3 .7
CaO  (% ) N/A 7.5 ± 0 .7
K 2 0 (% ) N/A 0.1 ± 0 .0 8
SO) (% ) N/A 4 .7 ±  1.5

N/A 1.9 ± 0 .6
C l(% ) N/A < 0  3
^Froni Criiinplcr 1990; Bnrsiiko\- 1992. and W eitz  & Basilevsky 1993.

In a nutshell, as Weitz and Basilevsky (1993) point out, if the lowland plains units 

represent typical Venusian plains, as is implied by the characteristic emissivity, 

topography, RMS slope and SAR imagery, then it can be inferred that most o f  the 

Venusian lowland plains units are composed of basaltic lava flows, mostly tholeiitic in 

composition. This conclusion is further substantiated by the results obtained by the five 

Venera landers, which sampled lowland plains materials between Beta and Alpha 

Regiones (Weitz and Basilevsky 1993).
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CHAPTER THREE 

Structural Units

In troduction

This chapter deals primarily with the identification and description o f  the key 

tectonic and associated volcanic units in the study area; their interpretation is generally 

deferred to  subsequent chapters. The starting point is a tectonic or structural map 

(Figure 3.1).

It differs from that o f  other w orkers (e.g., Solomon et a l  1992; and Niki shin 

1990) in a num ber o f  ways. First, the classification deliberately avoids any inferred 

interpretation o f  the m ode o f  formation. For example, the feature defined by Saunders (in 

Solom on et a l  1992) as a Shield Volcano, is shown simply as an E levated Centre and the 

C oronae, Arachnoids, N ovae and Calderas o f  o ther w orkers (e.g.. H ead et a l  1992 & 

Stofan et a l  1992) appear under the generic term  o f  fracture centres. I have identified an 

additional unit - undulating terrain - which was not identified by earlier w orkers. Finally,

I distinguish betw een trenches and fractured terrain within their fractured terrain.

Table 3.1 is a summary description o f  the various tectonic/structural units 

identified on Figure 3.1. The account that follows indicates w here typical examples o f  the 

terrain at issue can be found.
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T A B L E  3.1: Definition of tectonic units w ithin study  a rea

Symbol Unit Name Summary Description

F Fractured Terrain Sub-parallel linear/arcuate fractures; occurs predominantly 
in elevated areas in association with trench features.

T Trench Linear depression with ‘U -’, 'V'-shaped or flat-bottom  
cross-section; typically lowest/deepest features in study 
area; inner surfaces densely fractured; located in elevated 
terrain often bounded by fractured terrain; often exhibits 
raised rims; many arcuate trenches are asymmetric in 
profile.

P Lineated Plains Extensive surfaces generally covered by fine sinuous 
parallel/sub-parallel ridge lineaments and areas o f  
tessellated polygonal fracturing. Tend to lie at lowest 
elevations.

R R idge Belt Elevated linear/elongated zones o f ridges and grooves; 
generally having an arching, elevated profile; ridges and 
grooves often interspersed by small circular dome- or cone- 
shaped features.

RG Ridge & Groove Terrain Unit has rough surface having complex network o f closely- 
spaced multi-directional, intersecting & superposed fault 
ridges & grooves. It is topographically elevated and 
embayed by flanking lineated plains units.

U Undulating Terrain Unit contains often complex arrangement o f sinuous and 
convoluted fracture and fault lineaments, with ridges 
predominating. Topography shows unit consists o f a 
network o f undulating, sinuous interconnecting ridges and 
interspersed hollows.

EC Elevated C entres Topographically elevated, irregular sub-circular or 
elliptical base central cone or flattened dome, with of 
central pit/depression or dome shape feature at summits.

FC Fracture Centres Centres o f SAR-bright concentric and/or radial 
lineations/fractures, generally located in higher topography 
terrain. Six different types have been identified, excluding 
those which are indistinct: Concentric, Multiple, Asymmetric, 
Radial, Radial/Concentric and Multiple Concentric fracture 
centres.

Double ended arrowed lines indicate the general trend o f the same type o f lineations within a given  
region o f lineated plains. Ticked lines indicate regions o f predominantly fault ridges, lines with 
bisecting crosses indicate predominantly grooves, lines with a bisecting star indicate regions of 
both fault ridges and grooves, and unmarked lines indicate lineations unresolvable as either ridges 
or grooves.
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SYMBOLS

Lineated Plains 
Fractured Terrain 
Undulating Terrain 
Ridge & Groove Terrain 
Elevated Centres 
Ridge Belts 
Trenches 
Fracture Centres 
Indistinct Fracture Centres

O
..\

Fracture Centre* - C: Concentric; M: Multiple; A: Asymmetric; R: Radial; 
RC: Radial/Concentric; MC: Multiple Concentric

Figure 3.1: Tectonic/Structural sketch map of study area.
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Fractured Terrain

(cf. Uplifted ‘w eakened’ belts. Rift Belt: e.g. Nikishin 1990; M asursky 1980)

In this thesis the term  fractured terrain follows the usage o f  previous w orkers 

(e.g., Solom on É?/ûr/. 1992).

This m orphology is identified as an arcuate region which, as shown by Figure 1.2, 

dom inates the SAR imagery o f  eastern Aphrodite T erra and Atla Regio, running from  the 

centre-w est o f  the study area to  the north-east.

Characteristically having overall m oderate to  strong SA R -backscatter (4 to  14 

dB), it includes areas o f  linear/arcuate fractured terrain, apparently predom inantly ridges 

in som e areas (Figure 3.2), but with many areas also containing grooves and 

narrow /shallow  trenches (Fig. 3.3) as well as other areas o f  complex intersecting and 

cross-cutting ridges and grooves (Fig. 3.4).

F ractured terrain characteristically appears to  have marginally higher emissivity 

(betw een about 0.7 and 0.9)/low er reflectivity (betw een about 0.1 and 0.3) than the 

adjacent low er elevation, weak SAR backscatter lineated plains areas described below.

As shown by Figure 2.1, this terrain occurs predom inantly in topographically elevated 

regions, mostly betw een about 6053 and 6055 km, with the fracture lineaments tending 

to  run parallel/sub-parallel to  adjacent and inset trenches (see below ) and parallel/sub

parallel with each other. H ow ever, much o f  this terrain type also contains many fine 

fracture lineations unresolvable as either ridges or groves with current data resolutions 

(Fig. 3.5), centres o f  radial and/or concentric fractures, ridges and grooves about a 

central point (Fig. 3.6) and areas betw een fracture lineaments, particularly adjacent to  

larger trenches and concentric/radial fracture centres, o f  broken ridge & groove terrain 

as described below  (Fig. 3.7). Visible on some smaller scale projections are num erous 

closely-spaced paired parallel/sub-parallel lineaments (Fig. 3.8).

Because o f  the intimate association o f  much o f  this fractured terrain with adjacent 

and inset trenches, fracture centres and elevated centres, the precise RM S slope, 

emissivity and reflectivity values are difficult to  m easure uniquely, and I have 

therefore preferred to  distinguish this unit on the basis o f  qualitative com parisons.
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Fignre 3.2:
Fiactnred Terrain
Area of ridges.
The image is centred on
192.8 degrees long. East,
12.8 degrees lat. South. m

Fignre 3.3  
Fractnred Terrain
Area of grooves and n a iro v  
trenches.
The image is centred on 
191.8 degrees long. East, 
8 .2  degrees lat. South.

Both images are taken from 
Magellan Cycle 1 compressed 
image. C l 15S197, and are 
about 230 km  wide.
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Fignre 3.4:
Fractnred Terrain
Area of intersecting ridges 
end grooves.
The image is centred on 
178.3 degrees long. East, 
14.9 degrees lat. South.

3 % ^

FKnre 3.5:
Fractnred Terrain
Area of lineations unresolved 
as ridges or grooves.
The image is centred on 
179.7 degrees long. East, 
13.5 degrees lat. South.

% Bot h images are taken from 
' Magellan Cycle 1 compressed

image, 01 15S180, and are 
about 230 km  v ide.
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Figure 3.6: Fractnred Terrain
Area of iracmre centres and trenches of radial and concentric lineations.
The image is taken from Magellan C ^ le  1 compressed image. C l 158180: 
BROW SE, and is about 1840 km v ide  and centred on 180 degrees long. East, 
15 degrees lat. South.
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Figure 3.7:
Fractnred Terrain
Enclosing areas of 
ridge & groove terrain.
Tire image is taken from 
Magellan Cycle 1 
compressed image.
C l 15S163, is centred on 
161.8 degrees long. East, 
16.7 degrees lat. South,  ̂
and is about 230 km v ide.

m
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Fignre 3.8  
Fractnred Terrain
Area of paired sub-parallel 
ridges.
The image is taken from 
Magellan Cycle 1 fuH 
resolution image, F 15N197, 
is about 77 km  v id e , and 
centred on 174 degrees long. 
East, 12.7 degrees lat. South.
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Trench

(cf. Chasmata: e.g., Ford & Pettengill 1992; Solom on et al. 1992)

Overall having very variable m oderate to  strong SA R -backscatter (0 to  20 dB), 

although in a num ber o f  cases not clearly recognisable as trenches from  the  SAR imagery 

- in these cases the features w ere recognised by their topographic signature. 

Characteristically linear/arcuate ‘U ’-, ‘V ’- shaped or flat-bottom ed topographic 

depressions, found predom inantly flanked and surrounded by the topographically 

elevated fractured terrain regions o f  eastern A phrodite Terra and Atla Regio described 

above, being in many cases the topographically low est or deepest features in the study 

region.

N otable is the complex inter-linking netw ork o f  these trench features within the 

fractured terrain within eastern Aphrodite Terra, particularly the areas know n as Diana 

and Dali Chasm ata (Figures 3.6 and 3.9).

M any trenches, particularly the larger arcuate features, show  characteristic raised 

rims, and in some cases o f  the larger trenches, having one rim significantly higher than 

the o ther - thus having a clearly asymmetric profile - as can be seen in the  trench features 

know n as Diana and Dali Chasm ata in eastern A phrodite Terra (Figure 2.3).

As illustrated in Figure 2.3 in chapter tw o, which shows topographic sections o f  

D iana and Dali Chasm ata, a notable feature o f  m ost o f  the larger sub-parallel or sub- 

concentric pairs o f  trenches is that the higher o f  the asymmetrically raised rims o f  each 

trench occur ‘back-to-back’ or on the inner arc rims, the asym m etric topographic profile 

o f  one trench being in many cases the approxim ate m irror image o f  the o ther adjacent 

trench. In fact, m ost o f  the clearly arcuate trenches display this asym m etric profile, with 

the higher o f  the rims on the inner arc side o f  the feature.

M any o f  the smaller and straighter trenches have no clearly discernible raised 

rims, at least at the available altimetric image resolution, or appear to  be m ore 

symmetrical in profile. In fact, within eastern A phrodite Terra in particular, there seems 

to  be at least tw o distinct types o f  trenches; many o f  the larger, arcuate and asymmetrical 

trenches appear to  be intrinsically associated with circular structures later described as 

fracture centres, with many o f  the smaller-scale, straighter and m ore symmetrical 

trenches appearing to  link these fracture centres - for example, betw een the approxim ate
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co-ordinates of 17"S, 174®E and 13°S, 180% extending north-east from the north

eastern perimeter of the Latona fracture centre (cf. corona) and illustrated in Figures 3.6 

and 3.10.

As expected, trenches have higher RMS slopes than many of the other surface 

features, with a mean of about 4.2° and a maximum of about 11.2°. Some of the deeper 

trenches, notably those of Diana and Western Dali Chasmata, appear to exhibit sections 

of the asymmetrically elevated rims having anomalously low emissivity and high 

reflectivity when compared with the surfaces in, and adjacent to, the majority of the 

other trenches, which conversely have comparatively high emissivity and low reflectivity. 

The anomalously low emissivity/high reflectivity may be due to the same factors 

responsible for the similarly anomalous values of emissivity and reflectivity observed on a 

number of the elevated centres in the study area, particularly since these values are found 

on the elevated rims of the trenches.

The inner surfaces of trenches appear densely fractured and faulted, where 

resolvable, tending to be predominantly longitudinal ridges and grooves along the line of 

the trench (Figure 3.11). Fracture or fault lineations can also be seen to run 

perpendicular and radially to many of the trenches (Figure 3 .12). An arcuate trench 

system known as Ganis Chasma, in the north-east of the study area in Atla Regio, has a 

notably different geomorphology and appearance on both the small and larger scale from 

the other trench systems in the study area (Figure 3.13). Specifically, areas of low 

emissivity and high reflectivity are particularly apparent on surfaces flanking either side 

of the trench system. In addition, the trench can be seen from the altimetric data to be 

flanked either side by a topographic ridge, notably higher than the elevated rims and 

terrain of the other trench network in the centre of the study area. Furthermore, the scale 

of this trench is much larger than any other within the study area. Finally, this arcuate 

trench system is relatively broad, within which the surfaces are formed by a complex 

arrangement of cross cutting and branching grooves and ridges (Figure 3.14). Taken 

together, these features may suggest a different mode of formation and structural history 

for this trench system to the other trench systems in the study area. Chapter six is 

devoted to a more detailed description and analysis of the Ganis Chasma trench system, 

and Chapter seven to its interpretation.
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Fignre 3 9: Trenches
Associated with, fractured terrain and fracture centres.
The image is taken from  Magellan Cycle 1 compressed image. C l 15S163:BROW SE, 
is about 1840 km  v id e  and centred on 163 degrees long. East, 15 degrees lat. South.
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Figure 3.10: Topographic image of trenches.
The shades of grey represent elevation, with vhite  representing topographic highs 
and hlauck indicating topographic lovs.T he image Is a topographic version of the SAR 
Image of Figure 3.6 and is thus to the same scale, and is taken from  the Magellan 
G lobal Topographic Data Record (GTDR) data set.
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Fignre 3.11: Trenches
Showing longitudinal ridges and grooves along the line of the trenches.
The image is taken from  Magellan Cycle 1 full resolution image, F 15 S 157 :B RO W SE, 
is about 616 km wide and centres on 157 degrees long. East, 15 degrees lat. South.
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Fignre 3 12: Trenches
Shoving perpendicular and radial lineations.
The image is taken from Magellan Cycle 1 compressed image. C l 15S163, is about 
230 km  v id e  and centred on 166.5 degrees long. East, 19.3 degrees lat. South.
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Figure 3.13: Trenches
The image Is domlmted hy the Ganis Chasma trench s]^tem  in the NE of the study area. 
The image is taken from Magellan Cycle 1 compressed image. C l 15N197:BROW SE, 
is about 1840 km  wide and centred os 197 degrees long. East, 15 degrees lat. North.
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Figure 3.14: Tienches
S Jiow ig  complex cross-cuttmg and branching grooves and ridges.
The image is taken from  Magellan Cycle 1 compressed image. C l 15N197, is about 
230 km  v id e  and centred on 198.6 degrees long. East, 12.8 degrees lat. North.
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Lineated Plains

(cf. Plains, Undivided Plains; e.g., M asursky et a l  1980; H ead et a l 1992)

As illustrated in Figure 3.1, the lineated plains identified m ake up approxim ately 

80%  o f  the study area and are divided into tw o main regions, to  the north and south (o f 

Rusalka Planitia to  the north and eastern Aino Planitia to  the south), by the  central 

arching fractured terrain and trenches o f  eastern A phrodite Terra.

These lineated plains units are characteristically lineated, predom inantly by fine, 

w eak SA R-return, sinuous parallel/sub-parallel ridges, along with some narrow  sinuous 

grooves in places, mainly with strikes following broader regional trends (Figure 3.15). In 

many locations within this terrain type can also be seen extensive areas o f  w eak SAR 

return tessellated polygonal fracturing (Figure 3.16), which has been in terpreted  by 

Johnson and Sandwell (1992) to  be the result o f  tensile cooling o f  emplaced flood lavas. 

Further, these lineated plains units have variable very w eak to  m oderate SA R backscatter 

(-20 to  +12 dB, modally -1 dB), although having a noticeably overall marginally w eaker 

SA R-return in the southern region but a m ore variable return in the north. This notable 

difference in SA R-return betw een the tw o regions may in part be due to  the difference in 

the range o f  SAR incident angles used - ranging betw een approxim ately 23° and 42° in 

the southern region and betw een 43° and 44° in the north.

Topographically, these lineated plains units tend to  lie at low er elevations than 

the other tectonic features in the study area, at betw een approxim ately 6051 to  6052 km 

planetary radius. They are also relatively sm ooth on a large scale, with significantly 

lower, albeit slightly variable, RM S slope values than the o ther tectonic features in the 

study area, the mean being about 2°. These lineated plains units also have 

characteristically high levels o f  emissivity, betw een approxim ately 0.8 and 0.9, with 

correspondingly low reflectivity, betw een approxim ately 0.1 and 0.2. Levels o f  emissivity 

and reflectivity appear to  be m ore variable in the northern lineated plains region than in 

the south. Several w orkers (e.g., M asursky e ta l  1980; H ead et a l  1991 & 1992; Guest 

et a l  1992) suggest that these lineated plains units are volcanic in origin and probably 

the product o f  flood lavas.
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Figure 3.15: Lineated Plains
Amo Planitia in the south of the study area, shoving suh-paiaUel sinuous lineations 
reflecting regional orientation trends.
The image is taken from Magellan Cycle 1 compressed image, Cl 30S171 :BROWSE, 
is about 8^0 km vide and centred on 171 degrees long. East, 30 degrees lat. South.
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Fignre 3 16:
Lineated Plains
ShoviDg tessellated 
pol3̂ onaI fracturmg.
The image is taken from 
Magellan Cycle 1 full 
resolution image, F 05N194 , 
is about 77 km wide and 
centred on 192.3 degrees 
long. East, 6.5 degrees lat. 
North.
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FKnie 3.17:
Lineated Plains
SAR-weak parallel and 
straight lineations trending 
NW-SE interspaced within 
more widely spaced sinuous 
ridges.
The image is taken from 
Magellan Cycle 1 compressed 
image. Cl 00N180, is about 
70 km wide, and centred on
188.2 degrees long. East,
12.2 degrees lat. North.
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The m ottled appearance o f  the lineated plains is partly due to  a large num ber o f  

com paratively smaller, sheet-like lava flows, some o f  them  are barely resolvable, which 

are distributed throughout the units. They tend to  have irregular boundaries which are 

probably influenced by local topography and range in size from a few  tens to  thousands 

o f  square kilom etres in area. Like the underlying m ore extensive SA R-dark flood lavas o f  

the lineated plains these smaller flows have no obvious visible source and thus are likely 

to  be the result o f  localised fissure eruptions. Stratigraphically, they postdate the  SAR- 

darker, m ore extensive flood lavas but predate the form ation o f  the sinuous ridges which 

pervade these lineated plains units. As also suggested by Lancaster (1994) and Arvidson 

et al. (1992), the differences in SAR-brightness betw een different flows o f  the lineated 

plains units, which gives rise to  their m ottled appearance, may be due to  such factors as 

dielectric or textural differences betw een individual flows, or ageing and degradational 

effects.

In many places within the lineated plains one can ju st resolve clusters o f  small 

circular features, perhaps only a few kilom etres across, which may be small low-angle 

volcanic edifices. The clusters contain anything from a few to several hundred such 

features.

Regarding the sinuous ridges which are found throughout the lineated plains 

units (Figure 3.1), within Rusalka Planitia in the north o f  the study area, they show  a 

broadly N W -SE trend, which reflects a N E-SW  com pressive stress field. In eastern Aino 

Planitia in the south o f  the study area the sinuous ridges show both N -S and N E -SW  

trends which reflect E-W  and N W -SE com pressive stress fields respectively.

Interestingly, the  change in orientation o f  the com pressive stress fields and resulting 

sinuous ridges appears to  occur either side o f  and within the undulating terrain as 

described below. In fact the trend o f  the sinuous ridges changes from N -S tow ards a 

m ore SW -NE orientation, reflecting that o f  the sinuous ridges in the lineated plains 

immediately to the east (Figure 3.1).

The sinuous ridges them selves m easure anything betw een 10 km to  over 200 

km in length and up to  about 10 km in width. Although they have a som ew hat variable 

spacing, they tend to  be betw een 15 km to 25 km apart. The density and length o f  the 

sinuous ridges tends to  decrease as they approach the flanks o f  eastern A phrodite Terra 

in the centre o f  the study area.

Sinuous ridges have a relatively strong SA R-return even when oriented parallel 

to  the SA R-look direction. This strongly suggests that a significant fraction o f  the
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relatively strong SA R-return may be due to  small-scale roughness o f  the surfaces o f  

these ridges rather than merely to  their topographic expression.

It is also interesting to  note, as Solom on et a l  (1992) and M cGill (1993) 

pointed out, that in general m orphology, relief and spacing these sinuous ridges resemble 

som e o f  the wrinkle ridges observed in the lunar maria and M artian ridged plains, which 

are also attributed to  m odest levels o f  horizontal com pression and crustal shortening 

(Plescia & Golom bek, 1986; W atters, 1988).

In many places one can just discern very SA R-weak parallel and relatively 

straight lineations interspaced within the sinuous ridges, though from the resolution it is 

not possible to  determ ine w hether they are ridges or grooves (Figure 3.17). H ow ever, 

B anerdt & Sammis (1992) identified similar such lineations over lineated plains in other 

parts o f  Venus, and noted that their SAR-brightness did not depend on the SAR 

incidence angle. From this it was argued that the SAR reflection was due to  enhanced 

roughness along the trace o f  the lineation rather than from scarp relief, as appears to  be 

the case for the sinuous ridges. This observation is m ost consistent with rubble-filled 

extension fractures.

These fine lineations are much m ore closely spaced than the sinuous ridges and 

mostly betw een 1 and 3 km apart. The narrow  spacing, linear geom etry and azimuthal 

independence o f  radar reflectivity led Banerdt & Sammis (1992) to conclude that these 

features are tension fractures in the brittle upper layers o f  the volcanic plains material. 

The close spacing can be explained by a model based on a shear lag mechanism. In this 

model a relatively pristine surface layer o f  basaltic lava is placed in tension by 

lithospheric extension. W hen the stress exceeds the tensile strength o f  the material, a 

vertical extensional fracture forms. A horizontal detachm ent, corresponding to  an older 

plains surface below  the fractured flood lava layer, allows frictionally resisted lateral 

displacem ent o f  the surface layer and stress relaxation in the region near the fracture. It 

can thus be inferred that the num erous fracture sets w ere probably form ed in solidified 

plains units, once the volcanic flows had cooled.

The SA R-w eaker lineations tend to  have a slightly different orientation from  that 

o f  the sinuous ridges. In the case o f  the N W -SE trending sinuous ridges, for example, the 

finer interspersed lineations trend alm ost W NW -ESE. The finer lineations appear to  be 

disrupted and slightly offset by the sinuous ridges, which suggests that the sinuous ridges 

postdate them. This tem poral relationship may also, at least partly, explain the sinuous 

nature o f  the ridges.
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Fracture  studies show that when a m ore recent stress system acts on older 

surfaces that already contain faults or fractures oriented at relatively low  angles to  the 

m ore recent stress direction, the result is a fracture structure that has a small-scale zigzag 

pattern , w ith its overall trend reflecting the m ore recent stress field orientation, but with 

individual segm ents o f  the structure being inherited from the trend o f  the older fractures 

(M cGill, 1993). In a recent study, M cG uire e ta l  (1996) suggest that newly-forming 

fractures oriented within 20° o f  any pre-existing set will tend to  reactivate the fault 

system  o f  the older set o f  fractures to  release the new  tectonic stress. The fact that such 

fractures are seen well within this 20° limit may suggest that the source and action o f  the 

m ore recent form ative stress field extends from deeper below  the surface. This is partly 

corroborated  by the greater spacing o f  the sinuous ridges, since it has long been accepted 

that the  spacing o f  jo in ts often scales with the thickness o f  the bed (e.g., Price, 1966; 

Hobbs, 1967; Ladeira and Price, 1981)

Differently oriented SA R-w eaker lineations can also be seen in lineated plains 

units to  the south o f  eastern Aphrodite Terra, within the N -S and N E -SW  oriented 

sinuous ridges. Interestingly, the broad trend o f  these SA R-w eaker lineations appears to  

approxim ately parallel that o f  eastern Aphrodite Terra to the north, which suggests that 

their form ation may be related to that o f  the eastern A phrodite T erra landform. The 

different spacing o f  the SA R-w eaker lineations and the sinuous ridges points to  at least 

tw o w avelengths in the corresponding stress fields.

As further described below, the sinuous ridges o f  these lineated plains units 

appear in m ost cases to  be associated with adjacent ridge belts. M any o f  the sinuous 

ridges do in fact run approxim ately parallel to  adjacent ridge belts. This parallelism 

betw een sinuous ridges and ridge belts has also been noted elsewhere on Venus, such as 

in Lavinia Planitia (e.g., Squyers et a l  1992b).
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Ridge Belts

These ridge belts are similar to  those previously given this name within the study 

area as well as elsewhere on Venus, as in Atalanta, Lavinia and V inm ara Planitae 

(Sukhanov & Pronin, 1989; Frank & Head, 1990; and Squyers e ta l  1992).

As illustrated in Figure 3.1, they have been identified predom inantly within the 

lineated plains in Rusalka Planita in the north and N W  o f  the study area. Only a few  such 

features are found within the lineated plains o f  eastern Aino Planitia in the SE.

The ridge belts are topographically elevated and elongated linear/arcuate features, 

m ostly betw een about 200 and 500 km in length and 15 to  150 km in w idth, although 

tw o in the north o f  the area - immediately to  the w est o f  Sapas M ons in A tla Regio - are 

both well over 2000 km in length. As illustrated in Figure 3.1, several o f  the  ridge belts 

also appear to fork. M uch smaller ridge belts, o f  only a few hundred m etres in length, 

can be seen in dense clusters or swarms betw een the m ore prom inent, larger ridge belts. 

Som e o f  the ridge belts appear symmetrical in cross-section, while others appear to  be 

steeper on one flank than on the other. They generally have a relatively sm ooth, arching 

profile, though some show a m ore rugged profile, w ith smaller secondary ridges 

superim posed on the arching surface. The distance betw een different ridge belts is in the 

order o f  a few hundred kilometres. The highest o f  m ost ridge belts stand betw een about 

0.3 km and 1 km above adjacent lineated plains units. Their surface generally consists o f  

longitudinal fault ridges and grooves (Figure. 3.18). S tronger SA R -backscatter ridge 

belts in places also exhibit varying concentrations o f  small circular flat and/or cone- 

shaped features resembling volcanic dom es and shields, immediately next to  the ridge 

belt or actually on the ridge belts betw een the longitudinal fault ridges and grooves 

(Figure 3.19).

The ridge belts generally have variable w eak to m oderate SAR- 

backscatter, though on the larger ridge belts it may be m oderate to  strong (-4.5 to  +18 

dB, modally m oderate return at +4 dB). How ever, in places the ridge belt can appear 

faint or indistinct on the SAR-images, with weak or no apparent SA R -backscatter when 

com pared with adjacent and surrounding lineated plains units. In these instances they are 

only clearly discernible on the topographic and RM S slope images, w ith characteristically

59



■ Æ '3
-g» ' '

« . ; ?  • i  ■■■'̂  - I

** 4 *«»

FigTLTC 3.18: Ridge Belt
(Rmmiiig from  top right dow n to lower left of image)
Showing association with sinuous ridges of adjacent lineated plais units.
The image is taken from  Magellan Cycle 1 compressed image. C l 15N163, is about 
230 km  wide and centred on 157.3 degrees long. East, 21.5 degrees lat. North.
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Figure 3.19: Ridge Belt
Image ahow iig  detailed stmctuie of the surface of a ridge belt, with cone/dome 
features interspersed between the numerous ridges of the surface. The image is taken 
from  Magellan Cycle 1 fuU resolution image, F 05N 183, is about 77 km  wide and 
centred on 180.3 degrees lorig. East, 7.2 degrees lat. North.
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higher altitude and RM S slope (up to  about 11.5°) than adjacent lineated plains units. 

There are no clearly distinguishing emissivity or reflectivity signatures for these ridge 

belts generally, although one o f  the larger and longer features in the north o f  the  study 

area has anom olously contrasting slightly higher emissivity/lower reflectivity along much 

o f  its length than the adjacent surrounding lineated plains unit.

There is also clearly some structural relationship betw een the ridge belts and the 

sinuous ridges within the adjacent lineated plains units. As noted earlier, many o f  the 

ridge belts within the study area - especially north o f  about 10°N and south o f  40°S - 

have a very similar trend to  that o f  adjacent sinuous ridges. Even when the respective 

trends are different, the ridge belts are still clearly structurally associated with the 

sinuous ridges. In fact, the tight clusters o f  fault ridges which m ake up the ridge belts 

appear to  be practically indistinguishable from the m ore widely spaced sinuous ridges in 

the lineated plains. Furtherm ore, as partly illustrated by Figure 3.18, the sinuous ridges in 

the plains often appear to deviate where they approach a ridge belt and enter it along 

strike. Since the sinuous ridges and the ridge belts both appear to  be the result o f  

com pressive stresses and in many cases appear to  affect each other, they may well share 

a com m on origin and have formed contem poraneously.
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Ridge & Groove T erra in

(cf. Tessera, Complex Ridged Terrain: e.g. Squyres et a/. 1992; Solom on et al. 1992)

Tw o notable concentrated regions in the north and in the w est o f  the study area 

have been identified. They have variable from w eak to  strong SA R -backscatter return (-4 

to  +23 dB, modally m oderate return at 6 dB), and their surface consist o f  a com plex 

netw ork o f  multi-directional, closely spaced, intersecting, cross-cutting and superposed 

fault ridges and grooves. The m ore weak to  m oderate SA R -backscatter return ridge & 

groove terrain in the north o f  the study area (Figure 3.20) is within the region know n as 

Nokom is M ontes (lA U ), and appears to be both noticeably sm oother and less complex in 

geom orphology than the m ore m oderate to  strong SA R-return material in the w est o f  the 

study area (Figure 3.21). This difference in SA R-return and appearance may in part be 

due to  the different SAR incident angles used, being approxim ately 43® with the stronger 

SA R-return surface in the w est and approxim ately 46° with the m ore m oderate return 

material in the north.

Characteristically, this ridge & groove terrain type is topographically elevated 

and appears to  be embayed by surrounding lineated plains, which them selves lie at lower 

elevations; with the strong SA R-return material in the w est o f  the study area being at a 

slightly low er mean altitude - o f  about 6053.2 km - than the m oderate SA R-return 

material in the north - at about 6053.8 km. The ridge & groove terrain in the w est o f  the 

study area also has variable and significantly higher RM S slope than the surrounding 

lineated plains materials, with a mean o f  about 4°, but up to  about 11° in places, while the 

ridge & groove terrain in the north has RM S slope close to  that o f  the surrounding 

lineated plains units.

In addition, this terrain type has characteristically higher emissivity and 

corresponding low er reflectivity - approxim ately 0.9 and 0.1 respectively - than 

surrounding embayed lineated plains materials; these contrasting levels o f  emissivity and 

reflectivity are m ore noticeable in the stronger SA R-return ridge & groove material in 

the w est o f  the study area. These noticeable differences in surface appearance, SAR- 

backscatter return, topography, RM S slope, emissivity and reflectivity betw een the two 

areas o f  ridge & groove terrain in the north and w est suggest possible differences in 

their m ode o f  form ation and structural history, and suggest that tw o types o f  ridge & 

groove terrain should be recognised.
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Fïgnre 3 20: Ridge & Groove Terrain
Unit located within the north of the study anea.
The image is taken from  Magellan Cycle 1 full resolution image, F 15N186, is about 
77 km  wide and centred on 187.7 degrees long. East, 17.2 degrees lat. North.
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Figure 3 21 : Ridge & Groove Terrain
Unit located within the west of the study area.
The image Is taken from  Magellan full resolution image, F 108155, is about 77 km 
wide and centred on 155.9 degrees long. East, 8.5 degrees lat. South.

65



Undulating Terrain

Tw o regions o f  this terrain type have been identified, one north-w est o f  the 

central region and extending north-w estw ards (Figure 3.22(a)), the o ther south-east o f  

the  central region and extending southw ards (Figure 3.22(b)). B oth  regions are 

surrounded by lineated plains terrain but appear to  meet, extending tow ards or away 

from  the central elevated fractured terrain and enclosed trench features.

W ith a predom inantly overall variable w eak to  m oderate SA R-backscatter, 

som e locations within these regions - notably some o f  the ridge crests - tend to  exhibit 

the stronger SA R-returns (-7 to +16 dB). As can be seen from the SA R-im agery in 

F igures 3.22 (a) & (b), there is a notable difference in surface appearance betw een the 

tw o  identified regions o f  this terrain type. The images reveal that both regions consist o f  

a sinuous arrangem ent o f  w eak to  strong SA R-return lineaments, appearing to  be 

predom inantly ridge faults, with only com paratively few grooves. H ow ever, the north

w estern region o f  this undulating terrain appears to  have a noticeably m ore sinuous and 

convoluted geom orphology, and overall lies at a slightly higher elevation - at a mean o f  

about 6052.1 km - than the south-eastern region, which lies at a mean altitude o f  about 

6051.7 km.

The fracture and fault lineaments in this south-eastern region appear to  extend 

m ore uniformly in a broadly N-S orientation, sweeping around to  a SW -N E orientation 

to  the south o f  this identified region. H ow ever, the main distinguishing characteristic o f  

this undulating terrain is that it consists o f  undulating, hum m ocky sinuous 

interconnecting elongated ridges and interspersed hollows (Fig. 3.23 (a) & (b)). In 

consequence, both regions exhibit higher RM S slope than the adjacent surrounding 

lineated plains, with a mean o f  about 4 .2“ and a maximum o f  about 10.5“ in the north

w est, and a mean o f  about 2.4“ and a maximum o f  about 7“ in the south-east.

Some locations, notably the m ore prom inent and stronger SA R-return ridges, 

exhibit slightly noticeable higher emissivity and correspondingly low er reflectivity than 

the adjacent lineated plains units, especially in the south-east. These correspond 

reasonably closely with the same characteristics o f  the ridge belt features. The same ridge 

belts extend close to  and into the distal ends o f  the tw o regions o f  undulating terrain.

As shown by Figure 3.1, both sections o f  this undulating terrain contain a 

num ber o f  fracture centres (see below and Chapters four and five), which may be at least 

partly responsible for the overall surface characteristics o f  this particular tectonic unit.
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(a) Northwesterly tmit
The image is taken from Magellan 
Cycle 1 compressed image,
C2 00N183, is about 1000 km vide 
and centred on 172.2 degrees long. 
East, 2.3 degrees lat. South.

(h) Sontheasterly tmit
The image is taken from Magellan 
Cycle 1 compressed image,
C2 30S181, is about 1250 km vide 
and centred on 193.5 degrees long. 
East, 33.7 degrees lat. South.

Figure 3.22: Undtüatmg Teixam
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(a) Orthographic Projection of 
pait of the surface from the 
Noilhwesterly unit.

(b) Orthograpliic Projection of 
part of the suiface of the 
southeasterly unit

Figure 3.23 (a) & fbh Undulating Terrain
Orthographic projection o f  units
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Elevated Centres

(cf. Volcanoes: e.g., G uest ei al. 1992; Head et a l  1992)

Five such features have been identified in Atla Regio (Figures 3.24, 3.25, 3.26 

and 3.27), three being clearly within or surrounded by fractured terrain (e.g., O zza 

M ons), one within the lineated plains (Sapas M ons) and one flanked by both the 

fractured terrain and lineated plains units (M aat M ons). Four o f  these elevated centres, 

which include the tw o largest (O zza M ons and M aat M ons) are located at the junction or 

converging region o f  five trench systems, as is clearly visible from the altim etric data 

(e.g.. F igures 3.1, 3.25 and 6.1).

All five identified elevated centres are depicted in the N A SA  false-colour, 

com puter-generated, three-dimensional perspective view. Sapas M ons and M aat M ons 

(P-40176) as shown in Figure 3.26. In this image, the feature known as Sapas M ons is in 

the immediate foreground, while in the background on the horizon are the four remaining 

elevated centres, with the feature known as O zza M ons on the left and that know n as 

M aat M ons lying immediately beyond Sapas M ons in the foreground. In an attem pt to 

aid analysis, the topographic relief is shown exaggerated approxim ately 10 tim es greater 

than the actual terrain relief. The orange coloration o f  the images approxim ates to  what 

would be seen by the human eye at the surface o f  Venus under normal daytime 

illumination and is based on colour images recorded in the early 1980’s by the Soviet 

V enera 13 and 14 landers.

These elevated centres overall have variable w eak to  strong SA R -backscatter 

(ranging from 55 to  205 DN). The surrounding aprons o f  fiow-like material generally 

have a lobate or digitate and sinuous m orphology, with relatively sm ooth surfaces which 

in many cases appear to  radiate and extend away from the general central region. 

H ow ever, the primary distinguishing structural characteristic o f  these elevated centres is 

that o f  elevated irregular sub-circular/ovoid/elliptical/polygonal central cones o r flattened 

domes. Table 3.2 lists the altitudes o f  the five elevated centres, m easured from  a mean 

planetary radius o f  6052 km and as derived from the Global Topographic D ata Record.
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200 km

Figure 3.24; Elevated Centre: Sapas Mons
The Sapas M ons volcano is located at 188.1°E 8.7®N on a topographic rise in Atla 
Regio. The summit area consists o f  tw o mesas with sm ooth tops that appear radar-dark; 
surrounding collapsed areas are radar-bright. The sides o f  the volcano show numerous 
bright overlapping flows that provide the edifice with a roughly circular outline. N ote 
radial fractures to the east and south. D arker flows in the southeast quadrant are 
probably smoother than the bright flows closer to the eruptive centre. An impact crater 
located in the northeast quadrant (-2 0  km in diameter) is partially buried by lava flows. 
Illumination is from the left at an incidence angle o f  46 degrees.
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Fignre 3.25: Elevated Centres
Ozza Mons, Maat Mons and tha tvo unnamed centres in Atla Regio.
The image is taken from Magellan Cycle 1 compressed image. Cl OON197:BROWSE, 
is about 1840 km vide and centred on 197 degrees long. East, zero latitude.
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Figure 3.26: Ail five identified elevated centres are depicted in this N A SA  false-colour, 
computer-generated, three-dimensional perspective view (P- 40176).
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T able  3.2: A ltitude  of E levated C entres

A ilit ttde  (îoïi)

l 8 8 . C E 8 . r N  Sapas Mons 3.8

194.7^E0*8^N Maat Mons 8.2

| 9 9 . r E 3 , r N  Ozza Mons 6.7

t 9 4 . r E l 6 ”S Unnamed 8.2

198.T E  l . r N  Unnamed 6.4

As is also evident on the SAR imagery, at least three o f  the elevated centres 

(Sapas, Ozza and Maat Montes) are surrounded by an extensive apron. Three o f  them 

show evidence o f  central sub-circular depressions or pits, and both Maat Mons & Sapas 

Mons have two centralised circular dome shaped features. Like Ozza Mons, the two 

unnamed features have relatively flat, SAR-dark summits (Figures 3.25, 3.27(a) and (b)).

Three o f  the elevated centres (including Sapas Mons and Ozza Mons) and their 

immediate surrounding aprons have relatively low values o f  emissivity and 

correspondingly higher reflectivity - approximately 0.45 and 0.55 respectively - than the 

study area as a whole. However, the two others, including Maat Mons, have higher 

values o f  emissivity and correspondingly low reflectivity, approximately 0.95 and 0.05 

respectively. All five elevated centres have variable RMS slopes, similar to those o f  many 

o f  the other elevated features in the study area. Sapas Mons has slightly lower slope 

values - with a mean o f  about 4" and a maximum of  about 1 T, whereas the other four 

elevated centres have mean values o f  about 5.5" and maximum o f  about 12".

The characteristics o f  at least three o f  these elevated centres (Sapas, Ozza and 

Maat Montes) clearly suggest that they are large volcanic constructs. Although this was 

clear on first inspection o f  the data, the fact that this was essentially a structural/tectonic 

survey led me to analyse and describe each feature from that initial perspective.

However, the nature o f  the two smaller unnamed features - one immediately 

south o f  Maat Mons and the other immediately to the southwest o f  Ozza Mons - is not 

so clear (Figures 3.25, 3.27(a) and (b)). Extensive fracturing in particular suggest that 

they are possibly early rifted fragments o f  the larger adjacent constructs or large blocks 

o f  crustal material fragmented and elevated during the early-stage uplift associated with 

the Atla Regio rise generally. This interpretation is perhaps further supported by the
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presence o f  what appears to be a trench betw een M aat M ons and the unnamed feature to 

the south (e.g.. Figure 3.1). How ever, some radial fracturing and possibly associated 

flows could suggest that these tw o features are volcanic centres.

W here applicable and appropriate, each o f  these elevated centres will be 

described in m ore detail in later chapters.
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SAR-dark summit lover- 
right of centre.
The image Is centred on 
198.5 degrees long. East, 
2 .2  degrees lat. North.

'4

SAR-dark summ it on 
right.
The image is centred on 
194 degrees long. East, 
2 .2 degrees lat. South.

Both images are taken from  
Magellan Cycle 1 compressed 
image. C l 00N 197, and are 
about 230 km  v ide .

Figure 3 27 fa) and (hY  llnnamftrt Elevated Centres
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Fracture Centres

(cf. Coronae, Novae, Arachnoids, C aid eras: e.g. Head et al. 1992 & Stofan et al. 1992)

Ninety-one fracture centres have been identified and classified within the  study 

area. These have been categorised into six different types according, predom inantly, to  

SA R and topographic imagery: Concentric, M ultiple, Asymmetric, Radial, 

R adial/Concentric and M ultiple Concentric fracture centres. In addition, a num ber o f  

Indistinct Fracture Centres have also been identified. The distinguishing characteristics o f 

each type o f  fracture centre, along with a m ore detailed analysis and description o f  the 

area spatial distribution statistics are discussed in chapters 4 and 5, w ith an interpretation 

o f  some o f  these findings in later chapters.
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Figure 4.1: Fractnre Centre diatiibntion
The SAR image is the same as Figure 1.2, but shows the location of the area fracture 
centres (solid lines), including a number of indistinct fracture centres (broken lines).
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CHAPTER FOUR 

Fracture Centre Distribution

Introduction

This C hapter - together w ith C hapter five - identifies, describes and analyses the 

spatial distribution of, the features nam ed in this area study as fracture centres. It looks 

at the spatial distribution o f  the area fi’acture centres as a whole, w ithout considering the 

statistics o f  the specific types. C hapter five contains a m ore specific description and 

analysis o f  the distribution o f  each type o f  fracture centre. D iscussion and interpretation 

o f  the geom orphology and distribution o f  the fracture centres, particularly w ith respect 

to  the  structure and evolution o f  eastern A phrodite T erra and the study area as a  whole, 

will be dealt w ith in subsequent chapters.

In previous global studies (such as H ead et a l  1992 & Stofan et a l  1992) 

features which in this study have been nam ed generically fracture centres have been 

classified as coronae, novae, arachnoids o r calderas. There w ere tw o main reasons for 

adopting the m ore broadly inclusive generic nam e o f  fracture centres in the  present 

study.

First, and primarily, my intention w as to  consider each structural feature from a 

fresh perspective w ithout preconceptions. Thus, the fracture centre features w ere so 

nam ed to  convey the nature o f  the localised fracturing.

Second, there has not always been a consensus about the  various classifications 

o f  coronae, nova, calderas and arachnoids. Indeed, many w orkers have com m ented on 

the uncertainty and ambiguity involved in the classification o f  certain specific features 

and the close similarity and overlap betw een their distinguishing characteristics to  the 

point o f  questioning the need for the existing categories.

Third, there is already general agreem ent that m ost o f  the features here called 

fi’acture centres represent the surface m anifestations o f  m antle upwellings in the form o f  

m agm a diapirs and/or m antle plumes (H ead et a l  1992; Stofan et a l  1992; Squyres et a l 

1992; Janes et a l  1992; Stofan & Sm rekar 1996; and K och & M anga 1996). Thus, 

rather than simply review  the argum ents for the various different m anifestations o f
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related processes, I shall try  to  discern how  they contribute to  surface structure as a 

whole.

Global Surveys

In 1992, Stofan et a l  carried out a focused global survey o f  fracture centres in 

which 362 such features w here identified and classified. In the  same year. H ead et a l 

(1992) carried out a global survey o f  Venus volcanism  in which 570 fracture centres and 

similar such features w ere identified and classified.

The features named in the Stofan et a l  (1992) study as coronae w ere described 

as being circular to  ovoid surface features w ith distinctive tectonic, volcanic, and 

topographic expressions. Typical coronae w ere described as being dom inated by 

concentric tectonic features and displaying a raised rim, a central region higher than the 

surrounding plains but in many instances low er than the rim, and a peripheral depression 

o r m oat. Som e coronae w ere also shown to  have significant am ounts o f  radial tectonic 

structure. All o f  the coronae w ere described as being associated w ith som e degree o f  

volcanism.

The global volcanism survey o f  H ead et a l  (1992) described the three o ther 

fracture centre type features named as arachnoids, novae and calderas. A rachnoids w ere 

show n to  be characterised by a concentric o r circular pattern  o f  fracture lineations or 

ridges, together w ith radial fracture lineations or ridges extending outw ard  in a ‘w eb ’- 

like pattern. N ovae w ere described as having prom inent radial fracture patterns form ing a 

‘starburst’ o r ‘stellate’ pattern in plan view, which generally consists o f  radiating graben 

w ith no apparent concentric lineations. It w as further show n that this stellate pattern  o f  

graben frequently centred on a broad domical topographic high in the  centre o f  radial 

flow  patterns o r sometim es in the interior region o f  the  arachnoid o r coronae features. 

Calderas w ere defined as being circular to  elongate depressions no t associated w ith  a 

well defined edifice and characterised by concentric patterns o f  surrounding fractures and 

a sm ooth o r radar-dark central region w ith the appearance o f  late-filling lavas.

Associated lava flows and raised rims w ere sometimes present.

These surveys further show ed that fracture centres range in size from  around 

10-20 km  up to  m ore than 2600 km across, and generally included a diverse and com plex
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range o f  topographic and geom orphological characteristics reflecting w hat appeared to  

be extensional, com pressional and/or combined extensional/com pressional lineations, 

both  within the feature and, in many cases, in a partially o r fully surrounding topographic 

annulus.

Largely based on w hat appear to  be tectonic lineations and fracture 

characteristics, Stofan et al. (1992) divided the corona fracture centre population into 

five main categories: concentric, concentric double-ring, asymmetric, radial/concentric 

and multiple. Radial and Volcanic types w ere identified in this study as ‘corona-like’ 

features. H ead et a l  (1992) described the global population o f  novae and arachnoid, as 

being related to  corona-type features. All these categories o f  fracture centres are taken to  

represent volcano-tectonic surface features at different states o f  evolution and at 

different scales, and the product o f  crustal uplift, tectonism , volcanism  and associated 

annulus form ation (e.g.. H ead e ta l  1992; Stofan e ta l  1992; Squyres et a l  1992; and 

Janes a/. 1992).

Stofan et a l (1992) show ed that, in addition to  the  various form s o f  tectonic 

fault and graben lineations, many fracture centre interiors are dom inated by a range o f  

volcanic styles and intensities, sm ooth plains deposits and small edifices being the 

com m onest features. Interior deform ation comm only includes oblique fractures which 

are parallel to  regional deform ation in the surrounding plains. Interestingly, no conclusive 

evidence o f  interior compressional deform ation w as found which could be directly 

attributed to  the fracture centre form ation process itself, bu t w hat appear to  be regionally 

trending com pressional ridges w ere found within som e fracture centres which w ere 

presum ably the result o f  the m ore regionally prevailing stress fields (S tofan et a l  1992). 

Topographically the fracture centres identified as coronae are m ostly plateau-like, but 

dom es, plateaus with interior lows, rimmed depressions, and rimless depressions 

interpreted as calderas also occur (S tofan et a l  1992).

The spatial distribution o f  the different types o f  fracture centres w as shown by 

Stofan et a l (1992) and H ead et a l  (1992) to  be complex, w ith som e located at 

apparently random  places within the plains regions and many m ore in apparently non- 

random  arrangem ents in concentrations, chains and on elevated terrains.
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The Study Area

Global surveys have identified about fifty such fracture centres (cf. Coronae, 

Calderas, Arachnoids & Novae). The present study has identified ninety-one. The six 

classifications adopted here are generally similar to those in the Stofan et al (1992) and 

Head at el. (1992) corona studies, apart from the omission o f  the names caldera, 

arachnoid or novae.

Fracture Centre Data Analysis

W hat follows is a broad preliminary analysis o f some general geomorphological 

characteristics relating to the position, size, and spatial distribution o f  all ninety-one 

fracture centres found within the study area as a whole.

Figure 4.2 and Table 4.1 illustrate the approximate proportions o f each type o f 

fracture centre identified, while Figure 4.3 illustrates the approximate proportional 

distribution o f  the fracture centres within the different types o f  terrain.

Table 4.1: Number of Each Fracture Centre Type Within Each Terrain Unit

g g g

23 10 2 1 1 4 41

F 4 8 3 2 4 1 22

11 5 4 0 0 1 21

F/F 2 0 1 2 0 0 5

PAI 1 1 0 0 0 0 2

...Total... 41 24 10 5 5 6 91

Centre Type: C-Concentric; M-Multiple; A-Asymmetric; R-Radial; RC-Radial/Concentric; MC-MultipIe
Concentric.

Terrain Unit: P-Lineated Plains; F-Fractured Terrain; U-Undulating Terrain.
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Fig. 4.2: Proportion of Different Fracture Centre Types

Concentric
45%

Multiple
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Fig. 4.3: Distribution of Fracture Centres Within Different
Terrain Types
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Although about 78% o f all fracture centres are associated with some form o f 

volcanic activity, the remaining 22% could o f  course display volcanic activity which is 

not visible on the SAR imagery.

As may be inferred from Table 4.2, topographic profiles indicate that all but the 

smallest fracture centre features show some form o f  topographic variation compared 

with the surrounding terrain, either in the form o f central relief or annular relief, or both.

Table 4.2: Fracture Centre Volcanic Activity and Topographic Statistics

g
66 28 61 35 10 41 41

M 92 N/A N/A N/A N/A N/A 24

0 0 5 ^ 80 40 40 30 10 40 10

E 80 60 40 N/A N/A N/A 5

EC 100 80 20 0 20 60 5

MC 83 N/A N/A N/A N/A 67 6

AlITypeç 78 25 35 19 7 31 91

Centre Type: C-Conccntric; M-Multiple; A-Asymmetric; R-Radial; RC-Radial/Concentric; M C-Multiple
Concentric.
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Table 4.3: Width Statistics of Area Fracture Centres

0 011000g 00g
Mean 177.11 109.66 92.61 365.42 174.00 107.00 124.00 109.17

Standard Error 21.98 9.28 8.85 66.23 35.80 19.60 49.76 29.11

Rrst Ouartlle 65.00 51.25 50.00 135.00 72.50 80.00 30.00 68.75

Median 110.00 90.00 90.00 230.00 180.00 105.00 110.00 90.00

Third Quarttle 207.50 150.00 120.00 471.25 246.25 150.00 150.00 137.50

Inter-qtiartlle Range 142.50 98.75 70.00 336.25 173.75 70.00 120.00 68.75

15th Percentile 45.00 38.75 39.25 97.50 48.50 68.00 30.00 56.25

05th Percentile 263.00 200.00 150.00 762.00 276.00 150.00 210.00 170.00

15th-65th %1le Range 218.00 161.25 110.75 664.50 227.50 82.00 180.00 113.75

Mode 150.00 150.00 90.00 135.00 #N/A 150.00 30.00 #N/A

Standard Deviation 209.72 75.97 56.69 324.48 113.21 43.82 111.27 71.30

Sample Variance 43980 5770.77 3213.24 105284.6 12815 56 1920.00 12380.00 5084.17

Kurtosis 9.02 1.09 0.22 0.34 -1.06 -1.92 1.10 0.78

Skewness 2.91 1.16 0.89 1.25 0.10 -0.23 1.15 1.01

Range 1070.0 350.00 220.00 1035.00 340.00 100.00 270.00 200.00

Minimum 10.00 10.00 10.00 45.00 20.00 50.00 30.00 30.00

Maximum 1080.0 360.00 230.00 1080.00 360.00 150.00 300.00 230.00

Count 91.00 67.00 41.00 24.00 10.00 5.00 5.00 6.00

Confidence Level 
(96%)

43.09 18.19 17.35 129.81 70.16 38.41 97.53 57.05

Key; FC: Fracture Centre; CFC: Concentric Fracture Centre; MFC: Multiple Fracture Centre; AFC: Asymmetric Fracture Centre; 

RFC: Radial Fracture Centre; RCFC: Radial/Concentric Fracture Centre; M CFC: Multiple Concentric Fracture Centre.

Regarding, Table 4.3 shows that the mean, median and modal dimensions for all 

fracture centres in the study area are about 177 km, 110 km and 150 km, respectively 

and have a comparatively large standard deviation o f  about 210 km. The minimum width 

is about 10 km and the maximum about 1080 km, giving a range o f  about 1070 km. 

However, the inter-quartile range is only about 143 km, with the 15th to 85th percentile 

range being about 218 km. But, as Figure 4.2 clearly shows, just over a quarter o f  all 

fracture centres are in the multiple category. And, as perhaps expected. Table 4.2 also 

shows that the multiple fracture centres are on practically all counts noticeably larger 

than the other types o f  fracture centre. Thus when the multiple fracture centre data are 

removed the mean, median and modal widths for all the remaining categories o f  fracture 

centre are found to be about 110 km, 90 km and 150 km, respectively, with a
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comparatively smaller standard deviation o f  about 76 km. In addition, the range falls 

about 350 km, with the smallest fracture centres still around 10 km wide and the largest 

about 360 km. The inter-quartile range also falls to about 99 km, with the 15th to 85th 

percentile range down to about 161 km.

The histogram o f  approximate maximum widths o f  all fracture centres depicted in 

Figure 4.4 dramatically illustrates the skewed nature o f  the data, with Figures 4.5 and 4.6 

showing the result o f  removing the data referring to the multiple fracture centres. In all 

three cases, the histograms clearly show that the maximum widths o f  the majority o f 

fracture centres, excluding the multiple fracture centres, tend tow ards the lower values in 

the range.

FIG. 4.4: Histogram of Approx. Maximum Widths of all Area 
Fracture Centres
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FIG. 4.5: Histogram of Approx. Maximum Widths of all Area 
Fracture Centres - excluding Area Multiple Fracture Centres
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Figure 4.6: Histogram of Approx. Maximum Widths of all Area 
Fracture Centres - excluding MFC's (stretched axis)
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A m ore detailed analysis o f  the w idth statistics o f  each particular type o f  area 

fracture centre can be found in C hapter 5. H ow ever, F igure 4 .10 (as well as Figures 4.11 

and 4.12) - which illustrates the range o f  w idths for all o f  the area fracture centres on one 

graph - m akes it possible to  carry out a mainly visual com parative analysis. Thus, for 

example, it can be seen that the area concentric fracture centres are distributed 

th roughout the low er m easured w idths in the range but tend to  cluster around the  low er 

values.

All the fracture centres lie at mean, m edian and modal altitudes o f  about 6052.0 

km, 6051.9 km and 6052.0 km, respectively, w ith a  standard deviation o f  about 0.65.

A nd since all fracture centres in the study area lie at distances betw een about 6050.9 km 

and 6053.8 km from  planetary centre, the range in altitude is about 2.9 km. H ow ever, the 

inter-quartile range is only 0.8 km, w ith the 15th to  85th percentile range increasing to  

about 1.3 km. Given the mean and modal planetary radius o f  the surface o f  about 6052.1 

km  and 6051.6 km, respectively (see C hapter 2), it can be shown that around 59%  o f  all 

the  fracture centres lie within about 0.5 km o f  the mean value, w ith around 90%  within 

about 1.0 km. Also, around 59%  o f  all fracture centres lie w ithin about 0.5 km  o f  the 

m odal value, w ith around 84%  within about 1.0 km.

Table 4.5 com pares altimetric (o r planetary radius) data for the surface o f  the 

study area as a whole (from  Chapter 2) w ith the altim etric data for the all the fracture 

c e n tre s .
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Table 4.4: Altitude Statistics for Area Fracture Centres

Mean 6052.0 6051.9 6052.0 6052.3 6052.4 6052.82 6051.77

Standard Error 0.07 0.09 0.11 0.25 0.37 0.37 0.10

First Ouartlie 6051.6 6051.5 6051.6 6051.6 6052.2 6052.20 6051.60

Median 6051.9 6051.8 6052.0 6052.4 6052.3 6052.50 6051.70

ThM  QuariHe 6052.4 6052.1 6052.5 6052.7 6052.7 6053.60 6051.93

intemuartile Range 0.80 0.60 0.92 1.07 0.50 1.40 0.32

iStii percentile 6051.4 6051.4 6051.5 6051.3 6051.8 6052.12 6051.58

S5tb Percentile 6052.7 6052.3 6052.7 6053.1 6052.5 6053.71 6052.04

15th‘85tb %1le Range 1.30 0.90 1.22 1.76 0.68 1.59 0.46

Mode 6052.0 6051.8 6052.7 6052.3 #N/A #N/A 6051.70

Standard Deviation 0.65 0.58 0.54 0.79 0.83 0.83 0.23

Sample Variance 0.42 0.34 0.29 0.62 0.70 0.68 0.05

Kurtosis 0.25 1.32 -1.47 -0.84 1.06 -2.89 -1.29

Skewness 0.79 1.05 0.06 -0.01 0.18 0.44 0.60

Range 2.90 2.50 1.60 2.30 2.30 1.80 0.60

Minimum 6050.9 6050.9 6051.2 6051.3 6051.3 6052.00 6051.50

Maximum 6053.8 6053.4 6052.8 6053.6 6053.6 6053.80 6052.10

Count 91.00 41.00 24.00 10.00 5.00 5.00 6.00

Confidence Level <&5%) 0.13 0.18 0.21 0.49 0.73 0.72 0.19

Key: FC.’: Fracture Centre; C FC : Concentric Fracture Centre; MFC: Multiple Fracture Centre; AFC.’: Asymmetric Fracture Centre;

RFC;. Radial Fracture Centre; RC FC Radial/Concentric Fracture Centre; MC FC Multiple Concentric Fracture Centre.

TABLE 4.5: Area Surface and Area Fracture Centre Altimetric Data

Surface Surface Terrain Without ALL Fracture

Terrain Elevated Centres Centres

Mean 60 5 2 .1 6 0 5 2 .0 6 0 5 2 .0

Mode 6 0 5 1 .6 6 0 5 1 .4 6 0 5 2 . 0

Standard Deviation 0.8 0 .7 0  65

Minimum 6 0 4 8 .2 6 0 4 8 .2 6 0 5 0 .9

Maximum 6 0 6 0 .7 6 0 5 9 .2 6 0 5 3 .8

Range 12.5 1 1 . 0 2 .9
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The above data, together with Figure 3.1, Figure 4.1 and Figure 2.2, indicate 

that fracture centres as a whole tend to cluster at the slightly higher altitude elevations, 

with none on the rising flanks o f  the elevated centres. Furthermore, the histogram o f 

altitudes o f  all fracture centres shown in Figure 4.7 below shows that the distribution is 

marginally skewed rather than being a normal distribution. From this histogram it may be 

inferred that the majority o f fracture centres cluster around the lower altitudes in the 

range.

Figure 4.7: Histogram of Altitudes of Area Fracture Centres
100 .00%

90.00%

80.00%

70.00%

60.00%

50.00%

40.00%

30.00%

20 .00%

10 .00%

6050.8 6051.2 6051.6 6052 6052.4 6052.8 6053.2 6053.6 605/
Altitudes - from Planetary Centre (km)

Frequency 
Cumulative %

The minimum surface elevation quoted above corresponds to the lowest point 

within Diana Chasma. The elevations given for each o f  the fracture centres in the area 

study correspond to the modal elevation for that particular feature. Many o f the 

numerous arcuate trench systems found within eastern Aphrodite Terra, in particular, 

grade into adjoining fracture centres, in the form o f  topographic annuli, and in any case, 

much o f the elevated topography is likely to have been formed directly by the fracture 

centres themselves. Thus, the actual minimum altitude o f  the fracture centres inevitably 

corresponds to the minimum surface elevations o f the area as a whole.

In addition, many o f these arcuate trench systems have asymmetric topographic 

profiles, showing a trench and, immediately adjacent to one side only, an elevated ridge -
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as is found, for example, on the arcuate trench system surrounding the northern 

perim eter o f  the large multiple fracture centre o f  L atona Corona, centred at around 20°S 

latitude, 171°E longitude. The annular ridge o f  this particular fracture centre extends to  

an altitude o f  about 6058.8 km and is am ongst the highest annular ridges in the  study 

area. The low est point in this annular trench system o f  this fracture centre lies at an 

altitude o f  about 6048.4 km. Consequently, although the m odal altitude for this 

particular fracture centre is given as 6052.8 km in the fracture centre data, it actually has 

a range in altitude o f  about 10.4 km. The altimetry statistics quoted for the fracture 

centre L atona tally w ith the equivalent altim etry figures for the entire study area once the 

elevated centres have been rem oved from the calculations: adding further support to  the 

notion that the fracture centres are responsible for m uch o f  the elevated terrain . This is 

arguably a rather extrem e example, based on one o f  the  largest fracture centres in the 

study area. N evertheless, it does serve to  illustrate the caution which should be taken 

w hen analysing and interpreting the altimetric data for the study area surface as a  w hole 

and particularly that o f  the  fracture centres themselves.

Figures 4.10, 4.13 and 4.14 illustrate the range o f  altitudes at which all the  area 

fracture centres as a w hole are found (betw een about 6050.9 km and 6053.8 km  from  

planetary centre) on one graph.
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Table 4.6: Latitude Statistics for Area Fracture Centres

g 0 0 0 0 0 0 1
0 0

0 0

Mean -11.43 -6.52 -17.28 -20.51 -14.72 -4.08 -9.78

Standard Error 2.16 3.34 3.97 6.45 5.09 7.29 9.67

First Ouartile -26.33 -25.03 -29.13 -35.35 -20.50 -17.30 -20.25

Median! -17.20 -4.00 -22.00 -23.35 -17.20 -11.00 -18.75

Third OuartHe 5.40 11.10 -2.75 -8.00 -16.20 10.00 7.88

Interquartile Range 31.73 36.13 26.38 27.35 4.30 27.30 28.13

15th Percentile -32.60 -29.80 -36.11 -41.53 -22.10 -17.86 -25.10

85th Percentile 16.55 19.50 2.09 1.91 -7.80 12.64 17.80

15th-85th %‘ile Range 49.15 49.30 38.20 43.45 14.30 30.50 42.90

Mode 19.50 19.50 -26.50 #N/A #N/A #N/A #N/A

Standard Deviation 20.60 21.42 19.47 20.40 11.38 16.30 23.69

Sample variance 424.17 458.72 379.07 416.34 129.61 265.58 561.31

Kurtosis -1.15 -1.46 -0.52 -0.71 3.57 -2.67 -1.35

Skewness 0.21 -0.07 0.51 0.45 1.78 0.56 0.50

Range 71.10 65.50 69.10 61.70 29.30 35.30 60.60

Minimum -47.30 -41.70 -47.30 -47.20 -24.50 -18.70 -38.90

Maximum 23.80 23.80 21.80 14.50 4.80 16.60 21.70

Count 91.00 41.00 24.00 10.00 5.00 5.00 6.00

Confidence Level 
(95%)

4.23 6.56 7.79 12.65 9.98 14.28 18.96

Key: FC: Fracture Centre; C.'FC,': Concentric Fracture Centre; M FC Multiple Fracture Centre; AFC: Asymmetric Fracture Centre;

RFC: Radial Fracture Centre; RCFC: Radial/Concentric Fracture Centre; M CFC: Multiple Concentric Fracture Centre.

Regarding the latitudes at which fracture centres are found - and remembering 

that the study area extends from 25 l\l down to 50°S latitude - Table 4.6 gives mean, 

median and modal latitudes o f about 11°S, 17®S and 20‘TSl, respectively, with a standard 

deviation o f  around 20.6°. The apparent broad discrepancy between these listed values 

can perhaps be better understood by examining Figure 4.8, which shows a histogram o f 

the latitudes o f  all the fracture centres .
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Figure 4.8: Latitudes of All Area Fracture Centres
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Here can be seen a broadly bimodal distribution, with fracture centres tending to 

cluster around latitudes 20 - 25®N and S, and comparatively few within the immediate 

equatorial regions. This distribution is broadly consistent with the findings o f  the global 

survey o f  fracture centres carried out by Stofan et al. (1992). Also worth noting is the 

fact that if all the latitude values - from both north (positive) and south (negative) o f  the 

equator - are adjusted to all read as a simple positive latitude value, then, as Table 4.7 

below shows, the mean, median and modal values for latitude become about 20°, 21° and 

20°, respectively, with a standard deviation o f  around 11.7°.
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Table 4.7: Positively Adjusted Latitude Statistics for Area Fracture Centres

Mean 20.37 19.15 22.20 24.43 16.64 14.72 22.52

Standard fiiro r 1.23 1.76 2.71 4.70 3.30 1.76 3.36

Median 20.50 21.70 22.90 23.35 17.20 16.60 20.00

Mede 19.50 23.80 26.50 #N/A #N/A #N/A #N/A

Standard Dexdatlon 11.69 11.25 13.29 14.85 7.37 3.94 8.23

Sample Variance 136.56 126.58 176.55 220.60 54.34 15.54 67.77

Kurtosis -0.43 -0.83 -0.71 -0.96 2.03 -2.84 5.01

Skewness 0.29 0.07 0.08 0.18 -1.16 -0.47 2.18

Range 46.80 39.90 46.80 43.20 19.70 8.70 22.40

Minimum 0.50 1.80 0.50 4.00 4.80 10.00 16.50

Maximum 47.30 41.70 47.30 47.20 24.50 18.70 38.90

Count 91.00 41.00 24.00 10.00 5.00 5.00 6.00

Confidence Level 
(9S%)

2.40 3.44 5.32 9.21 6.46 3.45 6 59

Key: FC: Fracture Centre; CFC: Concentric Fracture Centre; MFC: Multiple Fracture Centre; AFC: Asymmetric Fracture Centre;

RFC Radial Fracture Centre; RC FC Radial/Concentric Fracture Centre; MCFC: Multiple Concentric Fracture Centre.

Figure 4.9: Positively Adjusted Latitudes of All Area Fracture
Centres
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This is further illustrated in Figure 4.9, which shows a histogram o f the 

positively adjusted latitudes o f  all the fracture centres . The histogram can also be 

interpreted as showing a trimodal distribution o f  fracture centres across the positively 

adjusted latitudes, with the largest proportion o f fracture centres clustering around 22.5° 

latitude, but with two somewhat smaller clusters, one around 5° and the other at around 

41°.

A more detailed analysis o f  the latitude statistics o f  each particular type o f  area 

fracture centre can be found in Chapter 5. However, Figures 4.11, 4.12, 4.13 and 4.14 

make it possible to carry out a mainly visual comparative analysis.

Figure 4.10: Maximum Widths vs. Altitude for all Area Fracture
Centres
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Figure 4.10 shows a scatter plot o f  maximum widths against altitude (or 

planetary radius) for all the fracture centres . There is no clear correlation for all the area 

fracture centres as a whole, other than the fact that the larger o f  the fracture centres - 

being o f  the multiple category - appear to cluster near an altitude o f  about 6052.5 km.
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The skewness in the altitude data is also apparent in this scatter diagram, again 

confirming that the majority o f  fracture centres cluster around the lower altitudes in the 

range, with only comparatively few near the higher range altitudes.

Figure 4.11 shows a scatter diagram o f latitude against maximum width o f  all 

the fracture centres . No obvious correlation is apparent from the diagram, other than the 

observation that the larger fracture centres - again o f  the multiple category - appear to 

cluster between the latitudes o f  10”S and 30°S. W hen this scatter graph is re-plotted to 

show positively adjusted latitudes against maximum widths, as in Figure 4.12, the 

clustering o f the larger o f  the multiple fracture centres can again be seen, as can a 

trimodal latitude distribution o f  all the fracture centres across the positively adjusted 

latitudes.

Figure 4.11: Latitude vs. Maximum Width of all Area Fracture
Centres
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Figure 4.12: Positively Adjusted Latitude vs. Maximum Width of
all Area Fracture Centres
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The scatter diagram o f latitudes against altitude o f  all the fracture centres shown 

in Figure 4.13, displays a clear ‘V ’ or ‘X ’ shape correlation in the plot, from which it 

may be inferred that, between altitudes 6051 km and 6053 km, the higher fracture 

centres are found closer to the equator. On the other hand, among the few fracture 

centres found between 6053 km and 6054 km - the higher ones are found further away 

from the equator. When the scatter diagram is re-plotted to show positively adjusted 

latitudes against altitudes, as in Figure 4.14, the higher fracture centres are still found 

nearer the equator.
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Figure 4.13: Latitude vs. Altitude - All Area Fracture Centres
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Figure 4.14:PositiveIvAdiusted Latitude vs. Altitude - All Area
Fracture Centres
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Further Observations

The volcanic activity alluded to  in the fracture centre type descriptions m ay be o f  

a range o f  styles and intensities, both  inside and outside the fracture centre. They include 

small volcanic edifices, calderas and dom es (up to  50 km  in diam eter) within and 

immediately adjacent to  the fracture centre, as well as SA R-bright and SA R -dark flood 

lava flows em anating from  lineations. Also, som e fracture centres appear to  show  SAR- 

bright and SA R-dark flood lava and plain deposit flows ‘inflowing’ from  the surrounding 

terrain over and, in some parts, burying the centre. It seems reasonable to  conclude that 

o ther fracture centres have been com pletely obscured by later flood lava flows.

All fracture centres exhibit a variety o f  tectonism  in the form  o f  concentric, radial 

and/or oblique extensional and compressional lineations, faults and troughs. In  addition, 

w here topographic annuli are clear from  the SAR imagery, they are characterised by a 

variety o f  tectonic linear features, in m ost cases w ith a com bination o f  bo th  extensional 

and com pressional troughs and ridges, w ith visibly finer lineaments o f  indeterm inate form 

and origin. H ow ever, the larger proportion o f  fracture centres w ith annuli are dom inated 

by w hat appear to  be extensional faults and troughs.

One can often see a concentration or clustering o f  the  regionally trending fault 

lineations around and adjacent to  fracture centres. In fact, m any fracture centres appear 

to  have the effect o f  distorting these regional lineations around them. H ow ever, in some 

cases, notably in the asymmetric and multiple categories, fracture centres appear to  have 

been modified to  varying degrees by regional tectonic activity. In som e cases, the  

fracture centre lineations appear to  cut the regional lineations, in o ther cases they are cut 

by them.

As is clear from  Figure 4.1, fracture centres dom inate the study area, in particular 

the elevated terrain associated with eastern Aphrodite Terra. In later chapters I  discus 

the implications o f  this for the form ation o f  eastern A phrodite Terra, the  adjacent 

undulation terrain, and many o f  the o ther fracture zones in the  study area
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Correlation Summary

The correlation analyses illustrated in Figures 4.10, 4.11, 4.12, 4.13 and 4.14. for 

all the fracture centres can be summarised as follows:

W id th  vs. A ltitu d e : N o  clear correlation can be determined, o ther than that the  larger 

fracture centres - being o f  the multiple category - appear to  cluster near an altitude o f  

about 6052.5 km.

L a titu d e  vs. W id th : N o obvious correlation is apparent, o ther than the observation that 

the larger fracture centres - again o f  the multiple category - appear to  cluster betw een the 

latitudes o f  10°S and 30°S.

L a titu d e  vs. A ltitu d e : There is a clear ‘V ’ o r ‘X ’ shape correlation in the  plot, from 

which it may be inferred that from  fracture centre altitudes o f  about 6051 km up to  6053 

km, the trend shows the higher altitude fracture centres in the range tending nearer to  the 

equator. H ow ever, it w ould appear from this same scatter diagram  that the  few  

rem aining even higher fracture centres - found at altitudes betw een about 6053 km and 

6054 km  - trend in such a w ay that the opposite spatial distribution occurs, i.e., the 

higher altitude fracture centres in this range tend further away from  the equator.

The following chapter deals w ith the different types o f  fracture centre in greater

detail.
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CHAPTER FIVE 

Types of Fracture Centre

This chapter contains a detailed analysis o f  each type o f  fracture centre 

identified in this study: namely, Concentric fracture centres (CFC), M ultiple Concentric 

fracture centres (M CFC), Asymmetric fracture centres (AFC), Radial fracture centres 

(RFC), Radial/Concentric fracture centres (RCFC) and M ultiple fracture centres (M FC).

Concentric Fracture Centres (C FC ’s): As listed in Table 5 .1 ,4 1  such 

concentric fracture centres have been found within the study area, accounting fo r about 

46%  o f  all types o f  fracture centre identified.

They are circular/elliptical features and tend to  be broadly symmetrical in plan 

view. In all cases they are predom inantly com posed o f  radar bright concentric lineations 

and topography, usually showing a radar visible and topographic annulus. A bout 71%  

(29 out o f  41) also appear to  have radial lineations, o f  which about 27%  (11 out o f  41) 

have radial lineations extending away from outside the annulus but none from  inside the 

annulus from  the centre o f  the feature, about 37%  (15 ou t o f  41) have radial lineations 

extending from  both  inside the annulus and away from  outside the annulus, and about 

7%  (3 out o f  41) have radial lineations only within the annulus in the centre o f  the 

feature. Four sample types o f  concentric fracture centres are illustrated in F igures 5.1, 

5.2, 5.3 and 5.4.

A  typical topographic profile reveals a full or partial ridge and trough  annulus, 

in many cases with the annular trough outside and surrounding the annular ridge 

com ponent. In about 40%  o f  the concentric fracture centres there is topographic 

evidence for both the annular ridge and trough, whilst about 33%  show  evidence o f  only 

the ridge and about 10% appear to  have only a trough. In som e cases the  annular trench 

appears from  the topographic data to  lie significantly outside any characteristic features 

visible solely from  the SAR data, i.e., in these cases the annular trench is not visible from  

the SAR imagery. The centre o f  the feature generally has one o f  tw o  topographic 

profiles. In about 50%  o f  cases it has a bow l-shaped topography. A bout 26%  o f  the 

centres have a roughly dom e-shaped topography. In practically all cases the  centre o f  the 

feature is low er than the surrounding annular ridge, and in about 55%  o f  cases the
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highest elevation o f  the centre is topographically low er than the surrounding adjacent 

terrain, w ith about 22%  having centres which are higher than the surrounding terrain. 

Table 4 .2  also reveals that about 27%  (11 out o f  41) o f  concentric fracture centres show 

a positive central relief above that o f  the surrounding terrain, about 61%  (25 out o f  41) 

show  a negative central relief, about 34%  (14 out o f  41) show  only a positive annular 

ridge, about 10% (4 out o f  41) show only a negative annular trough, and about 39%  (16 

ou t o f  41) show  an annular ridge surrounded by a trough.
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Table 5.1: Concentric Fracture Centres

23.8"N 205.3% 30N207 45 F Y Y ? 6051.6 ? ?
23.7“N 199.5% 30X207 115x45 F/P X Y ? 6051.2 - +

23.4”N 162.8% 30N171 50 F X Y ? 6051.4 +
22.1"N 202.2% 15N197 100 F X X Y 6051.5 - +/-
21.2"N 200.0% 15N197 50 F X Y Y 6052.2 + -

19,5“N 153.5% 15N146 225x150 F X Y Y 6051.4 + +/-
19.5"N 208.2% 15X215 180x120 F Y Y Y 6051.9 + +/-
18.5“N 206.0% 15X197 205 F X X Y 6052,1 ? ?
18 0°N 163.2% 15X163 60 F Y Y Y 6052.0 +
16.8‘TI 2003% 15X197 40 F/F X X Y 6052.0 - +
9.2"N 171.5% 15X163 60 F Y Y Y 6051.8 + +/-
8.2°N 203.6% 15X197 30 F X X Y 6051 9 ? 7
6.5“N 208.0% 00X215 80 F X Y Y 6051.5 - +
s.m 170.7% 00X163 40 F X Y ? 6051.8 - +/-

5 5°N 169.2% 00X163 90 F Y Y Y 6051.3 - +
4.6”N 194.4% 00X197 12 F Y Y ? 6053.3 ? ?

4.4“N 168.0% 00X163 65 F X Y Y 6051.8 ? +

3.5°N 166.5% 00X163 10 F X Y ? 6051.6 - ?

2.9"N 168.2% 00X163 230 F/U X X Y 6051.7 - +

1 8”N 209.6% 00X215 65 F X X Y 6052.3 - +

4.0“S 154.8% 00X163 150 F Y X Y 6052.4 - +

5.0°S 175 0% 00X180 200 U Y Y Y 6052.2 + + /-

63"S 172.2% 00X180 90x50 U Y Y Y 6052.4 + -

15.5'S 188. 0% 15S180 125 F ? ? Y 6053.1 -

21 7°S 210.2% 15S215 100 F Y ? Y 6053.3 - +/-

2I.8“S 202.0% 15S197 30 F X Y Y 6051.8 - +/.

23 8"S 192.6% 30S189 150 U Y X ? 6052.0 - -

23.8°S 186 2% 30S189 70 U X X ? 6052.0 - +

25,0“S 187.6% 30S189 90 U ? ? ? 6052.2 - +

25.0'S 210 8% 30S207 100 F Y Y Y 6051.5 - +

25.1 “S 178.5% 30S171 60 F Y Y ? 6053.4 - + /-

25.5”S 196.0% 30S189 100 F Y Y Y 6051.6 - +/-

25.8“S 192.0% 30S189 90 U Y Y Y 6051 8 - +/-

26.8°S 188.7% 30S189 65x45 U X X ? 6051.2 - +/-
29.8°S 204.1% 30S207 70 F Y X ? 6050.9 - ?

32.3°S 202.0% 30S207 150 F Y Y Y 6051.8 - +/-

329°S 195.9% 30S189 35 U X ? ? 6051.5 - +/-
34 5'S 199.6% 30S189 90 U X ? ? 6051.6 - +/-
39.rs 152.5% 45S159 130 F Y Y Y 6051.6 - +/-
40.2"S 187.4% 45S180 30 U X Y Y 6051.9 + +
41.r s 195 7% 45S202 120 U Y Y Y 6050.9 + +/-

llnit lx)cation Type: P-Lineated Plains; F-Fractured Terrain; ll-Undulating Terrain; ?-lJncertain from available data.
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FigTire 5.1:
Concentric Fiactnre 
Centre
Centred at 172.2 degrees 
long. East, 6.3 degrees lat. 
South. The image is taken 
from  Magellan Cycle 1 
compressed image,
C l 00N180 and is about 
150 km  v ide .

«

%

Fignre 5.2:
Concentric Fracture Centre
Centred at 2 ID.2 degrees long. East, 
21.7 degrees lat. South. The image 
is taken from  Magellan Cycle 1 
compressed image. C l 15S215 and 
is about 115 km  v ide .

Future 5.3:
Concentric Fracture Centre
Centred at 168.0 degrees long. East,
4.4 degrees lat. North. The image is taken 
from  Magellan Cycle 1 compressed image. 
C l 00N163 and is about 100 km v ide.
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Figure 5.4: Concentric 
Fiactnre Centre
Centred at 209.6 degrees long. 
East, 1.8 degrees lat. North.
The image is taken from 
Magellan Cycle 1 compressed 
image, C l GGN215 and is about 
13G km  wide. ^
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Fignre 5.5:
Concentric Fiactnre 
Centre
Centred at 2G8.2 degrees 
long. East, 19.5 degrees 
lat. North. The image is 
taken from  Magellan 
Cycle 1 compressed image 
C l 15N215 and is about 
23G km wide.
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From both Tables 4.1 and 5.1 one can see that, of the 41 concentric fracture 

centres identified, 23 are found within the lineated plains terrain, 4 within the fractured 

terrain, 11 within the undulating terrain, 2 lie astride fractured terrain and adjoining 

lineated plains, and 1 astride lineated plains and adjoining undulating terrain. In addition, 

ignoring those 3 features which lie astride two different adjoining terrain types, 

concentric fracture centres account for about 56% (23 out of 41) of all fracture centres 

found within the lineated plains units, about 18% (4 out of 22) of those fracture centres 

found within the fractured terrain units, and about 52% (11 out of 21) of those found 

within the undulating terrain.

From both Tables 4.2 and 5.1 it can also be seen that about 66% (27 out of 41) 

of concentric fracture centres show clear evidence of some form of related and adjacent 

volcanic activity.

Table 4.3 above shows that the mean, median and modal width for the 

concentric fracture centres are about 93 km, 90 km and 90 km, respectively, with a 

comparatively small standard deviation of about 57 km, when compared with the 

standard deviation in widths for the other fracture centres. The minimum width of about 

10 km and the maximum of about 230 km give a range of about 220 km. However, the 

inter-quartile range is only about 70 km, with the 15th to 85th percentile range 111 km. 

A multiple fracture centred at 15°S 152°E, and shown in Figure 5.51appears to contain 

an elliptical concentric fracture centre with a maximum width of about 720 km.

The histogram of approximate maximum widths of the concentric fracture 

centres. Figure 5.6, shows that the data is skewed, indicating that a large proportion of 

the concentric fracture centres tend to cluster around the lower measured widths in the 

range, as is indeed implied particularly by the modal width value as given in Table 4.3.
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Figure 5.6: Approx. Maximum Widths of Area Concentric 
Fracture Centres
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It can be seen from Table 4.4 (and Table 5.2) that the concentric fracture centres 

lie between about 6050.9 km and 6053.4 km from the planetary centre, thus having a 

range o f about 2.5 km. The inter-quartile range is about 0.5 km, increasing to 0.9 for the 

15th to 85th percentile range. Also, the concentric fracture centres have mean, median 

and modal altitudes o f  about 6051.9 km, 6051.8 km and 6051.8 km respectively, with a 

standard deviation o f  about 0.6 km. Given the mean and modal planetary radius o f the 

surface with o f  about 6052.1 km and 6051.6 km, respectively (Table 5.2), it can be 

shown from the data that around 63% o f all concentric fracture centres with lie within 

about 0.5 km o f the mean value, with around 88% within about 1.0 km. In addition, 

around 70% o f concentric fracture centres lie within about 0.5 km o f the modal value, 

with around 90% within about 1.0 km.

Table 5.2 compares altimetric (or planetary radius) data for the surface o f  the 

study area as a whole and those for the concentric fracture centres.

106



TABLE 5.2: Surface and Concentric Fracture Centre Altimetric Data

M ean

M nde

Standard Deviation 

Minimum 
Maximum 

Range

Surface

Terrain

6052.1

6051.6 

0.8

6048.2

6060.7 

12.5

Aitimetry Data

Surface Terrain 

Without 

Elevated Centres

6052.0

6051.4

0.7

6048.2

6059.2 

11.0

Concentric 

Fracture 

Centres

6051.9

6051.8 

0.6

6050.9

6053.4

2.5

As implied in Figure 3 .1 and Figure 2.2, the table confirm that the concentric 

fracture centres tend to cluster at the marginally higher altitude elevations. This is 

particularly clear when elevated centres are excluded from the altitude statistics. 

Furthermore, the histogram o f altitudes o f concentric fracture centres shown in Figure 

5.7 shows an approximately normal distribution, with a marginal skewness tow ards the 

lower altitudes in the range.

Figure 5.7: Altitudes of Area Concentric Fracture Centres
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Table 4.6 gives mean, median and modal latitudes for concentric fracture 

centres at about 7”S, 4”S and 20'T4, respectively, with a standard deviation o f  about 2T . 

As with the equivalent data for all the area fracture centres discussed earlier in Chapter 4, 

the apparent broad discrepancy between these listed values can perhaps be better 

understood by examining Figure 5.8, which shows a histogram o f  the latitudes o f  the 

concentric fracture centres.

Figure 5.8: Latitudes of Area Concentric Fracture Centres
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As with the data for to all the fracture centres, there can be seen a broadly 

bimodal distribution, though this time with the clustering around the latitudes 5-25*1^ and 

20-30°S, and comparatively few within the immediate equatorial regions and particularly 

between 0“ and 15”S. I f  all the latitude values are adjusted to read as a simple positive 

latitude value, then, as Table 4.7 shows, the mean, median and modal values for latitude 

become about 20”, 22” and 24”, respectively, with a standard deviation o f  around 11”. 

Figure 5.9 shows a histogram o f the positively adjusted latitudes o f  the concentric 

fracture centres; there is a similar bimodal or trimodal distribution o f  concentric fracture 

centres across the positively adjusted latitudes with the largest proportion o f  fracture 

centres clustering around the 22.5-25” latitude, and the two smaller clusters around 5- 

7.5” and about 42.5”.
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Figure 5.9: Positively Adjusted Latitudes of Area Concentric
Fracture Centres
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Figure 5.10: Max. Widths vs. Altitude for Area Concentric 
Fracture Centres
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A scatter plot o f  maximum widths against altitude (or planetary radius) for the 

concentric fracture centres within the study area (Figure 5.10) shows no particularly 

clear correlation although the larger o f  the concentric fracture centres appear to cluster 

near an altitude o f  between about 6051.4 to 6052.5 km. A scatter diagram o f  latitude 

against maximum width o f  all the concentric fracture centres (Figure 5.11) shows no 

obvious correlation the largest o f the concentric fracture centres appear to cluster 

between 0” and 20®N. When the scatter graph is re-plotted to show positively adjusted 

latitudes against maximum widths the clustering o f  the larger o f  the multiple fracture 

centres can again be seen, but no clear additional information is gained (Figure 5.12).

Figure 5.11: Latitude vs. Maximum Width for Area Concentric
Fracture Centres

30.0

Maximum Width (km)

« 0.0 
01
% - 10.0

I  - 20.0

-30.0

-40.0

♦  CFC

110



Figure 5.12: Positively Adjusted Latitude vs. Maximum Widths
for Area Concentric Fracture Centres
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The scatter diagram o f latitudes against altitude o f  all the concentric fracture 

centres with (Figure 5.13) displays the same clear ‘V ’ or ‘X ’ shape correlation in the plot 

as in Figure 4.14 o f the latitude vs. altitude for all the fracture centres. As with all the 

area fracture centres taken together, the higher o f the concentric fracture centres 

between altitudes o f  about 6051 km up to 6052.5 km tend to occur nearer to the 

equator. In addition, the few remaining even higher fracture centres, at altitudes between 

about 6052.5 km and 6053.5 km, tend to occur further away from the equator, although 

this is not so obvious where the data are plotted against positively adjusted latitudes 

(Figure 5.14).
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Figure 5.13: Latitude vs. Altitude for Area Concentric Fracture
Centres
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Figure 5.14: Positively Adiusted Latitude vs. Altitude for Area 
Concentric Fracture Centres
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M ultiple Concentric Fracture Centres: Six o f  these such fracture centres have been 

identified and account for about 7% o f  all features identified.

Broadly circular/elliptical and symmetrical in plan view, they appear to consist o f  two 

or m ore distinct sets o f  radar bright concentric fracture lineations, each being similar in 

appearance to  the single concentric fracture centres described above, and all sharing 

approximately the same centre, the smaller diameter rings contained completely within the 

larger rings. Five out o f  the six show evidence o f  comparatively radar faint radial fracture 

lineations, three o f  which apparently show these lineations radiating from the innermost 

concentric ring fractures, with the radial lineations o f the remaining tw o appearing to  radiate 

out from the second concentric fracture system. In some cases (Figure 5.16: 18.0°S & 19.5°S) 

these fracture centres are clearly flooded by comparatively radar dark lava flows appearing to 

originate from the surrounding terrain units. At least four sample types o f  concentric fracture 

centres are illustrated in Figures 5.15 and 5.16, with a possible fifth indistinct multiple 

concentric fracture centre in Figure 5.15.

Topographically, the concentric sets o f  lineations in the multiple concentric fracture 

centres, as well as their central regions, broadly appear to show similar profiles to  the 

concentric features described above, albeit slightly more complex due to  the close proximity 

o f  any adjacent concentric ring systems.

Table 5.3: Multiple Concentric Fracture Centres

2LTN 209.rE 15N215 65 P 2 Y 1 Y - 6051.7

16.5“N 202.5“E 15N197 100x55 P 4 Y 1 Y + 6052.1

18.0“S 201.0=E 15S197 150 F 2 Y 2 Y +/- 6051.6

19.5“S 196.0'E 15S197 230 P 2 Y 2 Y +/- 6052.0

20.5“S 203.8°E 15S197 80 P 2 Y 1 Y +/- 6051.7

38.9“S 196.2°E 45S202 30 U 2 Y N ? +/- 6051.5

Unit Location Type: P-Lineated Plains; F-Fractured Terrain; U-Undulating Terrain; ?-Uncertain from available data.

From  both Tables 4.1 and 5.3, one can see that o f  the 6 multiple concentric fracture 

centres identified, 4 are to be found in the lineated plains units, 1 in fractured terrain, and 1 in 

undulating terrain.
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Figure 5 15: Multiple Concentric Fracture Centres
Three distinct MCFC's are shown, numbered 1 to 3 - with a possible forth indistinct MCFC. 
The image is taken from the Magelan Cycle 1 compressed image, Cl 15S197:BROWSE, and 
is about 1100 km wide.

u

m
■Mm

Figure 5 16: Multiple Concentric Fracture Centre
Centred on 202.5 degrees long. East, 16.5 degrees let. North. The image is
taken from Magellan Cycle 1 compressed image, Cl 15N197 and is about 135 km wide.
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From both Tables 4.2 and 5.2, it can be seen that about 83% (5 out o f  6) o f  the 

multiple concentric fracture centres clearly show evidence o f  some form o f  related and 

adjacent volcanic activity.

Table 4.3 above shows that the mean and median dimensions for the multiple 

concentric fracture centres are about 109 km and 90 km, respectively, with a standard 

deviation o f about 71 km and a range o f  about 200 km, comparable with those for the width 

o f  all fracture centres, excluding the multiple fracture centres. The histogram o f  approximate 

maximum widths suggests that a larger proportion o f  the multiple concentric fracture centres 

tend to  cluster around the lower measured widths in the range, but it is difficult to extract 

meaningful inferences from such a small sample size.

Figure 5.17: Approx. Maximum Widths of Area Multiple 
Concentric Fracture Centres
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The multiple concentric fracture centres lie within a comparatively narrow range o f 

about 6051.5 km and 6052.1 km from the planetary centre (Tables 4.4 and 5.3). Their mean, 

median and modal altitudes are about 6051.8 km, 6051.7 km and 6051.7 km respectively, 

with a standard deviation o f  about 0.23 km.

Table 5.4 shows the comparison between altimetric (or planetary radius) data for the 

study area as a whole and the altimetric data for the multiple concentric fracture centres.
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TABLE 5.4: Surface and Multiple Concentric Fracture Centre Altimetric Data

Surface Terrain Surface Terrain 

Without 

Elevated Centres

Multiple

Concentric

Fracture

Centres

M ean 6052.1 6052.0 6051.8

M od# 6051.6 6051.4 6051.7

S ta n d a rd  D eviation 0.8 0.7 0.23

M in W u # 6048.2 6048.2 6051.5

M a sim a tn 6060.7 6059 2 6052.1

R ange 12.5 11.0 0.6

250 -1

Figure 5.18: Maximum Width vs. Altitude for Area Multiple 
Concentric Fracture Centres
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Like the concentric fracture centres the multiple concentric fracture centres 

cluster at the  m arginally higher altitude elevations o f  the  study area (Figures 2.2 and 3.1), 

particularly w hen considering the altitude statistics for the study area w ithout the  

elevated centres (Table 5.4).

The m ean and median latitudes for the multiple concentric fracture centres are 

10“S and 19°S, respectively, w ith a  standard deviation o f  about 24° (Table 4.6). Tw o o f  

the m ultiple concentric fracture centres are found close to  20°N, three close to  20°S, with 

the rem aining one close to  40°S - giving a broadly bimodal distribution.

The low  data count rules ou t any meaningful statem ent about the relationship o f  

size w ith altitude, and the size o f  the fracture centre w ith latitude decreases the further it 

is from  the equatorial region.
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Figure 5.19: Latitude vs. Maximum Width Area Multiple 
Concentric Fracture Centres
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Figure 5.20: Latitude vs. Altitude of Area Multiple Concentric
Fracture Centres
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Asymm etric Fracture Centres: (Figures 5.21 - 5.23) Ten such features have been 

identified, accounting for about 11% o f  all fracture centres (Table 5.5).

They generally consist o f  radar bright broadly concentric and/or radial fracture 

lineations, forming an asymmetric, irregularly shaped fracture centre in plan view. In 

nearly all cases there is evidence o f  some form o f  topographic surrounding annulus, 

generally showing a ridge and/or trough profile. The central region o f  the features show 

similar topography characteristics to those o f  the concentric fracture centres described 

above. In fact, m ore than half o f  these features have clear centre and enclosing ridge and 

trough annular topographic profiles similar to many o f  the concentric fracture centres. 

About 40%  (4 out o f  10) o f  the asymmetric fracture centres appear to  have a positive 

central relief com pared to the adjacent surrounding terrain, about 40%  having negative 

central relief, about 30% show only a positive annular ridge, only 1 feature having only 

an annular trough, and about 40%  having an annular ridge surrounded by an annular 

trough (Table 4.2)

Table 5.5: Asymmetric Fracture Centres

■n n! ■il
14.5*N 205.0“E 15N197 200 F/P Y Y Y + + 6053.6

5.1°N 194.7°E 00N197 45x30 P Y Y Y ? ? 6053.2

4.0“S 171.0°E 00N I63 160x110 U Y Y Y - + 6052.3

20.0°S 157.5°E 15S163 290x180 F Y N Y + - 6052.3

22.0°S 156.0“E 15SI63 360 F Y Y Y +/- + 6052.6

24.7“S 189.5“E 30S189 65x125 U Y Y ? + - 6052.7

25,0“S 181.0“E 30S189 250x250 F Y Y Y +/- - 6052.5

38.8“S 197.0°E 45S202 55 U N N Y +/- - 6051.3

43.0"S 194.2°E 45S202 20 U Y Y ? ? ? 6051.3

47.2“S 204.5“E 45S202 135x235 p Y Y Y +/- -f 6051.4

Unit L ocation Type: P-I.ineated Plains; F-Fractured Terrain; IJ-Undulating Terrain; ?-lIncertain from available data.

In 80% o f  all cases there is clear evidence o f  some form o f  apparently associated 

and adjacent volcanic activity (Tables 4.2 and 5.5).
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Figure 5 21: Aaymmetric Fracture
Centre

Centred at 197.0 degrees long. East,
38.8 degrees lat. South. The image is 
taken from Magellan Cycle 1 compressed 
image. Cl 45S202 and is about 110 km 
wide.

;

Figure 5.22: Asymmetric 
Fracture Centre
Centred at 194.7 degrees long. 
East, 5.1 degrees lat. North. The 
image is taken from Magellan 
Cycle 1 compressed image.
Cl 00N197 and is about 90 km 
wide.
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Figure 5.23: Asymmetric Fracture
Centre

Centred at 171.0 degrees long. East, 4.0 
degrees lat. South. The image is taken 
from Magellan Cycle 1 compressed image. 
C l 00N163 and is about 180 km wide.
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Two o f  the 10 asymmetric fracture centres identified are found within the lineated 

plains terrain, 3 within the fractured terrain, 4 within the undulating terrain, and 1 lies 

astride fractured terrain and adjoining lineated plains units( Tables 4.1 and 5.5). Ignoring 

this instance feature, asymmetric fracture centres account for about 5% (2 out o f  41) o f 

all fracture centres found within the lineated plains units, about 14% (3 out o f  22) o f 

those fracture centres found within the fractured terrain, and about 19% (4 out o f  21) o f  

those found in the undulating terrain.

The mean and median dimensions for the asymmetric fracture centres are about 

174 km and 180 km, respectively with a range o f  about 340 km. They have a relatively 

continuous range o f  sizes between the minimum and maximum widths, though perhaps 

with a slight clustering between the 140 km and 200 km widths (Figure 5.24).

Figure 5.24: Approx. Maximum Widths of Area Asymmetric 
Fracture Centres
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These features lie between altitudes o f about 6051.3 km and 6053.6 km from the 

planetary centre (Table 4.4 and 5.6), around 80% within about 1.0 km o f  the mean.
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TABLE 5.6: Surface and Asymmetric Fracture Centre Altimetric Data

Surface Terrain Surface Terrain Asymmetric

Without Fracture

Elevated Centres Centres

Mean 6052.1 6052.0 6052.3

Mode 6051.6 6051.4 6052 3

Standard Deviation 0.8 0.7 0.8

Minimum 6048.2 6048.2 6051.3

Maximum 6060.7 6059 2 6053.6

12.5 11.0 2.3

M ost o f  the asymmetric fracture centres cluster at the marginally higher altitude 

elevations (Figure 2.2 and 3.1). They show no obvious relationship to latitude and 

altitude (Figures 5.25 and 5.26).

Figure 5.25: Altitudes of Area Asymmetric Fracture Centres
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Figure 5.26: Latitudes of Area Asymmetric Fracture Centres
100.00%

90.00%

80.00%

70.00%

60.00%

50.00%

40.00%

30.00%

20 .00%

10 .00%

-35 -30 -25 -20 -15 -10 -5
Latitude (d egrees)

Frequency 
Cumulative %

Fquire 5.27: Maximum Width vs. Altitude for Area Asymmetric
Fracture Centres
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Figure 5.28: Latitude vs. Maximum Width of Area Asymmetric
Fracture Centres
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Figure 5.28 shows a scatter diagram of latitude against maximum width of the 

asymmetric fracture centres. Again, no correlation is obvious.

On the other hand, a scatter diagram of latitudes against altitude (Figure 5.29) 

suggests some correlation, with the lowest altitude fracture centres found in the lowest 

latitudes (40° to 50°S) and the largest between about 5° and 15°N. This correlation may 

be seen as part of that for all the fracture centres (Figure 4.13).

Figure 5.29: Latitude vs. Altitude for Area Asymmetric Fracture
Centres
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Radial Fracture Centres; (Figures 5.30, 5.31, 5.32 and 5.33). Five such fracture 

centres have been identified within the study area (Table 5.7), accounting for about 5% 

of all fracture centres observed.

They are dominated by radar bright radial lineations, comprising both ridges and 

grooves. The lineations may extend considerable distances from the central source. There 

are no apparent SAR visible concentric or annular lineations or obvious topographic 

annulus surrounding any of these radial fracture centres. The radial fracture centres 

situated at latitudes 16.2“S & 17.2°S are practically identical in the SAR images, being 

noticeably different in SAR appearance from the remaining three such fracture centres 

and are clearly ‘linked’ to each other by arcuate fracture lineations (Figure 5.33).

Table 5.7: Radial F racture Centres

4.8“N 208.rE OON215 50 F/P Y - 6051.3

16.2“S 206.0“E 15S197 105 F Y + 6052.2

17.2“S 203.5“E 15S197 80 F Y - 6052.3

20.5“S 193.5°E 15S197 150x110 P Y + 6052.7

24.5°S 177.4°E 30S171 150 F/P ? + 6053.6

Unit Location Type: P-Lineated Plains; F-Fractured Terrain; ?-Uncertain from available data.

One of the five radial fracture centres is found within the lineated plains unit 

(Tables 4.1 and 5.7), which accounts for just one out o f the total o f forty-one fracture 

centres of all types found there; two are found within the fractured terrain units, out of a 

total of twenty-six of all types; and two lie on the boundary between fractured terrain 

and lineated plains units.

Three out o f the five, the largest, show a positive central relief, with the 

remaining two displaying a negative relief (Tables 4.2 and 5.7). Four out o f the five 

clearly exhibit some form of associated volcanic activity, showing evidence of flooding 

by radar dark lava from surrounding terrain units.
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Figure 5.30: 
Radial Frac tare 

Centre
Centred at 203.5 
degrees long. Eeat, 
17.2 degrees lat. 
South. The image is 
taken from Magellan 
Cycle 2 compressed 
image. Cl 15S197 
and is about 230 km 
vide.

.36

#

Figure 5 31:
Radial Frac tare Centre
Centred at 208.7 degrees 
long. East, 4.8 degrees lat. 
North. The image is taken 
from Magellan Cycle 1 
compressed image.
Cl 00N215 and is about 
165 km vide.
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Figure 5.32:
Radial Frac tore

Centre
Centred at 193.5 
degrees long. East,
20.5 degrees lat. South. 
The image is taken from 
Magellan Cycle 1 
compressed image,
Cl 15S197andis 
about MO km vide.

F ^ nre 5.33:
T vo Radial 
Fracture Centres
Centres are connected 
by a series of curving 
lineations. The image is 
taken from Magellan 
Cycle 2 compressed 
image, C115S197 and 
is about 510 km vide.

1 »
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Because the radial lineations of the fracture centres extend for considerable 

distances fiom the central point or region, size determination is difficult and somewhat 

subjective, as the extremities of the radial lineations may not be resolved in the SAR data 

set, but the imagery suggests that the central region of these features range in size from 

about 50 km up to about 150 km (Table 4.3).

Figure 5.34: Approx. Maximum Widths of Area Radial Fracture
Centres
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The histogram of approximate maximum widths (Figure 5.34) appears to indicate 

a relatively uniform distribution in size and that they are amongst the smaller of all the 

fracture ceitres identified within the study area (Figures 4.10 and/or 4.11).

The radial fracture centres (Tables 4.4 and 5.8) lie between about 6051.3 km and

6053.6 km from the planetary centre. Also, they have mean and median altitudes of 

about 60524 km and 6052.3 km respectively, with a standard deviation of about 0.8. 

Furthermois, three out of the five such fracture centres lie within about 0.7 km of the 

modal planetary radius value.

Like many of the other fracture centre types within the study area, the area radial 

fracture certres tend to cluster at the marginally higher altitude elevations (Figures 2.2, 

3.1, 4.10 ard/or 4.13).
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TABLE 5.8: Surface and Radial Fracture Centre Altimetric Data

i i Surface Surface Terrain Radial
1 i ■? : :|| Terrain Without Fracture

| . V  :!■; # .. 
i;M#U

m Elevated Centres Centres

|| 6052.1 6052.0 6052.4

0 6051.6 6051.4 N/A

p ^ d a r d  Devia 0.8 0.7 0.8

llVfflimum II 6048.2 6048.2 6051.3

6060.7 6059.2 6053.6

}R ^ge Ï - 12.5 11.0 2.3

The mean and median latitudes are about 15°S and 17°S, respectively. Four out 

of them cluster around 20“S latitude. The fifth, the smallest, is at about 5®N. It is also 

worth noting that the radial fracture centre at about 5°N and its noticeably different SAR 

appearance (Figures 5.30 - 5.33), suggesting a different mode of origin.

Figure 5.35: Approx. Maximum Width vs. Altitude for Area Radial
Fracture Centres
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Altitude - from planetary centre (km)

6053.5 6054 

♦  RFC

Figure 5.35 suggests that, in common with some of the other types of area 

fracture centres, the radial fracture centres increase in size with increasing altitude. 

Likewise, the size of the feature appears to increase with latitude.
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Figure 5.36: Latitude vs. Approximate Maximum Width for Area 
Radial Fracture Centres

2 , - 10.0

^ -15.0

♦  RFCApproximate Maximum Width (km)

A  scatter  diagram  o f  la titu d es again st a ltitu d es o f  the radial fractu re cen tres  

(F ig u re  5 .3 7 )  su g g e s ts  that th e se  fea tu res are fou n d  at p ro g re ss iv e ly  h igher a ltitu d es w ith  

in creasin g  la titude. T h is is o p p o s ite  to  th e apparent trend seen  in F ig u res 4 .1 3  and 4 . 1 4  

for  all o f  th e area fracture cen tres an alysed  as a w h o le .

Figure 5.37: Latitude vs. Altitude for Area Radial Fracture
Centres
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♦  RFCsAltitude - from planetary centre (km)
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Radial/Concentric Fracture Centres: (Figures 5.38, 5.39 and 5.40). Five such 

features have been identified with, accounting for about 5% of all fracture centres 

located (Table 5.9).

These features consist predominantly of radar bright radial ridge and groove 

lineations, not dissimilar in appearance to those of the radial fracture centres described 

above, extending out from a central point or area but generally extending over and 

beyond less radar bright circular/elliptical concentric ridge and groove lineations (e.g., as 

at 16.6°N, 207.9% Figure 5.38). Also, as can be seen from the radial/concentric fi-acture 

centre at 10°N, 205®E (Figure 5.39), the concentric lineations may not always be clearly 

visible and, as in this case, may not extend around the entire circumference of the feature. 

In many cases the radial lineations have a notable kink along their length, relatively close 

to the centre of the feature. Two other very clear examples form part of two of the 

multiple fracture centres described later. One of them within the multiple fracture centre 

located at about 15.5°S, 161.O t  (Figure 5.46), measures about 550 km across and is 

known as Miralaidji corona (Stofan et al. 1992; and Squyers et al. 1992). The other is 

located within the multiple fracture centre located at around 15°S, 152°E (FIG. 5.51) and 

measures about 90 km across (Figure 5.41).

Table 5.9: Radial/Concentric Fracture Centres

16.6“N 207.9"E 15N215 30 F Y + ? 6053.8

10.0°N 205.0"E 15N197 110 F Y + - 6052.2

11.0“S 173.0“E 15S180 300 F Y + +/- 6053.6

17.3“S 186.3"E 15S180 30 F Y + +/- 6052.0

i8.rs 152.8“E 15S146 150 P Y - + /. 6052.5

U nit Location  Type: P-Lineated Plains; F-Fractured Terrain; ?-Uncertain from available data.

Four out of the five features are found in the fractured terrain units (Tables 4.1 

and 5.9) and account for 18% of the total number of all fracture centres found there. The 

other is located in the lineated plains unit, although being relatively close to adjacent 

fractured terrain units.
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Figime 5.38: 
RadiaUConcentiic 
Fracture Centre
Centred at 207.9 degrees 
long. East, 16.6 degrees 
lat. North. The image is 
taken from Magellan Cycle 
1 image, Cl 15N215 and 
is about 80 km wide.

Figure 5.39: 
RadlalVConcentilc 
Fracture Centre
Located within the 
Multiple Fracture 
Centre centred at 152 
degrees long. East,
15 degrees lat. South 
(Figure 5.51). The image 
is taken from Magellan 

I  Cycle 1 compressed image 
Cl 15SM6 and is about 
145 km wide.
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Figure 5.40: 
RadialVConcentric 
Fractnie Centre
Centred at 186.3 degrees 
long. Ea^t, 17.3 degrees 
lat. South. The image is 
taken from Magellan 
Cycle 1 compressed 
image. Cl 15S180 and 
is about 80 km wide.

a*

Æ t ,

FKnre 5.41: GadialVConcentiic Fractnie Centre
Centred at 205 degrees long. East, 10 degrees lat. North. The image is taken from 
Magellan Cycle 1 compressed image. Cl 15N197 and is about 230 km wide.
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Four out of the five clearly show a positive dome-shaped centre relief, with the 

remaining one having a negative relief (Tables 4.2 and 5.9). In addition, four of the 

features clearly show a topographic annulus; three of which exhibit both ridge and trough 

topography, similar to that found for the concentric fracture centres described above, 

with the remaining one having just an annular trough. All five features clearly 

demonstrate some form of apparently associated volcanic activity, including flows from 

the radial or circumferential lineations, as with the one found at lO'Tsl, 205”E (Fig. 5.39).

The mean, median and modal dimensions for the radial/concentric fracture 

centres with are about 124 km, 110 km and 30 km, respectively (Table 4.3). Many of 

them cluster around the lower measured widths in the range (Figure 5.42)

Figure 5.42: Approx. Maximum Widths of Area Radial/Concentric
Fracture Centres
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It can be seen from Tables 4.4 5.10 that they lie between the planetary radii of 

about 6052 km and 6053.8 km, all between about 0.4 km and 2.2 km higher than the 

modal value.
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TABLE 5.10: Surface and Radial/Concentric Fracture Centre Altimetric Data

Mean

Mode

Standard Deviation 

Minjinnn)
Max; in uni 

Range

AlttoetiyDate
Surface Terrain Radial/ConcentricSurface ______________

Terrain Without

Elevated Centres

6052.1 6052.0

6051.6 6051.4

0.8 0.7

6048.2 6048.2

6060.7 6059.2

12.5 11.0

Fracture Centres

6052.8

N/A

0.8

6052

6053.8

1.8

Moreover, they all lie at the higher altitudes within the limits of the range of 

altitudes (Table 4.4 and Figure 4.10). Many of the statistical values calculated from the 

altitudes of the radial/concentric fracture centres are close to those calculated for the 

radial fracture centres.

Two of the five area radial/concentric fracture centres are located within latitudes 

10” - 17”N, and the remaining three within 11” - 19^8.

300

I  200

Figure 5.43: Approx. Maximum Width vs Altitude for Area 
Radial/Concentric Fracture Centres

V,' uSmmi

a

6051.8 6052 6052.2 6052.4 6052.6 6052.8 6053 6053.2 6053.4 6053.6 6053.8
Altitude - from planetary centre (km) ^ rcfc
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There is no obvious correlation between width and altitude (Figure 5.43), nor 

between latitude and width or altitude (Figures 5.44 and 5.45).

Figure 5.44: Latitude vs. Approx. Maximum Width for Area 
Radial/Concentric Fracture Centres

9

♦ RCFCApproximate Maximum Width (km)

Figure 5.45: Latitude vs. Altitude for Area Radial/Concentric
Fracture Centres

—

Altitude - from planetary centre (km) ♦  RCFC's
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Multiple Fracture Centres: (Figure 5.46-5 .51)  Twenty-four such features 

have been identified, accounting for about 27% of all fracture centres observed (Table

5.11).

Table 5.11: Multiple Fracture Centres

2I,8“N 202.0'E 15N197 135x70 P Y Y Y 6 6051.5

19.5®N 167.5"E 15N163 70 P Y Y Y 2 6051,6

13.5“N 165.0"E 15NI63 210x105 P Y Y Y 2 6051.5

4.2“N 169.5”E 00N163 125x80 P Y Y Y 2 6051.7

0.5'S 171 0°E CON 163 310 U Y Y Y 5 6051.7

2.0°S 173 5°E CON 180 225x150 U Y Y Y 2 6052.2

3,0°S 153.0“E OON146 225 P Y Y Y 4 6052.6

10.5“S 176.5"E 153180 450x360 F Y Y Y 3 6052.7

11.5“S I86.0”E 153180 630 F Y Y Y 5 6052.7

15 0'S 152.0”E 153146 1000x540 F Y Y Y 4 6052.4

15.5“S 16) 0”E 153163 1080x630 F Y Y Y 4 6052.4

20.0‘’S 171 0°E 153163 870x750 F Y Y Y 3 6052.8

24 0'S 157.5”E 303153 350x250 F Y Y Y 3 6052.5

26.5“S 185.4'E 303189 180x115 P Y Y Y 3 6052.0

26.5'S 194.0“E 303189 235x150 P/U Y Y Y 3 6051.2

27 5°S !66.0“E 303171 150 F Y Y ? 3 6052.7

28.0°S 209.5'E 303207 535x 225 P Y Y Y 4 6051.6

29 0'S 189 0=5 303189 70x50 U Y N Y 2 6051.3

29,5°S 153.0“E 303153 1035x450 F Y Y Y 10 6052.6

355 'S 152.0“E 303153 360x300 P Y Y Y 2 6052.0

36.6'S 202.2"E 303207 135x90 P Y Y Y 3 6051.8

42.0”S 193.8=E 453202 20x45 U Y Y ? 2 6051.4

43.3°S 193.7=E 453202 60x75 U Y Y Y 3 6051.2

47.3°S 209.0“E 453202 270x135 P Y Y Y 3 6051.9

Unit Location Type: P-Lineated Plains; F-Fractured Terrain; U-lIndulating Terrain; ?-Uncertain from available data.

They are composed of an overlapping cluster of a number of between two and 

ten fracture centres. All twenty-four show some concentric fracturing, with twenty-three 

showing some clear radial fracturing.

About 42% (10 out of 24) are found within the lineated plains units, which 

accounts for 24% (10 out of 41) of all types of fracture centres found there; about 33% 

(8 out of 24) are found within the fractured terrain units, which accounts for about 31% 

(8 out of 26) of all types of fracture centres found there; about 21% (5 out of 24) are 

found within the undulating terrain, which accounts for about 24% (5 out of 21) of all 

types of fracture centres found there; and finally, one out of the twenty-four multiple
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Figure 5.46:
Multiple Fracture Centre
Centred at 161.0 degrees long. 
Ea^t, 15.5 degrees lat. South. 
The image is taken from 
Magellan Cycle 1 compressed 
image Cl 15S163 and is about 
1365 km vide. 4

W-

Fig are 5.47:
Multiple Fracture Centre
Centred at 209.5 degrees long. 
Ee^t, 28.0 degrees lat. South. 
The image is taken from 
Magellan Cycle 1 compressed 
image. Cl 30S207 and is about 
710 km vide.

a

Figure 5.48:
Multiple Fracture Centre
Centred at 193.8 degrees long. East,
42.0 degrees lat. South. The image is 
taken from Magellan Cycle 1 compressed 
image. Cl 45S202 and is about 80 km 
vide.

*;T' 3  \
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FigTire 5.49:
Multiple Fractnie Centre
Centred at 153.0 degrees long. East, 
29.5 degrees lat. South. The image 
Is taken from Magellan Cycle 1 
compressed image, Cl 30SI53: 
BROWSE and is about 900 km vide.

Figure 5.50
Mnltiple Fractnre Centre
Centred at 193.7 degrees long. East,
43.3 degrees lat. South. The image is 
taken from Magellan C)^le 1 compressed 
image. Cl 45S202 and is about 90 km 
vide.

A # : ' : '  -

Flgnre 5.51:
Mnltiple Fracture Centre
Centred at 152 degrees long. East, 15 
degrees lat. South. The image is taken 
from Magellan Cycle 1 compressed image. 
Cl 15S146:BROWSE and is about 
830 km vide.
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fracture centres is found on the boundary between lineated plains and undulating terrain 

(Tables 4.1 and Figure 5.46).

The diameter of the multiple fracture centres ranges from 45 km to about 1080 

km gives a range of about 1035 km, they thus make up the largest fracture centres in the 

study area (Table 4.3 and Figures 4.11, 4.12 and 5.52).

Figure 5.52: Approx. Maximum Widths of Area Multiple Fracture
Centres
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TABLE 5.12: Surface and Multiple Fracture Centre Altimetric Data

Mean

Mode

Standard Deviation i 

Minimuiii 

Maximum 

ïbnge

Surface

Terrain

6052.1

6051.6 

0.8

6048.2

6060.7 

12.5

Altimetrv Data

Surface Terrain 

Without 

Elevated Centres

6052.0

6051.4

0.7

6048.2

6059.2

11.0

Concentric

Fracture

Centres

6052

6052.7 

0.5

6051.2

6052.8

1.6
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The multiple fracture centres lie between about 6051.2 km and 6052.8 km from 

planetary centre, thus having one of the narrowest ranges of altitudes among the fracture 

centres, but cluster in the higher elevations (Tables 4.4, 4.5 and 5.12).

Figure 5.53: Altitudes of Area Multiple Fracture Centres
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Figure 5.54: Latitudes of Area Multiple Fracture Centres
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They are distributed relatively evenly south of the equator (Figure 5.54), in 

contrast to that more bimodal distribution observed for the fracture centres as a whole 

(Figure 4.8), and for the concentric fracture centres (Figure 5.8). Their mean latitude is 

about I T  - for positively adjusted latitudes (Figures 4.7 and 55). The largest centres lie 

at the higher altitudes in the range, near to the equator, and become progressively smaller 

the further away from the equator towards the lowland plains (Figure 5.56, 5.57 and 

5.58).

Figure 5.55: Positively Adjusted Latitudes of Area Multiple 
Fracture Centres
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Figure 5.56: Maximum Widths vs. Altitude for Area Multiple
Fracture Centres
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Figure 5.57: Latitudes vs. Maximum Width for Area Multiple 
Fracture Centres
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Figure 5.58: Latitude vs. Altitude for Area Multiple Fracture
Centres
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Indistinct Fracture Centres (IFC’s): In addition to the comparatively distinct 

fracture centres described above, there are a dozen or so circular/elliptical outlines of 

various widths which may be visually obscured fracture centres. They may be the 

outlines of incipient, failed or old fracture centres and have thus been mapped as 

Indistinct Fracture Centres (Figure 3.1 and 4.1). Because of their indistinct nature, no 

detailed statistical analysis has been carried out. I merely mark them on Figures 3.1 and

4.1 to suggest that there may be other similar such fracture centre features which, for 

whatever reason, may be difficult to see, but which may have been significant in shaping 

the currently observed geomorphology with as well as elsewhere over the surface of 

Venus.

Correlation Summary

What follows is a descriptive summary of the correlation analysis of the data 

illustrated in Figures 4.10, 4.11, 4.12, 4.13 and 4.14. for each type of fracture centre 

with
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Concentric Fracture Centrés: No particularly clear correlation is evident between 

width and altitude, although the larger of the concentric fracture centres appear to cluster 

near to an altitude of between about 6051.4 to 6052.5 km, or between latitude and 

width, although the largest of the concentric fracture centres appear to cluster between 

the latitudes of 0° and 20°N. A plot of latitude vs. altitude displays the same clear ‘V’ or 

‘X’ shape correlation in the plot as that seen in Figure 4.14 of the latitude vs. altitude for 

all the fracture centres in the study area. The higher altitude fracture centres in the range 

are found nearer to the equator. In addition, it would appear from this same scatter 

diagram that the few remaining even higher fracture centres - found at altitudes between 

about 6052.5 km and 6053.5 km - trend in such a way that the opposite spatial 

distribution occurs, i.e., that the liigher altitude fracture centres in this range tend further 

away from the equator.

Multiple Concentric Fracture Centres: The multiple concentric fracture centres 

increase in size with increasing altitude, there is some correlation between latitude and 

maximum width, but there is no clear correlation between latitude and altitude.

Asymmetric Fracture Centres: No clear correlation is visible, between width and 

altitude, or latitude and width, but some correlation is apparent between latitude and 

altitude, with the largest of these fracture centres being found between about 5° and 

15"N.

Radial Fracture Centres: The radial fracture centres appear to increase in size with 

increasing altitude, their size increases with latitude, and they are found at progressively 

higher altitudes with latitude.

Radial/Concentric Fracture Centres: No obvious correlation can be seen between 

width and altitude, nor between latitude and width or latitude and altitude.

Multiple Fracture Centres: The largest of these fracture centres lie at the higher 

altitudes in the range and become progressively smaller with latitude. They are found at 

progressively lower altitudes with increasing distance from the equator.
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CHAPTER STX 

Ganis Chasma and the Volcanic Constructs 

of Atla Regio

The following Chapter postulates that Ganis Chasma and Sapas Mons - and 

possibly Ozza and Maat Montes - are intrinsic components of a larger structure. This 

Chapter provides the necessary detailed description of these features.

Atla Regio, in the NW of the study area, can be seen from Figures 1.2 and 3 .1 to 

be dominated by five fracture or trench systems, all having strong SAR backscatter 

return lineations, and a cluster of five elevated centres interpreted in this study as being 

volcanic constructs. Three of the five trench systems have been named by the 

International Astronomical Union (lAU) as Dali, Parga and Ganis Chasmata. These 

three, plus the remaining two unnamed trench systems, can all be seen to converge on a 

close grouping of four of the elevated centres, two of which are named Ozza Mons and 

Maat Mons (lAU), though with all five of the trench systems tending to centre on Ozza 

Mons. The most prominent and most unique of these chasmata or trench systems is 

known as Ganis Chasma.

Unlike Ozza and Maat Montes, the Sapas Mons volcano is apparently isolated 

within lineated plains units broadly to the west of Ozza and Maat Montes, and is clearly 

not directly associated in the same way with any immediately adjacent trenches (cf. rifr 

zones) or SAR-bright fractured terrain. It is the unusual spatial isolation of this 

particular volcano, coupled with its position relative to other structural features in the 

immediate area and its later inferred relationship to these other features, which justifies a 

more detailed analysis within this Chapter. I also include some description of Ozza and 

Maat Montes, since they may be the direct result of the mechanism responsible for Ganis 

Chasma and Sapas Mons.
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Ganis Chasma

At its full extent the primary swath of Ganis Chasma as defined here, is an 

arcuate elongated ‘S’-shaped feature, with a comparatively strong SAR return, located in 

the northeast section of the study area (Figure 1.2). The Chasma or trench system is 

about 2600 km long and up to 400 km wide. It runs northwards fi’om Ozza Mons (7®N, 

200®E) for about 700 km, curves NW for a fiirther 1240 km, and then NNW through 

Nakomis Montes (lAU - centred about 19°N, 188.5TE) for a further 675 km before 

apparently disappearing into the lowland lineated plains units beyond.

Practically the entire length of this trench system (Figure 6.2) is characterised by 

sub-parallel elevated flanks or rims which bound a complex trough, fi-acture or trench 

system, parts of which are at least as low as the immediately adjacent plains units. From 

both the SAR data (e.g. Figures 3.11, 3.12 and 3.13) and the series of sixteen 

topographic cross-sectional profiles shown in Figures 6.2 & 6.3, we can see that the 

entire Ganis Chasma consists of a complex arrangement of parallel and sub-parallel 

grooves or graben, ridges and fi-actures, which appear in plan view to typically cross-cut 

each other to form a complex intertwining and branching pattern. These ridges and 

graben measure anything fi*om about 40 km in width down to the limits of resolution of 

the SAR data and tend to have irregular sides. Individual depths of particular graben are 

difficult to determine precisely fi'om the topographic data owing to the comparatively 

large altimeter footprint size of about 5 km, the comparatively small dimensions of the 

cross-sectional profile of the graben, and the close proximity of the graben to each other. 

However, the topography data does show the overall depths of these clustering graben, 

taken as a whole, to be at or below that of the adjacent plains units. They appear to be 

largely confined within the main trough and adjacent confining elevated flanks show little 

evidence of surface deformation of differentiation (Figures 6.2 and 6.3).

The primary swath of the Ganis system can be divided into at least three distinct 

sections.
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Fignre 6.1: Topography of the Ganis-Sapaa Upland in NW Atla Regio
The shades of grey represent elevation (approx. 6048 km to 6060 km), with vhite 
representing topographic highs and black indicating topographic lows. The areas of white 
in the lower right show the volcanoes Maat and Ozza Montes; Sapas Mons is the smaller 
less bright spot containing two dark points just SW of centre, and the primary swath of the 
Ganis Chasma system can be seen as the narrow speckled arcuate ' S'-shape feature in the 
upper centre of the image. Note in particular the generally raised topography dominating 
the central part of the image and corresponding with what I have termed the Ganis-Sapas 
Upland. This image is a topographic version of Figure 7.4 and is taken from the Magellan 
Global Topographic Data Record (GTDR) data set.
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Figmie 6.2: SAR image of the pilmaiy Ganis Chasma trench system
The sixteen lines shov  the position of the topographic profiles in Figure 6.3.
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Figure 6.3: Topographic profiles of the primary Ganis Chasma trench system
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The first 1400 km of the Ganis trench system north of Ozza Mons is more 

complex than the rest of the system, with a well defined margin, a stronger SAR 

backscatter return, and a greater number and concentration o f ‘deeper’ grooves or 

graben.

The altimetry data (Figure 6.3) shows that the system is in most places between 

500 and 700 km wide. The elevated flanks of this section of the Ganis feature typically 

rise to about 6055 km fi'om planetary centre - or about 3 km above the mean planetary 

radius (MPR) - and locally by about 4 km. Relative to the adjacent lineated plains units, 

the elevated flanks rise to an altitude of about 2 km, with the local high points at about 

3.5 km. The minimum depths measured are found to be about 6048 km fi'om planetary 

centre, - that is about 4 km below the MPR.

However, care must be taken when measuring these various altitudes because 

there are numerous apparently anomalous rapid changes - ‘peaks’ or ‘spikes’ - in the 

topographic altimetry values fi'om pixel to pixel within this section of the Ganis trench 

system in particular, and revealed as the bright ‘speckles’ in Figure 6.1, which are clearly 

not visible as high peaks or spikes in the SAR images of the same surface (e.g. Figure

3.12). The work of SAR specialists such as Pettengill et al. (1991) suggests that if 

steeply inclined faces such as those encountered on cliffs or troughs are illuminated by 

the spacecraft altimeter, several strong signal echoes may return to the receiver on the 

spacecraft at slightly different times, leading to an error in the height determination which 

is caused by a deviation firom the model parameters used in the echo-fitting algorithm. 

The above quoted altimetric values were obtained by averaging the pixel values within 

the Ganis Chasma system.

The primary swath of the Ganis system can itself be divided into two distinct 

sections based on geomorphology. The first is the comparatively straight section of the 

system which extends about 700 km broadly northwards to about 13.4®N, 198.5®E and is 

made up of fi'actures, ridges and graben ranging in width fi'om about 10 km down to the 

limits of image resolution.

At the southern extremity of the Ganis system, at around 7°N, 199.5®E (southern 

edge of Figure 3.13) volcanic flows can be seen to both bury and be cut by these graben 

and fi’actures (Figure 6.4). The structural lineations of Ganis Chasma appear to extend 

southwards from this southern extremity of the system right up to the summit of the 

Ozza Mons volcano, within the descending and radiating volcanic flows, terminating 

approximately at the summit. This has been noted in the other four trench systems.
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These observations do not alone show whether the southern section of the Ganis 

trench system pre-dates, post-dates or is contemporaneous with the initial formation of 

the Ozza Mons volcano. They were clearly to some extent contemporaneous, although it 

could also be argued that volcanic flows with a very low viscosity and flow thickness 

could have completely obscured the smaller and shallower lineations but not the larger 

ones.

Immediately adjacent and to the north of the SAR-dark summit of Ozza Mons - 

and of about the same size - is a dense cluster of a large number of what appear to be 

small circular volcanic edifices measuring about 10 km in diameter, probably dome and 

shield volcanoes. These small volcanoes, along with some of their associated flow 

deposits, appear to be superimposed on the faults and graben of the Ganis Chasma 

system, indicating that here at least volcanism post-dates faulting and contributes to the 

partial infilling of the Ganis system. These small volcanoes are probably similar in origin 

to other such small volcanic edifices identified within the radial fi'actures and graben of 

the Sapas Mons volcano as described later in the this Chapter.

The second section of the Ganis system curves broadly NW-SE, through an angle 

of about 80°, for about 700 km between 13.4°N, 198.5°E and 17.3°N, 193.5°E. Between 

these two points, as Figure 6.5 clearly shows, there are a greater number of wider and 

deeper compound troughs or graben than in the first section, in places at least 40 to 50 

km in overall width and up to 7 km in depth, with many much smaller, parallel troughs or 

graben 1 - 5 km across - superposed upon their inner surfaces. The larger graben are 

illustrated in profiles EF, EG, EH and II' in Figure 6.3, and on three topographic profiles 

- SSW/NNE, SW/NE and WSW/ENE - in Figure 7.5.
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Figure 6.4: Sonthenunost section of Ganis Chasma vhere it intersects 
vlth  the Ozza Hons yolcano.
The summit of Ossa Mans lies just south of the lover-left of the image, as is suggested, 
by the convergmg/diverging pattern of faults and lava flows. The Image is taken from 
the Magellan Cycle 1 image. Cl 00N197, is about 230 km vide and centred on 
200.7 degrees long. East, 6.5 degrees lat. North.
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FigTire 6.5: Part of the second Identified section of the piimaiy 
Ganis Chasma svath.
Note the apparently radiating mottled lava flows trending broadly SW, in the SW 
corner of the image, which has led some workers to conclude that this is also the 
location of a heavily disrupted volcano. The image is taken from the Magellan Cycle 1 
compressed image. Cl 15N197, is about 230 km wide and centred on 193.9 degrees 
long. East, 17.2 degrees lat. North.
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The difference in size and spacing may be related to the magnitude of the 

perpendicular stress fields over time. Thus it may be that the deeper and wider graben 

were formed by large stress fields acting over a comparatively short time period, with the 

superposed more shallow and narrow graben having been caused by more localised and 

smaller stress fields acting over a subsequently longer time period. However, it is equally 

possible that these smaller scale superposed graben may have effectively formed 

contemporaneously with the larger scale graben, at least once the larger graben had 

initially opened up to expose fault faces. The smaller scale graben in this case merely 

represent the release of stress on a smaller scale and more localised level within the fabric 

of the crustal materials.

Around the immediate area of the co-ordinates 17°N, 194TE (the approximate 

centre of Figure 6.5) there appears to be a significant tectonic junction along the Ganis 

system, perhaps not dissimilar in origin to that which is centred upon Ozza Mons. Firstly 

the two parts of the Ganis system at this location are slightly offset (Figure 6.5) Second, 

the junction appears to be a focus for at least four other clearly distinct sets or swaths of 

comparatively strong SAR return fi-actures (including ridges and graben), which are 

roughly perpendicularly to the main trend of the primary swath and which will henceforth 

be referred to as secondary fracture swaths (Figure 6.6). At least three of these broadly 

perpendicular secondary fi-acture swaths are also clearly visible on the topography image 

data set (Figure 6.1). The largest and most prominent of the three on both data sets 

diverges fi’om the above central location in a broadly NNE direction for about 840 km, 

and appears to terminate west of a concentric fi-acture centre centred at 23.7°N, 199.5®E 

(NE of centre in Figure 6.7). The lowest elevations found within the fi-actures and graben 

of this NNE diverging swath lie at about 1.9 km below MPR (at about 6051.1 km 

planetary radius).
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Figure 6.6; Sketch map of Ganis Chasma System.
This map shows the detailed spatial relationship between the numerous 
lineations o f all but the most northwesterly section o f the primary Ganis 
swath and most o f the secondary swaths. Based on Figure 3.13 (after 
Lancaster, 1994).
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Figure 6 .7 :Coïicentric Fracture Cenne (cf. corona) affecting NNE trending fractures 
and graben of the secondary Ganis Chasma swath (lower-left of image), as well as 
more regional NW-SE trending lineations. Note also the SAR weaker NW-SE trending 
lineations across the whole image, which appear to predate all the other structures.
The image is taken from the Magellan Cycle 1 compressed image. Cl 30N207, is 
about 230 km wide and centred on 199.1 degrees long. East, 23.<4 degrees lat. North.
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The NNE-trending graben and fractures are apparently ‘deflected’ to a slightly 

more northerly orientation parallel to the concentric fracture lineations surrounding the 

fracture centre itself. The fracture centre may thus predate the NNE trending graben and 

fractures. Some of the lineations trend broadly NW-SE, reflecting the more regional 

trend of lineations in the adjacent lineated plains units. They have two slightly different 

levels of SAR brightness (Figure 6.7). The more prominent and longest are of about the 

same SAR-brightness as the NNE-trending fractures and graben of the secondary Ganis 

swath. They also appear to cut through at least part of the structural fabric of the 

fracture centre, but their trend is slightly affected by it, in that they appear to converge 

slightly at this point. From this we may infer that the fracture centre predates or is 

contemporaneous with their formation.

The other less SAR-bright and shorter NW-SE trending sinuous lineations appear 

to pervade practically the entire image and reflect the more extensive stress field found in 

the surrounding lineated plains in the region. They also appear to underlie all the other 

above described structures (Figure 6.7) as their path does not appear to be deflected by 

the fracture centre, and thus they are probably the earliest structures in the image. The 

formation of the fracture centre within these lineated plains units perhaps caused further 

stresses which resulted in additional strain along pre-existing NW-SE lineations leading 

to their increased deformation.

If this stratigraphie interpretation is correct, then we can also infer that the NNE 

trending graben and fractures extending up from the Ganis system definitely post-date 

both the fracture centre and the two sets of NW-SE trending ridges, as they appear to 

cut across and through these NW-SE trending fractures (Figure 6.7).

Of the three other secondary swaths of fractures, graben and ridges extending 

away from this junction of the Ganis system, two can be seen from Figure 6.8 to form an 

upright ‘ V’-shape - joining at approximately 17.2®N, 193.8°E - with each arm extending 

for about 240 km. As shown in the figure, one of the two ‘arms’ broadly diverges in a 

northerly direction, the other in a broadly NE direction, after which it appears to join 

with the NW-SE trending swath of fractures described in the above. The lowest 

elevations within these ‘V’ shaped secondary swaths of fractures and graben are down to 

about 1.4 km below MPR (about 6050.5 km planetary radius).
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Figure 6.8: 'Y'-shape secondary Ganis svaths.
The image is taken from the Magellan Cycle 1 compressed image. Cl 15N197, is 
about 230 km vide and centred on 193.9 degrees long. East, 19.3 degrees lat. North.
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The remaining secondary swath of fractures, graben and ridges appears, on first 

inspection at least, to extend approximately from the same 17.2®N, 193.8®E location. 

From here it curves gently in a broadly SW to WSW direction for about 360 km, after 

which it forks into two, one arm swinging around towards the NW, soon after which it 

joins with the remaining main section of the Ganis system, the other swinging around 

slightly towards the SW where it extends for about 200 km before merging into the 

surrounding SAR-dark lineated plains units (Figure 6.9).

Closer inspection of the SAR images suggests that this secondary swath of 

fractures, graben and ridges actually form part of a substantially longer swath over 3000 

km in length, with comparatively SAR-weak lineations (Figure 6.6). Thus we see that it 

appears to extend up through the above described W-shaped swaths, arching around 

broadly ENE through the large diverging NE-SW swath, then arching back around 

gently towards the NE after which it extends off the study region in a broadly NNE 

direction. Several fracture centres or coronae can be seen along the length of this swath, 

strongly suggesting that their origins are linked. All the other secondary swaths, 

including the main trend of the primary Ganis system itself, appear to cut through and 

disrupt the 3000 km swath and presumably postdate it.

One final feature to note around the 17°N, 194°E location on the main trend of 

the Ganis system is a large number of variably SAR-bright flow-like surface markings, 

interpreted in this study to be volcanic in origin, which appear to radiate outwards in all 

directions. If these are indeed flows, their source may have been a large volcano which 

has since been heavily deformed by the local intense and complex tectonic activity. Theia 

Mons volcano appears to have been similarly disrupted by the northern Devana Chasma 

in Beta Regio (Campbell e /ûr/. 1984; Stofane/a/. 1989: Senskeefa/. 1992).
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Figure 6.9: Y'-shape secondary Ganis swath.
The image is taken from the Magellan Cycle 1 full resolution image. F 15N191: BROWSE, is about 614 km wide 
and centred on about 191.7 degrees long. East. 16.1 degrees lat. North.
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It is of course equally possible that the flows came fi*om some surface fissure 

which was a consequence of the early stage tectonic faulting nearby. Partly in support of 

this hypothesis, and as can be seen particularly in the lower-left of Figure 6.5, the 

radiating flows do not appear to emanate ftom a point source; rather they appear to flow 

approximately SW-NE perpendicularly away fi'om the trend of this section of the Ganis 

system. Also, there is no obvious elevated topography comparable with Sapas, Ozza and 

Maat Mons, although such intense and complex tectonic faulting and deformation could 

well have led to the partial collapse of any such volcano. In any event, most of the 

radiating flows appear to have been emplaced prior to much of the tectonic faulting and 

deformation, although there is some evidence for volcanicity during or after tectonic 

activity, as some of the graben notably within the secondary swaths of the Ganis system 

have clearly been flooded by lava flows.

Because of the intensity and complexity of the tectonic activity, temporal 

relationships between the primary and secondary swaths of the Ganis system in the area 

are not immediately obvious, but analysis of SAR images (Figures 6.5 and 6.10) suggests 

that the primary swath of the Ganis system cuts and disrupts, and thus probably 

postdates, the secondary swaths. This is in part corroborated by at least two other 

observations. Firstly, running ‘outboard’ of, and broadly parallel with, the primary 

section of the Ganis system, there are a large number of SAR-weak lineations, consisting 

predominantly of ridges where the images are resolvable. As highlighted in Figure 6.6, 

these ridges pass broadly perpendicular through the path of the secondary swaths of 

lineations, ridges and graben. There are also a few locations where the SAR-weak ridges 

and lineations appear to run through some of the wider graben of the secondary swaths, 

suggesting that they postdate them. Secondly, of the few fractures and graben which are 

partly flooded by the volcanic flows mentioned above, the majority appear to be part of 

the secondary swaths. But it is nonetheless possible that parts of the primary swath are at 

least contemporaneous with the secondary swaths.
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Figure 6.10: P8it of a diverging secondaiy svath of fractures and graben trending 
broadly NE from the margin of the NW-SE section of the primary Ganis Chasma swath 
in the lower-left of the image. The image is taken from the Magellan Cycle 1 full 
resolution image, F 20N198, is about 77 km wide and centred on 195.1 degrees long. 
East, 17.8 degrees lat. North.
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FigTire 6 11: Frauctune Centre (cf. corona) associated with secondary svath of 
the Ganis system. Note the close similarity in the cross-cu tt^  and inferred temporal 
relationship between this fracture centre and the associated lineations to that 
described for Figure 6.7. The image is taken from tha Magellan Cycle 1 compressed 
image, Cl 15N197, is about 125 km wide and centred on about 200.3 degrees 
long. East, 16.7 degrees lat. North.
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A further secondary swath of fractures, ridges and graben can be seen from both 

SAR and topographic imagery to diverge slightly in a broadly NE direction away from 

the margin of the primary Granis Chasma swath at around 16°N, 197.3°E (Figure 6.6 

above and 6,10). This secondary swath appears to extend for about 600 km until it meets 

with a concentration of broadly NNW-S SE trending fractures - predominantly ridges 

with fewer graben - which themselves appear to be associated with a number of fracture 

centres or coronae, for instance at around 16.7°N, 200.4°E (Figure 6.11).

Figure 6.6 shows a number of other swaths of fractures, ridges and graben in the 

lineated plans units to the east of the primary Ganis Chasma swath, some of which may 

have been bisected or cut across by the primary Ganis swath and are also clearly 

associated with fracture centres or coronae in the area.

The third section of the primary swath of the Ganis system extends from the 

17°N, 194®E junction in a broadly WNW direction for about 450 km to around 18.5®N, 

188.5®E. As mentioned above, at this point it curves around sharply towards the NE and 

extends for about a further 750 km to the northern limits of the study area, beyond which 

it almost immediately descends to merge with the regionally trending lineations and 

fractures within the lineated plains units beyond. Although not so obvious from the 

topography imagery (Figure 6.1) this third section is distinctive. In particular, the 

numerous sub-parallel ridges, graben and other lineations making up the overall swath 

are more widely spaced and dispersed, with the width of the swath measuring up to 400 

km on SAR images and well over 700 km on the topographic imagery. There are tracts 

as low as about 6048 km (about 4 km below MPR), and others as high as 6056 km 

(about 4 km above MPR), but relief varies between 6052 km and 6055 km. The four 

profiles taken along the 450 km broadly WNW trending length, between about 17®N, 

194°E and 19®N, 189®E (profiles IT, IT, KK' and LL' on Figures 6.2 and 6.3) also show 

a roughly bilateral symmetry (compare AA' to EH on Figures 6.2 and 6.3). However, 

beyond about 19®N, 189% the topographic profile of the remainder of the swath 

becomes comparatively more asymmetrical and more undulating, as is evident from 

profiles MM', NN', ON' and PN'.
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Figme 6.12: Detail of the NE portion of the third identified section of the 
primary Ganis Chasma system.
The image Is taken from the Magellan Cycle 1 full resolution Image, F 20N186 :B RO WSE 
is about 615 km wide and centred on about 186 degrees long. East, 20 degrees lat. North.
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Figure 6.13: Most of the third identified section of the primary Ganis system.
This image shows the blocks of ridge &. groove terrain (cf. Complex Ridge Terrain,
Tessera) and Nokomis Montes which sit astride the prlrnaiy Ganis swath. The image is a 
mosaic of two Magellan Cycle 1 compressed images. Cl 15N180:BROWSE and 
Cl 15N197:BROWSE, is about 800 km wide and centred on about 188 degrees long. East, 
17 degrees lat. North.
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The directional trend changes from WNW to NW (about 18.5®N, 188.5®E) within 

Nokomis Montes (lAU). This is one of the two locations in the study area which 

includes blocks of elevated ridge & groove terrain (cf. Tessera, Complex Ridged 

Terrain). The blocks measure anything from less than 10 km across to over 300 km 

across, with the sizes of the blocks becoming noticeably more fragmented and smaller 

nearer to and within the fractures, ridges and graben of the primary Ganis swath itself 

(Figure 6.13). The disruption and fragmentation appears to have been caused not only by 

the Ganis primary swath of fractures, ridges and grooves, but also by embayment by 

adjacent SAR-weak plains material. Altimetry measurements show that the blocks of 

ridge & groove terrain are at between 6054.5 km and 6055 km (about 2.5 km and 3 km 

above MPR), and 0.5 - 1.5 km above the immediately adjacent plains materials. The 

embayment strongly suggests that they may be islands or outcrops of a much larger area 

of basement or sub-base unit predating the adjacent embaying plains materials and 

perhaps extending beneath them. This inference is supported in part by the presence of a 

number of much smaller outcrops of this ridge & groove terrain to the SE of this 

Nokomis Montes area. As illustrated on the structural sketch map (Figures 3.1) the 

outcrops measure only a few tens to a few hundreds of square km in area, the most 

distant of which is over 1000 km from the Nokomis Montes area.

The ridge & groove terrain units appear to have rough, weak to moderate SAR 

backscatter return surfaces and consist of a complex network of multi-directional, closely 

spaced, intersecting, cross-cutting and superposed fault ridges and grooves/graben. This 

almost certainly results from a history of complex, multi-orientation compressional and 

extensional stress regimes. The grooves/graben - interpreted as being extensional 

structures - range in width from as much as 4 km down to the limits of resolution of the 

SAR imagery and although generally a few tens of kilometres in length, some extend for 

several hundred kilometres.

Clearly visible on some of the blocks (Figure 3.17) are a large number of sub

parallel NE trending ridges and graben, with a spacing of about 1 -3  km. Within 

particular blocks lineations appear to cut across much of the complex structure of the 

rest of the surface and probably represent some of the most recent deformation of the 

ridge & groove terrain, albeit prior to the deformation caused by the NW trending 

primary Ganis swath.

In the southern half of Figure 6.14 can be seen at least two arcuate linear features 

- interpreted here to be graben - which cut across this block roughly ENE. The northern
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Figure 6.14: Eniaisement of SW comer of Figure 6.13.
This Image shows the blocks of ridge & groove terrain (cf. Complex Ridge Terrain, 
Tessera) in SW Nokomis Montes on the primary Ganis swath. The image is taken 
from the Magellan Cycle 1 full resolution image, F 15N186:BROWSE, is about 
400 km wide and centred on about 187 degrees long. East, 14 degrees lat. North.
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graben is about 5 km wide and extends for about 390 km from the SE comer of the 

image to just beyond the centre of the eastern edge. It appears to be completely flooded 

by the adjacent plains material. The width of the southern graben gradually narrows from 

about 28 km at its south-western limit to about 4 km at its eastern extreme, and is visible 

for about 190 km, mnning roughly parallel with the northern graben. The eastern half of 

this graben is completely and the western half only partially flooded by plains material.

Both of the these arcuate graben can cut across the ridge & groove terrain and 

extend into and beneath the adjacent plains units, since their sub-parallel bounding edges 

are still faintly visible in places on the surface of the plains material in the SAR imagery. 

These observations provide additional substantiating evidence in support of the earlier 

contention that the ridge & groove terrain extends as a basement or sub-base beneath at 

least some of the adjacent embaying plains units, thus pre-dating them.

In the northern half of Figure 6.14 there are a number of slightly arcuate WNW 

trending lineations which, where resolvable, appear from the SAR imagery to be mainly 

grooves/graben with fewer ridges. These lineations cut right across both the ridge & 

groove terrain and the adjacent embaying plains materials, thus postdating both units, 

and are broadly parallel with the fractures, ridges and graben of the primary swath of the 

Ganis system passing through the Nokomis Montes area about 600 km to the NNE. It is 

thus likely that both sets of linear features are contemporaneous in formation and or at 

any rate were formed by the same regional stresses.

Moving NW from the Nokomis Montes area, along the remaining section of the 

primary swath of the Ganis system and towards the northern extreme of the study area, 

we find clusters or swarms of broadly E-W/ESE trending lineations, measuring about 1 - 

3 km in width and 5 - 50 km in length (Figures 6.12 and 6.15). These E-W/ESE trending 

swarms of lineations extend in a broad swath several hundred kilometres wide, behind 

this NW trending northern most section of the Ganis system, to run more parallel with 

part of the primary Ganis swath which curves broadly ESE from the Nokomis Montes 

area to the earlier described tectonic junction at around 17°N, 194®E. Because both the 

above described primary and secondary swaths of the Ganis system clearly cut across 

these swarms of lineations, they must obviously pre-date the Ganis system.
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Figme 6.15: Enlaigemjent of the lover centre of Fignie 6.12.
Note the infened tempored sequence: lineated plains units, small volcanoes in the E and 
SE side of the image, the E-W/ESE lineations, a SAR-veah/dark material in the centre 
and centre-right of the image, end finally the fractures, ridges and graben of the north
western portion of the third identified section of the primary Ganis swath. The image 
is taken from the Magellan Cycle 1 compressed image, Cl 15N180, is about 230 km 
wide and centred on 186 degrees long. East, 19.3 degrees lat. North.
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Figure 6.15 also displays the temporal relationship between these E-W/ESE 

trending lineations, the lineated plains, local volcanism, and the fractures, ridges and 

graben making up this section of the primary Ganis swath. The lineated plains are 

evidently the oldest units. The next oldest appear to a cluster of small circular features to 

the right of centre of the image, probably volcanoes ranging 3 - 5 km in diameter. They 

are clearly visible against the SAR-dark background beneath the primary Ganis swath in 

the lower right of the image, and barely visible above within the overlaying Ganis swath 

itself and the E-W/ESE lineations. Since the E-W/ESE lineations clearly cut across these 

volcanoes, we can reasonably conclude that the volcanoes pre-date these lineations. A 

SAR weak/dark material in the centre and centre-right of the image has then flooded 

over the underlying lineated plains unit, around the bases of the small volcanoes and over 

the E-W/ESE lineations, revealing some of those lineations around the edges of the flow 

to be graben. Most recent within the temporal sequence, we have the fractures, ridges 

and graben of this north-western section of the primary Ganis swath, clearly disrupting 

and extending across all of the aforementioned volcanic and tectonic features.

Sapas Mons

Sapas Mons has been identified in my own structural study as an elevated centre 

which is clearly a large volcanic construct interpreted to be a shield volcano (e.g. Guest 

et a l 1992; Keddie and Head, 1994), and is illustrated in reasonable detail in Figures 

3.24 and 3.26. As illustrated in Figures 1.2 and 3.1, it is situated at about 8.7°N, 188.1®E 

in NW Atla Regio, about 1000 km to the immediate west of the southern section of 

Ganis Chasma and about 1300 km broadly to the NW of the centre of the Ozza and Maat 

Mons volcanic uplift (see NE comer of Figure 1.2, Chapter 1).

Sapas Mons measures 500 km to 600 km in diameter and about 2.5 km from the 

level of the surrounding plains to the summit, which itself is about 3.8 km above mean 

planetary radius (MPR). Keddie and Head (1994) estimated its volume to be about 3.1 x 

lO'̂  km ,̂ which is actually comparable to the highest Hawaiian shield volcano on Earth, 

Mauna Loa, at around 4.25 x 10̂  km ,̂ although it is significantly less than the estimated 

volume for the entire Hawaiian-Emperor chain at about 1.08 x 10̂  km  ̂(Keddie & Head, 

1994). As is evident in Figure 3.24 and 6.16 in particular. Sapas Mons also has a
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distinctive flow apron covering an area of about 175,000 km  ̂which is made up of a 

series of varying SAR brightness superposed radial flows mostly extending up to about 

330 km from the centre of the volcano, though one particular flow extends ESE for 

about 500 km. These lava flows generally appear to radiate from a central point, broadly 

coincident with the somewhat unique double summit region of Sapas Mons, which 

appears to consist of two slightly updoming mesa-like structures resembling small 

scalloped-margined domes or SMD’s (as described by Guest et al. 1992). And although 

there appears to be numerous small volcanic edifices on the flanks of Sapas Mons - 

particularly within the older more distal units - there is little evidence of significant flow 

deposits associated with these small volcanic constructs.

As earlier radar workers such as Elachi et al. (1980, cited by Keddie and Head 

1994) have shown, the brightness of a particular lava flow in a SAR image is influenced 

not only by the radar incidence angle and the surface roughness (wavelength-scale 

slopes, 12.6 cm for Magellan), but also by the topographic slopes, the dielectric constant 

of the surface materials and subsurface inhomogeneities. However, Keddie and Head 

(1994) argued that at the Magellan SAR incidence angle of about 45° at Sapas Mons for 

Cycle 1 data, the surface roughness dominates the radar return and thus the major 

difference between a SAR bright and dark flow is that the former is relatively rough and 

the latter relatively smooth, at least on a 12.6 cm wavelength scale.

Thus with this in mind, and as illustrated in Figure 6.16, Keddie and Head (1994) 

subdivided the Sapas Mons flow apron into 6 distinctive flow units or emplacement 

phases on the basis of their SAR properties and inferred texture, as well as their 

morphology, spatial and inferred temporal relationships.

Regarding the temporal relationships of the 6 flow units (Figures 3.24 and 6.16) 

Keddie and Head (1994) showed that they young upwards, with a progressive decrease 

in distance reached by progressively younger flows. Keddie and Head also suggested 

that, because of the comparatively short flow distances reached by the younger flows, 

along with their apparent hummocky surface texture, steep flow front and lobate outline, 

the most recent efrusive eruptions to occur at Sapas Mons were likely to have been more 

viscous and less voluminous than the earlier eruptive events. These latter more viscous 

eruptions also help to explain the development of the double summit SMD’s.

As partly visible in Figure 3.24 and sketched more clearly in Figure 6.16, the 

summit of Sapas Mons also has what appears to be a discontinuous elliptical ring of 

circumferential fractures and graben which measures about 75-100 km in diameter and
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Sketch Map of Sapas Mons
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Figure 6.16; Geologic/structural sketch map of Sapas Mons (after Fig. 2b of 
Keddie & Head 1994). Shows the six different flow units as identified by Keddie 
& Head, and the associated adjacent structural fracturing.
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encloses the two SMD’s. These circumferential fractures and graben are only clearly 

visible in a 20 km wide and 100 km long arching swath immediately to the East of the 

centre of the summit area, with only a few visible to the SSE and WSW. Those few 

fractures visible in the WSW also appear to be associated with a series of <5 km 

diameter pits and pit chains (Figures 3.24 and 6.16).

The eastern set of fractures and graben in particular appear to step down towards 

the SMD’s in the centre of the structure, but the resulting depression is probably only a 

few hundred metres deep at most, since any associated sag is not resolved by the 

Magellan topography data. Keddie and Head (1994) argue that this circumferential 

fracturing and apparent enclosed topographic depression around the summit of Sapas 

Mons represents gradual structural collapse over a vertical magma conduit, related to the 

withdrawal of magma from, or the solidification of magma in, a large magma chamber 

directly beneath, possibly no more than a few kilometres below the surface and 

measuring about 100 km in diameter.

Figure 6 .16 also reveals a clear asymmetry in the flow patterns of the older flow 

units in particular, which - as Keddie and Head (1994) pointed out - may in part reflect 

the prevailing land slope and topography of the evolving volcano and immediately 

adjacent area into what is found now and as it once may have been at the time of the 

eruption of a particular flow unit. The apparent lack of any emplacement of earlier flows 

(flows 1, 2 and 3 in Figure 6.16) immediately to the East and northeast of Sapas Mons 

suggest that there was little or no appreciable downward slope away from the centre of 

the volcano in this general direction during that time and perhaps - there may even have 

been a slight upwards slope. However, a more recent flow unit (unit 4 in Figure 6.16) 

clearly reflects the presence of a downward slope towards the E and ENE at the time of 

that eruption, which is also evident from topographic data at the present time.

Although it is Just possible that this more recent flow unit completely obscures 

the earlier flows, there could have been some local uplift of the volcano subsequent to 

the earlier flows but prior to this more recent flow, resulting in a downward slope on the 

eastern and ENE flanks. Some support for this suggestion comes from the pattern of 

lineations radial to Sapas Mons, as well as by a large number of NW-SE trending sinuous 

graben in the lineated plains immediately to the East of the volcano, implying some local 

lateral extension..

Numerous radial lineations, fractures and graben can be seen around some of the 

volcano’s flanks (Figures 3.24 and 6.16), which both cut and are overflowed by several
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of the emplaced units of the flow apron. The majority of these radial fi’actures have two 

resolvable edges, suggesting that they are graben with widths of about 1 - 2 km and are 

interpreted by Keddie and Head (1994) to be the surface manifestation of near-surface 

lateral dikes propagating from a subvolcano magma chamber. In support of this 

interpretation there appears to be a number of small volcanic constructs closely 

associated with the radial lineations in the NNE and SW in particular (black dots on 

Figure 6.16), which range in diameter from about 2 km up to about 12 km and which can 

be classified as being mostly small shield volcanoes (Keddie and Head, 1994; Guest et al. 

1992). However, there is no clear example of a significant lava flow emanating fi'om any 

of the radial lineations, and although this does not mean that they cannot be dikes (e.g. 

Head and Wilson 1992), they may be more the result of local crustal uplift from a 

pressurised magma chamber beneath. In any event, neither interpretations are mutually 

exclusive.

These radial lineations can be clearly seen to cut predominantly across the four 

older, outer or more distal of the flow units - thus postdating or being contemporaneous 

with them, while being largely covered by the two younger, inner or proximal units. Thus 

it is possible that some local topographic uplift, associated with pressurised magma 

supply to a reservoir beneath the volcano, has occurred - in addition to the topography 

caused by the earlier lava flows themselves. This could have resulted in radial fractures, 

graben and dikes as seen, and must have occurred mostly during the emplacement of the 

four older flow units, having largely stopped some time before the emplacement of the 

two youngest flow units.

The different distances reached by the graben and/or dikes at Sapas Mons (see 

Figure 6.16) may be because these lineations were formed under buffered conditions and 

variable driving forces and pressures. In addition, the progressive decrease in distances 

reached by the younger flows could be predominantly the result of lower eruption rates 

due to declining re-supply and driving pressures of magma at depth. Thus the 

comparatively low driving pressures associated with the two most recent flows may have 

been insufBcient to cause any further radial fracturing.

A further interesting consequence of uplift is a significantly greater difference 

between the viscosities and flow characteristics of the earliest and latest flow units than 

suggested by Keddie and Head (1994). If gradual and/or continuos topographic uplift 

was occurring during the emplacement of the earlier flow units resulting in these radial 

lineations, the implication is that the gradient or slope of the flanks of the volcano were

176



less during this earlier period than they are now, in which case, for the earlier flow units 

to have extended so far from the central region they must have been both more 

voluminous and somewhat less viscous than the latest flows.

Just to the south of Sapas Mons there are a number of sub-parallel lineations 

which trend broadly east-west to the SE of the volcano, arching around towards the 

WNW just south and SW of the volcano (Figures 3.24 and 6.16). Where resolvable, 

these lineations appear to be a mixture of ridges and graben, which can be seen to extend 

across most of the two oldest, outer flow units - thus likely post-dating or being 

contemporaneous with them - but are not visible within the inner, younger units. The 

temporal relationship between these lineations and the above described radial lineations 

appears to vary. To the SE of Sapas Mons, for example, the cross-cutting relationships 

suggest that these lineations probably post-date or are contemporaneous with the above 

described radial fractures and graben. To the SW of Sapas Mons, they appear to pre-date 

or are contemporaneous with the radial fractures and graben. Thus, a likely scenario is 

that both sets of fractures are, in fact, contemporaneous.

Sapas Mons appears to sit effectively isolated on and surrounded by SAR- 

weaker, though albeit mottled, more regional lineated plains units which, like many other 

plains regions on Venus, have likely been emplaced as vast sheet flows (Guest et al.

1992). Much of these relatively low-lying lineated plains units are characterised by 

regional scale deformation in the form of narrow, parallel/sub-parallel and sinuous, 

broadly NW-SE trending lineations spaced about 15 to 20 km apart which appear to be 

predominantly ridges, though in some places, such as immediately to the East of Sapas 

Mons, there are what appear to be clusters of graben.

The radial flows emanating from Sapas are clearly superposed on the surrounding 

lineated plains units and thus probably younger than the regional stresses responsible for 

the NW-SE trending lineations. A comparison between the apparent stratigraphy of some 

of the flows and adjacent fracturing associated with both Sapas Mons and Maat Mons 

led Keddie and Head (1994) to suggest that at least the earlier flows of the lower flanks 

of Sapas probably erupted more than 50 million years ago, and are younger than some of 

the equivalent flows on Maat Mons. Basilevsky (1993) had earlier concluded that rifting 

and rift-associated volcanism in Atla Regio were active as recently as during the last 

approximately 50 Ma. on the basis of the stratigraphie relationship between rift- 

associated features and craters in the area.
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Thus, the evidence generally implies that Sapas Mons is an isolated volcano 

which, from analysis of topography and radial fracturing, suffered at least early 

associated uplift. Stratigraphie relationships suggest that Sapas probably began to form 

possibly contemporaneous with some adjacent rifting immediately to the South and SE, 

though probably after the adjacent and surrounding lineated plains units.

Ozza & Maat Montes

Illustrated in Figure 7.1 in Chapter seven. Figure 6.1 in Chapter six and in more 

detail in Figure 3.25 in Chapter three, Maat and Ozza Montes are two elevated centres, 

interpreted as large volcanic constructs, which clearly dominate Atla Regio, and which 

lie about 1400 km broadly to the southeast of Sapas Mons.

Maat Mons appears to be a large volcano, the main edifice measuring about 500 

km in diameter, with a surrounding flow apron - covering an area of about 200,000 km  ̂- 

which is only clearly visible mostly towards the west, northwest and north of the central 

summit region (Figure 3.25). This flow apron appears to be made up of at least six 

distinct digitate flow units (Keddie and Head 1994) which, in places, extend up to about 

600 km from the centre of the volcano. From Figure 3.25 one can see that much of the 

earlier-stage distal part of the flow apron is composed of relatively uniform, moderate to 

strong SAR backscatter flows which are narrow, anastomosing and somewhat digitate in 

outline appearance. Later, more proximal regions of the flow apron appear to be 

composed of SAR-weak, moderate and strong flows, which appear to be generally less 

digitate in outline. Like Sapas Mons, Maat Mons has two, presumably late-stage, near- 

summit domes (approximately 25 and 35 km in diameter), but unlike those on Sapas, the 

domes on Maat do not appear to have scalloped collapse around their peripheries. Also 

unlike Sapas, Maat does not appear to have any obvious associated radial fracturing 

(Figure 6.17). Keddie and Head (1994) suggested that this could be due to a 

comparatively deeper magma chamber than for Sapas. Certainly, Maat Mons is located 

on a broader topographic swell and thus a magma chamber at greater depth is very 

plausible. However, it should be noted that there may still have been some radial 

fracturing directly associated with Maat which has subsequently been covered by more
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Figure 6.17: Detailed sketch map of Figure 3.25 (Chapter 3).
Note the absence of any obvious radial fracturing around Maat Mons, in 
stark contrast to Ozza Mons which is dominated by such fracturing and 
appears to be the focus of many of the swarms of lineations in the area. 
(After Lancaster 1994)
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recent lava flows and/or heavily disrupted and obscured by the intense fl-acturing of the 

immediately adjacent fi’actured terrain.

Lava flows from Maat Mons clearly overflow and infill much of fi*acturing and 

grooves of the immediately adjacent section of eastern Aphrodite Terra, as well as 

superposing the most westerly flows from the adjacent Ozza Mons volcano. This 

suggests that Maat is either younger than both of these features or, at least, that the 

flows emanating fi'om Maat post-date these same features. This latter point is further 

substantiated by the discussion of global and area emissivity in Chapter 2, where it was 

argued that the anomalously high emissivity associated with the more proximal late-stage 

lava flows of Maat Mons may be due to their relatively young, unweathered condition 

compared to similar flows on other volcanoes. Furthermore, the presence of two near

summit domes on Maat may be because they are relatively recent structures which have 

not yet collapsed to form the more usual summit calderas.

Ozza Mons volcano lies about 650 km northeast of Maat Mons (Figure 3.25).

The main edifice measures over 700 km, with the surrounding flow apron covering an 

area of about 900,000 km .̂ The numerous separate and digital lava flows emanating 

fi'om this volcano are somewhat more complex and diflBcult to distinguish than those of 

Maat and Sapas, and appear to cause variable moderate to strong SAR backscatter. 

Within the proximal region of the overall apron, there are a large number of what appear 

to be flank-fed flows of relatively strong backscatter.

In contrast with Maat Mons, Ozza Mons shows clear evidence of extensive radial 

fi’acturing in practically all directions (Figure 6.17). Furthermore, it appears to be the 

convergent/divergent point of five clear fracture or trench systems, including the primary 

swath of the Ganis system, Dali Chasma (being the eastern extreme of eastern Aphrodite 

Terra) and Parga Chasma. So, obviously, there has been extensive uplift associated with 

this volcano, if not Maat Mons. Perhaps the presence of these extensive radial fractures 

also implies the presence of a relatively shallow magma chamber underneath, which is 

also responsible for the broader topographic rise at this location.

The flow aprons of both Maat and Ozza Montes appear to overlie older lava 

flows and these older flows overlie - and thus postdate - the adjacent and more extensive 

SAR weak lineated plains materials (Figure 3.25). The fact that these older flows beneath 

those of Maat and Ozza Montes are also cut by the extensive radial fracturing and 

trenches in the area suggests that they may be the result of very early-stage volcanism - 

both fissure-fed and from point sources - caused by a large upwelling magma chamber
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underneath. Maat and Ozza Montes, and the associated complex fracturing, are the later- 

stage results of this upwelling chamber or plume.

Lancaster (1994) pointed out that some of these early-stage flows also appeared 

to be deformed by the sinuous ridges of the adjacent and underlying lineated plains units, 

and thus argued that this location in Atla Regio was a major volcanic centre some time 

before the formation of the sinuous ridges. However, it could equally be the case that, 

rather than the sinuous ridges cutting these lava flows, the lava material may simply have 

been of a low enough viscosity to have flowed over and around the ridges without 

obscuring them, much as may also have happened with the flows down the flanks of 

Ozza Mons over the extensive radial fracturing (see Figure 6.4). In any event, this would 

not exclude the possibility that this area of Atla Regio has indeed been a site of volcanic 

activity over a long period.

Age Relationships

Unfortunately, as discussed in places throughout this chapter, the relative ages 

and temporal relationship of the Ganis Chasma system, the large volcanoes in the area, as 

well as the other extensive fracturing and trenches associated with Ozza and Maat 

Montes, is somewhat unclear from the surface evidence. The spatial isolation of Sapas 

Mons from the other two described volcanoes does not help the situation either.

Certainly, many of the lava flows associated with Maat and Sapas Montes in 

particular clearly postdate some of the adjacent fracturing and surrounding lowland 

lineated plains materials in a similar way, from which we might infer that these volcanoes 

may be of a similar age. Also, as Lancaster (1994) and Basilevsky (1993) pointed out, a 

number of impact craters with SAR-dark paraboloids close to these three volcanoes have 

been in some way embayed and obscured by the emanating flows, from which we can 

infer that these flows, at least, were laid down some time after the impact events, perhaps 

within the last 50 Ma (Basilevsky 1993). Furthermore, as discussed earlier, there is 

stratigraphie and other evidence which suggests that the flows of Maat Mons may be 

comparatively unweathered and recent when compared with those of Sapas and Ozza 

Montes (see under Emissivity in Chapter 2: Klose et al. 1992 ; and Robinson & Wood

1993). This is further substantiated by the work of Robinson et al. (1995) who argued
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that a recent plinian eruption at the summit of Maat Mons could explain the anomalous 

enhanced concentration of SO2 gas in the upper atmosphere of Venus that were detected 

by the Pioneer Venus UV spectrometer. This would mean that Maat Mons is an active 

volcano. Thus there is some evidence that Maat Mons is one of the youngest of the 

above mentioned features.

Cross-cutting relationships suggest that what I have identified as the secondary 

fi’acture swaths of the Ganis system may actually predate the larger primary swath. And 

on the basis of the superposition and subsequent fi'acturing of two apparently recent 

impact craters along the primary Ganis swath, Basilevsky (1993) suggested that rifting in 

the area may have been active as recently as during the last approximately 50 Ma.

However, even if the various stratigraphie interpretations are correct, all they can 

suggest to us is the relative ages of the surface features based on how we see them now 

and not necessarily how long ago they each began to form relative to each other. The 

next chapter suggests that the above described features are intimately associated with a 

larger regional-scale feature within Atla Regio as a whole.
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CHAPTER SEVEN 

Uplifts and Flumes

Ganis Chasma and Crustal Rifting

Detailed analysis of Ganis Chasma in the previous Chapter, strongly suggests that 

both the primary and secondary swaths of fractures, ridges and graben of the whole 

Ganis system are the result of crustal rifting.

In itself, this interpretation is not new. For example, as early as 1982 - using the 

altimetric data gathered by the Pioneer Venus Orbiter probe - Schaber came to much the 

same conclusion, as did Senske in 1990. Although the individual fractures, ridges and 

graben making up the Ganis system could not be resolved from these Pioneer Venus 

Orbiter images, Schaber and Senske argued that Ganis Chasma - like the other chasms 

extending out from the volcanic centres of Atla Regio (i.e., Ozza and Maat Mons) - was 

a zone of lithospheric weakness resulting in crustal rifting. This interpretation was largely 

based on the SAR and topography of these Chasms, their orientation with respect to the 

volcanic centres of Atla Regio, and analogy with similar systems in Beta Regio, such as 

Theia Mons and Devana Chasma. Schaber and Senske concluded that the morphological 

similarity between Ganis Chasma and the other Venus rift features and faults along 

terrestrial divergent plate boundaries strongly supported the idea that they were a 

manifestation of terrestrial-style crustal spreading.

However, also in 1990 - and again using the Pioneer Venus Orbiter and Venera 

15/16 probe data - Crumpler pointed out that Ganis Chasma was just one of many 

topographically prominent discontinuities with an approximately NW strike visible in 

both the SAR (Figure 1.2) and topographic images of eastern Aphrodite Terra and Atla 

Regio (Figure 2.2). He implied that, rather than being a spreading ridge itself, Ganis 

Chasma is actually a cross-strike discontinuity (CSD) accommodating NW-SE 

spreading, analogous to the transform faults and fracture zones associated with terrestrial 

style spreading ridges.

A limiting factor in the above analyses and conclusions was the resolution of the 

available data. The detailed structure and geology of the Ganis system - with both its 

primary and secondary swaths of fractures, ridges and graben - could be resolved only
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from the higher resolution SAR data obtained from the Magellan probe from 1991 

onwards.

Even so, Solomon et a l (1992) and Senske (1995) argued that the Magellan 

SAR imagery confirms the rift zone interpretation of the earlier workers above and the 

apparent similarity with terrestrial style crustal spreading zones. Senske (1995) went on 

to draw a close comparison between what he calls simple rifts, such as Devana Chasma 

(in Beta Regio) and Ganis Chasma, and terrestrial continental rifts, such as the East 

African rifts or the Rio Grande, while pointing out that Ganis Chasma is at a significantly 

larger scale than continental rifts on Earth.

If we are to draw an analogy between Ganis Chasma and either terrestrial 

spreading ridges or transform faults, we evidently should consider whether all the 

complementary plate tectonic features generally found in spreading regimes on Earth are 

also present on Venus.

That different scale fracturing of one form or another is virtually ubiquitous over 

the whole surface of Venus is immediately apparent from the briefest analysis. Such an 

analysis will show that, in some regions, surface fracturing can take the form of the 

large-scale radar bright fracture sets and swaths that are referred to as trenches and 

fractured terrain in this study and that can generally be seen to be some form of surface 

rifting. Such rifting is found particularly within the equatorial region between longitudes 

60” and 290“E (Figure 1.1) that includes much of Aphrodite Terra, and Atla, Ulfixm, 

Asteria, Beta, Phoebe and Themis Regios.

Nevertheless, the geomorphological arrangement of fractures, ridges and graben 

of the primary swath of the Ganis Chasma system in particular is clearly very different, 

both from the SAR (e.g. Figures 1.1 & 1.2) and altimetric data (e.g. Figure 2.1 & 2.2) 

from that of the other trenches and fracture swaths in and adjacent to the study area, 

such as Diana and Dali Chasmata of eastern Aphrodite Terra, Parga Chasma and the two 

unnamed fracture swaths that diverge from the Ozza Mons volcano. This difference is 

especially apparent within the 1400 km or so length of the primary Ganis swath - earlier 

defined (Chapter 6) as the first and second sections - extending from the Ozza Mons 

elevated centre or volcano at around 7”N, 200”E to about 17”N, 194°E. In addition, the 

broadly perpendicular and often diverging secondary swaths associated with the primary 

swath are generally not found on the other rift swaths. On the other hand these 

secondary Ganis swaths are not dissimilar in SAR and topographic appearance to many 

of the fracture swaths in and adjacent to Atla Regio and are, like them, often also
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associated with small fracture centres or coronae (Figure 4.1). All swaths which share 

such a characteristic may well have a similar mode of origin and formation.

Perhaps most significantly, there are apparently no fracture centres or coronae 

whatsoever along the length of the primary Ganis swath itself, which suggests that its 

mode of formation is completely different to all the other rift swaths.

If Ganis Chasma is indeed the product of rifting, is there any additional evidence - 

even circumstantial - for lateral movement, its sense or direction, and its extent? A 

cursory glance suggests that any such rifting has been approximately uniform along most 

of the length of the first two sections of the Ganis Chasma rift (Figures 3.13 and 6.6). A 

more detailed analysis, however, suggests the contrary.

If lateral rifting has occurred, the comparatively low erosional Venusian 

environment (Arvidson et a l 1991 & 1992) should have spared a number of features 

either side of the Ganis Chasma rift which were once continuous, although doubtless 

some of them would have been obscured by lava fiows associated with the rifting.

A promising possible matching set of lineations can be seen either side of the 

second section of the primary Ganis swath (see the centre of Figures 3.13 and 6.6). First, 

on the SW side of the primary Ganis Chasma swath can be seen a patch of lineations 

measuring about 80 km across, centred on about 14.3^^, 196.2°E and visible 

immediately to the SW of the centre of Figures 3.13 and 6.6, an enlargement of which is 

shown in Figure 7.1. Although superficially resembling ridge & groove terrain which has 

been largely overflowed by flood lava, close examination reveals at least four clear sets 

of differently oriented lineations, trending broadly NW, SW, SSW and WSW. Practically 

immediately opposite this patch of lineations, on the NE side of the primary Ganis 

Chasma swath, can be seen a number of diverging secondary swaths, most of which are 

also trending broadly SW, SSW and WSW. These are visible immediately to the NE of 

the centre of Figures 3.13 and 6.6. If, as suggested earlier, the secondary swaths pre-date 

the primary swath, then it would not be unreasonable to suggest that this particular 

group of diverging secondary swaths once may all have diverged from one point, 

superimposed upon each other, perhaps resembling the area illustrated in 7.1.
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Figure 7.1: Patch of criss-crossmg ImeatioDa adjacent a id  immediately to the SW 
of the second section of the prim aiy Ganis Chasma swath, which m ay he heavily 
embayed ridge & groove tenain. Note at least foui clear sets of differently oriented 
lineations, trending broadly N W , SW, SSW  and WSW. The image is taken from  the 
M agellan Cycle 1 full-resolution image, F 15N197, is about 77 km  wide and centred 
on about 196.1 degrees long. East, 14.3 degrees lat. North.
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In addition, within this section of the primary Ganis swath itself are a large 

number of broadly NW-SE trending and relatively straight lineations, particularly visible 

on the SW side of the swath and shown in the left of centre Figures 3.13 and 6.6. These 

probably predate the shorter and more curved lineations in this area of the primary 

swath. Bearing in mind the four different orientations of these diverging and straight 

lineations, an earlier focal point could have been an area centred roughly on 15.1 °N, 

196.8°E, which would place it approximately 75 km NE of the centre of the patch of 

criss-crossing lineations illustrated in Figure 7.1, which it may have resembled closely. 

Here at least, the primary Ganis Chasma rift swath may have spread about 75 km in a 

broadly SW-NE direction.

While considering this second section of the primary Ganis system, recall from 

Chapter 6 that it appears to consist of at least two different scales of troughs or graben, 

with a number of deeper and wider graben superposed by numerous smaller parallel 

graben superposed on their inner surfaces (Figure 6.5). Whatever the reason for this 

superimposition of the two sets of graben, it appears to be unique to this second section 

of the primary Ganis swath, as the other two sections consist almost entirely of the 

smaller fractures, ridges and graben. This section has a similar strike to that of the 

sinuous fractures in the adjacent lineated plains units to the SW, W and WSW for several 

thousand kilometres to and beyond the western limits of the study area (Figures 3.1 and 

6.6), suggesting that this section has been affected by a regional stress field striking 

broadly NE-SW.

In addition, this section of the primary Ganis Chasma system may also have 

undergone at least two episodes of stress and resulting strain. As highlighted in Figure 

6.6, there appears to be at least two sets of lineations making up this section of the 

system. Along the SW side, the lineations appear to run practically in a straight line - 

trending broadly NW-SE - along the length of the entire section. The broader NE side is 

clearly arching around to give the overall arching appearance of this section of the Ganis 

system, and has a more complex structure, comprised of shorter fractures, ridges and 

graben. Cross-cutting relationships suggest that the comparatively straight set of 

lineations likely pre-dates the arching set.

The two scales of faulting between the larger scale graben of the second section 

and the smaller scale graben of the other two sections, may imply a possible two layered 

structure, as also noted by Senske (1995). Thus it is possible that the larger scale graben 

of the second section may be in a location of comparatively thicker lithosphere than
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those smaller scale graben in the other two sections, which may be in a location of 

comparatively thinner lithosphere.

Figure 7.2; Possible Principal Stress Directions Across Different 
Sections of the Primary Ganis Swath

(a) Larger scale graben in the second section o f  
the primary Ganis swath may have been caused 
by bending stresses or stresses acting at an 
angle away from the central axis o f  the swath.

(a) Bending/A ngled Stresses

(b) Smaller scale graben in the first and 
third sections o f  the primary Ganis 
swath may have been caused by more 
lateral or horizontal stresses (b) Lateral/H orizontal Stresses

However, as Figure 7.2 illustrates, the differences may equally be due to 

differences in the directions of the principal stresses causing the different scale graben. 

The larger scale fractures and graben found on the second section could thus have been 

caused by bending stress or stresses acting at an angle to the central axis of the swath 

(Figure 7.2(a)), thus resulting in a larger number of comparatively wide and deep graben. 

Bending or angled stresses could lead to smaller-scale graben superposed on the exposed 

faces of the larger-scale graben, reflecting the stress and resulting strain acting on this 

more localised level within the fabric of the larger graben.

The smaller-scale fractures and graben making up the first and third sections of 

the Ganis swath could likewise have been caused by principal stresses acting in a more 

lateral or horizontal direction away from the central axis (Figure 7.2(b)).

These explanations for discordant stress fields for each of the different styles of 

rifling are substantiated by two further observations. Firstly, consider the topographic 

profiles W-E and WNW-ESE (Figure 7.3), which are not inconsistent with rifling caused 

by sub-horizontal lateral stresses (Figure 7.2(b)), in contrast with profiles SSW-NNE and 

SW-NE, which are not inconsistent with rifling caused by some form of bending or 

angled stresses (Figure 7.2(a)). Profile WSW-ENE cuts the primary Ganis swath at the 

approximate transition point between the two styles of rifling in each of the sections, and 

the slopes either side of the raised edges at this location are not inconsistent with equally
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transitory horizontal/lateral-to-bending/angled stresses which we might expect to find 

here.

The second set of observations which substantiate the above explanations are 

based on the SAR image of these sections of the Ganis system (e.g., Figure 6.2). The 

fractures, ridges and graben of the first section are more widely spaced apart than those 

of the second section, as is reflected in the overall width of the first section of Ganis 

Chasma as compared with the second section as a whole. These observations are also 

consistent with the proposed stress regimes, since stresses which are applied close to the 

horizontal (Figure 7.2(b)) may well result in more widely spaced graben than 

bending/angled stresses (Figure 7.2(a)).

A potentially more fhiitful approach in estimating the amount of spreading which 

has taken place across the Ganis Chasma swath as a whole would be to measure the 

width of the numerous sub-parallel trenches and graben at a number of the cross-sections 

(Figures 6.2 and 6.3). However, it should be kept in mind that - even allowing for factors 

such as SAR look angle and slope - there may be relatively large errors in these 

spreading width measurements due to a number of factors, such as how much of the 

distance between two apparently resolvable graben or trench ridge edges is a true 

measurement of spreading or whether the floor of the graben has simply dropped as a 

result of reverse faulting: the shape of the floor of the vast majority of the trenches or 

graben is not clearly resolvable from the SAR imagery or the topography data.

In an attempt to limit the error, I took measurements from both SAR and 

topographic profiles. Nevertheless, all things being equal, although it may be difficult to 

accurately quantify the actual errors inherent in these width measurements, they may still 

reveal the relative difference in spreading between one cross-section and another. With 

the above assumptions and uncertainties in mind, width and inferred spreading 

measurements were made across a number of cross-sections (Figures 6.2 and 6.3) using 

SAR and topographic data (Table 7.1).
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Table 7.1: Width measurements across primary Ganis Chasma swath

SiSijiluill iHiiss
BE 260 85 49

DD 170 85 100

E G 200 65 48

IT 75 60 400

JJ ' 300 55 22

MM 330 60 22

ON' 300 60 25

According to these measurements, the maximum amount o f  rifting appears to 

have occurred in the broadly N-S trending first section o f  the Ganis system. The second 

and third sections as a whole have spread by about 70% o f  this distance. Re-aligning sets 

o f  lineations gave a spreading distance o f  around 75 km; in reasonable agreement, 

measurements o f  trench and graben widths gave about 60 km.

These figures also suggest that the minimum spreading distance, yet the 

maximum percentage strain, across the Ganis Chasma rift swath has occurred somewhere 

around the profile IT (Figures 6.2 and 6.3), probably around 18*7̂ 1, 193°E (extreme 

upper-left o f  Figure 6.5), at the NW  limit o f  the second section o f  the primary Ganis 

swath. Furthermore, the spreading distance appears to progressively increase as one 

moves away from this location in either direction, though the resulting divergent tapering 

form is most pronounced in the SE direction, heading tow ards the first section o f the 

Ganis swath where the maximum amount o f  spreading has apparently occurred.

Both the first and second sections o f  the primary swath o f  the Ganis system are 

broadly similar to the northern section o f  Devana Chasma in Beta Regio. Furthermore, as 

in Ganis Chasma, there are apparently no fracture centres or coronae w hatsoever along 

the length o f  this part o f  Devana Chasma and, like Ganis, it narrows at the point where it 

intersects a large volcano - Theia M ons - and terminates at its summit (Figure 7.3).
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Figure 7.3: SAR image and topography of Northern Devana Chasma in Beta Regio.
Profiles constructed from altimetry measurements located within 15-25 km of evenly 
spaced points along a great circle. (After Solomon et a l 1992).
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The Ganis-Sapas Upland

In this study I have identified a geological structure which I have nam ed the 

G anis-Sapas Upland. As the name suggests, it is a topographically elevated sub-circular 

structure, having an approxim ate diam eter o f  1800 km  and centred around 11 °N, 191°E, 

imm ediately adjacent to  the N W  o f  the volcanic centres o f  O zza and M aat M ons in Atla 

Regio. Ganis Chasm a lies broadly along the N E  and SE arc o f  the circum ference o f  the 

upland, w ith the Sapas M ons volcano lying within the SW  quadrant (Figure 7.4).

Upland Topography

Figures 7.4 and 6.1 (C hapter 6) together clearly illustrate a large broadly sub- 

circular and topographically elevated region immediately to  the  N W  o f  the volcanic 

centres o f  O zza and M aat M ons, having an approxim ate diam eter o f  1800 - 2000 km  and 

centred around 11°N, 191°E. The arcuate second identified section o f  the  prim ary Ganis 

C hasm a rift sw ath can be seen to  run broadly along the N E  arc o f  the  circum ference o f  

this upland, after which the first identified section descends approxim ately straight 

southw ards to  the summit o f  O zza M ons. The Sapas M ons elevated centre o r volcano 

can be seen lying within the SW  quadrant o f  the upland.

Figure 7.5(a) and (b) shows eight topographic profiles taken across the centre o f  

this elevated region. These and other such profiles taken at varying angles, together with 

the topography illustrated in Figure 6.1, suggest that the entire region has been subject to  

topographic updom ing. Ignoring the Sapas M ons volcano and the elevated flanks o f  

Ganis Chasm a, the highest points o f  the region are about 2 km  above the immediately 

surrounding lineated plains units. The height and diam eter o f  the G anis-Sapas U pland is 

similar to  that o f  a  num ber o f  volcanic rises on Venus, including B eta, Im dr and W estern 

E istla R egiones (e.g. Stofan et a l  1995) and o f  terrestrial swells such as Cape V erde, 

Canary, C rozet and M adeira (M onnerau and Cazenave 1990, cited by Stofan et a l  

1995).
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Figure 7.4: SAR image of the Ganis-Sapas Upland in NW Atla Regia
This im age has been taken from the Magellan Cycle 1 compressed image, C2 OON183.
T he SA R  look direction is from W est to E ast Black rectangles are data gaps. The width  
o f the image is approximately 3000 km. Sapas M ons is located in the Wt-centre o f  the image, 
Ozza M ons and M aat M ons are in  the SE o f  the image, with Ganis Chasma broadly within 
the N E  o f  the image.
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Figure 7.5: Topographic profiles across the Ganis-Sapas Upland
The SAR image above shows the same surface area as in Figure 7.1. 
Note the updoming/plateau particularly evident in profiles W-E, 
NW-SE. WSW-ENE and SSW-NNE. as well as the depression or 
collapse between Sapas and Ozza Montes shown in profiles NW-SE 
and NNW-SSE.
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In the SE o f the overall plateau feature is a localised topographic depression (see 

Figure 6.1 and profiles NW-SE and NNW-SSE in Figure 7.5). The lowest altitude within 

this depression is only a few hundred metres above the mean altitude o f the adjacent 

surrounding lineated plains units. The profiles illustrated in Figure 7.5(b) show a vertical 

scale exaggeration o f well over 200 times; any inferred updoming (or depression) is very 

small over the observed diameter o f about 1800 km. Nevertheless, the identified elevated 

area is still evident in all the topographic images.

Associated Rifting & Deformation

One might expect to find associated with such an uplifted feature additional 

fracturing, rifting and deformation patterns, circumferencial or radial lineations, or both 

surrounding the entire Ganis-Sapas Upland (Bills and Fischer, 1992; Senske et al. 1992; 

Bindschadler et a l  1992; Herrick and Phillips, 1992; Grimm and Phillips, 1992; Koch,

1994). Figure 7.6 shows just such circumferential and radial fracture patterns. Their 

approximate central axes have been highlighted with a broad bold line to show the 

general trend or strike. Where resolvable, these swaths consist predominantly of 

extensional or tensional lineations, the various rifts o f the Ganis Chasma system being 

obvious examples. Moreover, most o f the swaths o f fractures radial to the plateau 

actually correspond to the identified secondary swaths o f the Ganis Chasma system as 

described in the previous Chapter (see Figure 7.6).

Thus the radial fractures may well have been the first to form as a result o f the 

uplift. It might also be implied from this chronology that the third identified section of 

the primary Ganis Chasma swath - which arcs broadly NE to NNW from Nokomis 

Montes (Figures 6.12 & 6.13) - may also have been formed comparatively early on 

because it too trends broadly radial to the centre region o f the uplifted area.

The early formation o f radial fractures has also been observed on the topographic 

upland associated with other similar rises such as Western Eistla Regio and Beta Regio 

(e.g., Senske ef a/. 1992; Solomon a/. 1992; Grimm and Phillips, 1992: Koch, 1994), 

as well as on some o f the fracture centres or coronae, in particular the radial and radial 

concentric types (e.g., Stofan e ta l  1992: and Squyers e ta l  1992).
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Figure 7.6: Detailed structural sketch map of Ganis-Sapas Upland in 
Atla Regio. Bold lines indicate approximate centre of fracture swaths - 
predominantly of extensional features. Note that they appear to focus on a 
point broadly coincident with the centre of the identified Ganis-Sapas 
Upland. Adapted from Lancaster (1994).
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B rakenridge (1995) has identified w hat he called a “candidate spreading centre” 

along som e roughly N -S trending lineations coincident w ith the W SW  perim eter o f  the 

G anis-Sapas Upland, about 420 km and 520 km to  the w est and N W , respectively, o f  the 

summit o f  the Sapas M ons volcano (Figure 7.7). H e suggested that the  location to  the 

w est o f  Sapas M ons show ed evidence o f  early plate-tectonic style spreading in a broadly 

E N E -W SW  direction, w ith that to  the N W  o f  Sapas spreading in a  broadly N E -SW  

direction, and found evidence o f  left-lateral strike-slip faulting on both  sides o f  the 

northernm ost spreading centre (Figure 7.6). M y ow n analysis o f  the  Ganis Sapas U pland 

w ould suggests that, rather than being due to  active plate-tectonic style spreading, the 

site identified by Brakenridge (1995) is the result o f  passive rifting due to  extensional o r 

tensional stresses associated with the updom ing and possibly w ith the uplift associated 

w ith the  Sapas M ons volcano immediately to  the east..

The num erous highlighted circumferential and radial sw aths (Figure 7.6) taken as 

a  w hole - including the apparent spreading or rifting centres and localised strike-slip 

faulting identified by B rakenridge (1995) - are all directly associated w ith uplift o f  the 

G anis-Sapas U pland (Figure 6.1) and appear to  broadly focus on the  centre o f  the 

updom ing plateau at around 11°N, 191°E.
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Figure 7.7: A possible candidate spreading centre to the West and NW of 
Sapas Mons (lover-right), along the WSW perimeter of the Ganis-Sapas 
Upland featnie.
White a n o ’ws show  Infened left-stepping, left-lateiel strike-slip faults; spreading centre 
m orphology occurs in vicinity of inner arrows (according to Brakenridge 1995).
The image is taken from the Magellan Cycle 1 compressed image, C l 15N180:BROW SE, 
is about 750 km wide and centred on about 186 degrees long. East, 12 degrees lat. North.
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Sinuous Ridges and Ridge Belts

A  logical interpretation o f  the sinuous ridges o f  the lineated plains units I 

described in C hapter 3 is that they are faults form ed by ridge-norm al com pressional 

stresses and subsequent crustal buckling and shortening, m ost likely form ed at relatively 

shallow crustal levels. This interpretation is corroborated  by the fact tha t com pressional 

buckling generally produces com plex fault structures w ith irregular, braided traces 

(B anerdt &  Sammis, 1992). The fact that these sinuous ridges are found over such a 

w ide area w ith a consistent pervasive trend and spacing suggests that the  form ative 

principal com pressive stress fields responsible are coherent over equally large areas.

M ore  specifically, recent research suggests that sinuous o r wrinkle ridges on all 

planets are predom inantly fold structures resulting from  buckling instabilities in layered 

rocks (W atters, 1991), and/or are surface offsets - w ith o r w ithout m inor folding - due to  

reverse o r th rust faults (Plescia and Golom bek, 1986; G olom bek e ta l  1991).

A  significantly different interpretation o f  sinuous o r wrinkle ridges cam e from  

Scott (1989, cited by M cGill, 1993), w ho argued that wrinkle ridges w ere related to  

dikes. H ow ever, their extremely pervasive distribution, their irregular shape, the 

system atic change in regional elevation across wrinkle ridges, the com plete absence o f  

extrusive lava material and the com m on asymm etry o f  the ridges observed from  SAR 

im agery cast serious doubt on such a m odel for the Venusian sinuous ridges.

Solom on et a l  (1992) w ent on to  point out that the variable spacing betw een 

these sinuous ridges, averaging about 20 km, is consistent w ith the deform ation o f  the 

entire thickness o f  a strong upper crustal layer (Zuber, 1987; Zuber and Parm entier,

1990) in response to  N E -SW  compression. H ow ever, localised variations in spacing and 

orientation o f  the sinuous ridges occur both in the north and south  lineated plains units o f  

the  study area and this may well reflect local variations in such things as the structural 

properties o f  the plains materials, crustal thickness and the local nature o f  the  stress fields 

responsible. Such a regional pattern o f  com pression and crustal m ovem ent may well 

result from  a strong coupling betw een the lithosphere and m antle flow  beneath, as has 

been predicted by the apparent absence o f  a  low  viscosity layer in the upper m antle o f  

V enus as suggested by P ioneer Venus gravity data (K iefer et a l  1986; Sm rekar and 

Phillips, 1991). B ut such crustal m ovem ent may also occur in a decoupled crust and be 

caused by pressure gradients due to  topography (Buck, 1992) resulting in gravity glide.
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Recall from  C hapter 2 that the identified ridge belts are elevated, elongate 

linear/arcuate features, generally having an arching, elevated profile, w hose surfaces tend 

to  be heavily faulted by longitudinal ridges and grooves, often interspersed w ith small 

circular dom e- o r cone-shaped features resembling volcanic structures. Like the sinuous 

ridges o f  the  adjacent lineated plains units they are m ost simply explained by crustal 

folding, shortening, buckling and thickening due to  com pressive stresses normal to  the 

belts.

This w as the interpretation o f  similar ridge belts elsew here on V enus by 

B arsukov et a l  (1986a), Basilevsky et a l (1986), K ryuchkov (1988), F rank & H ead 

(1990), and Solom on et a l  (1991 and 1992). One model fo r the  structural setting is a 

strong upper crust, ductile low er crust, strong upper m antle and ductile low er mantle 

(Zuber, 1987; B anerdt and Golom bek, 1988). That being the  case, i f  the  spacing o f  the 

sinuous ridges can be attributed to  the deform ation o f  the  w hole thickness o f  the upper 

crustal layer then the w ider spacing o f  the ridge belts m ay indicate the deform ation o f  a  

strong upper m antle layer (Zuber, 1987; Zuber and Parm entier, 1990).

As w ith the sinuous ridges o f  the lineated plains, the  variations in spacing and 

orientation o f  the ridge belts may well reflect local variations in the  structural properties 

o f  the  plains m aterials, the local nature o f  the com pressive stress fields responsible and 

crustal thickness. Jointing within a sedim entary layer o r otherw ise com petent bed often 

occurs w ith a spacing roughly proportional to  the layer thickness (e.g. Price, 1966; 

H obbs, 1967; Ladeira and Price, 1981; and Pollard & Aydin, 1988). Consequently, the 

spacing o f  some tectonic belts is thought to  be consistent w ith m odels fo r buckling o r 

o ther instabilities o f  a 10-35 km thick lithosphere (e.g., Solom on and H ead, 1984; Zuber, 

1987; B anerd t & Golom bek, 1988). H ow ever, B anerdt and Sammis (1992) suggested 

that extensional fracture spacing may be independent o f  the  thickness o f  the layer, 

particularly i f  there is a  horizontal sliding interface betw een layers. Thus, there is a 

considerable degree o f  uncertainty w hen trying to  estim ate lithospheric thickness from  

such fracture spacing, particularly w hen the cross-sectional structure o f  the lithosphere is 

no t known.

The presence o f  small volcanic edifices associated w ith parts o f  the larger ridge 

belts strongly suggests that they are zones o f  lithospheric w eakness and fracture through 

w hich m agm a has risen and erupted at the surface.

Figure 7.6 shows that the surface o f  the G anis-Sapas U pland is covered by 

sinuous ridges w hose orientation reflects the N W -SE m ore w idespread regional trend o f
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the sinuous ridges in the  area. As also partly confirmed by the w ork  o f  Lancaster (1994), 

my analysis o f  the  stratigraphie relationship betw een ridge belts and sinuous ridges, and 

their relationship w ith o ther structures in the area such as the deform ation associated 

w ith the Ganis Chasm a system as a whole and the structure associated w ith Sapas, Ozza, 

M aat and N okom is M ontes, suggests that the ridge belts and sinuous ridges are probably 

am ongst the oldest structures in the area.

Such analysis also suggests that the sinuous ridges are in many places 

contem poraneous w ith the ridge belts, particularly north  o f  about 10°N and south o f  

40°S, w here the tw o  features tend to  trend approxim ately parallel.. The stratigraphie 

relationship is no t so clear betw een the N W -SE trending sinuous ridges adjacent to  the  

SW  arc o f  the  G anis-Sapas U pland plateau - south o f  about 10°N - and the broadly N -S  

trending ridge belts. In some places the sinuous ridges appear to  extend through the 

ridge belts at an oblique angle. Lancaster (1994) argued that the ridge belts below  about 

10°N predate the sinuous ridges in their immediate vicinity, because o f  the greater 

em baym ent o f  these ridge belts by the adjacent plains (when com pared w ith the ridge 

belts north o f  10°N which appear to  deform  the adjacent plains), their smaller area, and 

their deform ation o f  small outcrops o f  relatively ancient textured terrain.

Clearly, a dom inant structural characteristic o f  the low-lying lineated plains units 

are the  sinuous ridges and, in places, the ridge belts. Since the sinuous ridges are present 

over alm ost the entire surface area o f  the G anis-Sapas Upland, it w as probably once at a 

low er elevation and thus once form ed a continuous part o f  the  now  adjacent and low er 

lineated plains units. An uplift model w ould also account for the slight distortions and 

deviations seen in the  orientations o f  the sinuous ridges within the plateau area, as uplift 

w ould  inevitably deform  the surface to  som e extent and not necessarily uniformly.

The w estern arc o f  the G anis-Sapas Upland coincides w ith one o f  the  largest 

ridge belts in the study area (Figures 6.1, 7.4, 7.6 and 7.7) which trends very broadly N -

S. It is w ithin a part o f  this particular ridge belt that B rakenridge (1995) identified a 

possible localised spreading o r rift centre and strike-slip faulting. N ow , it w as m entioned 

in C hapter 3 that M cG uire e ta l  (1996) suggested that newly-form ing fi'actures oriented 

within 20“ o f  any pre-existing set will tend to  reactivate the fault system  o f  the older set 

o f  fi'actures to  release the new  tectonic stresses. This is a plausible explanation for an 

extensional o r rift feature associated w ith a  pre-existing com pressional feature o f  similar 

trend. Updom ing w ould inevitably induce tensional stresses in the crust both  

circumferentially and radially to  the centre region o f  the uplift. Any pre-existing fractures
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and faults w ould be reactivated and preferentially fault if  new  stresses and strains w ere 

induced.

R e-activation o f  pre-existing fractures and faults also appears to  have taken place 

east o f  the Sapas M ons volcano, within the SW  quadrant o f  the plateau. This is partly 

illustrated in the sketch o f  Sapas M ons, Figure 6.16, and ju st visible on the SAR image. 

Figure 7.8. Topographic analysis, including profiling illustrated in the  SW -N E profile in 

Figure 7.5(b), show s these sinuous lineations to  be ju st on  the  edge o f  the  topographic 

depression in the SE quadrant o f  the  plateau, and at the  foot o f  the  slopes leading up to  

the  summit o f  Sapas M ons in the SW  quadrant. In short, fractures and faults in the  

sinuous ridges caused by earlier regional compressive stresses appear to  have been 

reactivated by m ore localised tensional o r extensional stresses caused by the crustal uplift 

associated w ith the form ation o f  Sapas M ons o r perhaps the crustal sagging and collapse 

o f  the topographic depression.
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Figure 7.8: Réactivation of Sinnona Ridges h y  eztensionaRtensional
stresses

Note that the SAR look direction is from the left. Detailed analysis reveals that m ost o f 
these sinuous lineations are extensional. The image is taken from  Magellan Cycle 1 fuH 
resolution image, F ION 188, is about 77 km v ide  and centred on  about 191 degrees 
long. East, 9 degrees lat. North.
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Mantle Plume Model

The features associated with the Ganis-Sapas U pland are all consistent w ith a 

ho t-spo t m odel involving the upwelling o f  a large underlying m antle plume. This 

m echanism  is essentially the  same as that proposed for a num ber o f  o ther regional 

topographic rises on the surface o f  Venus, including O zza and M aat M ontes in A tla 

R egio, W estern E istala Regio and B eta Regio (e.g., K iefer and H ager 1991; Bills and 

Fischer 1992; Senske et al. 1992; B indschadler et al. 1992; H errick and Phillips 1992; 

Grimm  1992; Phillips 1992; Sm rekar 1994; K och, 1994; Stofan a/. 1994).

All these large swells, including the Ganis-Sapas Upland, display many, i f  not all, 

o f  the  following general characteristics to  a greater o r lesser extent:

1. Overall broadly quasi-domical topographic profile.

2. Generally o f  a broadly quasi-circular/elliptical planform.

3. Relatively low  angle slopes around the periphery.

4. Large extension fractures extending radially.

5. Extensional circumferential o r concentric fracturing.

6. Closely associated w ith larger, perhaps regional-scale, rifting.

7. Large m ulti-flow  volcanic edifices, e.g., shield volcanoes.

8. Evidence that elevated terrain may have once been at a low er elevation.

9. Paucity o r com plete absence o f  fracture centres o r coronae within the  central

region o f  the elevated terrain.

10. Significant geoid-to-topography ratios.

11. Significant and coincident ‘free-air’ gravity anomalies and relatively large inferred 

apparent depths o f  isostatic compensation.

12. Largely surrounded by, or close to, lowland plains units.

Gravity Anomaly

All the available sources, including P ioneer Venus O rbiter and M agellan data, 

show ed a positive anom aly either broadly coincident in both position and shape w ith the 

G anis-Sapas Upland alone o r together w ith the rise o f  O zza and M aat M ontes (e.g.. 

Grum pier 1990; B indschadler et al. 1992; Bills and Fischer 1992; and M cN am ee et al.
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1993). H ow ever, the  positive anomaly coincident w ith the  G anis-Sapas U pland w as 

generally smaller than that for the O zza and M aat M ontes rise. F rom  these gravity 

anomalies, the  inferred apparent depths o f  isostatic com pensation w ere calculated to  be 

in the  order o f  150-250 km  (e.g., Sm rekar and Phillips 1991; Sm rekar 1995) and are 

consistent w ith my interpretation o f  the  G anis-Sapas U pland as a  w hole as the location o f  

an upwelling m antle plume.

Som e interpretations o f  the gravity data resolve three separate free-air positive 

anom alies within the overall positive anomaly coincident w ith the G anis-Sapas U pland 

and one for the adjacent rise o f  O zza and M aat M ontes volcanoes (e.g., Sjogren et al. 

1983; Grumpier, 1990; Reasenberg and Goldberg, 1992; F igure 2.4). The largest in both  

size and m agnitude o f  the four is over the rise o f  O zza and M aat M ontes, w ith the o ther 

th ree significantly smaller anomalies over the Sapas M ons volcano, and over tw o 

locations along the prim ary sw ath o f  the Ganis Chasm a rift system, broadly coincident 

w ith the heavily disrupted area know n as N okom is M ontes (Figure 6 .13) and the 

significant junction  o f  multiple rifts and volcanic flow s around 17°N, 194®E (Figure 6.5). 

These tw o  locations on Ganis Chasm a may be sites o f  heavily deform ed volcanic 

constructs o r centres.

Phillips (1993) contends that the four smaller individual free-air anomalies m ay be 

explained by flexural support o f  the various separate features, thus implying a relatively 

thick crust rather than a single large plume and implied apparent depth  o f  isostatic 

com pensation. In partial agreem ent w ith this, Solom on et a l  (1993) suggested that the 

difference in the tw o anomalies betw een the volcanoes o f  Sapas, O zza and M aat M ontes 

can be explained if  Sapas M ons overlies relatively th ick  supportive lithosphere, w ith the 

rise o f  O zza and M aat M ontes being due to  dynamic uplift from  a plum e beneath. The 

three anomalies associated directly w ith the G anis-Sapas U pland could o f  course 

represent locations w here the crust has locally thinned, perhaps by the  therm al action o f  a 

larger overall plume beneath, o r localised upwellings from  a significantly larger and 

deeper prim ary upwelling by differentiation o f  buoyant m aterial w ithin the plume 

cham ber itse lf as well as volatile exsolution (e.g. H ead and W ilson 1992), resulted in 

smaller blobs o f  the  m ore buoyant material ascending further as smaller secondary 

plumes.

H ere w e see an example o f  w here the same data  may be in terpreted  in different 

ways. The problem  arises because a num ber o f  assum ptions are m ade in these gravity 

anomaly m easurem ents and derivations, such as the  thickness o f  the  crust and
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lithosphere, o r the  nature o f  a particular topographic feature such as a  volcano o r 

depression. Thus, this w ould imply that care should be taken w hen interpreting the 

results. So, for example, a positive free-air anomaly over a large volcano could be due 

either to  the extra m ass o f  the volcano resting on top  o f  a strong, th ick  o r otherw ise 

flexurally supported crust and lithosphere, o r it could be due to  a  dense ascending, 

shallow  m antle plum e which is dynamically supporting the uplift associated w ith the 

volcano, and perhaps resulting in therm al thinning o f  the  underlying crust and 

lithosphere.

Possible Sequence of Events

A  possible sequence o f  events to  explain the current observable surface geology 

o f  the  G anis-Sapas U pland is partly illustrated in F igure 7.10, which corresponds w ith 

the SW -N E topographic profile shown in Figure 7.9.

1. A  plum e o f  hot buoyant material form ed due to  som e form  o f  instability from a 

ho t boundary layer at the  core-m antle boundary and rose  up through the mantle.

2. As the plum e approached the under surface o f  the  lithosphere, a broad 

topographic swell developed above. The plume rose and spread laterally ju st below  the 

lithosphere which resulted in regional-scale surface uplift and som e crustal thinning. This 

uplift caused early stage radial extensional fractures in the surface o f  the  crust and 

localised fissure-fed lava flows from  pressure release melting, the fissures perhaps being 

re-activated fractures and faults such as sinuous ridges. As shown in F igure 7.4, m ost o f  

these highlighted radial fracture swaths do not appear to  extend from  the  central region 

o f  the  uplift, bu t rather from  within the edge o f  the  topographic periphery (com pare with 

F igure 6 .1).In  addition, these radial swaths only appear to  extend aw ay from  the 

periphery o f  the uplift coincident w ith the arcuate Ganis Chasma, rather than radially in 

all directions.

These tw o observations could be explained if  the  spreading plum e lifted the 

imm ediately overlying lithosphere and crust som ew hat uniformly, although perhaps 

slightly asymmetrically o r tilted, such that only extrem ely low  flexural stresses w ere 

induced within the lithosphere and crust o f  the central region, and the N E  arc w as 

elevated slightly m ore than elsewhere. This would also explain the observed relatively
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flattened central region o f  the uplift as a whole. The absence o f  radial extension fractures 

extending w estw ard may also be due to  the N -S ridge belts which effectively define the 

w estern  arc o f  the G anis-Sapas Upland. Extensional hoop stress induced in this area by 

the uplift may have been relieved by preferentially re-activated pre-existing fractures and 

faults o f  the ridge belts. This w ould explain the spreading o r rifting already identified 

w ithin one o f  these N -S trending ridge belts (i.e., B rakenridge, 1994).

3. Localised crustal thinning o r weakness above the plum e eventually led to  

constructional volcanism, which form ed the Sapas M ons volcano, and circumferential or 

concentric crustal rifting, which form ed the prim ary sw ath o f  the Ganis Chasm a system, 

w ith less pronounced rifting along the southern, SW and N W  circumferential arcs o f  the 

uplift. R ifting in the  circumferential o r concentric prim ary Ganis Chasm a sw ath may have 

been initiated in the  second section by preferential re-activation o f  the  N W -SE  trending 

sinuous ridge fractures, which then propagated in either direction. It is possible that the 

form ation o f  the volcano and the rifting affected pressure release in the  m agm a cham ber 

o f  the  plum e beneath, as well as relieving the uplift-induced stresses in the overlying 

lithosphere and crust.

Such a ‘safety-valve’ mechanism might also have limited the am ount o f  

deform ation occurring elsewhere within and adjacent to  the  G anis-Sapas Upland. 

P ressure  release in the plume m agm a chamber may also have resulted in som e localised 

gravitational collapse o r subsidence o f  overlying thicker lithosphere and crust into the 

cham ber, causing the topographic depression visible in the  SE quadrant o f  the  uplift as a 

w hole (Figure 6.1). This collapse may also have been due to  the  pressure release 

associated w ith the w ithdraw al o f  m agm a from  the cham ber beneath, o r a  cut o ff  in the 

flow  o f  m agm a up through the plume pipe or tail.

The requisite m agm a reservoir w ould have to  have been o f  com parable diam eter 

to  the  G anis-Sapas Upland as a whole if  w e accept the above sequence o f  events. This 

raises possible problem s if  the overlying crust is moving as it w ould  in a plate tectonic 

environm ent and there is interaction betw een the m oving lid and plum e head, as is 

believed to  be the case with the H aw aii-Em peror seam ount chain on E arth  (e.g. H ead 

and W ilson 1992). It is unlikely that such a large m agm a reservoir w ould form  and be 

sustained under such circum stances unless this occurred over a  relatively short period o f  

tim e com pared w ith the rate  o f  m ovem ent o f  the overlying crust. H ow ever, as H ead and 

W ilson (1992) point out, w ith a stationary or near-stationary lithosphere the various 

stages o f  plume developm ent and evolution w ould take place around the same point,
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Figure 7.9: Topographic profile across Ganis-Sapas Upland
The profile cuts across from the SW to the NE and passes through 
the topographic highs of Sapas Mons towards the SW and the second 
identified section of the primary Ganis Chasma swath towards the NE.
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Figure 7.10; Possible sequence of events responsible for the
Ganis-Sapas Upland
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which could easily lead to very large primary magma reservoirs. Since there does not 

appear to be any evidence for plate-like crustal movement associated with any of the 

volcanic constructs or rifting in the area, it would not be unreasonable to argue that such 

a large magma reservoir had formed and is consequently consistent with the above 

proposed sequence of events.

In further support of this hypothesis, Griffiths and Campbell (1990, cited by Head 

and Wilson 1992) predicted that on Earth, the diameter of plume heads from plumes 

originating at the core-mantle boundary would be about 1000 km. Head and Wilson 

(1992) went on to say that the approach of the bulbous head of such a plume to the base 

of the near surface viscous lid (or lithosphere) would cause thermal and dynamic uplift of 

the surface, flattening of the plume head - perhaps to as much as 2000 km diameter - and 

large amounts of pressure-release melting to produce a large volume magma reservoir.

The most likely alternative sequence of events involves multiple upwellings or 

localised mantle thinning, as discussed in the context of gravity anomalies, with one sub

plume responsible for the volcanic edifice of Sapas Mons and its associated local uplift, 

one broadly coincident with the second identified section of the primary Ganis Chasma 

swath at around 17°N, 194°E (Figure 6.5); and one broadly coincident with the heavily 

disrupted terrain of as Nokomis Montes (Figure 6.13). The same holds for Ozza and 

Maat Montes, which may reflect secondary upwellings from a larger and deeper plume 

which had stalled beneath. It should be remembered that the respective summits of Ozza 

and Maat Montes are around 600 km apart so the idea of separate plumes for each - 

wherever they originate - is actually quite reasonable.

Indeed, as Maat Mons displays no obvious radial fracturing, and appears to be 

younger, it could be the product of an upshoot which has ‘budded off from the main 

primary plume (Ozza), perhaps through crustal material which was initially weakened 

and faulted by the original intrusion.
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Sum mary

Topographic profiles of Atla Regio suggest that Ganis Chasma lies broadly along 

the NE arc of the circumference of an elevated sub-circular region with an approximate 

diameter of about 2000 km and centred on 11°N, 191“E, with the Sapas Mons volcano 

lying within the SW quadrant of this uplift. There is also evidence of a possible spreading 

centre along the SW arc of the circumference of the uplift, and a positive gravity 

anomaly broadly coincident with the uplift. These observations, combined with analysis 

of fractures, ridges and graben within Ganis Chasma itself and both within and adjacent 

to the Ganis-Sapas uplift, support the hypothesis that Ganis Chasma and Sapas Mons are 

the surface manifestations of magma pressure and crustal stress release associated with a 

large sub-surface mantle plume.

A possible sequence of events is that a large magma chamber formed, uplifting 

and deforming the surface to form a raised circular domed region. The magma chamber 

pressure and resulting crustal stresses were relieved predominantly by the formation of 

the arcuate Ganis Chasma rift system, by smaller scale rifting such as that seen on the 

SW arc of the circumference of the uplift, and through the effusive release of magma to 

form the Sapas Mons volcano. The formation and activity of the Ozza and Maat Mons 

volcanoes and adjacent rifting immediately to the SE of the uplift may also have 

contributed to the release of the magma pressure and surface crustal stresses in the 

region or occurred due to similar mantle plume processes.
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CHAPTER EIGHT 

Extension and Rift Zones

O rigins o f eastern Aphrodite Terra, Undulating Terrain and Other 

A rea Fracture Swaths.

It is by now clear that the geomorphology of the primary trench of the Ganis 

Chasma system is clearly very different from the trenches of eastern Aphrodite Terra and 

other fracture swaths in the area such as the secondary Ganis swaths, Parga Chasma and 

the other two unnamed rifts which meet Ozza Mons. It is therefore reasonable to suggest 

that the processes responsible for these other apparent rift systems are different to those 

which formed the primary Ganis swath.

Eastern Aphrodite Terra forms part of the Equatorial Highlands and appears to 

sit astride a great circle trending N-E/S-W between Artemis corona/Thetis Regio and 

Atla Regio. Like the rest of the Equatorial Highlands, it is characterised by strong SAR- 

retum, comparatively high RMS slope, variable but contrasting emissivity and 

reflectivity, high topographic relief and corresponding ffee-air gravity anomalies, intense 

and concentrated surface deformation and volcanism (Solomon et al. 1992). And, as can 

be clearly seen from Figures 3.1 and 4.1, eastern Aphrodite Terra is also dominated by 

fractured terrain, numerous and assorted types of fracture centres and extensive trench 

systems.

Using Pioneer Venus altimetry and radar data (Schaber 1982) suggested that this 

region recorded some limited N-S global extension along a zone of lithospheric 

weakness, with corresponding subduction occurring in the polar regions.

This idea was built upon in a series of papers (Head & Grumpier 1987 and 1990; 

Grumpier & Head 1988; Grumpier 1990; Senske 1990) in which it was argued - again 

using Pioneer Venus data - that, owing to apparent strike-slip transform faulting leading 

to cross-strike discontinuities (GSDs), together with apparent bilateral topographic 

symmetry patterns across eastern Aphrodite Terra generally parallel to the GSDs, the 

existence of ridge crests defined by the axes of bilateral symmetry within the GSD 

domains, and the apparent offsets of these linear rise crests between domains, that 

eastern Aphrodite Terra resembled terrestrial mid-oceanic divergent plate boundary
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environments, with the CSDs analogous to oceanic fracture zones or transform faults 

rather than strike-slip faults. One of these proposed CSDs can be seen towards the 

centre-left edge of Figure 3.8 curving anti-clockwise and upward from the western 

termination of the broadly E-W trending Dali Chasma trench system to trend broadly N- 

S until it joins the E-W trending Diana Chasma. It is identified as a double-trench in my 

survey and measures about 100 km in total width.

In apparent support of at least part of this hypothesis, McKenzie et al. (1992) 

suggested that this double-trench system was a transform zone accommodating strike- 

slip motion in the area. However, Suppe & Connors (1992a) suggested that it was a 

fold-and-thrust belt on the margin of a deformed corona and that eastern Aphrodite 

Terra as a whole formed part of a circumglobal rift zone separating two major Venusian 

plates (Suppe & Connors 1992b).

In opposition to this crustal spreading hypothesis for eastern Aphrodite Terra as a 

whole, McKenzie et at. (1992) and Sandwell & Schubert (1992a & b and 1995) 

suggested that many of the larger arcuate trenches in the area - some of which are clearly 

associated with large fracture centres/coronae - showed that at least part of Eastern 

Aphrodite was a zone of lithospheric subduction. McKenzie et al. (1992) based their 

assertion on the argument that the larger trenches in the area displayed curvature and 

across-strike elevated topographic asymmetry signatures similar to many terrestrial 

subduction zones, while Sandwell & Schubert (1992a & b) suggested that some of the 

trenches clearly associated with fracture centres/coronae, along with their topographic 

profile, were consistent with a model of retrograde lithospheric subduction in which 

lithosphere exterior to the fracture centre/corona was actually being subducted inward 

broadly towards the centre of the fracture centre/corona, whilst being overthrust by it as 

it spread outwards late in its formation.

Supporting this argument for subduction at least locally in the arcuate trench 

systems associated with the larger fracture centres/coronae in the area, Ghail (1994 and 

1995) also argued the case for a rift-zone based on the existence of a number of large- 

scale broadly ENE/NE trending rift axes running between Artemis Chasma and Atla 

Regio, along which can be found a number of fracture centres/coronae forming a fracture 

centre/coronal chain. Hansen & Phillips (1993) recognised the fracture centre/coronal 

chain in the area, but argued against any plate subduction or spreading, suggesting that 

the observed tectonic geomorphology was predominantly due to the blistering of the 

crust by magma diapirs which were manifested at the surface as coronae and related
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features (Koch & Manga 1996), and which probably originated from within the upper 

mantle. And although, as Head and Wilson (1986) have suggested, high lithospheric 

temperatures on Venus are likely to reduce the density contrast between magma and 

country rock and hence perhaps the importance of buoyant diapirism on Venus (Erickson 

and Arkani-Hamed 1992), other processes and conditions may well still make such 

diapirism a significant process.

My own detailed survey of the area fracture centres in particular (Chapters 4 and 

5) strongly supports the conclusion of Hansen and Phillips (1993). Figure 4.1 shows that 

eastern Aphrodite Terra is dominated by closely spaced fracture centres, particularly to 

the centre and left of the image. There also appear to be a number of locations along 

eastern Aphrodite Terra where the SAR-bright fractures display a circular pattern which 

may be incipient, failed or otherwise obscured fracture centres (which I have called 

indistinct fracture centres).

The topographic imagery (e.g.. Figures 2.2 and 3.10) shows that eastern 

Aphrodite Terra contains a network of trenches or Chasmata, some of which have been 

interpreted as sites of plate boundary processes (e.g., McKenzie et al. 1992; Head & 

Grumpier 1987 & 1990; Grumpier & Head 1988; Grumpier 1990; Senske 1990 Suppe 

& Gonnors 1992a & b; Bilotti et al. 1992; Sandwell & Schubert 1992a & b; Ghail 1994 

& 1995). The topographic profiles of most of the arcuate trenches (e.g.. Figure 2.3) are 

consistent with the ridge and trough profiles of the annuli of many of the fracture centres 

identified in Ghapters 4 and 5. In any case, most of these arcuate trenches are clearly 

directly associated with the fracture centres in the area and appear to be part of their 

overall structure. Most of the straighter, more topographically symmetrical trenches 

extend between arcuate trenches (e.g.. Figure 3.1) and are thus likely to be rift features 

caused by the formation of the fracture centres.

My analysis of fracture centre data suggests that much of the elevated 

topography of eastern Aphrodite Terra can be directly attributed to the formation of the 

fracture centres themselves and to the interaction between regional and concentric 

fractures. A number of the trenches, such as Diana and Dali chasmata (e.g.. Figure 2.3), 

appear to result from spatial overlap of a number of adjacent and overlapping fracture 

centres or multiple fracture centres. Although I accept that a form of retrograde 

lithospheric subduction may well be occurring at the trenches around the perimeters of 

some of the larger fracture centres in particular, as suggested by Sandwell & Schubert 

(1992a & b and 1995) and partially supported by the gravity survey of Schubert et al.
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(1995), I see no evidence whatsoever for any other type of plate boundary process, at 

least in a terrestrial sense. And even if it can be shown conclusively that some subduction 

is taking place within the trenches of the larger fracture centres, it is likely to be directly 

associated with the formation and evolution of the fracture centre itself, rather than with 

terrestrial-style mechanisms.

The lack of any clear examples of terrestrial-style plates and of complementary 

and frequently associated plate tectonic features as seen on Earth, also throws significant 

doubt on terrestrial-style plate boundaries within eastern Aphrodite Terra or the rifting 

associated with Ganis Chasma in Atla Regio. For example, there are no obvious 

corresponding convergent, crumple or subduction zones, or transform faults, nor is there 

any clear small-scale bilateral symmetry or ridge crests within eastern Aphrodite Terra, 

offset or otherwise, which might be expected for a terrestrial-style divergent plate model. 

Also, there is no strong supporting evidence in favour of a terrestrial-style subduction 

model such as associated volcanicity on the overthrusting plate, or corresponding 

divergent, extension or spreading zones. In fact, the presence of continuous radial 

fractures running through and across some of the arcuate trenches identified as 

subduction zones (e.g. by McKenzie et al 1992;; Figure 3.12) with no appreciable 

offsets (Hansen & Phillips 1993), the arrangement of these same arcuate trenches in a 

back-to-back or eye-shape pattern (e.g., Figures 3.9 and 3.12) and the large angle which 

they subtend, taken together all cast yet further doubt on such a terrestrial-style 

subduction model. Finally, there is no obvious corresponding surface 

transpression/transtension or other such en-echelon features for locations of alleged 

large-scale transform or strike-slip models (e.g.. Figure 3.11).

Of course, it could be argued that any one of the points I have made need not 

necessarily preclude the possibility of terrestrial-style plate boundary processes occurring 

either within eastern Aphrodite Terra or Ganis Chasma. For example, McKenzie et a l

(1992) have suggested dike intrusion in adjacent plains as the corresponding spreading 

mechanism for their subduction model. It has also been accepted that the presence of 

water-laid sediments on the surface of subducting plates on Earth strongly contribute to 

the volcanicity which occurs on the surface of the overthrust plate (e.g. Park 1988; 

Condie 1989; Kearey & Vine 1990). However, taken as a whole, the lack of the listed 

associated plate boundary features and the supporting evidence in favour of diapiric or 

plume related formation for eastern Aphrodite Terra and Ganis Chasma makes 

terrestrial-style plate boundary processes highly unlikely, particularly when one bears in
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mind that circular structures on the scale of those found within eastern Aphrodite Terra 

are not evident on terrestrial plate boundaries.

On the other hand there is no contradiction with the idea put forward by Turcotte

(1993) that the topographic profile seen across many of the arcuate trenches of the larger 

fracture centres could represent incipient subduction associated with the recent onset of 

a new episode of rapid plate tectonics in an unstable negatively buoyant crust, and that 

there may have been a number of such rapid plate tectonic episodes throughout the 

history of Venus associated with the planet’s heat loss mechanism.

Implicit in all the foregone discussion is that some form of limited Venus-style 

rifting and subduction may well have taken, or is taking place. I suggest it is the direct 

result of the diapiric action and fracture centre formation within eastern Aphrodite Terra. 

And bearing in mind the significant differences between the atmospheric and surface 

conditions on Venus and Earth, it is quite reasonable to suggest that the nature and 

surface expression of any Venusian lithospheric convergent and spreading zone systems 

would be different to those encountered on Earth; a view shared with Ghail & Wilson

(1994). Clearly, eastern Aphrodite Terra is dominated by SAR-bright fractured terrain 

(Figure 2.1) longitudinally along its length, which shows evidence of extensive grooves 

and graben (see Chapter 2) which have been interpreted above as extensional or rift 

fractures reflecting a broadly NNW-SSE extensional stress field. However, the lack of 

any obvious parallel fractures in the adjacent lowland plains or either side of eastern 

Aphrodite Terra suggest that the stress field responsible has acted across a limited 

distance and largely within the elevated terrain of eastern Aphrodite Terra itself. Many of 

the straighter trenches that run approximately parallel to the fractures of the fractured 

terrain (Figure 3.1), which I have already suggested link areas of arcuate and circular 

trenches, could also be the product of the localised extensional stress field. But which 

came first, the linear rift fractures or the fracture centres? And indeed, is one directly 

responsible for the other and if so, how?

On Earth, circular structures such as fracture centres are not found along 

identified rift zones and so we cannot rely on terrestrial analogy in this case. But close 

examination of the SAR data reveals that most of the larger fracture centres in particular 

along eastern Aphrodite Terra predate and, perhaps more significantly, can be seen to 

affect the orientation of many of the ENE-WSW linear fracturing of the fractured terrain, 

as noted by Hansen & Phillips (1993) and Jackson et a l (1995). In other words, it would

216



appear that the uplift of the fracture centres has resulted in lateral rifting, probably due to 

gravity slide or glide, to produce extensional fractures and trenches.

Why the fracture centres should form along and within a relatively narrow strip is 

not so clear. One possibility is that initially only one or two large hotspot centres or 

diapirs reached and uplifted the surface forming large fracture centres and some localised 

linear rifting and crustal weakness. Subsequent diapirs then ascending close to the earlier 

fracture centres, preferentially through this early induced linear rifting and weakening 

causing it to propagate in roughly the same direction, thus eventually to form a broad 

strip of fracture centres and rift fractures. There is an implication with this model that it 

is also possible for the formation of the fi*acture centres and rifting to be effectively 

contemporaneous, that is, ascending mantle material reaches the base of the lithosphere 

causing uplift, crustal thinning, fracture centres and rifting, all essentially within the same 

phase. This model for eastern Aphrodite Terra is the more plausible based on the 

available data.

Some form of early-stage ‘pre-Aphrodite Terra’ lithospheric weakness could of 

course have resulted in extensional-style fracturing along the length of what was to 

become eastern Aphrodite Terra. This swath of crustal weakness and fractures 

represented a zone through which later diapirs could preferentially ascend to produce the 

uplift and surface expressions we now see as fracture centres. The fracture centres may 

have simply erased many of the earlier linear fractures. Such an ancestral pattern of 

extension would help explain why the fi'acture centres appear to form along a relative 

narrow strip rather than in a more diffuse arrangement. However, I would argue that the 

fact that the orientation of many of the fractures of the fractured terrain are clearly 

affected by the fracture centres is not so easily accounted for by this model.

Whatever else, fracture centre formation and lateral regional extension are clearly 

interrelated in some way. It seems unlikely that fracture centre formation along eastern 

Aphrodite Terra is solely due to arcuate, lateral regional extension and equally unlikely 

that regional extension has been caused solely by the loosely arcuate alignment of 

fracture centres. It is also possible that some of the fracture centres induced the regional 

extensional stresses to cause the observed rifting, whereas in other locations the regional 

extensional stresses have affected the formation of fracture centres. Much the same set of 

conclusions were reached by Baer et a l (1994) when looking at the relationship between 

coronae and extensional belts in Northern Lada Terra.
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The range of sizes of the fracture centres along eastern Aphrodite Terra is also 

something to consider. It has been suggested that the diameter of a fracture centre is 

about twice that of the diapir responsible because the diapir flattens and widens beneath 

the surface of the lithosphere (e.g., Kreslavsky 1994). It seems unlikely to me that 

diapirs ascending from a single level within the mantle could cause the wide range of 

sizes of fracture centres found at the surface; a view shared by Kreslavsky (1994). In 

agreement with Kreslavsky (1994) I would suggest that it is more likely that the 

numerous diapirs have risen from different depths within the mantle, with the deeper 

source diapirs giving rise to the larger fracture centres. However, differences in sizes are 

likely to be influenced by additional factors such as mantle thermal gradients and 

viscosity.

The geological processes responsible for the formation of eastern Aphrodite 

Terra may be the same as those responsible for a number of other fracture swaths within 

the area, such as Parga Chasma, the two unnamed rift swaths extending to Ozza Mons 

and many of the secondary swaths of the Ganis system (Figures 3.1 and 4.1), because 

they all display some distinct similarities in general morphology. Specifically, they all 

display swarms of parallel, sub-parallel and sinuous fractures and graben forming a 

comparatively SAR-bright broad arcuate swath, with a distinct SAR and topographic 

appearance, albeit on varying scales. All the swaths display a lose chain of a number of 

fracture centres within their structure or immediately adjacent. Many of the wider 

sinuous graben and trenches within the swaths are in some way associated with and 

affected by an adjacent fracture centre, as in fact are many of the swarms of parallel, sub

parallel and sinuous fractures and graben forming the broad swaths as a whole. And they 

all have a generally undulating, disrupted and rolling topography along the length of the 

swath. Thus, I suggest that eastern Aphrodite Terra is a larger-scale or more evolved 

form of the smaller rift swaths associated with fracture centres.

A number of models have already been suggested for the formation of these 

fracture centre rift swaths or corona-chains and the associated fracturing. Stofan et al. 

(1984 and 1992) suggested that the chains of coronae were surface expressions of hot

spot traces or tracks, analogous to the Hawaii-Emperor seamount chain. In another 

model there is some form of subduction and/or delamination beneath the corona-chain as 

indicated by the arcuate nature of the chain and topographic profiles across different 

sections (Stofan et a l 1994; Sandwell & Schubert 1992b). Both these models have been 

disputed on the grounds that there is no evidence for large-scale terrestrial-style plate
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motion on Venus (e.g., Solomon et al. 1992; Hansen & Phillips 1993), no evolutionary 

changes in coronae morphology and associated fracturing along the chain which might 

suggest an age progression (Stofan et al 1993), and a predominance of associated 

extensional fractures as is clear from the SAR imagery. Stofan et a l (1984 and 1992) 

and Squyers et a/. (1992) also suggested yet another alternative model - similar to one of 

the alternatives I mentioned above - that the chains of corona and associated rifling are 

zones of extension, along which diapiric upwellings form coronae and coronae-like 

features. And Ghail & Wilson (1994) suggested that coronal chains could arise from the 

alignment of upper mantle plumes along great circles to form integrated networks of 

upwelling and rifling. These last two models are essentially consistent with my own for 

the formation of these same fracture centre- or corona-chains and associated rift 

fractures, as well as the somewhat larger-scale eastern Aphrodite Terra.

The undulating terrain described in Chapter 3 may yet be another unit formed by 

the same processes as eastern Aphrodite Terra and the other fracture swaths because it 

displays similar characteristics (Figures 4.1, 3.22 and 3.23) especially within the north

westerly unit (Figure 3.22(a)). Much of the undulating nature of this unit could be 

directly caused by the fracture centre mechanism and may also resemble the early-stages 

in the development of eastern Aphrodite Terra.

Eastern Aphrodite Terra and the Atla Regio Rise

Implicit in all the foregone description and discussion is that there are distinct 

structural differences between eastern Aphrodite Terra and the other rift zones in the 

area, and between the Atla Regio rise of Ozza and Maat Montes and the Ganis-Sapas 

Upland. Most of these differences can be clearly seen in the SAR and topography data 

(e.g.. Figures 1.2 and 2.2).

Differences can also be seen in the gravity data of various workers (e.g. Grumpier 

1990; Reasenberg & Goldberg 1992; and Figure 2.4 of this thesis). Significant here are 

the positive anomalies over the Ganis-Sapas Upland and the volcanic rise of Atla Regio 

discussed earlier. However, the magnitude and general planform of the gravity anomaly
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over eastern Aphrodite Terra is totally different, with only a much smaller and somewhat 

diffuse positively anomaly broadly coincident with eastern Aphrodite Terra as a whole 

and with a slightly larger positive anomaly broadly coincident with only one of the large 

multiple fracture centres - Latona Corona at 20”S, 171°E (lower-left comer of Figure 

3.9). Apart from this one example no other fracture centres or associated rift-zones, have 

noticeable coincident gravity anomalies, positive or negative, at least within the 

resolution and wavelength of the gravity data available.

The fact that most fracture centres display little or no signature in the gravity 

field was also noted by Schubert et a/. (1994). However, they did report that some 

fracture centres globally and some segments of trenches are associated with distinct 

positive gravity anomalies. In particular, and by analogy with gravity anomalies of similar 

horizontal scale (600 km-several thousand kilometres) on the concave sides of terrestrial 

subduction zone arcs, which are thought to be due in large part to subducted lithosphere, 

they inferred that the gravity anomalies associated with the north and south arcuate 

trenches of Latona Corona are consistent with retrograde subduction. However, they did 

acknowledge that there were other possible interpretations of these data. In a survey of 

seventeen radial features and seventeen radial/concentric features originally identified as 

such by Stofan et al. (1992), Janes and Turtle (1996) confirmed the general absence of a 

gravity anomaly over the radial fracture centres, but reported that the radial/concentric 

features generally did display a coincident positive anomaly. They suggested that these 

differences in gravity signature could suggest an evolutionary sequence, based on that 

suggested by Squyers et al (1992), with the radial fracture centres representing early 

stage development and the radial/concentric features representing a mid-stage in the 

eventual fracture centre or coronal evolution. In any event, any gravity signatures over 

fracture centres and their associated rifting is very different to that associated with the 

rise of Atla Regio and the Ganis-Sapas Upland feature.

I suggest that the differences in general geomorphology from the SAR, 

topography and gravity data sets between eastern Aphrodite Terra and the other rift 

zones in the area, and the Atla Regio rise of Ozza and Maat Montes and the Ganis-Sapas 

Upland can be directly attributed to essentially different modes of formation, possibly 

influenced also by differences in the structure and thickness of the lithosphere at each 

general location. I have presented evidence that the morphology of the Ganis-Sapas 

Upland and the Atla Regio rise of Ozza and Maat Montes is consistent with formation 

due to a number of large ascending mantle plumes, probably generated and fed through a
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plume tail from the core-mantle boundary. I have also suggested that the morphology 

associated with eastern Aphrodite Terra and the other smaller rift zones is consistent 

with formation by ascending diapirs, probably from within the upper mantle, which 

appear to align along great circles to form extensive networks o f uplift and rifting. That 

being the case, it is quite reasonable to accept that the intersection o f a number of upper 

mantle plume and fracture centre chains with the deeper root mantle plume or plumes of 

the Atla Regio rise and the nearby Ganis-Sapas Upland would produce the surface 

structure we now see in the area.

One must also consider the question that, if all the above are the result o f 

ascending plumes or diapirs, why should fracture centres form in some locations and 

broader volcanic swells in others? Moreover, why is there a total absence o f fracture 

centres within the identified Ganis-Sapas Upland, including none alone the primary swath 

o f the Ganis Chasma trench system? O f course, part o f the answer may lie in the fact that 

upper mantle plumes or diapirs are discrete structures and are not fed with fresh magma 

from depth through a tail or conduit and thus are only capable o f producing limited 

surface expression associated only with small-scale volcanism. On the other hand, mantle 

plumes originating from the core-mantle boundary are more likely to be fed with magma 

through a tail, at least for a while, and are thus capable o f producing greater surface 

expression in the form of broader uplift, surface fracturing and thermal support, as well 

as significant volcanism in the form of flood lavas and large volcanic constructs. 

However, the size of the diapir or plume may not necessarily be a determining factor, 

since there are clearly many fracture centres of varying size, significantly larger than 

particular features within the Atla Regio rise and the Ganis-Sapas Upland (e.g. Figure 

4.1). Certainly the gravity data seems to be consistent with these explanations.

But there is a possible alternative or even complementary explanation which is 

also consistent with the gravity data and which may also have implications for not only 

the thickness o f the lithosphere at the different locations, but also the temporal 

relationship between many o f the fracture centres and the large volcanic constructs o f the 

Atla Regio area.

A number o f workers (e.g., Solomon et a l  1992; Squyers et a l  1992b; 

Basilevsky & Head 1994; McGill 1994) have suggested that there is a consistent age 

difference between coronae or fracture centres and large volcanic constructs, with the 

fracture centres being the older and having developed perhaps shortly after the 

emplacement o f the lineated plains. Analysis o f geological relationships and features
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within my study area tends to support this conclusion. Also, other workers (e.g., Janes et 

a l  1992; Janes & Squyers 1993) have suggested that the early-stage development of 

coronae or fracture centres from plumes or diapirs is favoured by, or perhaps even 

requires, a relatively thin lithosphere somewhere between about 4-17 km where it is 

estimated from elastic plate modelling to be between 20 - 40 km by Johnson & Solomon

(1996). This is in broad agreement with Janes & Squyres (1995) who showed that 

progressively thicker lithospheres resulted in progressively less topographic expression of 

the same rising mantle diapir at the surface. Furthermore, Venus gravity data have been 

interpreted to require an elastic lithosphere somewhere between about 30-70 km thick 

beneath the large, young shield volcanoes on Venus (e.g., Solomon et a l  1994; McGill 

1994). In any event, the inference here is that the lithosphere o f Atla Regio and the Ganis 

Sapas Uplift is significantly thicker than that associated with the numerous fracture 

centres. And certainly, the smaller-scale and more localised deformation and 

geomorphology associated with the smaller fracture centres in particular is consistent 

with a relatively thin lithosphere.

Supporting Evidence from the Fracture Centre Survey

My interpretation of the observed structure o f the study area is strongly 

substantiated by the observations o f the fracture centre survey described in detail in 

Chapters 4 and 5. Much o f this support was implicit or explicit when discussing 

particular features and mechanisms. Certainly, the observed structure o f the different 

types o f fracture centres and their spatial distribution within the study area is entirely 

consistent with the earlier interpretations. However, here I present some o f the 

particularly salient results of my fracture centre study which add support to my 

interpretations.

The fracture centre survey reveals that the distribution o f fracture centres is not 

random, with a large percentage associated with particular structural units. In particular, 

at least 55% (Table 4.1) o f fracture centres are directly associated with the structure o f 

the fractured and undulated terrain structural units, both of which are interpreted to be 

zones o f surface uplift and rifting. All the identified rift zones are associated, to a greater 

or lesser extent, with fracture centres. Particularly significant also is the fact that about
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one quarter o f all fracture centres are clearly associated with the undulating terrain, again 

testifying to its close association with fracture centre formation. And although Table 4.1 

suggests that the remaining 45% of fracture centres are located within the lineated plains, 

Figures 3.1 and 4.1 clearly show that the majority o f these are adjacent to the other 

identified structural units, with few isolated deep within the lineated plains units.

The data in Table 4.5, together with Figures 3 .1, 4.1 and 2.2, indicate that 

fracture centres as a whole tend to cluster at the slightly higher altitude elevations. None 

were associated with the Ganis-Sapas Upland or the immediate area o f the volcanic rise 

o f Atla Regio, but this may be because they are both probably the result o f deep mantle 

plume activity and a thicker overlying crust or lithosphere. The higher altitude terrain 

where the fracture centres are mainly found is generally that associated with the 

identified diapiric rift zones. Furthermore, the range o f altitudes found within these areas 

o f elevated terrain, particularly within eastern Aphrodite Terra, are entirely consistent 

with the range o f altitudes recorded for the fracture centres as a whole.

The multiple fracture centres are the largest fracture centres in the study area 

(Table 4.3 and Figure 3.1), the largest o f which I have argued are intrinsic to the 

formation o f eastern Aphrodite Terra. The structure o f these multiple fracture centres is 

consistent with the idea that they are the product o f a number of closely spaced and 

effectively contemporaneous diapirs, which have resulted in a more complex surface 

expression and associated structural deformation than the other types o f fracture centre.

Although about 78% of all fracture centres are associated with some form of 

volcanic activity, the remaining 22% could o f course display volcanic activity which is 

not visible on the SAR imagery (table 4.2). In any event, the fact that the vast majority of 

these features display some volcanic activity further testifies to their plume or diapiric 

origins.

The latitude statistics (Tables 4.7 & 4.8, and Figures 4.8 & 4.9) show that the 

fracture centres tend to be located within the equatorial regions, but particularly either 

side o f the equator with few on the equator itself. Figure 3.1 shows the identified rift 

zones coincident with this latitude distribution.

Practically all fracture centres have been shown to have some form o f 

topographic signature (e.g. Table 4.2), many o f which include a topographic annulus.

The surface topography and structure observed within eastern Aphrodite Terra and the 

other major rift zones are entirely consistent with the close grouping o f fracture centres
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into clusters and chains, and the associated rifting around and between the fi*acture 

centres.

Sum m ary

Much o f the morphology of eastern Aphrodite Terra and Ganis Chasma has been 

interpreted by many researchers as being analogous to terrestrial convergent, extensional 

and/or strike-slip plate boundaries, thus implying some forms o f tectonic activity on 

Venus not dissimilar to that on Earth in some respects.

However, detailed analysis o f geological and structural relations in and adjacent 

to these features strongly suggests that eastern Aphrodite Terra is not a region of crustal 

convergence, extension or strike-slip in the terrestrial sense. Rather, it is a region o f 

elevated terrain and rifting intrinsically associated with the surface manifestations o f the 

blistering effect on the crust o f a number o f igneous diapirs, having their origin from 

within the mantle. Regions immediately to the north and south o f eastern Aphrodite 

Terra, identified and named in this study as undulating terrain, are also likely to be the 

early result o f this diapiric action, as are many o f the other fracture centre related rift 

swaths in the area.

This diapiric mode o f formation for eastern Aphrodite Terra and the other 

identified rift swaths is in contrast to the mantle plume model proposed for the formation 

o f the Ganis Chasma trench system, the Sapas Mons volcano and other associated 

deformation o f the Ganis-Sapas Upland feature identified in this study, as well as for the 

Atla Regio rise o f Ozza and Maat Montes.
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CHAPTER NINE 

Further Discussion

The study area has experienced a long and complex history o f tectonism and 

volcanicity within the region. The relative age o f many o f its surface features has already 

been considered in previous chapters. The present chapter attempts to piece together a 

coherent sequence o f events for the area as a whole, as well as discuss some other 

implications o f this study and possible future work.

C rater Dating

When attempting to piece together the geological history o f a particular group of 

surface units on a terrestrial planet, it is usefiil to substantiate the proposed chronology 

by referring to the impact crating record o f the area. On a number of terrestrial planets 

and planetary bodies in our Solar System - such as the Moon, Mercury and Mars - the 

number, degradation state, spatial distribution and density o f the impact craters can be 

used to assess and compare the relative age of geological units. Unfortunately, unlike 

some o f the other planets mentioned, Venus has a relatively low number and 

correspondingly low density o f craters so that age relationships are difficult to determine 

by this approach. As only about 900 clearly discernible and relatively uniformly 

distributed impact craters have been identified on Venus globally (e.g., Schaber et al. 

1992; Phillips et a l  1992) so that spatial and temporal statistics are subject to large 

uncertainty, particularly on a regional or local basis. This is further compounded by the 

state o f degradation o f the crater population. According to Schaber et a l  (1992), about 

62% o f craters appear pristine, in that the features o f these craters include sharp rims and 

well-preserved ejecta deposits with no modification by faulting or volcanic embayment. 

About 33% of the craters have been tectonically modified by varying degrees of 

compressional or extensional fracturing. Only about 4% of all the craters have been 

clearly embayed by lava deposits.
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From the work o f Phillips et a l  (1992) and Schaber et a l  (1992) one can show 

that within the study area as a whole there are 79 impact craters, o f which 57 (-72% ) 

appear unmodified, 15 (-19% ) tectonized and 7 (-9% ) embayed. Clearly, these area 

percentage figures are different from the global figures quoted above, particularly when 

one bears in mind that about 9% (79 out o f about 900) o f all identified craters are found 

within the study area and the study area itself represents about 9% o f the global surface 

area o f the planet. Thus, the crater density within the study area as a whole is the same as 

that found globally, from which we might infer that the surface o f the study area is o f a 

similar age to that found globally. However, the low sample size both globally and within 

the study area make statistical inferences subject to high levels o f uncertainty, particularly 

when taking into account the relative position o f the craters to the geological setting, and 

thus the area percentage figures quoted above are arguably not particularly inconsistent 

with those found globally.

The maps o f Phillips et a l  (1992) and Schaber et a l  (1992) suggest that 

practically all the impact craters are younger than the SAR dark lowland lineated plains 

units. Based on the count o f craters larger than about 30 km in diameter, the average 

global surface age o f Venus has been estimated to be something between about 200 an 

800 Ma (e.g. Phillips et a l  1992; Schaber et a l  1992: and Basilevsky and Head 1994, 

1995 & 1996). I f  this is correct, the emplacement of the lineated plains units occurred 

some time during or before this time span. Lancaster (1994) showed that several impact 

craters within the immediate vicinity o f the Ganis-Sapas Upland are also younger than 

some o f the SAR-bright sheet flow fields and inferred that these fields could have formed 

relatively soon after the more regional underlying plains materials but before the 

cratering events.

On the basis o f the apparent uniform spatial distribution and density o f impact 

craters globally, a number o f workers (e.g., Phillips et a l  1992; and Schaber et a l  1992) 

suggested that the distribution of impact craters on Venus was indistinguishable from a 

completely spatially random population. However, although this may be true on the basis 

o f crater data alone. Price et a l  (1996) suggested that the craters are not randomly 

distributed with respect to geology. They showed that areas o f low crater density are 

correlated with concentrations o f tectonic and volcanic features, as well as high 

proportions of faulted and embayed craters, and showed by high resolution mapping of 

large volcanoes, flood-type lava flow fields, rifls, and coronae that they had low crater 

densities unlikely to have occurred by chance.
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Basilevsky and Head (1994 & 1995) studied the age relations between 36 

impact craters with dark paraboloids and other geologic units and structures at these 

localities. They suggested that geologic settings in all 36 sites, about 1000 x 1000 km 

each, could be characterised using only 10 different terrain units and six types o f 

structures. They argued that these units and structures form a major stratigraphie and 

geologic sequence (from oldest to youngest): (1) tessera terrain (cf. Ridge & Groove 

terrain in my study); (2) densely fractured terrains associated with coronae and in the 

form o f remnants among plains; (3) fractured and ridged plains and ridge belts; (4) plains 

with wrinkle ridges; (5) ridges associated with coronae annuli and ridges o f arachnoid 

annuli (cf. fracture centres) which are contemporary with wrinkle ridges o f the ridged 

plains; (6) smooth and lobate plains; (7) fractures o f coronae annuli, and fractures not 

related to coronae annuli, which disrupt ridged and smooth plains; (8) rift-associated 

fractures; (9) craters with associated dark paraboloids, which represent the youngest 10% 

o f the Venus impact crater population (Campbell et a l  1992), and are on 

top o f all volcanic and tectonic units except the youngest episodes o f rift-associated 

fracturing and volcanism; surficial streaks and patches are approximately contemporary 

with dark paraboloid craters.

The surface within and immediately surrounding the Ganis-Sapas Upland has a 

crater density about half that o f the global planetary average o f about 2 craters per 10  ̂

km^ (e.g. Schaber et a l  1992, Lancaster 1994). It might thus be inferred that this area is 

significantly younger than many other parts o f Venus. Certainly, the extensive tectonism 

and volcanicity which dominate the area may well have obliterated the local cratering 

record and would thus be consistent with this relative age interpretation and with the 

observations o f Price et a l  (1996). Furthermore, 20 out o f the 22 craters within the 

study area which have been tectonized or embayed are all directly associated with 

adjacent or surrounding major tectonic or volcanic units; the remaining 2 appear to have 

been embayed by flow material from an adjacent large impact crater. From this we might 

infer that the modifying tectonic and volcanic units are younger than the impact craters, 

which means, o f course, that they are younger than the immediately surrounding lowland 

lineated plains units as well.

Arguing from the superposition of three impact craters in particular, Basilevsky

(1994) suggested that rifting and volcanism in Atla Regio was active within the last 50 

Ma, with the flows o f Maat Mons among the youngest features. This date was based on 

the assumption that the impact craters concerned are among the youngest 10% of Venus'
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crater population (Campbell et al. 1992) because o f their associated radar-dark 

paraboloids, believed to be thin unweathered mantles o f debris derived from the fallout 

o f crater ejecta. Using a simple global data model, and calculating crater ages relative to 

an assumed global mean age o f 300 Ma, Price et al. (1996) showed that the ages o f large 

volcanoes (72 +/- 45 Ma), flow fields (128 +/- 91 Ma), rifts (130 +/- 45 Ma), and 

coronae (120 +/-115 Ma) were all substantially younger than the mean plains age, and 

probably represented ongoing volcanic and tectonic activity rather than the end of a brief 

global resurfacing event with a mean age o f 300 Ma as supported by Turcotte (1993).

The very low sample size and density o f impact craters, both globally and locally, 

along with the assumptions made about the rate of cratering, means that accurate dating 

o f the various unit features is not possible by this method and any calculated dates are 

almost certainly subject to large uncertainty values, possibly significantly greater than 

those suggested above (Phillips et al. 1992; Schaber et al. 1992; Basilevsky 1994; and 

Price 1996). However, crater studies can be used with some success to help determine 

relative ages between some different structural units and as such can be used to at least 

support my own interpretation of age relationships within the area o f study as discussed 

below.

Proposed Relative Structural Chronology

Analysis o f superposition and embayment of units strongly suggests that the areas 

o f ridge & groove terrain are the oldest units and likely to be the heavily deformed and 

elevated island remnants o f a more ancient terrain which is now buried or otherwise 

completely obscured by more recent flow and tectonic units. This observation is entirely 

consistent with the view that ridge & groove terrain is probably the oldest local unit 

elsewhere on Venus (e.g., Senske et al. 1992; Squyers et al. 1992b; Ivanov & Basilevsky 

1993; Basilevsky & Head 1994 & 1995; Head & Basilevsky 1996; and Hansen & Willis 

1996a and b). Although there is some evidence that this ridge & groove terrain underlies 

at least parts o f the surface o f the study area (Chapter 6), whether it underlies the whole 

o f the surface is not clear.

Whatever tectonic stresses were responsible for the observed elevated surface 

structure o f this ridge & groove terrain must have largely ceased some time before or
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during the widespread volcanic flooding that evidently obscured the bulk o f the older 

now underlying terrain to form what we now see as the lineated plains units.

At least some regional compressive strain was obviously prevalent during or after 

this flood lava emplacement, as is evident from the sinuous ridges and SAR-weak 

lineations that pervade the surface o f the lineated terrain units. But whether this later 

induced strain was the result o f the same stresses responsible for the deformation o f what 

is now the older ridge & groove terrain is also uncertain.

A number o f workers (e.g. Phillips et a l  1992; Schaber et a l  1992; and 

Basilevsky & Head 1994, 1995 & 1996) have suggested that this resurfacing event or 

events occurred globally and is responsible for the current cratering record, from which 

they have estimated the current global surface age o f Venus to be something between 

200 and 800 Ma, with an average of about 500 Ma. Other workers have suggested that 

some form of catastrophic mantle overturn mechanism was responsible for this apparent 

global resurfacing event or events, possibly in the form of episodic plate tectonics in a 

multi-plate system (Turcotte 1993) or some other form o f episodic crustal recycling in a 

single plate Venus (Parmentier & Hess 1992). From all this we can at least infer that the 

emplacement of the lineated plains units must have commenced some time during or 

before this time period, assuming, o f course, that their time estimates are reliable (e.g. 

Phillips e/flf/. 1992; Schaber e/a/. 1992; Basilevsky & Head 1994, 1995 & 1996).

The surface material that underlies much o f the current lineated plains was almost 

certainly subjected to stresses at different orientations. This is evident within the 

deformed nature o f the ridge & groove terrain, and also suggested by the presence o f the 

ridge belts in the north and south of the study area, which were probably formed by 

compressional stresses. The orientations o f these ridge belts in the upper northwest of 

the study area in particular testify to variations in the compressive stresses. However, at 

some time around the time of the emplacement o f the lineated plains, the now underlying 

lowland plains were subjected to dominantly east-west compression, which produced the 

broadly north-south trending ridge belts in the upper centre o f the study area immediately 

to the west o f the Ganis-Sapas Upland, and the ridge belts at the southern end o f the 

undulating terrain in the south o f the study area (Figure 3.1).

Some time during the period over which the current lineated plains were being 

emplaced, broadly N-S/ESE-WNW trending extensional stresses deformed the surface in 

the vicinity o f the third section of the primary Ganis Chasma swath to produce the broad 

swath o f fractures that trend approximately perpendicular to the stress fields (i.e.,
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broadly E-W/NNE-SSW) and that predate the third section o f the primary Ganis Chasma 

swath (Figures 6.12, 6.13 and 7.6). These N-S/ESE-WNW extensional stress fields also 

appear to have deformed the ridge & groove terrain in the area.

Evidently, continued flooding and plains emplacement further embayed the 

elevated ridge & groove terrains, ridge belts and buried areas o f the E-W/NNE-SSW 

fracture swath in the far north. In addition, some time between completion o f the 

emplacement o f most o f the S AR-dark plains materials and the formation o f the sinuous 

ridges and other S AR-weaker lineations, minor amounts o f S AR-brighter flood 

volcanism occurred over the underlying SAR-darker material, to produce the current 

overall mottled or patchy appearance o f the lineated plains surface. This period of plains 

emplacement presumably also covered a large number o f impact craters.

Chapter 3 included an account o f the lineated plains and the presence o f closely- 

spaced (1 - 3 km spacing), very SAR-weak, parallel and relatively straight lineations 

interspaced between the sinuous ridges. Although the resolution o f the imagery did not 

make it possible to determine whether they are ridges or grooves (Figure 3.17), Banerdt 

& Sammis (1992) suggested that the SAR-retum is most consistent with rubble-filled 

extension fractures which result from tensional or extensional stresses in the brittle upper 

layers o f the volcanic plains material and were probably formed in the solidified plains 

units once the volcanic flows had cooled. The cause o f these regional-scale extensional 

stresses is not clear, but possibly may have been the result o f early-stage large-scale 

surface uplift. That being the case, the orientation o f the SAR-weak lineations in the 

northern lineated plains suggests that they may perhaps be associated with the early-stage 

topographic rise o f the Ganis-Sapas Upland and the Atla Regio rise. The orientation o f 

the lineations in the southern lineated plains suggests that they may be associated with 

the rise o f eastern Aphrodite Terra.

As suggested in Chapter 2, these SAR-weak lineations probably predate the more 

widely spaced sinuous ridges of the lineated plains units. As with these SAR-weak 

lineations, the source o f the compressive stresses responsible for the regional-scale 

sinuous ridges is not clear, but is likely to act over a greater depth than the extensional 

stresses o f the SAR-weak lineations, as suggested by the greater spacing of the sinuous 

ridges. In a study o f Magellan Line-of-Sight (LOS) gravity o f the Venusian plains 

regions, Binschadler (1994) interprets the lineated plains region in the north o f my study 

area as a site o f mantle downwelling. Such downwelling, aided by strong coupling 

between the crust and mantle (e.g., Mackwell et a l  1994), could induce compressional
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stresses in the crust to produce both sinuous ridges and ridge belts, and could represent 

the retum-flow o f the mantle upwelling beneath the Atla Regio rise o f Ozza and Maat 

Montes, and the Ganis-Sapas Upland. Thus it would seem that the sinuous ridges 

represent some o f the most recent deformation on the lineated plains, at least that due to 

tectonic/structural processes, since a number o f impact craters appear to have formed 

some time during the formation o f the sinuous ridges (see also Lancaster 1994).

Emplacement and formation o f the lineated plains was followed by or 

contemporaneous with upper mantle upwelling, including diapiric activity, resulting in 

fracture centre formation, large-scale linear and arcuate rifting, radiating and linear dike 

swarms and lava flow fields. O f course, it is possible, and even likely, that such upwelling 

had been taking place continuously or intermittently right through or even from well 

before the period o f emplacement o f the lineated plains units, and I can see no evidence 

to the contrary. In fact, if the plains resurfacing which evidently took place did occur 

over a relatively brief time period as a result o f mantle dynamics, then such upwelling 

activity before and during the emplacement is quite plausible.

Although a number of the identified fracture centres do appear to be isolated and 

form no obvious pattern or association with nearby features, the majority appear to lie in 

broadly linear or arcuate groupings or chains clearly intrinsic to the obvious rift zones, 

such as eastern Aphrodite Terra, the undulating terrain, and Parga Chasma (Figures 3.1 

and 4.1). Within the undulating terrain and the northeast of the study area (the convex 

side o f the arcuate primary Ganis Chasma trench), in particular, the fracture centres 

clearly affect the regional trending lineations o f the immediately surrounding terrain, in 

some cases resulting in the reactivation of the pre-existing fault systems (e.g. Figure 6.7).

Upper mantle diapiric upwelling was contemporaneous with, or succeeded by the 

upwelling and spreading of one or more significantly large and deeper mantle plumes 

which resulted in the formation o f the surface features associated with the Ganis-Sapas 

Upland and the Atla Regio rise as discussed earlier.

The temporal relationship between the formation o f the structures comprising the 

Ganis-Sapas Upland and those o f the Atla Regio rise is unclear, as is that between them 

and the adjacent sections o f the rift zones o f eastern Aphrodite Terra, Parga Chasma and 

the two unnamed rifts leading to Ozza Mons.

Certainly, many o f the flows fi’om Ozza and Maat Montes overlie and flow into 

the fractures and graben associated with all five of the surrounding rift zones and thus 

postdate them. The fact that these rift zones all converge on the Atla Regio rise suggests
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that there was some influencing mechanism there. A plausible explanation is that the 

deep mantle processes that formed the Atla Regio rise and Ganis Chasma occurred at 

least in part contemporaneously with the processes responsible for the other four rifts. 

The presence o f at least two large volcanic edifices on the Atla Regio rise, coupled with 

its prominent topographic expression, is strong evidence o f a significant mantle plume 

beneath. The crustal stresses associated with such a large plume could very plausibly 

have affected the evolution and propagation o f the surrounding rift swaths, such that the 

uplift o f the Atla Regio rise caused the fractures of the rift zones to propagate and 

converge at that point. The fact that we see no fracture centres within the rift zones 

immediately surrounding Ozza and Maat Montes is consistent with this idea.

Although I have already argued that Ganis Chasma is associated with the plume 

formation o f the Ganis-Sapas Upland, it is quite possible that the path o f the N-S 

trending and broadly straight section extending northwards from Ozza Mons was 

significantly influenced by the Atla Regio rise, particularly bearing in mind that the rest of 

the primary Ganis swath is clearly arcuate in nature, with the second identified section 

defining an arc around the apparent centre o f the Ganis-Saps Uplift as a whole. The 

overall shape and form of the N-S trending section of Ganis Chasma and the somewhat 

diffuse arrangement o f its numerous sub-parallel grooves suggests that there is one 

lateral/horizontal extensional stress field trending radially to the centre o f the Ganis- 

Sapas Upland and another stress field acting broadly N-S. Thus we have a number of 

arcuate grooves appearing to surround the Ganis-Sapas Upland and others associated 

with the topographic swell o f Ozza Mons. Implicit here is the possibility that the Ganis- 

Sapas Upland is at a later-stage in its evolution and thus predates the rise associated with 

Ozza and Maat Montes, as suggested by the Ganis-Sapas Upland’s larger diameter, 

lower apparent depth o f compensation and lower, partially subsided topography (Koch 

1994).

Some o f the fractures associated with the Ganis rift, as well as those o f the other 

four rifts, appear to cut across and thus postdate some o f the distal flows from Ozza and 

Maat Montes. This is not inconsistent with the above sequence and merely shows that 

extensive volcanism from both Ozza and Maat Montes continued after the fractures had 

propagated up to the Atla Regio rise. And, as already discussed at length earlier, there is 

significant evidence to suggest that at least the most recent flows o f Maat Mons post

date those o f Ozza Mons, so that Maat Mons is likely to be amongst the youngest 

features within the study area.
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Summing up, the structural history of the study area can be seen to have occurred 

in a number o f distinct phases, each one producing its own unique tectonic and volcanic 

styles. The earliest phase is recorded by the islands of ridge & groove terrain, which 

testify to a period o f compression, extension and crustal thickening/uplift. The next phase 

saw a period o f both extensive and more localised flood volcanism which all but buried 

the older terrain, including much o f the ridge & groove terrain. Tectonic activity 

continued through this resurfacing phase, deforming some o f the resurfaced areas as well 

as the older exposed ridge & groove terrain. The following phase appears to have 

involved a period o f major upper and lower mantle upwelling, which produced much o f 

the currently observed tectonic and volcanic surface structure. A number o f impact 

craters were formed during these phases, some of which have been deformed by the 

ongoing tectonism and volcanicity. The most recent activity can be found at Maat Mons 

on the Atla Regio rise.

This summary structural and volcanic sequence for the study area is not dissimilar 

to that reported for other areas on Venus, such as Lavinia Planitia (Squyers et a l  1992) 

and Eistla Regio/Guinevere Planitia (McGill et a l  1992), which suggests that similar 

tectonic and volcanic processes were in operation contemporaneously at different 

locations around the planet or at any rate that the same general sequence of events took 

place in each.

There is no evidence to suggest that these processes are no longer operating. 

Future work will doubtless combine the analysis of images with novel geochemical and 

geophysical data. Morphological analysis, with its bearing on the nature and timing o f 

phases o f tectonic deformation and volcanic activity, will remain a key item in any such 

study.

M antle Plum es and Atla Regio

In the previous chapter I suggested a possible sequence o f events to explain the 

currently observed morphology o f the Ganis-Sapas Upland which primarily invoked a 

single plume model, but also considered a three-plume model. The sequence o f events 

for the single plume model, in particular, is consistent with the surface characteristics 

observed in and immediately adjacent to the Ganis-Sapas Upland feature. I favour the
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single-plume model and sequence o f events because it seems to explain the pattern and 

scale o f the identified radial and circumferential/concentric extensional fractures as 

highlighted in Figure 7.4, as well as the overall topography o f the identified Ganis-Sapas 

Upland feature as a whole. However, one still cannot rule out the possibility o f a three- 

plume model as described.

These three separate plumes could have had different origins. They may have all 

formed and evolved separately fi^om within the deep mantle or ascended from instabilities 

in the core-mantle boundary, or they could each be secondary mantle upwellings from a 

much larger plume which stalled at a rheological boundary at depth. In this latter case it 

may be that the larger single plume as a whole stalled because it had reached neutral 

buoyancy within the surrounding mantle, but differentiation o f buoyant material within 

the plume chamber itself, as well as volatile exsolution (e.g. Head and Wilson 1992), 

resulted in smaller blobs of the more buoyant material ascending further as smaller 

secondary plumes.

Whether the single-plume or multiple-plume models best fit the observations, we 

must also consider the formation mechanism for the immediately adjacent topographic 

rise o f Ozza and Maat Montes, and how it may relate to the formation o f the features of 

the Ganis-Sapas Upland as a whole.

In Chapter 6 1 described the volcanic constructs o f Ozza and Maat Montes on the 

Atla Regio uplift and concluded, in agreement with many other workers, that this rise 

and volcanoes are the result o f a mantle plume beneath. Other models are possible which 

are consistent with the current surface geology o f  the elevated terrain o f Atla Regio as a 

whole, and are analogous to the selection of models proposed earlier for the formation o f 

the Ganis-Sapas Upland itself. Thus, there may be two or more smaller mantle plumes 

responsible for the entire Atla Regio uplift geology, or even a single large and possibly 

elongated mantle plume beneath. There is also the possibility that there has been some 

plume head drift or relocation.

Arguably one o f the simplest models is that the Ganis-Sapas Upland was formed 

by a single large mantle plume and the Atla Regio rise o f Ozza and Maat Montes by 

another. But o f course, just as was argued above for the Gansi-Sapas Uplift;, Ozza and 

Maat Montes may each be the product o f smaller separate plumes, which formed totally 

separately from within the deep mantle or core-mantle boundary or represent smaller 

secondary upwellings from a larger and deeper plume which had stalled beneath. It 

should be remembered that the respective summits o f Ozza and Maat Montes are around
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600 km apart, so the idea o f separate plumes for each - wherever they originate - is 

actually quite reasonable.

We must also consider the possibility that a single mantle plume may have in 

some way ‘drifted’ or relocated. So, for example, a large plume formed the Ganis-Sapas 

Upland and then relocated several hundred kilometres towards the SE and formed the 

Ozza and Maat Montes rise.

And there is also the yet further possibility that a single large plume formed the 

entire Atla Regio uplift - including both Ozza and Maat Montes, as well as the entire 

identified Ganis-Sapas Upland. Here, a large plume o f hot buoyant mantle material may 

have ascended through the mantle to immediately beneath the overlying lithosphere 

where it spread laterally but not quite uniformly, forming rather an elongated or quasi

elliptical shape in planform, essentially having two ‘lobes’, one pushing up to form the 

Ganis-Sapas Upland, with the other forming the higher Ozza and Maat Montes Rise.

However complex these and other similarly derived alternate sequence o f events 

may appear, they can nonetheless not be entirely discounted since essentially none o f 

them is inconsistent with the currently observed surface geological structure or the 

observed gravity and geoid anomalies.

Global Similarities and Implications

Global similarities and implications of the results of my regional study have been 

generally explicit or implicit in earlier discussions. What follows is a brief summary.

Clearly, strong rifting is associated with much of the surface structure of the 

study area. Similar scales o f rifting are associated with a number o f other places on 

Venus, such as in Devana Chasma in Beta Regio and western Eistla Regio, where the 

broadly NE-SW trending rift o f Guor Linea joins Gula Mons to Sappho Petera. All o f 

these regions typically have large positive geoid and gravity anomalies and large implied 

depths o f compensation; they are also the sites of major volcanic constructs and are also 

believed to overlie major upwelling mantle plumes (e.g., Senske et a l  1992, Solomon et 

a l  1992; Bindschadler ^/a/. 1992)

In particular, the broad similarity between Atla and Beta Regiones is obvious, a 

feature that has led several groups to consider them as regions o f similar mantle
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upwelling (e.g., Senske a/. 1992, Solomon a/. 1992; Bindschadler ûf/. 1992). The 

results of my analysis suggests that although the structural and volcanic sequence of 

events is similar to that reported elsewhere on Venus, Atla and Beta Regiones each 

contains a unique style of rifling not found anywhere else in this study, in the form of the 

primary Ganis Chasma swath in Atla Regio and northern Devana Chasma in Beta Regio. 

Both these Chasmata or trenches are similar in morphology, appear to be devoid of any 

intrinsic association with fracture centres or coronae, and are both thus likely the result 

of topographic updoming, in contrast to all the other rift zones analysed. On the other 

hand, the other rift zones within the study area which are associated with fracture centres 

are similar to numerous other rifl systems found globally, such as in Beta and western 

Eistla Regiones.

Some Possible Terrestrial Analogs

Terrestrial analogues of Venusian features are likely to be difficult to define with 

any certainty owing to the significant differences in the known climatic and surface 

processes between the two planets. And any one, or combination of these differences 

may be significant. For example, in comparison with Venus, on Earth we have clearly 

definable moving plates and crustal recycling, a significant erosional regime, 

sedimentation, at least two major crustal types - oceanic and continental, a continental- 

oceanic crustal elevation split, areas of elevated topography on Earth not accompanied 

by increased local gravity to the same extent as on Venus, substantially cooler 

atmosphere and surface, the presence of water over a large proportion of the planet, 

distinctive atmospheric conditions and properties, the presence of a magnetic field, a 

substantially slower rotational period with the rotation in the opposite direction, a 

comparatively large orbiting Moon, positioned at a greater distance from the Sun, and 

abundant life which clearly affects the surface and atmospheric conditions of the planet.

So, for example, even if we assume that mantle plume mechanisms and 

morphology are similar on both planets, which - as Lenardic & Kaula (1994) point out - 

is by no means certain, the presence of moving plates on Earth may alone have a 

significant effect on the surface expression of such ascending plume activity. Thus, the 

presumed mantle plume structures of the Ganis-Sapas Upland and Atla Regio rise of
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Ozza and Maat Montes on Venus may never be able to form on Earth from an equivalent 

mantle plume owing to such differences in plate tectonic conditions.

Furthermore, chemical analysis of the rocks on the surface of Venus by the 

Venera and Vega landers indicates that much of the surface of the Venusian crust is 

composed of basaltic rock not dissimilar to some older basaltic rocks found on Earth 

(e.g. Glukhovsky & Moralev 1995). However, the high surface temperature of Venus 

has led some workers (e.g., Mackwell et al. 1994) to suggest that degassing of magma 

during eruption and the lack of water in the Venusian environment have probably 

resulted in anhydrous conditions in the crust and upper mantle, which have led to a 

strong lithosphere with no weak lower crustal or low velocity zone, resulting in strong 

coupling between the crust and mantle. Of course, such coupling between crust and 

mantle makes any terrestrial-style plate tectonics on Venus unlikely and thus further 

compounds the problem of making direct comparisons of features on the surface of 

Venus and Earth.

The fracture centre associated rifting on Venus, such as in eastern Aphrodite 

Terra, also has no obvious analogies with terrestrial geology, even though some workers 

have suggested that such features may well have formed in the Earth’s lithosphere 

(Watters & Janes 1995). That said, it is quite possible that localised plume and diapiric 

activity may occur along the lengths of many terrestrial crustal spreading zones, and that 

it is manifested differently at the surface owing to the different geological and 

environmental conditions found on Earth.

In the preceding chapters I discussed the various tectonic features generally 

found in terrestrial oceanic and continental spreading regimes, and used this information 

to argue against a simple terrestrial-style spreading or transform fault mechanism for 

eastern Aphrodite Terra on Venus. The Ganis Chasma system also clearly lacks many of 

these various features regarded as diagnostic of oceanic spreading regimes, notably 

transform faulting or cross-strike discontinuities (CSD’s) and the associated significant 

offsets and fragmentation of the largely straight sections of ridge crests and rift valleys 

between these CSD domains; and the rugged, terraced terrain that commonly runs 

parallel and immediately adjacent to the crests.

However, there are some intriguing gross similarities in the local and regional 

topography and plan-form associated with the primary Ganis Chasma swath on Venus 

and parts of the East African rift system on Earth, in particular the roughly eye-shaped 

updoming in the East African Rift Valley system, centred on about 3°S, 33°E, and
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measuring about 1000 km x 1350 km (Figure 9.1). The rift curves anticlockwise from 

north to south and forms a number of mountains and enclosed elongated lakes along the 

eastern border between Zaire and the western borders of adjoining Uganda, Rwanda, 

Burundi and Tanzania. These lakes include Lake Mobutu Sese Seko (Lake Albert), Lake 

Edward, Lake Kivu and, the largest. Lake Tanganyika, all flanked on the west by the 

Mount Mitumba mountain range. This line of lakes and mountains has similar dimensions 

to the first two sections of the primary Ganis Chasma system, and also subtends an angle 

of about 80°. Moreover, the rift forms a trench with raised flanking edges, about 2 km 

wide and about 1 km or so in depth (Figure 9.2).

Another interesting similarity to note is the elongated ‘S’ shape trench system 

formed by both the entire primary Ganis Chasma rift swath and the East African Rift 

system, including the continuing trench which forms Lake Nyasa immediately to the 

south.

Nevertheless, direct comparison between the East African rift system and the 

Ganis Chasma rift system is hazardous, largely because of the significant amount of 

erosion and deposition which must have occurred in the East Afncan rift, as well as the 

effect of the lakes which now fill the arcuate trench itself. Moreover, the arcuate and 

concentric form of the East Africa Rift is similar to that of the primary Ganis Chasma rift 

swath on Venus and, as also noted by Ghail 1996, may well be unique amongst other 

rifts on Earth.
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Figure 9.1: Eye-shaped part of the East African Rift Valley system, 
centred on about 3°S, 33”E, and measuring about 1000 km x 1350 km.
Note the similar plan-form of this section of the rift with that of the primary 
Ganis Chasma swath on Venus (e.g.. Figures 6.1 and 6.2).

239



S ew m k  B*lt
A tlon tit S«onnoont

I MM-Atlontic Rkfg#

1,000

2,000

Along 30-N  lot

Bolgian Congo Lok# Tongonyiio i

1,000

500 Along 8*S lot— j 
Lok# Nyoto INorttMm Rhod#tio Indion Octon

200 Along W S  lot 
Nautical mit*

400 500 600

Figure 9 .2: Topographic profiles across part of the East African Rift 
System. The image has a vertical exaggeration of x25 the horizontal axis. 
Note the broad similarity of these topographic profiles with those of the 
Ganis Chasma system on Venus, as illustrated in Figure 6.3. (After Park 
1988).
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Concluding Remarks and Future Work

At the start of this thesis I stated that the primary aim of my research project was 

to confront some of the outstanding questions regarding the origins of many of the large 

structural features within the study area. In particular, my hope was to at least contribute 

further substantiating argument and evidence towards solving the issue of whether the 

formative processes responsible for the observed surface structure of eastern Aphrodite 

Terra and that Atla Regio as a whole are primarily the result of terrestrial-style plate 

boundary processes and/or mantle plume/diapiric mechanisms. The outcome is 

reassuringly consistent with the views of numerous other workers who have studied 

these and other similar such structures globally and the results are sufficiently detailed for 

additional modelling to become possible, both qualitatively and quantitatively, especially 

where based on Magellan gravity data.

Outstanding questions, of course, still remain as a result of this study which could 

become the focus for fiirther study. For example, why is the scale of the diapiric rifting of 

eastern Aphrodite Terra significantly greater than any other similar such rifting elsewhere 

on Venus? Is its apparent position along a great circle within the equatorial region of 

Venus significant, along with that of Aphrodite Terra as a whole, as well as many other 

major zones of similar such diapiric rifting? Has the rotational axis of Venus at any time 

influenced the equatorial location of these various features or vice-versa? Why is much 

of the major rifting identified in the study clearly associated with fracture centres, in 

contrast with rift zones on Earth? Are the particular similarities I have suggested 

between the Ganis-Sapas Upland and that of Beta Regio truly justified? What are the 

similarities, if any, between these two features on Venus and possibly analogous features 

on other planets such as part of the East Afiica rift site on Earth and the Tharsis Uplift 

on Mars? Any one of these questions could easily form the basis of extensive additional 

study.
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